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1. Einleitung

»Analytische Chemie ist eine Wissenschaft am Rande des Nichts.”, so lautet ein Aphorismus
von Hans-Jirgen Quadbeck-Seeger (*1939)", welcher die Herausforderung und Bedeutung
dieser Disziplin fur die Erforschung von Vergangenheit und Gegenwart unterstreicht. Wenn
man den genauen Wortlaut betrachtet, muss man feststellen, dass diese Aussage nicht
korrekt ist, da die analytische Chemie eine entscheidende Rolle in vielen wissenschaftlichen
Disziplinen spielt. Dennoch kann ein Funkchen Wahrheit darin erkannt werden, da die
analytische Chemie, speziell die Spurenanalytik, oft vor der Herausforderung steht nur wenig
Probenmaterial zur Verfligung zu haben oder nur kleinste Mengen an Analyten nachweisen zu
mussen. Dies erfordert hochsensible und selektive analytische Methoden sowie eine
sorgfaltige Probenvorbereitung, um sicherzustellen, dass keine Verunreinigungen das Ergebnis
beeinflussen. Zudem ist die Auswahl der geeigheten Analysemethode von verschiedenen
Faktoren abhangig, wie zum Beispiel der Art des Analyten, der Matrix der Probe, dem
geforderten Nachweisniveau und den verflUgbaren Ressourcen. Zwar erlauben es die heutigen
technologischen Fortschritte bereits Spuren von Analyten im Bereich von ppb bzw. ppt
nachzuweisen, jedoch mussen diese Nachweisgrenzen, durch die sich stets verandernde
Studien- und Gesetzeslage, haufig auch angepasst und verbessert werden, weshalb bei der

Entwicklung analytischer Methoden kein Stillstand eintreten wird.?*®

Durch die Identifizierung und Quantifizierung von unterschiedlichsten Verbindungen in
verschiedenen Proben ermdglicht es die analytische Chemie wichtige Erkenntnisse in
Bereichen von Umweltschutz, Lebensmittelindustrie, Gesundheitsschutz, Forensik, Material-
wissenschaften und Kulturwissenschaften zu generieren.’” Bereits im 18. Jahrhundert wurden
erste Untersuchungen von archéologischen Funden und Artefakten dokumentiert.”® Die in der
Archdometrie eingesetzte analytische Chemie stellt in der heutigen Zeit daher ein wichtiges
Teilgebiet der kulturgeschichtlichen Forschung dar. Durch die Analyse von Materialien wie
Keramik, Metallen, Textilien oder anderen organischen Substanzen kdnnen Forscher wichtige
Erkenntnisse Uber die Herkunft, Herstellungstechniken und Verwendungszwecke dieser
Objekte gewinnen. Zudem kann dazu beigetragen werden, das kulturelle Erbe zu bewahren, da
durch minimalinvasive Analyse von archdologischen Funden und Artefakten, historische
Objekte erhalten, restauriert und besser verstanden werden konnen.' " Ein wichtiger Punkt
hierbei ist auch die Datierungsmethode, wie z.B. die Radiokarbondatierung, um das Alter von
archaologischen Funden zu bestimmen und wodurch erméglicht wird Zeitlinien zu erstellen,
historische Ereignisse genauer zu datieren und so die Erforschung vergangener Zivilisationen

voranzubringen. '3

Ein weiterer wichtiger Anwendungsbereich der analytischen Chemie ist die Authentizitats-
untersuchung. Authentizitat ist ein Konzept, welches heutzutage in nahezu allen Bereichen
des Lebens Auswirkungen hat, seien es Konsumguter, Kunst, Tourismus oder zwischen-
menschliche Interaktionen, dennoch ist es schwierig eine eindeutige Definition in der Literatur
daflr zu finden. Im Allgemeinen wird Authentizitat als Konzept angesehen, welches darauf

abzielt die Dimensionen der Wahrheit oder Verifizierung zu erfassen, wobei auch haufig
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Begriffe wie Glaubwirdigkeit, Zuverlassigkeit, Sicherheit und Echtheit verwendet werden.' "
Hierbei konnen analytische Methoden eingesetzt werden, um die Echtheit bzw.
Unverfalschtheit von Kunstwerken, historischen Artefakten oder auch Lebensmitteln zu
Uberprufen. Durch die Analyse von bspw. Materialzusammensetzungen, Isotopen-
verhaltnissen oder chemischen Signaturen kann festgestellt werden, ob ein Objekt oder
Produkt authentisch ist oder ob es sich um eine Falschung handelt. In den vergangenen Jahren
hat vor allem die Produktauthentizitdt und die damit verbundene Untersuchung von
Verfalschungen in der Lebensmittelindustrie enorm an Bedeutung gewonnen.'®' Das
Bewusstsein der Verbraucher fur Qualitdt und Sicherheit sowie der Regionalitat von
Lebensmittel ist stark gewachsen. Jedoch sind auch die Kosten fur die Produktion von
Konsumgutern gestiegen, weshalb eine der haufigsten Verfalschungen der Ersatz mit einem
billigeren lebensmittelfremden Stoff ist, wodurch eine bessere Qualitat vorgetduscht bzw. das
jeweilige Produkt gestreckt werden soll. Neben dem gesundheitlichen Verbraucherschutz ist
die Sicherstellung, dass authentische Produkte die gesetzlichen Anforderungen in der
Beschaffenheit und Kennzeichnung erfullen, das hochste Gut in der heutigen
Lebensmitteliberwachung. Bei der Erfullung dieser Aufgabe spielt die analytische Chemie
eine zentrale Rolle und auch hier ist es wichtig stets neue instrumentelle Methoden zu
entwickeln, welche zur Lésung der unterschiedlichsten Problemstellungen herangezogen

werden kdnnen.' 17,2021

Insgesamt zeigt sich, dass die analytische Chemie einen entscheidenden Beitrag zur Erhaltung
unseres kulturellen Erbes, zur Sicherheit unserer Gesellschaft und der Gesundheit leistet. lhre
Bedeutung wird auch in Zukunft weiter zunehmen, da sie hilfreich dabei ist, die Geheimnisse

der Vergangenheit zu entschlusseln und die Herausforderungen der Gegenwart zu bewaltigen.
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2. Zielstellung

Im Rahmen der vorliegenden Arbeit wurde das Ziel verfolgt, mit Hilfe verschiedener massen-
spektrometrischer und gaschromatographischer Methoden, wie z.B. HPTLC-MS, GC-FID und
GC-MS zu zeigen, wie wertvoll die (Weiter)entwicklung instrumenteller analytischer Methoden
ist und wie diese Analytik einen Beitrag leisten kann, das Wissen um die Vergangenheit zu
vertiefen, aber auch zur Beantwortung aktuell relevanter Fragestellungen herangezogen
werden kann. Des Weiteren sollte auch verdeutlicht werden, welche Herausforderungen bei
der Entwicklung und Etablierung analytischer Methoden innerhalb der Spurenanalytik und
Authentizitdtsuntersuchung zu bewaltigen sind. In diesem Zusammenhang wurden
verschiedene Materialien unterschiedlichen Ursprungs wie Sedimentproben und Seiden-
filamente, aber auch Pflanzenharze und -6le untersucht. Jede der zu untersuchenden Proben

wurde unter einer anderen Fragestellung bearbeitet.

Mit Hilfe von dunnschichtchromatographischen Methoden, gekoppelt mit massenspektro-
metrischer Analyse sollte die teilweise sehr zeitaufwendige Probenaufbereitung einiger
Materialen, wie Sedimentproben oder Pflanzendle und -harze vereinfacht werden. Des
Weiteren ermoglicht es diese Variante der Analytik eine Vielzahl an Proben zeitgleich
aufzutrennen, wodurch ein Hochdurchsatz-Screening erfolgen kann. Ziel war es eine schnelle
und vielseitig auf unterschiedliche Probenmatrices einsetzbare Analytik zu generieren, um
auch mit wenig Aufwand reprasentative Ergebnisse zu gewinnen. Diese konnten nachfolgend
fur die Beantwortung von z.B. archdometrischen Fragestellungen aber auch aktuell prasenter
Problematiken hilfreich sein. Ein aktuelles Bespiel ist dabei Cannabis sativa L.. Die Pflanze
spieltin der heutigen Zeit eine groBe Rolle, vor allem durch ihre berauschende Wirkung und die
aktuell immer wieder aufkommende Diskussion bezlglich der Wirkung auf den Menschen.
Auch die Einfiihrung vieler neuartiger Produkte wie das Cannabidiol-Ol (CBD) weckt vor allem
hinsichtlich der Inhaltsstoffe groBes analytische Interesse. Daher sollten im Zuge der
vorliegenden Arbeit verschiedene CBD-Ole hinsichtlich ihrer Cannabinoidzusammensetzung
untersucht werden. Aber auch die historische Bedeutung dieser Pflanze wird dabei wieder
mehr in den Vordergrund geruckt. In diesem Kontext wurden in der vorliegenden Arbeit
Sedimentproben vom Badhanital-See im Himalaya auf den Gehalt von Cannabinol (CBN), ein
Abbauprodukt vom psychoaktiven A°-Tetrahydrocannabinol (A°-THC), untersucht. Dabei sollte
ermittelt werden, ob in diesem See vor tausenden von Jahren die Verarbeitung von Cannabis

sativa L., z.B. zur Textilproduktion, stattgefunden hat.

In Hinblick auf historische Textilverarbeitung, sollte des Weiteren untersucht werden, ob mit
Hilfe mikroskopischer, gaschromatographischer und spektroskopischer Methoden die Unter-
scheidungverschiedener Seidenarten moglich gemacht werden kann, wodurch vor allem auch
bei historischen Funden die Mdglichkeiten zur Bestimmung der biologischen Herkunft und
Einordung der verwendeten Fasern erweitert werden soll. Die weiterfuhrende Materialanalyse
soll bereits vorangegangene Analysen bestdtigen und somit die weitere Authentizitats-
untersuchung der Proben gewahrleisten. Daher sollte eine Analysenstrategie entwickelt

werden, mit Hilfe derer das Fibroinprotein verschiedener Seidenspinnerarten charakterisiert
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und ein Vergleich der Seidenfilamente ermaoglicht wird. In diesem Zusammenhang wurde die
einzigartige Aminosaurezusammensetzung, sowie weitere Strukturmerkmale des Fibroins,
einer Auswahl an verschiedenen Seidenarten bestimmt. Dabei wurde zunachst eine Reihe von
rezenten Materialen auf deren spezifische Aminosaurezusammensetzung untersucht. Des
Weiteren wurde bei ausgewahlten historischen Seidentextilien Uberpruift, ob es Hinweise auf
den Einsatz von nicht entbasteter Seide gibt. In diesem Kontext wurden verschiedene
Entbastungmethoden, historische als auch aktuell angewandte Varianten, getestet.
AuBerdem sollte der Einfluss historisch verwendeter Farbe- und Beizmethoden auf die
Bestimmung der Aminosdurezusammensetzung untersucht werden, weshalb eine Auswahlan
Farbe- und Beiztechniken an der zuvor entbasteten Seide angewendet wurde. Mittels der
Untersuchung des Verhaltnisses von D- zu L-Enantiomeren der Aminosauren, wurde dies
weiterfuhrend untersucht. Im Zuge dessen wurden die Racemisierungsraten verschiedener
Entbastungsmethoden bestimmt. AnschlieBend wurde die entwickelte Methode auf
verschiedene historische Textilfunde angewandt. Neben der gaschromatographischen
Untersuchung mittels GC-FID oder GC-MS kamen hierbei ebenfalls mikroskopische und
spektroskopische Methoden (ATR-FTIR-Spektroskopie) zum Einsatz, um die Identifizierung der

Textilfasern zu unterstitzen.
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3. Theoretischer Teil

3.1. Analytische Chemie- Definition und Geschichte

Definiert wird die analytische Chemie als die eigenstandige chemische Teildisziplin, welche
geeignete Methoden und Werkzeuge entwickelt und bereitstellt, um Informationen Uber die
Zusammensetzung und Struktur der Materie zu gewinnen. Es werden verschiedene Techniken
verwendet, wodurch aus den gemessenen chemischen Signalen, meist spezifische
Wechselwirkungen zwischen der Materie und Energie, Informationen und neues Wissen

generiert wird und dies in bereits vorhandenes Wissen eingeordnet werden kann.” 22

Bereits vor 2500 Jahre wurde sich darum bemuht die Zusammensetzung von Materialen,
vorwiegend von Metallen als wichtigsten Werkstoff des Altertums, zu verstehen und zu
untersuchen. Auch wenn hierbei vergleichsweise primitivere und weniger umfangreiche
Untersuchungen durchgefuhrt wurden, zeugt dies schon von Streben nach einer
angemessenen Qualitat und Authentizitat.?® 2 Da verschiedene Metallobjekte aus Gold oder
Silber wie Miunzen, Waffen oder Skulpturen seit Jahrhunderten Bestandteil kulturhistorischer
Geschichte und chemischer Untersuchungen sind, ist es nicht verwunderlich, dass die
Untersuchung dieser Objekte als eine der altesten analytischen Kenntnisse beschrieben wird.
Der Chemiehistoriker Ferenc Szabadvary beschreibt in seiner ,,Geschichte der Analytik”
(1966), dass das Verfahren der Goldprufung, die sogenannte Kupellation, welche als
quantitative Methode auf der Gewichtsbestimmung durch Schmelzen im Ofen basiert, bereits
im Alten Testament der Bibel an mehreren Stellen Erwahnung fand.” 2°> Auch in einigen
Keilschriften, welche auf die Zeit Mesopotamiens (ca. 1500 v. Chr.) datiert werden, wurden
bereits Hinweise auf ein Verfahren zur Reinigung von Gold und Silber gefunden, welches zur
Prifung dieser Zahlungsmittel eingesetzt wurde und Falschungen aufdecken sollte.?® Dies
zeigt, dass schon sehr frih Methoden zur Reinheitsprifung entstanden sind, wie z.B. der
Nachweis von Eisen(ll)-sulfat in Grinspan mit Gallapfelsaft, welche spater auch Grundlage fur
analytische Nachweise waren.”

Das Erkenntniswachstum von analytischer Chemie und der produzierenden Chemie standen
bereits in den vergangenen Jahrhunderten in Zusammenhang, schlieBlich war es stets von
groBer Bedeutung die Stoffe zunadchst zu untersuchen, bevor entsprechende
GesetzmaBigkeiten gefunden werden konnten.? Mit der Entwicklung der Huttenindustrie und
der damit verbundenen Analyse der Erze erlebte unter anderem die analytische Chemie im
Phlogistonzeitalter einen Aufschwung.?® Mit der sogenannten chemischen Revolution im 18.
Jahrhundert begann dann die moderne Chemie wie man sie heute kennt, die analytische
Chemie wurde jedoch erst im 19. Jahrhundert als eigenstandiges Wissenschaftsgebiet
anerkannt und die ersten physikalischen Methoden, wie die Spektralanalyse (Bunsen und
Kirchhoff, 1859)%, wurden entwickelt.” ?® Die Zeit um den Zweiten Weltkrieg brachte bei der
analytischen Chemie einen Wandel zu vermehrt instrumentellen Methoden. Ab den 1950er
Jahren nahmen die technologischen Entwicklungen Fahrt auf und es wurden unter anderem
IR-, GC- und HPLC-Gerate entwickelt und bereits bestehende analytische Gerate, wie das MS,
weiter optimiert.?® Mit diesen technischen Verbesserungen erlebte die instrumentelle Analytik
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auch durch die Senkung von Nachweisgrenzen und Verklrzungen von Analysenzeiten durch
bspw. Automatisierung, einen Aufschwung. Die Spurenanalytik erlebte hierbei ebenfalls einen
enormen Popularitdtsgewinn, da diese zur Datengewinnung bezlglich der Qualitat von Luft,
Wasser und Lebensmitteln, aber auch von Arzneimitteln genutzt wurde und auch heutzutage

weiterhin eine groBe Rolle dabei spielt.®”

Die heutige analytische Chemie ist durch eine schnelle Entwicklung in der Geratetechnologie,
durch unterschiedlich komplexe Matrices und durch sich immer ausweitende Aufgaben-
stellungen aus den verschiedensten Bereichen der technischen Wissenschaften, Natur- und
Kulturwissenschaften wie z.B. Archéologie oder Kunstgeschichte, gepragt.” Ein weiteres
bedeutendes Feld in der analytischen Chemie stellt die Untersuchung und Analytik
biologischer Systeme dar, wie z.B. die Struktur und Funktion von Proteinen, aber auch deren
Wechselwirkung mit anderen Molekiilen.?® Daher stellt die analytische Chemie in der heutigen
Zeit, insbesondere die spurenanalytische Untersuchung, ein wissenschaftliches Instrument
dar, welches der Gesellschaft, der Umwelt, den Geisteswissenschaften und der Politik dient,
wobei mittlerweile ein sich kontinuierlich erweiterndes Wissen entstanden ist und dieses zur
Klarung vieler verschiedener Fragestellungen beitragt.” 2 Trotz aller Fortschritte und des
Wissensgewinns der letzten Jahrzehnte befindet sich der analytische Chemiker in einem nach
wie vor nicht enden wollenden Kampf, bei dem es keinen endgultigen Sieg geben kann, auch
wenn es auf dem Weg dorthin viele herausragende Erfolge und Triumphe geben wird. Dies
beschreibt das stete Streben nach Antworten und dem methodisch angestrebten
Perfektionismus, welcher die analytische Chemie sowohl heute als auch schon 1974 wo
H.M.N.H. Irving dies beim Jubildum anlasslich des hundertjdhrigen Bestehens der

analytischen Chemie beschrieb, sehr passend.®
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3.2. Einblickin die Instrumentelle Analytik

In der Instrumentellen Analytik macht die Massenspektrometrie einen GroBteil aller Methoden
aus. Daneben kommen auch haufig Chromatographische Methoden, wie die Gaschromato-
graphie oder Flussigkeitschromatographie, zum Einsatz. Demgegenlber existieren aber
ebenfalls zahlreiche spektroskopische und optische Methoden, wie FTIR-Spektroskopie,
UV/Vis- und Fluoreszenzspektroskopie, Polarimetrie oder auch mikroskopische
Untersuchungen. Im folgenden Abschnitt werden die in dieser Arbeit verwendeten Methoden
naher betrachtet.

3.2.1. Massenspektrometrie

Die Massenspektrometrie ist bereits seit uUber hundert Jahren ein fester Bestandteil
analytischer Methoden. Die ersten Errungenschaften, welche Jahre spater zur Entwicklung des
uns bekannten Massenspektrometers fuhrten, waren der Nachweis des Elektrons und die
Messung dessen Verhaltnis von Ladung zu Masse durch Joseph J. Thomson im Jahr 1897.
Damit legte er den Grundstein fur die heutige Massenspektrometrie. Im vergangenen
Jahrhundert erfolgte eine enorme Weiterentwicklung der ersten Kenntnisse der
Massenspektrometrie, welche heutzutage zu einem idealen Werkzeug fur die
Charakterisierung vieler Materialen geworden ist und zur Analyse von nahezu jeder Art von
Substanz angewendet wird, egal ob anorganischer, organischer, biologischer oder

synthetischer Natur.*

Bei der Massenspektrometrie handelt es sich um eine hochentwickelte Methode der
instrumentellen Analytik, welche in einer Vielzahl verschiedener Gebiete, wie der Chemie,
Biochemie, Pharmazie, Geowissenschaften oder Physik, Anwendung findet. Das breite
Anwendungsspektrum der Massenspektrometrie fuhrt dazu, dass sie neben der Analyse von
Element- und Isotopenverhaltnissen auch eine groBe Rolle bei der Strukturaufklarung
unbekannter Substanzen oder bei der Analyse bekannter Substanzen aus Umwelt und
Forensik spielt.®" 2 Mit der hohen Sensitivitdt und Selektivitdt dieser Methode findet die
Massenspektrometrie auch in der Spurenanalytik, unter anderem auch im Bereich der
Archdometrie, vermehrt Anwendung.**3¢ Auch bei Authentizitats- und Qualitatsfragen kann
diese genutzt werden, um kleinste Mengen an Verunreinigungen zu detektieren und somit bei
der Qualitatskontrolle von bspw. Arzneimitteln oder Lebensmitteln angewandt werden.*’-3° Mit
der Massenspektrometrie wird es ermoglicht die Masse, genauer gesagt das Masse-zu-
Ladungsverhaltnis (m/z), von Atomen, Molekulen und allen anderen Teilchen, welche in
Losung oder der Gasphase daraus gebildet werden, zu bestimmen. Daflir miissen die Analyten
jedoch als ionisierte Moleklile in der Gasphase vorliegen, egal ob als positiv oder negativ
geladenes lon.*" Die lonisierung kann auf unterschiedliche Weise erfolgen. Dabei kann
zwischen einer harten und weichen lonisierung unterschieden werden. Bei der weichen
lonisierung wird dem Molekul nur so viel Energie zugefuihrt, wie zur lonenbildung nétig ist und
das Molekul bleibt erhalten. Bei der harten lonisierung hingegen wird mit einem Energie-
Uberschuss gearbeitet, was dazu fuhrt, dass im Massenspektrum Fragment-lonen des
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Molekuls zu finden sind.*® Mit der Entwicklung von sanften lonisationsmethoden in den 1980er
Jahren, wie z.B. Elektrospray-lonisation (ESI) oder Matrixunterstutzte Laser-
Desorption/lonisation (MALDI), konnte das Anwendungsspektrum der Massenspektrometrie
auch auf Biomolekile, wie z.B. Proteine, erweitert werden.*' Aufgrund der Vielfalt
massenspektrometrischer Techniken gibt es fur fast jede Verbindung eine oder mehrere
spezielle Methoden, mit denen diese charakterisiert werden kann. Haufig handelt es sich
dabei um Kopplungen verschiedener analytischer Methoden, wie HPLC-MS, GC-MS, LC-
MS/MS, oder spezielle hochauflosende Analysenmethoden, wie MALDI-TOF-MS, TOF-SIMS,
DESI-MS, wobei oft eine chromatographische Trennung vorgelagert ist. 33374244

In den vergangenen Jahren haben die ambienten lonisationsmethoden, wie DESI oder ASAP,
stark an Bedeutung gewonnen und werde seitdem vermehrt auf unterschiedliche
Probenmaterialen angewandt. Hierbei wird eine direkte Untersuchung, ohne oder mit sehr
geringer Vorbereitung des Probenmaterials, unter Atmosphéarendruck ermoglicht.***” Eine
weitere Methode, die ebenfalls in den letzten Jahren an Bedeutung gewonnen hat und bereits
auf eine Vielzahl verschiedene Analyten angewandt wurde, ist die (HP)TLC-MS Kopplung.*®52
Hierbei wird die seit jeher im Labor fur chromatographische Trennung genutzte Dunnschicht-
chromatographie mit der Massenspektrometrie gekoppelt. Die Technik der Liquid
Microjunction Surface Sampling Probe (LMJ-SSP) wird hierbei angewandt, um die
aufgetrennten Spots auf der (HP)TLC-Platte einzeln untersuchen zu kénnen (siehe Abbildung
7). Der Analyt wird dabei mittels kontinuierlichen Losungsmittelstroms aus der Oberflache der
(HP)TLC-Platte extrahiert, im gelosten Zustand zur lonenquelle transportiert und nachfolgend
mittels ESI- oder APCl-Technik ionisiert.5® 5

kontinuierlicher

Losungsmittelfluss LBSTE S stnes

4‘ zum MS

extrahierte Analyten

® 8 ®

Filter

v L 8

- e ™~

o

(HP)TLC-Platte Analytbande Schneidring

Abbildung 1: Schematische Darstellung der, bei der Untersuchung der Analytbanden mittels (HP)TLC-MS-
Kopplung, eingesetzten LMJ-SSP-Extraktionstechnik durch das Plate Express® von Advion.

Dies ermoglicht es den zeitaufwendigen Schritt der Probenvorbereitung zu reduzieren und

auch uber unbekannte Spots Informationen zu erhalten, was eine Identifizierung erleichtern
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kann. Zudem kénnen bei Anwendung dieser Methodik durch klrzere Analysenzeiten auch die

Losungsmittelverbrauche gesenkt werden.*8-30-54-59

All dies zeigt, dass, obwohl die Massenspektrometrie nur eine Methodik darstellt, sie in
Kombination mit neuen Techniken und verschiedenen chromatographischen Methoden, ein
sehr wichtiges Werkzeug bei der Identifizierung und Quantifizierung, sowie der Struktur-
aufklarung ist und damit eine unverzichtbare Methode darstellt.

3.2.2. Gaschromatographie

Neben der Massenspektrometrie erfolgt ein GroBteil aller analytischen Untersuchungen
mittels chromatographischer Methoden. Dazu zahlen die Flussigkeitschromatographie (z.B.
HPLC oder DC) sowie die Gaschromatographie.*®®° In der vorliegenden Arbeit spielt die HPLC
jedoch keine wesentliche Rolle, weshalb im Folgenden auf diese Methode nicht naher

eingegangen wird.

Die Methode der Gaschromatographie wurde in den 1950er Jahren entwickelt und eine der
wichtigsten, am weitesten verbreitete und am haufigsten genutzte Technik der modernen
Chemie, welche zur Trennung und Identifizierung unterschiedlicher chemischer Verbindungen
genutzt werden kann.®' Die Erfindung der Gaschromatographie wird haufig mit den Namen des
Nobelpreistragers Archer J.P. Martin sowie seiner Kollegen Richard L. M. Synge und Anthony T.
James in Verbindung gebracht. Ihre Arbeiten rund um die Flussig-Gas-Verteilungschromato-
graphie bilden die Grundlage fur die Entwicklung der Gaschromatographie.®?> Obwohl das Jahr
1952 als das Geburtsjahr der Gaschromatographie angesehen wurde, gab es vorher bereits
zahlreiche Forschungsarbeiten zu dieser Methode, jedoch hauptsachlich in ihrer Gas-
Feststoff-Version.® In der Zeit der Entwicklung dieser Methode wurden bessere analytische
Kontrollen in der petrochemischen Industrie erforderlich, weshalb sich die Gaschromato-
graphie schnell etabliert hat und bis heute fur die Analyse fast aller Arten von organischen
Verbindungen eingesetzt wird, auch solche, die in ihrem ursprunglichen Zustand nicht flichtig

sind, aber in flichtige Derivate umgewandelt werden kdnnen.®?

Wahrend des Trennvorgangs verteilen sich die Bestandteile eines Probengemisches zwischen
der stationaren und mobilen Phase. Je nach Beschaffenheit der stationdren Phase kann die
Gaschromatographie in die Gas-Feststoff-Chromatographie (GSC), bei der die stationare
Phase ein Feststoff ist, und die weitaus verbreitetere Gas-Flussig-Chromatographie (GLC), die
eine FlUssigkeit als stationdre Phase verwendet, unterteilt werden. Bei einer gaschromato-
graphischen Trennung wird die Probe am Anfang der chromatographischen Saule verdampft
und anschlieBend von der mobilen Gasphase (d. h. dem Tragergas) durch die Saule zum
Detektor transportiert. Die Trennung der verschiedenen Komponenten erfolgt dabei auf
Grundlage ihrer Flichtigkeit, wobei bei polaren stationdren Phasen zusatzliche Wechsel-
wirkungen, wie z.B. Dipolwechselwirkungen, die Trennung beeinflussen konnen.*> % |m Laufe
der Entwicklung der Gaschromatographie wurden eine Vielzahlvon Detektoren untersucht und
eingesetzt, um die aufgetrennten Verbindungen zu detektieren. Neben Detektoren, die

lediglich die Anwesenheit von Analytmoleklilen am Saulenausgang anzeigen konnen [z.B.
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Flammenionisationsdetektor (FID), Warmeleitfahigkeitsdetektor (WLD), Elektroneneinfang-
detektor (ECD)], gibt es auch Detektoren, die Informationen Uber die Identitat der Analyten
liefern sollen (z.B. MS, FTIR). Obwohl jeder dieser Detektoren unterschiedliche Empfindlich-
keiten aufweist, sind diese dennoch weitverbreitet und flir verschiedenste Fragestellungen von
groBer Bedeutung, zumal es keine idealen Detektoren gibt und die Verwendung eines
Detektors fur jede Fragestellung neu bewertet werden muss.® In den letzten Jahren hat vor
allem die Bedeutung der GC-MS Kopplung an Bedeutung gewonnen, da hierbei sehr niedrige
Nachweisgrenzen ermaoglicht werden und es nicht zwangslaufig notig ist alle in der Probe

vorhandenen Komponenten auftrennen zu missen.®

Generell hat die kontinuierliche Weiterentwicklung der Gaschromatographie dazu
beigetragen, dass sie heute zu den wichtigsten analytischen Techniken gehort und einen
bedeutenden Beitrag zur Forschung und Entwicklung in verschiedenen Bereichen leistet. Die
Gaschromatographie findet bei verschiedensten Problematiken, unter anderem auch in der
Spurenanalytik, Authentizitdtsuntersuchung und Archaometrie, Anwendung.®” %% In der
Umweltanalytik erfolgt die Identifizierung und Quantifizierung von Schadstoffen wie z.B.
Pestiziden, Schwermetallen oder anderen organischen Verbindungen in Boden-, Wasser- und
Luftproben oftmals mittels GC-Methoden®®, aber auch in der Lebensmittelanalytik
(Bestimmung der Zusammensetzung des Lebensmittels, Konzentration von Zusatzstoffen
oder Ruckstanden wie Pestiziden)® oder der pharmazeutischen Analytik (Reinheitsprifungen
von Medikamenten, ldentifizierung von Verunreinigungen, Konzentrationsbestimmung von
Wirkstoffen)’®”" wird die gaschromatographische Methodik haufig angewandt. Besonders bei
der Analyse von organischen Komponenten wahrend der Untersuchung von kulturhistorischen
Gutern findet die Methode der GC-MS groBe Anwendung (z.B. bei Kunst und Malereien).”>”®
Den groBten Nutzen bringt die GC-MS-Methode jedoch, wenn sie als erganzende Technik
eingesetzt wird, die sich auf andere Analysemethoden stlitzt und mit ihnen zusammenwirkt,

um Informationen Uber das erforschte Material zu generieren.”

Zusammenfassend kann festgehalten werden, dass die Gaschromatographie vor allem durch
ihre hohe Auflésung und Empfindlichkeit bei zahlreichen Analysen von komplexen Gemischen
eine Auftrennung ermoglicht und somit eine wichtige Rolle bei der Identifizierung sowie
Quantifizierung von Molekllen spielt und somit einen entscheidenden Beitrag in vielen

Bereichen der Wissenschaft und Industrie leistet.

3.2.3. Spektroskopische und optische Methoden

Bei der Identifizierung bzw. des qualitativen Nachweises von verschiedenen Molekulen stellen
die chromatographischen Methoden eine teilweise weniger effektive Variante dar. Methoden
wie die IR- oder NMR-Spektroskopie dagegen liefern eindeutigere Ergebnisse, wenn es um eine
Strukturaufklarung geht.**7¢ 77 Oftmals sind daher Kombinationen verschiedener Methoden,
wie die IR-Spektroskopie mit einer (gas)chromatographischen Methode (z.B. GC-FID, GC-MS,
HPLC) von Vorteil, um den groBten Informationsgewinn zu garantieren. Der Bereich der

Spektroskopie oder auch der Einsatz von optischen Methoden bei der Untersuchung sowie
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Identifizierung und Charakterisierung von verschiedensten Materialen, spielen daher ebenfalls
eine groBe Rolle in der analytischen Chemie und tragen zur Klarung verschiedener
Fragestellungen bei.'® 9781

Eins der altesten Verfahren in der Materialcharakterisierung ist die Licht- oder optische
Mikroskopie. Bereits im 19. Jahrhundert wurde die Mikroskopie eingesetzt, um
mikrostrukturelle Untersuchungen bei verschiedenen Materialen durchzufuhren. Mit der
Entwicklung neuer Methoden und hochauflosender Gerate, wie bspw. dem Rasterelektronen-
mikroskop (REM), dem Polarisationsmikroskop oder dem Fluoreszenzmikroskop, hat sich das
Repertoire dieser Methodik seit jeher stark erweitert.®28* Besonders im Bereich der
Charakterisierung von Fasern bzw. Textilien findet die Mikroskopie haufig Anwendung, da
haufig schon anhand ihrer Form eine erste Identifizierung erfolgen kann.® 8 Auch bei der
morphologischen Unterscheidung von Seidenfilamenten kann die Mikroskopie herangezogen
werden (siehe Abbildung 2).27-% Mit Hilfe der Mikroskopie konnen Oberflachenstrukturen sowie
die Form und GroBe von Materialien analysiert werden, wodurch Informationen Uber deren
Beschaffenheit, Rauheit und Homogenitat erhalten werden kdnnen.

Abbildung 2: Darstellung mikroskopischer Bilder, welche die unterschiedlichen Morphologien verschiedener
entbasteter Seidenfilamente aufzeigt. (A) Caligula cachara Moore, (B) Bombyx mori L., (C) Antheraea mylitta Drury,
(D) Saturnia pavonia L. England, (E) Samia canningii Hutton, (F) Attacus atlas L.
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Mit Hilfe der spektroskopischen Methoden, wie der IR-Spektroskopie, konnen z.B. bereits
gewonnene Informationen detaillierter untersucht werden und somit weitere Daten
gesammelt werden, welche zur Identifizierung der Probe beitragen. Bei der IR-Spektroskopie
handelt es sich um ein physikalisches Analyseverfahren, welches die Absorption von
Infrarotstrahlung durch chemische Bindungen in einem Material Uber einen bestimmten
Wellenlangenbereich misst. Durch die Umwandlung der absorbierten Strahlung in Energie
werden die Atome in einem Molekll zum Schwingen angeregt und das resultierende Spektrum
zeigt anschlieBend die charakteristischen Peaks, die verschiedenen Schwingungsmodi der
Atome im Molekil zugeordnet werden konnen. Die Art und Weise, wie die Atome schwingen,
hangt von ihrer chemischen Umgebung ab, was es ermdglicht, Rlickschlisse auf enthaltene
funktionelle Gruppen und damit die Struktur des Molekils zu ziehen.*® 8992 Seit der ersten
Experimente von Sir William Herschel im fruhen 19. Jahrhundert (Untersuchung der
Energieverteilung im Sonnenspektrum), welche fur die Entwicklung der IR-Spektroskopie von
grundlegender Bedeutung waren, haben die stetigen technologischen Fortschritte es
ermoglicht, daraus eine vielseitige und weitverbreitete Analysentechnik zu enwickeln.®®* Mit der
EinfUhrung der Fourier-Transform-Infrarot (FT-IR)-Spektroskopie Anfang der 1970er wurde eine
schnellere Datenaufnahme, sowie eine hohere Empfindlichkeit ermoglicht. Hierbei wir die
gemessene Infrarotstrahlung durch ein Interferometer geleitet, wobei die Intensitat des Lichtes
in einem Interferogramm detektiert wird. Mit Hilfe der Fourier-Transformation werden die Daten
nachfolgend in die spezifischen Absorptionswerte eines Molekiils Uber den gesamten Wellen-
langenbereich berechnet und im Spektrum als Funktion der Wellenlange dargestellt.*% 94 9
Auch die Anwendung der abgeschwachten Totalreflexions-Fourier-Transformations-
Infrarotspektroskopie (ATR-FTIR-Spektroskopie) hat dazu beigetragen, Probleme und
Einschrankungen der klassischen Transmissionsmethoden zu Gberwinden. So erlaubt die ATR-
FTIR-spektroskopische Methodik auch den Zugang zu den Schwingungsfrequenzen der
Oberflache ohne das untersuchte Material zu beschadigen oder eine aufwendige
Probenvorbereitung durchzufihren, weshalb diese haufig bei der Untersuchung historischer
Proben (z.B. Lacke, Knochen, Seide, Leder)®**° eingesetzt wird.*> "% Auch zur Charakterisierung
von Fasermatrices kann die ATR-FTIR-Spektroskopie herangezogen werden, wobei diese erste
Informationen flr eine Klassifizierung einzelner Fasern, verwendeter Farbstoffe oder andere

anhaftender Farbstoffe bzw. Molekiile liefert.'*%

AbschlieBend kann festgehalten werden, dass sowohl die spektroskopischen als auch die
mikroskopischen Untersuchungen einen wichtigen Beitrag zur ldentifizierung von Materialen
liefern und die Ergebnisse vorangegangener oder anschlieBender Analysen bestarken kénnen.
Vor allem bei archdometrischen Fragestellungen kommen diese Methoden vermehrt zum
Einsatz, da es sich hierbei oftmals um zerstérungsfreie bzw. minimalinvasive Methoden
handelt und somit das wertvolle Probenmaterial von historischen Proben weitestgehend

erhalten bleibt.°7-108
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4. Diskussion der Ergebnisse

Im folgenden Abschnitt dieser Dissertation sollen die erzielten Forschungsergebnisse der
einzelnen zugrundeliegenden Publikationen zusammenfassend erlautert und diskutiert
werden, sowie gezeigt werden, welchen Beitrag diese zur modernen Analytik, sowie zur Klarung
von Fragestellungen mit historischem Kontext liefern kdnnen. Im Allgemeinen kénnen die
Ergebnisse der vorliegenden Arbeit in zwei groBere Abschnitte unterteilt werden. Zum einen
wurde die Methode der Massenspektrometrie gekoppelt mit der DUnnschichtchromatographie
als Moglichkeit einer Hochdurchsatz-Screening Methode auf verschiedene Materialen
angewandt und zum anderen erfolgten gaschromatographische Untersuchungen der
Aminosaurezusammensetzung verschiedener Seidenkokons, sowie die Untersuchung

entbasteter Seidenproben.

4.1. Identifizierung und Quantifizierung von CBN in Sedimentproben
mittels HPTLC-MS (P1)

Ein recht aktuelles Thema, welches immer wieder in den Schlagzeilen zu finden ist und
Bestandteil zahlreicher Publikationen ist, sind die Cannabinoide.'®''® Die recht kontroverse
Diskussion rund um diese Thematik fihrt zu zahlreichen neuen Untersuchungsergebnissen,'
aber weckt auch das Interesse an der Verwendung dieser Pflanze in der Vergangenheit,
weshalb auch hier die (Weiter)entwicklung analytischer Methoden von Interesse ist, welche
die unterschiedlichen Anforderungen der Probenmatrices gewachsen sind.

Im Rahmen von interdisziplinaren Untersuchungen eines Bohrkerns aus einem See im
Badhani-Tal in Indien (Garhwal, Himalaya) sollte eine HPTLC-ESI-MS Methode zum Nachweis
von CBN in den Sedimentproben entwickelt werden. Die zentrale Frage war, ob es moglich ist,
das CBN - ein Abbauprodukt des psychoaktiven A°-THC - in diesen Sedimentproben
nachzuweisen. Die Freie Universitat Berlin hatte bereits mit Hilfe von “C-Datierung die
untersuchten Sedimentproben auf ein Alter von bis zu 4500 Jahren datiert. Des Weiteren
wurden bei Pollenanalysen des Bohrkerns in einigen Pollenzonen eine erhohte Konzentration
an Pollen aus der Familie der Cannabaceae nachgewiesen. Die Erkenntnisse Uber das so

115 sollten mit Hilfe dieser Methode erweitert

erhaltene Pollenprofil (siehe Demske et al.)
werden. In friheren Untersuchungen verschiedener Sediment von européischen Seen wurde
die Anwesenheit von Pollen des Cannabis Typs bzw. Humulus/Cannabis Typs, welcher auch
bei den untersuchten Proben aus dem Badhani-Tal gefunden wurden, als Indikator fur die
historische Fasergewinnung aus Hanf interpretiert.”’®'?2 Die Untersuchung von Lavrieux
et al.”® zeigte bereits, dass eine Korrelation zwischen in Sedimenten gefundenen Pollen und
einem Nachweis von CBN in den entsprechenden Sedimenten besteht und das CBN daher als
eine Art Biomarker flr die Fasergewinnung aus Hanfpflanzen in dem untersuchten Gewasser
genutzt werden kann. In frihen Zeiten wurde der Prozess des Rottens oftmals in flachen
Gewassern durchgeflihrt, wobei die Freisetzung von Bastfasern aus geblindelten Hanfstangeln

durch mikrobielle Prozesse erleichtert wurde.'?*'? Wahrend dieses Prozesses gelangen neben
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verschiedenen Pflanzenmaterialen, wie Stangel, Blatter oder Pollen, aber unteranderem auch
die in der Pflanze metabolisierten Phytocannabinoide, welche einzigartig fur die Cannabis
Spezies sind,'” in die Gewasser. Unter Lagerungs- bzw. Alterungsbedingungen, welche in
zahlreichen Studien nachempfunden wurden, kommt es zum Abbau der in Cannabis
enthaltenen psychoaktiven Substanzen - zurlick bleibt das Cannabinol.'®"'%? Eine
detailliertere Beschreibung dieser Abbaumechanismen kann ebenfalls in der Publikation

eingesehen werden.

Ziel der entwickelten HPTLC-ESI-MS Methode war es daher den Gehalt an CBN in den
Sedimenten mit positiven Pollenbefund zu bestimmen und somit, bei der Rekonstruktion der
Vergangenheit, zu weiterem Erkenntnisgewinn beizutragen und einen Hinweis auf eine
mogliche Fasergewinnung aus Hanf an diesem See zu liefern. So sollen weitere Erkenntnisse
uber mogliche Anbaugebiete und die Nutzung von Hanf in friheren Zeiten gesammelt werden
und damit die historische Verbreitung und Verwendung von Cannabis besser nachvollzogen

werden.

Bisherige in der Literatur beschriebene Studien zum Nachweis von CBN in historischen Proben
basieren meist auf HPLC-Methoden und GC-MS/FID."0% 118, 128,129,132136 Jaqoch ist dabei oft die
Derivatisierung des Analyten notig und um diesen zeitintensiven Schritt zu vermeiden, wurde
mit HPTLC-ESI-MS eine Methode entwickelt, welche diesen Schritt umgeht. Zudem wurden in
der Literatur bisher nur wenige (HP)TLC Methoden in Zusammenhang mit der Analyse von
Cannabinoiden beschrieben.® Die Verwendung einer entsprechenden MS-Kopplung
ermoglicht hierbei eine recht schnelle Untersuchung. Da es sich bei den Sedimentproben aber
um eine sehr komplexe Matrix handelt, war zunachst eine Extraktion des Probenmaterials und
anschlieBend eine Auftrennung des Probenextraktes mittels Dunnschichtchromatographie
notwendig. Zudem ermoglicht die gewahlte HPTLC-ESI-MS Methode, neben der recht kurzen
Analysenzeit, auch mehrere Proben in kurzer Zeit parallel zu untersuchen und so ein
Hochdurchsatz-Screening.®” Dies ist bei der Untersuchung von Bohrkernen von besonderem

Interesse, da hier zumeist eine hohe Probenanzahl analysiert wird.

Zur Entwicklung einer validen HPTLC-ESI-MS Methode wurden zunéachst die stationare und
mobile Phase optimiert. Bei der stationaren Phase wurden verschieden modifizierte
Kieselgelplatten getestet, wobei die HPTLC-Platte auf Kieselgelbasis zu sehr reproduzierbaren
Ergebnissen bei sehr geringer Nachweisgrenze geflihrt hat (LOD: 6.4 ng CBN/HPTLC Bande;
LOQ: 20.7 ng CBN/HPTLC Bande). Die HPTLC Platte ist mit einem optimierten Kieselgel 60
ausgestattet und weist eine deutlich kleinere TeilchengroBe als bei der klassischen TLC-Platte
auf. Dadurch wird eine hohere Packungsdichte und eine glattere Oberflaiche ermoglicht. Es
wird die Probendiffusion reduziert, was zu kompakten Banden oder Spots fihrt. Durch eine
hohere Reinheit des Plattenmaterials ist zudem der Background deutlich geringer. Dartber
hinaus erhdhen die geringere PartikelgroBe und die dunnere Schicht die Nachweisempfind-
lichkeit und die Analysegeschwindigkeit erheblich. ¥-'¥” Die sehr schmalen Banden waren bei
der Kopplung mit dem Massenspektrometer von groBer Bedeutung, da der Extraktionskopf nur
eine begrenze Flache erfassen kann und dadurch nur ein sehr punktueller Bereich erfasst

werden kann.
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Bei der mobilen Phase wurde zunachst mit fur Cannabinoiden literaturbekannten Laufmittel-
gemischen gearbeitet, wobei dort eine Vielzahl an Varianten existiert.’®'! Zur Trennung vom
untersuchten CBN und der sichtbaren und/oder UV-aktiven Matrix, wurde eine Auswahl dieser
Laufmittel getestet. Im Zuge dessen wurde auch die Zusammensetzung dieser Laufmittel
variiert, um so den Abstand von den Analyt- und Matrixspots moglichst groB zu halten. Dadurch
wurden Interferenzen mit Matrixbestandteilen vermieden und die schmale Erscheinungsform
der Banden gewahrt. Nach einer Vielzahl an Variationen wurde mit einer Mischung aus
n-Heptan/Diethylether (90:10 v/v) eine zufriedenstellende Trennung von Analyt und Matrix
erreicht. AnschlieBend konnte unter Einbeziehung von verschieden konzentrierten Standard-
l6sungen und der Nullproben (Sedimentproben, bei denen keine Pollen des Cannabis Typ
detektiert wurden) eine HPTLC-ESI-MS Messmethode zur Bestimmung der CBN-Gehalte in
den Sedimentproben entwickelt werden. Fur detaillierte Beschreibungen zur Methoden-
entwicklung kann in der Publikation Einsicht genommen werden.

Die direkte Aufbringung und anschlieBende Analyse eines Extraktes der Sedimentproben auf
die HPTLC-Platte erwies sich als sehr schwierig bis unmaoglich. Bei dieser Variante wurde eine
sehr groBe Menge an interferierenden Matrixbestandteilen auf die Kieselgelplatte aufgebracht.
Dadurch wurde diese Uberladen und ein eindeutige Spotentwicklung bzw. Auftrennung des
Gemisches war nicht moéglich. Es wurde ein weiterer Extraktions- bzw. Probenreinigungsschritt
eingefuhrt. Dafur wurden verschiedene Kombinationen aus Extraktion des CBN aus den
Sedimentproben und weiterer Auftrennung des Extraktes ausgetestet. Die Kombination aus
Extraktion im Ultraschallbad mit Methanol/n-Hexan (9:1 v/v) und zwei hintereinander
durchgefuhrte SPE-Schritte fihrten zu einer guten Abtrennung der stérenden Matrix. Der
Verlust an CBN konnte dabei sehr gering gehalten werden, was sich in einer Widerfindung tber
die gesamte Methode von durchschnittlich 73 % widerspiegelt. Auch die relative Standardab-
weichung der Methodenprazision mit 4.1 % weist auf eine gute Wiederholbarkeit und Reprodu-
zierbarkeit der Ergebnisse hin. Das Vorgehen und die generierten Daten zur Validierung konnen
in der Publikation eingesehen werden.

Nach der erfolgreichen Validierung der entwickelten HPTLC-ESI-MS Methode wurden die
vorliegenden Sedimentproben auf den Gehalt von CBN untersucht. Entsprechend der vorher
bestimmten Pollenzonen'® konnten zunachst die Nullproben verifiziert werden, da bei diesen
weder mit postchromatographischen Detektionsmethoden noch bei Messungen mittels
HPTLC-ESI-MS CBN detektiert werden konnte. Bei der anschlieBenden Untersuchung der
Realproben konnten CBN-Gehalte zwischen 99.2 und 486.5 ng CBN/g Sediment detektiert
werden. Die erhaltenen Daten korrelierten dabei mit den Pollenfunden, wobei der hochste
Gehalt an Pollen des Typs Humulus/Cannabis mit der Sedimentprobe mit dem hochsten
detektierten CBN-Gehalt Ubereinstimmt.

Dass Proben von Sediment- bzw. Bohrkernen relevante Informationen beinhalten und heran-
gezogen werden, um detaillierte Informationen Uber den Einfluss verschiedener Faktoren und
Ereignisse, wie z.B. der menschlichen Einwirkung auf die Natur zu sammeln, ist seit vielen
Jahren bekannt. Dazu gibt es in der Literatur viele verschiedene Ausfihrungen'?'%2, am

prasentesten dabei sind zurzeit wohl die Veroffentlichungen uber den Lake Crawford in
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Kanada, welcher eine groBe Rolle bei Diskussionen Uber den Beginn eines neuen Erdzeitalters,
das Anthropozan, spielt.’®*'% Von daher war es nicht verwunderlich, dass mit der Detektion
von CBN in den Sedimentproben auch diese Daten die These von Demske et al.'"®, dass in der
Zeit von 480 BC bis 1050 AD ein erhdhtes Aufkommen an Cannabispollen auf das Rotten von
Hanfpflanzen im Badhani-Tal zuruckzufiihren sein kdnnte, bestarkt werden konnte.

Zusammenfassend kann festgehalten werden, dass die in der vorliegenden Arbeit entwickelte
HPTLC-ESI-MS-Methode dazu beitragen kann solche komplexen Probenmatrices
aufzutrennen und das in diesem Fall in Spuren vorhandene CBN selektiv zu detektieren.
Dennoch sollten in zuklnftigen Studien weitere Bohrkerne verschiedener Seen dieser Region
auf das Vorhandensein von CBN untersucht und diese Daten mit den Ergebnissen von
Pollenanalysen abgeglichen werden. Des Weiteren konnen historische Dokumente, welche die
Hanfverarbeitung in der Region in der jeweiligen Zeit belegen, herangezogen werden, um die

experimentellen Daten zu belegen.

4.2. Identifizierung und Quantifizierung von CBD, A°>-THC und CBN in CBD-
Olen mittels HPTLC-MS (P2)

Nachdem die HPTLC-Methode sehr gut geeignet war, um Spuren von CBN in den untersuchten
Sedimentproben nachzuweisen, stellte sich die Frage, ob die Methode auch eine hilfreiche
Erganzung fur das analytische Repertoire fur sehr aktuelle Probenmatrices darstellen kdnnte.
Die CBD-Ole erlebten in den letzten Jahren einen Aufschwung und wurden sehr populir,
weshalb in der vorliegenden Arbeit eine Auswahl an verschiedenen Olen (verschiedene
Hersteller und Konzentrationen) untersucht wurde. Obwohl den CBD-Olen viele positive
Eigenschaften nachgesagt werden, handelt es sich hierbei um ein recht kontroverses Thema,
da die Wirkmechanismen noch sehr unerforscht sind.'*"%® Zudem gibt es immer wieder
Meldungen, dass diese Ole eine falsche Deklaration der enthaltenen Inhaltstoffe
aufweisen.® '8 Besonders kritisch ist dies in Bezug auf das psychoaktive AS-THC zu
betrachten.”™® " |n Ubereinstimmung mit der europdischen Rechtsprechung und dem
Betaubungsmittelgesetz (BtMG), darf der Gehalt an A°>-THC die 0.2 % bzw. seit Januar 2023 die
0.3 % (angegeben als Summe von A°-THC und A°-THCA) nicht tGberschreiten.'®>'®* Beim CBD
ist die Gesetzeslage etwas schwieriger. Bisher gibt es keine eindeutige Regelung
diesbezlglich, da die Studienlage zu dieser Substanz noch nicht ausreichend ist, um eine
eindeutige Beurteilung vornehmen zu konnen. In der EU unterliegen Produkte mit zugesetztem
CBD, wie es bei den CBD-Olen oft der Fall ist, der Novel-Food-Verordnung und bediirfen einer
separaten Zulassung, welche nur erteilt wird, wenn diese Produkte keine gesundheitlichen
Risiken burgen.'®"'%” Diese unklare Gesetzgebung macht deutlich, wie wichtig es ist Uber
etablierte und validierte Methoden zur Bestimmung von verschiedenen Cannabinoiden in
CBD-Olen zu verfiigen, um sowohl den Gehalt an Cannabinoiden zu bestimmen als auch tiber

die Authentizitat der Produkte entscheiden zu konnen.

Zur |dentifizierung von Molekulen in komplexen Matrices werden haufig die Molekilmassen

herangezogen, jedoch besteht bei den untersuchten Cannabinoiden die Besonderheit, dass
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CBD und A°-THC die gleiche elementare Zusammensetzung (A)
aufweisen, wodurch eine Unterscheidung der beiden OH
Derivate, rein auf die Masse bezogen, unmadglich ist. In ‘
Verbindung mit einer chromatographischen Auftrennung O
der Cannabinoidderivate sollte die Identifizierung und 0
Quantifizierung der Cannabinoide CBD, CBN und A°-THC
ermoglicht werden. Bei der Optimierung der HPTLC-ESI-MS
Methode zur Untersuchung von CBD-Olen war es daher
wichtig die Trennung und Detektion der einzelnen ‘ oH
Cannabinoide zu berlcksichtigen. Mit dem in der ersten
Publikation verwendeten Laufmittel fur die Bestimmung von O
CBN in Sedimentproben (n-Heptan/Diethylether,
90:10 v/v)'®® konnte keine Trennung von CBD, CBN und A°®-
THC erreicht werden, weshalb hierbei weitere in der
Literatur fur die Auftrennung von Cannabinoiden bekannte O OH
Laufmittelgemische ausgetestet wurden.%® 138 141 169
Daraufhin konnte mit n-Hexan/Diethylether (80:20 v/v) als O
Laufmittel eine komplette Trennung der einzelnen o
untersuchten Cannabinoid-Derivate CBN, CBD und A°>-THC Abbildung 3: Darstellung der Struktur der
untersuchten Cannabinoide.
erreicht werden. Eine weitere Herausforderung war die () ac.THc, (B) CBD, (C) CBN
Detektion, da nur das CBN auf der HPTLC-Platte unter
UV-Licht (A = 254 nm) detektierbar war. Sowohl CBD als auch A°-THC konnten tber den auf der
HPTLC-Platte integrierten Fluoreszenzindikator (Amax = 254 nm) nicht detektiert werden.
Daraufhin wurden die UV-Spektren der untersuchten Cannabinoide untersucht und es konnte
entsprechend in der Literatur beschriebener Daten'’° festgestellt werden, dass obwohl CBN,
CBD und A®-THC jeweils ein Absorptionsmaximum um A = 280 nm aufweisen, der Extinktions-
koeffizient von CBN funfzehnfach hdher ist, als von den anderen beiden Cannabinoiden. Auch
bei der Wellenlange von A = 254 nm weist CBN einen deutlich hoheren Absorptionsko-
effizienten auf, weshalb die Detektion mittels UV-Licht modglich ist. Die entsprechenden
Absorptionsspektren und die entsprechenden Extinktionskoeffizienten kdénnen in der
Publikation eingesehen werden. Die Cannabinoide CBD und A°-THC wirden entsprechend
dieser Messungen erst bei sehr hohen auf der HPTLC-Platte aufgebrachten Konzentrationen
(> 120 ng/Bande) mittels UV-Licht bei A = 254 nm detektierbar sein. Aus diesem Grund wurde
das in der Literatur fur Cannabinoide als selektives Detektionsreagenz beschriebene FBS als
postchromatographische Detektionsmoglichkeit verwendet.?" 41179172 Djes kam bereits in der
oben angefuhrten Publikation (siehe 4.1 bzw. Anhang — Publikation P1) bei der Bestimmungvon
CBN zum Einsatz und ermdéglichte eine sensitive Detektion der CBN-Spots. Im Anschluss
dessen, konnten mittels HPTLC-ESI-MS flur jedes untersuchte Cannabinoid eine
zufriedenstellende Nachweis- und Bestimmungsgrenzen ermittelt werden (genaue Angaben

sind der Publikation P2 zu entnehmen).

Auch bei der Untersuchung der CBD-Ole galt es eine Uberladung der HPTLC-Platte zu
vermeiden. Neben der Tatsache, dass 6lige Proben schlecht und nur sehr unprazise auf eine
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DC-Platte hatten aufgetragen werden konnen und die sehr hohe Konzentration an enthaltenem
CBD fiir eine Uberladung und daraus resultierend zu keiner Separierung bzw. Uberlappung der
Analytbanden gefiihrt hatte, musste eine Verdiinnung der Ole stattfinden. Eine fiir die DC-
Platte passende Konzentration konnte durch eine Verdiinnung der CBD-Olprobe auf 1g/L mit
Hexan erreicht werden. Im Zuge der Validierung erfolgte die Bestimmung der Nachweis- (LOD)
und Bestimmungsgrenze (LOQ) der untersuchten Cannabinoide. Diese verdeutlichen, dass
auch fiir die im CBD-Ol zumeist weniger konzentriert vorliegenden Cannabinoide CBN und A°-
THC ab einem Gehalt von 3.6 ng CBN/HPTLC Bande bzw. 7.0 ng A°>-THC/HPTLC Bande die
Identifizierung sowie auch eine Quantifizierung ab einem Gehalt von 16.6 ng CBN/HPTLC
Bande bzw. 29.3 ng A>-THC/HPTLC Bande moglich ist. Ein positiver Effekt dieser niedrigen
Konzentration war es, dass dadurch keinerlei Matrixeinfluss beobachtet werden konnte, da
storende Matrixbestandteile durch die Verdunnung keinerlei Einfluss mehr hatten und jegliche
auf der DC-Platte ersichtliche Interferenz unterbunden wurde. Dies fuhrte dazu, dass kein
weiterer Schritt zur Aufreinigung der Probe, wie z.B. eine SPE-Saule benoétigt wurde. Da die
handelsiiblichen CBD-Ole oft auf Basis verschiedener Speisedle hergestellt werden und um
den verschiedenen Anforderungen der Ole gerecht zu werden, wurden verschiedene Speisedle
als Referenz in dieser Methode ausgetestet, unter anderem Sonnenblumendl, Olivenol und
Hanfsamendl. Die Validierung der Methode erfolgte fur alle Referenzdle gesondert. Mit einer
durchschnittlichen Wiederfindung aller bestimmten Cannabinoide von 89.6 % wird deutlich,
dass wahrend dieser Methode trotz der recht hohen Verdinnung sehr reproduzierbare und
verlassliche Ergebnisse erzielt werden kénnen. Auch die Methodenprazision (CBN 6.8 %, CBD
4.3 % und A°-THC 7.1 %) bestétigt die Reproduzierbarkeit der Messungen dieser Methode. Die
detaillierten Ergebnisse der Validierung dieser HPTLC-Methode konnen in der Publikation
nachgelesen werden. Im Allgemeinen kann diese fiir die Untersuchung von CBD-Olen
modifizierte HPTLC-ESI-MS Methode als eine sehr effektive und schnelle Methode angesehen
werden, um einen Uberblick iber den Cannabinoidgehalt, zunachst der drei am haufigsten
betrachteten Cannabinoide, zu erhalten. Dies kann ein groBer Vorteil sein, wenn viele
verschiedene Ole parallel untersucht werden.

Um die Anwendbarkeit und Reproduzierbarkeit der Methode zu Gberprifen wurden insgesamt
15 handelsiibliche Ole analysiert (eine genaue Auflistung der Ergebnisse ist in der Publikation
zu finden). Fiir den GroBteil der untersuchten Proben konnte eine Ubereinstimmung des auf
der Verpackung deklarierten CBD-Gehaltes festgestellt werden. So lagen Abweichungen
zwischen bestimmten und deklarierten Werten, bei 0.1 bis max. 0.6 %. Dennoch gab es bei
einigen Proben sowohl beim CBD-Gehalt als auch beim Gehalt der anderen bestimmten
Cannabinoide etwas schwerwiegendere Abweichungen. Ein Ol, welches mit einem Gehalt von
33 % CBD deklariert war, stach dabei besonders hervor, da bei der Analyse dieser Probe kein
Cannabinoid nachgewiesen werden konnte, und der Gehalt an CBD hier sogar unter der
Nachweisgrenze lag. Auf Grund der rechtlichen Vorgaben war die Bestimmung des A°>-THC
Gehaltes der Proben besonders interessant. Bei dem GroBteil der untersuchten Ole konnte
auch kein A°-THC, welches Giber der LOQ lag nachgewiesen werden. Allerdings konnte bei zwei
Olen ein erhéhter Gehalt an A°-THC von bis zu 1.3 % nachgewiesen werden. Nachdem durch

die vollstandige Auftrennung von CBD und A°’-THC wahrend der dinnschichtchromato-
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graphischen Entwicklung ausgeschlossen werden konnte, dass es sich hierbei um eine
Kontamination durch den hohen Anteil an CBD (bis 11.3 %) handelt, kann vermutet werden,
dass dieser hohe Eintrag durch das Extraktionsverfahren zur Herstellung des CBD-Ols erfolgt
ist. Allerdings ist eine weiterfiUhrende Einordnung schwierig, da keine weiteren Angaben zum
Extraktionsverfahren gemacht wurden. Diese Ergebnisse sollten in weiterfihrenden

Untersuchungen verifiziert werden.

Dass die Methode eine gute Variante darstellt um die Cannabinoidzusammensetzung schnell
und einfach einordnen zu konnen, zeigt auch ein Vergleich der in der vorliegenden Arbeit
entwickelten Methode mit einer in einem Handelslabor angefertigten Analyse eines der
untersuchten Ole (siehe Tabelle 1). Dieses war mit einem CBD-Gehalt von 10 % deklariert. Bei
den hierbei dargestellten Daten handelt es sich um unverdffentlichte Daten, welche aber eine
hervorragende Erganzung zu der vorliegenden Publikation darstellen. Die vom Handelslabor
eingesetzte Methode zur Bestimmung des Cannabinoidgehaltes ist allerdings nicht genau

bekannt, lediglich, dass es sich um eine HPLC-Methode handelt.

Tabelle 1: Angabe des jeweils ermittelten CBD, CBN und A®-THC Gehaltes, des durch das Handelslabor
analysierten CBD-Ols im Vergleich zum Ergebnis ermittelt mittels HPTLC-ESI-MS.

Cannabinoid HPTLC-ESI-MS Externe Analyse
CBD 10.2% 8.9%

CBN <LOD <LOD

NS-THC* <LOQ 0.005 %

*Bestimmung des A°-THC-Gehaltes erfolgte ohne Einbeziehung des Gehaltes der THCA.

Hierbei wird deutlich, dass sich die Ergebnisse beziglich des A°>~-THC-Gehaltes und der CBN-
Konzentration nicht merklich unterscheiden und lediglich der CBD-Gehalt bei der externen
Analyse etwas niedriger bestimmt wurde, als bei der HPLTC-ESI-MS Methode. Dennoch
kdnnen diese Ergebnisse als vergleichbare Daten angesehen werden. Um hierbei aber
detailliertere Aussagen treffen zu kdnnen, sollte das Probenspektrum ausgeweitet werden und
mehrere Methoden verglichen werden. Zudem waren auch Gehaltsuntersuchungen weiterer
Bestandteile, wie das A-THC interessant, welches nach neusten Studien eine ahnliche
Pharmakokinetik und -dynamik wie das A°>-THC aufweist und damit ebenfalls als psychoaktive
Substanz behandelt werden sollte.’*'7® Eine Anpassung der entwickelten Methode war dafur
bisher nicht erfolgreich, da hierbei die Problematik besteht die einzelnen THC-Isomere

aufzutrennen. Dies soll Gegenstand zuklinftiger Untersuchungen sein.

Zusammenfassend lasst sich festhalten, dass mit der beschriebenen Methode eine einfache
und schnelle Methode zur Bestimmung des CBD-Gehaltes in CBD-Olen ermdglicht wird.
Somit ist es méglich eine erste Einschatzung der Cannabinoidzusammensetzung der Ole
vorzunehmen. Dennoch sollten weitere Optimierungen bei der Untersuchung der Ole
vorgenommen werden, da die Cannabinoidanalytik ein Feld ist, welches stetig neue
Erkenntnisse generiert und sich in einem stetigem Wandel befindet.
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4.3. Bestimmung von chemotaxonomischen Markern in Pflanzenharzen
mittels (HP)TLC-MS (P3)

Die erfolgreiche Anpassung der fur die Untersuchung der Sedimentprobe auf CBN
entwickelten HPTLC-ESI-MS Methode auf eine olige Matrix zeigt, dass diese Art der
chromatographisch-instrumentellen Analytik fir die Untersuchung verschiedener Zielanalyte
bzw. Matrices angepasst werden kann, weshalb die Betrachtung weiterer Anwendungsgebiete
ein vielversprechendes Unterfangen darstellte. In der Literatur sind in den letzten Jahren
bereits zahlreiche verschiedene Anwendungsgebiete beschrieben worden - darunter die
Bestimmung von Fettsauren im Gelée Royal'”’, der phenolischen Bestandteile in Propolis',
der Bestandteile von Pflanzenextrakten'® '8 oder des Alkaloidgehaltes in Krautern.'® Dabei
fallt auf, dass es sich bei den untersuchten Materialien oft um Proben naturlichen Ursprungs
handelt und die (HP)TLC-MS Methode hé&ufig verwendet wird einen Uberblick tiber die
Inhaltsstoffe zu erlangen bzw. Proben vergleichend zu untersuchen. Ein groBes Feld, welches
die analytische Chemie viele Jahre vor eine groBe Herausforderung gestellt hat sind die
Pflanzenharze.'* '8 Bei den Pflanzenharzen handelt es sich um Stoffwechselnebenprodukte
pflanzlichen Gewebes, die seit Jahrtausenden flur unterschiedliche Zwecke verwendet
werden, z.B. als Klebstoffe, Hydrophobierungsmittel, Beschichtungs- und Dichtungsmittel
oder zur Herstellung von Duft- und Aromastoffen und Arzneimitteln.'®* Auch im historischen
Kontext waren Harze bei der Herstellung von bspw. Olfarben, Firnessen, Siegel- und
Holzlacken von groBer Bedeutung. 8% "% Als Hauptbestandteil sind in diesen Pflanzenharzen
Terpenoide zu finden.'® Beispiele haufig verwendeter Harze sind Weihrauch, Myrrhe und
Dammar. Es gibt aber auch eine weitere wichtige Gruppe der Harze, welche als
Hauptbestandteil phenolische Strukturelemente, wie aromatische Ester, Alkohole und

Carbonséuren, aufweist, 83 186187

Bisher bekannte Methoden dieser Harzcharakterisierung basieren haufig auf gaschromatogra-
phischen oder hochleistungsflissigkeitschromatographischen (HPLC) Methoden, welche oft
mit einer zeitaufwendigen Probenvorbereitung, -derivatisierung und -analyse verbunden
sind.'®"93 |n der Publikation von Salomé-Abarca et al. wurde bereits der Einsatz von HPTLC bei
der Untersuchung von Pflanzenharzen als wertvoll und als mit einer GC-MS-Methode
vergleichbar beschrieben, da dadurch eine Vielzahl verschiedener Proben gleichzeitig
betrachtet werden kann. Auch die unkomplizierte (praparative) Auftrennung zur Gewinnung
von Informationen Uber unbekannte Verbindungen wurde hervorgehoben.’? Aus diesem
Grund sollte eine einfache und schnelle sowie spezifische (HP)TLC-MS Methode etabliert
werden, welche die Identifizierung von Triterpenoiden und phenolischen Verbindungen in
verschiedenen Pflanzenharzen ermoglicht und so eine einfache Unterscheidung der

untersuchten Harze hinsichtlich ihrer botanischen Herkunft gewahrleistet.

Zu Beginn wurden, wie schon bei den Cannabinoiden beschrieben, Messungen der einzelnen
Referenzsubstanzen durchgeflhrt, um die charakteristischen Sighale und entstehende
Fragmentionen zuordnen zu konnen. Dabei stellte sich heraus, dass die triterpenoiden
Substanzen im positiven APCI-Modus die beste Signalintensitat aufweisen, wohingegen sich

der negative Modus fiir den Nachweis von phenolischen Strukturen eignet. Da im ESI-Modus
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nur sehr wenige substanzspezifische Signale detektiert werden konnten, wurden alle
folgenden Messungen mittels APCI durchgefiihrt. Eine Ubersicht der charakteristischen

(Fragment)lonen ist in der Publikation notiert.

Obwohl dadurch fir jede Substanz charakteristische lonen ermittelt werden konnten, konnte
bei einer direkten Injektion der Extrakte und Messung mittels APCI-MS keine genaue
Unterscheidung der Pflanzenharze erfolgen. Bei den Triterpenen handelt es sich haufig um
isomere Verbindungen, die sich zwar in ihren funktionellen Gruppen unterscheiden, aber
haufig ahnliche (Fragment)lonen aufweisen, weshalb eine Zuordnung der gemessenen
Molekll- bzw. Fragmentionenpeaks ohne vorherige chromatographische Auftrennung des
Substanzgemisches schwierig ist. Dennoch erwies sich eine Direktinfundierung der
methanolischen Extrakte als hilfreich, um eine erste Einschatzung uber die enthaltenen

Verbindungen treffen zu kdnnen und das weitere Vorgehen zu definieren.

lem

Abbildung 4: Dammarharz und dessen herangezogene Referenzsubstanzen (A) a-Amyrin, (B) Dammarenolsaure,
(C) Ursolsaure.

Die Vielzahl an verschiedenen Bestandteilen und die unterschiedliche Zusammensetzung
stellten eine Herausforderung bei der Auswahl von stationarer und mobiler Phase dar. Trotz
zahlreicher Variationen verschiedener DC-Platten und Laufmittel, war es nicht moglich, eine
Methode fur alle untersuchten Harze zu bestimmen. Letztendlich konnte fur die
triterpenhaltigen Harze mittels RP-C,s (HP)TLC-Platten eine zufriedenstellende Trennung
erreicht werden, wobei jedoch zwischen den Harzen unterschieden werden musste. Fur die
Extrakte von Dammar (Abbildung 4) und Mastix (Abbildung 6) wurde mit Acetonitril/ Wasser
(95:5 v/v) ein anderes Laufmittelgemisch verwendet als fur die Weihrauchextrakte, fur welche
mit einem Gemisch aus Methanol/Wasser (7:1 v/v) eine optimale Trennung erreicht werden
konnte. Auch die Auftrennung des Benzoextraktes (Abbildung 5), ein Harz mit phenolischen
Markersubstanzen (z.B. Zimtsaure, Benzoesaure), erfolgte mit einem anderen chromato-
graphischen System. Hier wurde auf Normalphase DC-Platten in Kombination mit einem
Laufmittelgemisch aus 2%iger Essigsaureldosung in n-Hexan/Ethylacetat versetzt (5:1 v/v)
zuruckgegriffen. Die entsprechenden R--Werte kdnnen der Publikation entnommen werden.



22 Diskussion der Ergebnisse

(B) (D)

OH OH

Abbildung 5: (A) Sumatra-Benzoeharz und dessen herangezogene Referenzsubstanz trans-Zimtsaure (B); (C) Siam-
Benzoeharz und dessen herangezogene Referenzsubstanz Benzoesaure (D).

Eine weitere Herausforderung triterpenoider Substanzen ist, dass diese oftmals nicht bei
A =254 nm oder 366 nm mit den Standard-UV-Lampen detektierbar sind. Eine postchromato-
graphische Detektion war daher notwendig, weshalb verschiedenste Sprihreagenzien, wie
das Cerium-Molybdan- oder das Vanillin-Schwefelsdure-Reagenz als Detektionsreagenz
getestet wurden. Keines der verwendeten Sprihreagenzien fuhrte zu zufriedenstellenden
Ergebnissen. Eine in der Literatur von Noller et al.”® als spezifische Farbreaktion von
terpenoiden Sapogeninen beschriebene Reaktion mit Thionylchlorid und Zinnchlorid wurde
daraufhin erstmals als Spruhreagenz eingesetzt (Reagenz A). Nach einigen Optimierungen der
Zusammensetzung gelang es flr nahezu alle in dieser Arbeit untersuchten Substanzen einen
unterschiedlichen Farbverlauf der aufgetrennten Spots festzuhalten, da die angefarbten Spots
innerhalb weniger Minuten die Farbe verandert haben. Da diese Veranderung spezifisch fur die
jeweiligen Analyten auftrat, konnte somit eine flr jeden Analyten charakteristische Farbfolge
ermittelt werden und zur Identifizierung der aufgetrennten Harzextrakte herangezogen werden.
Eine Ubersicht der einzelnen Farbverlaufe ist der Publikation zu entnehmen. Dabei fallt auf,
dass bei dieser Auflistung die phenolischen Substanzen Benzoesdure und Zimtsaure fehlen.
Diese beiden Analyten konnten mit diesem Anfarbereagenz nicht detektiert werden, jedoch
stellt dies kein Problem dar, da es sich bei diesen Verbindungen um UV-aktive Strukturen
handelt und diese bei einer Wellenlange von A = 254 nm auf den DC-Platten detektierbar sind.

Die damit als charakteristisch eingestuften Auftrennungsmuster und R~Werte, die nach der
chromatographischen Entwicklung der Extraktbestandteile erhalten wurden, sowie die mit der
postchromatographischen Detektion mit Reagenz A beobachteten Farbfolge, kdnnen neben
den mittels APCI-MS gemessenen (Fragment)lonen zur Charakterisierung der Harze

hinsichtlich ihrer botanischen Herkunft eingesetzt werden.

Zur Evaluation der Robustheit und Reproduzierbarkeit, der in dieser Arbeit optimierten
(HP)TLC-APCI-MS Methode, wurde fur eine Auswahl an untersuchten Referenzsubstanzen
(z.B. Acetyl-11-keto-B-boswelliasaure, Lupeol, Moronsaure, Benzoesaure) herangezogen.
Dabei wurde darauf geachtet, von jedem Strukturtyp jeweils mindestens einen Vertreter mit
einzubeziehen. Dabei konnte die Prazision mit einer relativen Standardabweichung von 0.8 %

bis 10.4 % bestimmt werden. Auch die Nachweisgrenze, welche flur die verschiedenen
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Substanzen in einem Bereich zwischen 2 bis 20 ng/Bande bestimmt werden konnte, zeigt eine
zufriedenstellende Validitat fur die entwickelte Methode. Die detaillierten Datensatze sind in
der Publikation zu finden.

Die entwickelte (HP)TLC-APCI-MS Methode wurde anschlieBend zur Untersuchung von 20
verschiedenen Harzextrakten herangezogen. Diese wurden von verschiedenen Handlern
bezogen, wobei ebenfalls darauf geachtet wurde, unterschiedliche Varietdten einer
Pflanzenharzklasse vertreten zu haben. Mit Hilfe der oben beschriebenen Methode war es nun
moglich anhand der R-Werte, der unterschiedlichen Farbverldufe bei Umsetzung mit
Reagenz A und der detektierten charakteristischen (Fragment)lonen die untersuchten Harze zu
identifizieren und zu unterscheiden.

lcm

Abbildung 6: Mastixharz und dessen herangezogene Referenzsubstanzen (A) Lupeol, (B) Moronsaure,
(C) Oleanolsaure.

Zudem wurde ein methanolischer Extrakt eines natlrlich gealterten Mastixlacks untersucht,
welcher etwa ein Jahrin einem dinnen Film, aufgetragen auf einer Holzplatte, vorlag. Zunachst
erfolgte die Vermessung des Extraktes mittels APCI-MS-Direktinfundierung. Hierbei konnten
Ubereinstimmungen mit den vorher untersuchten Mastixharzproben festgestellt werden.
Daher wurde die chromatographische Auftrennung mittels RP-C:s-HPTLC-Platten und
Acetonitril/Wasser (95:5 v/v) als mobile Phase durchgefuhrt. Auch hierbei konnte eine
Ahnlichkeit des Auftrennungsmusters sowie der entstehenden Farbverldufe bei der
postchromatographischen Detektion mit Reagenz A nicht bestritten werden. In Verbindung mit
der anschlieBend durchgefuhrten HPTLC-APCI-MS Messung, wobei die fur Mastixharz
charakteristischen Markersubstanzen nachgewiesen werden konnten, war eine eindeutige
Identifizierung des Mastixharzes moglich. Dies soll in kiinftigen Studien ausgeweitet und auch
auf Lacke mit unbekannter Zusammensetzung Ubertragen werden.

Zusammenfassend kann festgehalten werden, dass eine Identifizierung von triterpenoiden
und phenolischen Markersubstanzen, die eine Unterscheidung von Pflanzenharzen
ermoglichen, durch die entwickelte (HP)TLC-APCI-MS-Methode und die spezifischen
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postchromatographischen Nachweisreaktionen mit Reagenz A, fir alle getesteten
Naturharzextrakte erfolgreich durchgefuhrt werden konnte. Auch handelt es sich hierbei um
eine einfache, schnelle, kostenglinstige sowie empfindliche und spezifische Methode flr das
Screening von Harzen und Lacken auf Harzbasis ist. Zudem kann diese Methodik erste
Hinweise auf den botanischen Ursprung der untersuchten Harze und Lacke liefern. Die
Untersuchung einer groBen Anzahlvon Proben, welche gleichzeitig analysiert werden kdnnen,
bildet auch bei dieser Variante der DC-MS-Kopplung einen groBen Vorteil gegentiber anderen
analytischen Methoden. Eine Erweiterung der Referenzsubstanzen und untersuchten Harze,
sowie die Moglichkeit diese Methode auch zur Quantifizierung einsetzen zu kdnnen ist

spateren Studien vorbehalten.

4.4. Charakterisierung von Saturniidae und Bombyx mori L. Seiden mit
Hilfe verschiedener mikroskopischer, spektroskopischer und

chromatographischer Methoden (P4)

Seide stellt eine der exklusivsten und luxuriosesten Fasern der Welt dar und wird bereits seit
tausenden von Jahren fiir die Textilherstellung verwendet.”® In den letzten Jahrzehnten hat die
Seide besonders auf Grund ihrer bemerkenswerten mechanischen Eigenschaften besonderes
Interesse geweckt.'®'% |n der Literatur gibt es bereits viele Studien, welche sich mit der
morphologischen Struktur sowie den mechanischen Eigenschaften und der Unterscheidung
verschiedener Seidenarten beschaftigen.®” 819202 Qphwohl Seide einiger Seidenspinner, wie
z.B. Bombyx mori L. (BM), Antheraea mylitta Drury (AM), Antheraea pernyi Guérin-Méneville
oder Samia cynthia Drury (siehe Abbildung 7) bereits detailliert betrachtet wurden9%203-20° giht
es immer noch viele Seidenarten, die nur wenig untersucht wurden, weshalb eine
Unterscheidung dieser erschwert ist. Neben dem Voranbringen der Aufklarung der
Proteinstruktur und dem Verstandnis wie die mechanischen Eigenschaften zu Stande
kommen, kénnte es auch im Hinblick auf mogliche Fragestellungen bezuglich der Herkunft
einer Seidenprobe hilfreich sein, die Untersuchung verschiedener Seidenarten
voranzutreiben. In diesem Teil der vorliegenden Arbeit wurde sich daher mit der

Charakterisierung von einer Auswahl an verschiedenen Seidenspinnerarten beschaftigt.

In der Literatur sind bereits verschiedene Analysemaoglichkeiten bekannt, um die Zucht- und
Wildseide voneinander zu unterscheiden. 8 195209215 Dghej f4llt auf, dass unter anderem viele
proteomische Ansatze verfolgt werden. Auch die Untersuchung der Aminosdurezusammen-
setzung wurde in der Literatur zur Unterscheidung von Zucht- und Wildseide bereits
angewandt und erwies sich als sehr hilfreich.® 29216218 |y Zyge der vorliegenden Arbeit soll
die Untersuchung der relativen Aminosaurezusammensetzung verschiedener Seidenproben
zur weiteren Charakterisierung von Wild- und Zuchtseidenproduzenten herangezogen werden.
Der Fokus lag dabei auf Seidenproduzenten, welche im historischen Kontext bei der
Textilherstellung Anwendung fanden. Dies soll anschlieBend in weiterfuhrenden
Untersuchungen betrachtet werden (siehe 4.5 bzw. Anhang - Publikation P5).
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Abbildung 7: Darstellung einiger Seidenkokons (eine detaillierte Ubersicht der untersuchten Seidenkokons ist im
Supplementary material vom Publikation P4 zu finden). (A) Bombyx mori L., (B) Antheraea pernyi Guérin-Méneuville,
(C) Antheraea mylitta Drury, (D) Samia cynthia Drury.

Zunachst wurde eine Charakterisierung der untersuchten Seidenarten anhand der
Morphologie und Struktur der Kokons bzw. der Seidenfilamente vorgenommen. Dies erfolgte
mit Hilfe mikroskopischer und spektroskopischer (ATR-FTIR-Spektroskopie) Untersuchungen.
Im Zuge dessen erfolgte eine Identifizierung charakteristische IR-Banden, welche im weiteren
Verlauf der Untersuchungen zur Differenzierung herangezogen wurden. Zudem konnten die
ATR-FTIR-spektroskopischen Daten auch im Hinblick auf die Identifizierung und Quanti-
fizierung von sekundaren Strukturelementen, wie B-Faltblatt, oder a-Helix, aber auch anderen
an der Kokonoberfldche vorhandenen Substanzen, wie z.B. Calciumoxalat, Tanninen oder
anderen phenolischen Strukturen, genutzt werden. In der Literatur sind dazu bereits
verschiedene Studien veroffentlicht und an verschiedenen Seidenarten angewandt worden,
weshalb diese Banden als Referenz fir die in der Arbeit erzielten Daten herangezogen
wurden.'%® 215 219222 Bja guf diese Weise erhaltenen detaillierten Informationen Uber die
Sekundarstruktur der untersuchten entbasteten Seidenproben sind in der Publikation
einzusehen. Im Allgemeinen konnte aber uUber diese Daten eine Differenzierung zwischen
Seide der Gattung Bombyx und der Seiden der Familie Saturniidae ermdglicht werden.

Neben der mikroskopischen und spektroskopischen Charakterisierung der Seidenfilamente,
erfolgte die Untersuchung der Aminosdurezusammensetzung der einzelnen Seidenarten
mittels GC-FID. In der Literatur sind bereits einige gaschromatographische Methoden flr die
Bestimmung von Aminosauren in verschiedensten Matrices bekannt, wobei in den letzten
Jahren vor allem die Chloroformate als Derivatisierungsreagenz an Bedeutung gewonnen
haben.??*228 |n Anlehnung an die beschriebenen Messbedingungen wurde eine flr die Unter-
suchung der Seidenproben modifizierte GC-FID Methode entwickelt und erfolgreich validiert,
mit Hilfe derer eine ldentifizierung und Quantifizierung von 15 Aminosauren moglich war. Die
Derivatisierung der Aminosauren erfolgte mittels Propylchloroformat (PCF).

In vorherigen Studien konnte bereits bewiesen werden, dass es einen Unterschied in der
Aminoséurezusammensetzung des Fibroins bei verschiedenen Seidenproduzenten gibt.?2% 2%
Das hierbei zur Untersuchung herangezogene Fibroin ist ein filamentodses Protein, welches im

gesponnenen Zustand im Kokon als Doppelstrangfilament vorliegt (siehe Abbildung 8), wobei
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die beiden Fibroinfilamente durch das Protein Sericin als @ comosmpm o
»Klebstoff“ zusammengehalten werden.?* #'2%  Das wasser- (A) : ’ / 5ol
l6sliche Sericin war bereits Gegenstand zahlreicher Studien, ' \${
wobei sowohl die Struktur als auch die Zusammensetzung )
untersucht wurden und das Sericin daher in dieser Studie eine ; \ /
untergeordnete Rolle spielt. %27 |m Verlauf der Methoden- N """:/
entwicklung wurden verschiedene Varianten zur Trennung von = \“l{““‘\ o

Sericin und Fibroin getestet. Dieser Prozess wird als Entbastung Ll "W

bezeichnet. In der Literatur wurden bereits zahlreiche _Q\\S\

=

Entbastungsmethoden beschrieben, z.B. unter alkalischen bzw. \\\ : \ <

sauren Bedingungen. Aber auch Enzyme oder Ananassaft werden S %7\
. . . }‘:—-::‘--‘ \\-. /

zur Entbastung genutzt. 2%-24¢ | etzteres ist ein seit Jahrhunderten B N “‘*&

o N

verwendeter Ansatz zur Entbastungvon Seide. Oftmals wird dabei |~ \,( }\x

zwischen der Entbastung von BM-Seide und Wildseide [z.B. AM, o
NG
Attacus atlas (AtA)] unterschieden, da fir die Entbastung von b / \\
N

Wildseide auf Grund ihrer morphologischen Merkmale haufig . ]
Abbildung 8: (A) BM vorliegend als

harschere Bedingungen bendtigt werden.?®> 22 Um einen guten Doppelstrangfilament, entbastet mit
Citronensaure [1g/L; 120 min]; (B) BM
vorliegend als Einzelstrangfilament,
Methoden zu erhalten, wurden neun in der Literatur beschriebene entbastet mit 0.1 % Na>COsund 2.5 %
Ethylendiamin [60 min].

Vergleich verschiedener moderner, aber auch historischer

Entbastungsvarianten getestet. Diese wurden dabei in
Konzentration der eingesetzten Reagenzien, Dauer der
Behandlung bzw. Temperatur des Wasserbades variiert. Die Effektivitdt der jeweiligen
Entbastungsmethode wurde neben dem Massenverlust auch mittels mikroskopischer und
spektroskopischer Untersuchungen (ATR-FTIR-Spektroskopie) kontrolliert. Eine detaillierte
Beschreibung des Vorgehens ist in der Publikation einzusehen. Bei BM ist der Sericin-Anteil
bereits aus friheren Studien bekannt und betragt ca. 20-30 %23%234.247.248 "dgher kann mit Hilfe
des Massenverlustes wahrend der Entbastung eine Einschatzung der Effektivitat der
angewandten Methode vorgenommen werden.?*>2*° Auch mittels ATR-FTIR-spektroskopischer
Messungen konnten die entsprechenden Sericin- bzw. Fibroinbanden und deren Intensitat
kontrolliert werden, welche als Indikator fir die Entbastungseffizienz dienen kénnen. "% 238 250,
251 Bei den mikroskopischen Untersuchungen kann zudem Uberprift werden, ob die Filamente
als Einzel- oder Doppelstrang vorliegen. Des Weiteren kann die Oberflache der Filamente
begutachtet und eine Einschatzung der Oberflachenbeschaffenheit vorgenommen werden.
Eine raue und brichige Oberflache weist auf sehr harsche Bedingungen hin, wie es beim
Einsatz von z.B. einer 10%igen Ethylendiaminlosung der Fall war. Die Kombination der
Methoden ermdglicht eine hervorragende erste Einschatzung der Entbastungsmethode bevor

eine Untersuchung der Aminosaurezusammensetzung erfolgte.

Die Bestimmung der Aminosdurezusammensetzung erfolgte vergleichend an entbasteten
Seidenproben und unentbasteten Kokons als Referenz. Zunachst fand eine Hydrolyse der
Proteine statt, um eine Bestimmung der Aminosduren moglich zu machen. Dies erfolgte Uber
einen Zeitraum von 24 h bei 110 °C mit einer 6 N HCl-Losung. Die erhaltenen Hydrolysate

wurden anschlieBend zur Trockene gebracht und in einem definierten Volumen aufgenommen.



Diskussion der Ergebnisse 27

Ein Aliquot dieser Losung wurde daraufhin zur Derivatisierung eingesetzt. Nach der
Derivatisierung konnte eine Vermessung der Losung mittels GC-FID erfolgen. Das genaue
Vorgehen ist in der Publikation beschrieben. Auf diese Weise wurde unteranderem die
Aminosaurezusammensetzung der entbasteten Kokons von BM, als auch verschiedener

Wildseidenkokons bestimmt.

Auf Grundlage der erhaltenen Aminosdurezusammensetzungen der entbasteten Kokons
konnte, in Kombination mit den jeweiligen IR-spektroskopischen Daten und mikroskopischen
Bildern, die erste Einschatzung der Entbastungsmethode verifiziert werden. Die zunachst nur
auf BM angewandten Entbastungsvarianten wurden anschlieBend auf die Wildseiden
Ubertragen. Fir erste detailliertere Untersuchungen diesbezuglich wurden als Vertreter der
Wildseiden AM Kokons, als sehr kompakte und harte Kokons, sowie AtA Kokons, als weiche
und papieren wirkende Kokons, ausgewahlt. Im Verlauf der Untersuchungen erwies sich eine
Kombination aus Natriumcarbonat-Losung (Na,COs3) und Ethylendiamin als optimal, um alle
betrachteten Kokons, unabhangig ob Wild- oder Zuchtseide, entbasten zu kénnen. Bei der
Entbastung der unterschiedlichen Wildseidenkokons musste lediglich die Dauer der
angepasst bzw. variiert werden. Dies kann sehr gut mittels mikroskopischer Untersuchungen

sowie ATR-FTIR-spektroskopischer Messungen Uberpruft und eingeschatzt werden.

In der vorliegenden Studie wurden neben Seide von BM, auch Seidenproben verschiedener
Gattungen der Saturniidae-Familie untersucht. Es wurde hierbei die chemische Zusammen-
setzung der verschiedenen Seiden vergleichend betrachtet, wobei sowohl die Aminosaure-
zusammensetzung als auch die IR-spektroskopische und mikroskopischen Daten zur
Beurteilung herangezogen wurden. Obwohl keine direkten Zusammenhange zwischen der
Aminosaurezusammensetzung und der biologischen Klassifizierung des Fibroins festgestellt
werden konnte, war es moglich Ahnlichkeiten in der Aminosidurezusammensetzung und den
sich daraus ergebenden Strukturindizes innerhalb einer Gattung aufzuzeigen. Im Gegensatz
dazu konnten zwischen den einzelnen Gattungen Unterschiede in der Aminosaure-
zusammensetzung festgestellt werden. Diese Ergebnisse stehen im Einklang mit bereits
veroffentlichten Studien von Lucas et al. zur Unterscheidung von Seidenfibroinen.?®2 Es wurde
auch eine PCA durchgefuhrt, wobei hier beachtet werden muss, dass es sich lediglich um
einen kleinen Datenpool handelt und die Ergebnisse durch Erweiterung des Datenpools in
weiterfihrenden Studien verifiziert werden sollten. Dennoch wurde ersichtlich, dass es
beispielsweise signifikante Unterschiede zwischen Antheraea-, Saturnia- und Bombyx-Seiden
gibt. Eine Erweiterung des Datenspektrums und die Ausweitung der beschriebenen

Untersuchungen auf weitere Seidenproduzenten ist zuklnftigen Studien vorbehalten.

4.5. Studien zur Aminosaureracemisierung von Seiden mittels chiraler
GC-MS (P5)
Artefakte jeglicher Art besitzen als Zeitzeugnisse der Vergangenheit einen kulturgeschicht-

lichen Wert. Ein besonders informationsreiches Gebiet, welches in den letzten Jahrzehnten

viel Aufmerksamkeit in der naturwissenschaftlichen Welt erhalten hat und in dem viel
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Forschung betrieben wird, sind historische Textilien. Obwohl historische Textilien bereits
Gegenstand von Untersuchungen vieler verschiedener Kunsthistoriker waren, wurde haufig
nur dem Muster und der Farbgebung der untersuchten Textilien Aufmerksamkeit geschenkt,
jedoch nur in wenigen Fallen der Herstellungstechnik bzw. der Faser aus dem die Textilien
bestehen. Erst im Verlauf des 20. Jahrhunderts wurden Untersuchungen zu gewebe-
technischen Gesichtspunkten und zur chemischen Zusammensetzung der verwendeten
Garne oder Fasern zum festen Bestandteil von archdometrischen Untersuchungen. Dadurch
konnen sowohl Einordnungen zur biologischen Herkunft der Fasern ermoglicht werden als
auch Einblicke Uber die handwerklichen Geschicke oder Uber mogliche Handelswege der

Vergangenheit, wie z.B. der SeidenstraBe, gesammelt werden.?%32%%

In der Literatur sind bereits viele Untersuchungen ver-
schiedenster historischer Textilmaterialien zu finden, wobei die
Seide einen groBen Teil ausmacht.?** 256261 Vjele der heutzutage
verwendeten Methoden basieren auf bildgebenden und sehr
minimalinvasiven Methoden, um die oft sehr seltenen und
fragilen Fundstlicke nahezu unbeschadigt lassen zu kénnen. So
kann bereits mit Hilfe spektroskopischer und optischer Methoden
ein Einblick in die physikalische und chemische Beschaffenheit
einer Faser bzw. einer historischen Probe erfolgen und es
ermoglichen, diese entsprechend ihrer Herkunft zu
charakterisieren. Dabei kann unterschieden werden, ob eine
Faser tierischen oder pflanzlichen Ursprungs ist, ob diese eher
einen runden, eckigen oder ovalen Querschnitt aufweist oder ob
andere Substanzen, wie z.B. Farbstoffe oder Salze (siehe
Abbildung 9), auf der Oberflache zu detektieren sind.?%”: 262 263

Auch erste Erkenntnisse Uber den Degradationszustand?'® 248 53

¢ .
oder zur Unterscheidung verschiedener Spezies, bspw. ob bei Abbildung 9: Mikroskopische

. . ] . . . . . Bilder von Oxalatkristallen an
einer Seidenprobe BM Seide oder eine Wildseide wie AM vorliegt,  gerKokonoberflache von (A) Ata

kénnen dariiber gewonnen werden.!% 215 254 260 \ym gijnen und(B)AM.
weitreichenden Blick zu erhalten, benotigt man zu den spektroskopischen und optischen
Verfahren auch oftmals weitere instrumentell analytische Methoden, um bspw. die Identitat

einer Faser eindeutig bestimmen zu kénnen.?%*

In der vorangegangenen Publikation®®*® und auch in weiteren in der Literatur zu findenden
Studien?0% 210,214,230, 242,286, 267 \njird deutlich, dass Uber die Protein bzw. Aminosdurezusammen-
setzung eine ldentifizierung ermdglicht und auch weitere Hinweise bezuglich der Herkunft
tierischer Fasern gesammelt werden konnen. Teilweise werden bei historischen Proben auch
Aminosauren, speziell die Racemisierungsrate dieser, zur Altersbestimmung heran-
gezogen. 217-268.26% Higrbei wird die Tatsache genutzt, dass diese in der Natur hauptséchlich als
L-Enantiomer vorliegen und verschiedene Faktoren die Racemisierung beeinflussen. Dabei ist
es egal ob es sich um Wolle oder Seide handelt, all diese textilen Materialen unterliegen im
Laufe der Jahrhunderte einer Alterung und die enthaltenen Aminosauren einer naturlichen

Racemisierung, welche durch verschiedene Faktoren, wie UV-Licht, Mikroorganismen,
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pH-Wert oder Metallionen, beeinflusst wird.?’*?* Oftmals wurden die verarbeiteten Fasern
auch verschiedenen Prozessen, wie dem Farben und Beizen, unterzogen, was sich auf die

Beschaffenheit der Faser auswirken kann.?'”- 27

In der folgenden Publikation wurde daher der Einfluss verschiedener Farbe- und Beizprozesse,
sowie verschiedener pH-Werte wahrend des Entbastens auf die Aminosaurezusammen-
setzung, insbesondere auch im Hinblick auf die Racemisierungsraten der untersuchten
Aminosauren, betrachtet. Alle Versuche und Analysen wurden zundchst an Referenzseiden
(BM, AM, AtA), welche sich in ihren morphologischen Merkmalen sowie ihrer chemischen
Zusammensetzung und physikalischen Struktur unterscheiden, durchgefuhrt. Zur
Untersuchung der Racemisierungsraten wurde eine chirale GC-MS Methode entwickelt und
validiert, welche eine ldentifizierung und Quantifizierung von 11 Enantiomerenpaaren in den
untersuchten Seidenfilamenten ermoglicht und somit eine Bestimmung der Racemisierungs-

raten ausgewahlter AS ermadglicht.

Um nun den Einfluss verschiedener Farbe- und Beizmethoden untersuchen zu kdénnen,
wurden die ausgewahlten Seidenfilamente mit einer Auswahl historisch relevanter Methoden
zur Farbung, wie z.B. mit Indigo oder dem aus der Pflanzenart Rubia tinctorum L. gewonnenen
roten Farbstoff (bekannt als Krappfarbung) behandelt (siehe Abbildung 10).27%’® Ein haufiges,
vor allem bei roten Farbstoffen eingesetztes Verfahren, um eine dauerhafte und kraftigere
Farbung der Fasern hervorzurufen ist das Beizen.?®°?%2 Ende des 19. Jahrhunderts wurden bei
der Verarbeitung von Seide auch verschiedene Metallsalze eingesetzt um den Massenverlust
durch das Entbasten auszugleichen und so einen héheren Preis erzielen zu konnen. 28328

Abbildung 10: Mikroskopische Bilder der gefarbten Seidenfilamente; Anwendung der Indigofarbung bei BM (A) und
AM (C); Anwendung der Krappfarbung mit vorheriger Behandlung mit Alaun bei BM (B) und AM (D).

Der Einfluss des Beizens auf die Aminosaurezusammensetzung wurde im Zuge der
vorliegenden Studie mit einigen ausgewahlten Beispielen, z.B. Alaun oder Kupfer(ll)- und
Eisen(ll)-sulfat, ebenfalls betrachtet. Im Zuge dessen wurde dartber hinaus untersucht, ob das
haufig an den Seidenkokons der Wildseide anhaftende Calciumoxalat eine Auswirkung auf die
Bestimmung der Aminosaurezusammensetzung aufweist.’® In der Literatur sind bereits
verschiedene Aspekte bezliglich der Effekte von Metall-Kationen, wie z.B. Fe*, Cu*, Ca*, Zn*,
beschrieben.?®® Diese kbnnen unteranderem starke Komplexe mit den zu untersuchenden
Aminosauren bilden und diese fur die anschlieBende Derivatisierung und Identifizierung

unzugénglich werden lassen.??® 26288 A ich Degradationsprozesse kdnnen unter stark sauren
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Bedingungen, wie der auch hier angewandten sauren Hydrolyse mit 6 N HCL, durch Metallionen

verstarkt werden.?®®

Mittels der zuvor entwickelten GC-FID-Methode (siehe Schmidt et al. 2023)*° erfolgte
zunachst die Bestimmung der Aminosdurezusammensetzung der gefarbten und gebeizten
Seidenfilamente. Vergleichend dazu wurde die Aminosaurezusammensetzung der
unbehandelten Referenzproben (BM, AM, AtA) herangezogen. Zur Charakterisierung wurden
verschiedene strukturelle Merkmale, wie das Verhaltnis von Gly/Ala oder das Verhaltnis
zwischen langen und kurzen Seitenketten des Proteins (100LC/SC) herangezogen.?65 2%
Obwohl ein leichter Anstieg der sauren Aminosauren zu beobachten war, konnten keine
signifikanten Unterschiede zwischen den gefarbten sowie den gebeizten und den
unbehandelten Materialen festgestellt werden. Bei der Betrachtung der D-/L-Enantiomere
wurden ebenfalls vergleichbare Daten generiert. Hierbei wurde jedoch festgestellt, dass einige
Aminosauren zu einer hdheren Racemisierung neigen und deren D-Enantiomer in hdheren
Mengen detektierbar war. Dazu zahlen unter anderem Asx und Ser. Hierbei sollte jedoch
bedacht werden, dass diese teilweise auffalligen Aminosauren thermodynamisch instabilere
Aminosauren darstellen und daher auch eher zur Racemisierung neigen.?”>2°' Des Weiteren
befindet sich ein GroBteil dieser Aminosauren in den amorphen Regionen des Fibroins, welche
wiederum anfalliger fUr chirale Umlagerungen sind als Aminosauren die in der kristallinen
Region vorkommen.?”®* Obwohl einige Proben eine Erh6hung der D-Aminoséauren zeigten, kann
im Allgemeinen davon ausgegangen werden, das das Farben und Beizen keine signifikanten

Auswirkungen auf die Aminosaurezusammensetzung der rezenten Seidenfilamente hat.

Um dennoch jeglichen Interferenzen von bspw. Metallionen entgegenzuwirken, sollte ein
zusatzlicher Aufreinigungsschritt in die Methode integriert und die Metallionen entfernt
werden. Oftmals sind die untersuchten historischen Proben auch nur in sehr geringer Menge
vorhanden bzw. sollen im Zuge einer analytischen Untersuchung nur geringfligigen Schaden
erleiden, weshalb nur eine geringe Probenmenge entnommen werden kann. In der
vorliegenden Arbeit sollte aufgrund dessen nun ermaoglicht werden, sowohl den Farbstoff als
auch das Seidenfilament zu charakterisieren. Daher sollte der Reinigungsschritt zugleich eine
Extraktion vorliegender Farbstoffe ermdglichen und anschlieBend im Extrakt enthaltene
Farbstoffe identifiziert werden. In der Literatur sind bereits verschiedene Wege der
Farbstoffextraktion bei unterschiedlichen Probenmatrices dokumentiert.?6? 279 292295 Dgyon
wurden zwei vielversprechende Varianten, eine etwas mildere (EDTA/ACN/MeOH) und eine
etwas harschere (EDTA/DMF), in der vorliegenden Arbeit auf deren Auswirkung auf die
Aminosaurezusammensetzung Uberpriift. Ubereinstimmend mit der Literatur konnten hierbei
in Verbindung mit der EDTA-DMF-Methode die Farbstoffe Alizarin und Purpurin, sowie Indigo
extrahiert und anschlieBend mittels HPLC-DAD identifiziert werden. Obwohl bei den
anschlieBend untersuchten historischen Seidenproben keine Farbstoffe detektiert wurden,
konnte dieses Vorgehen bei der Untersuchung einer historischen Wollprobe, zur erfolgreichen

Identifizierung von Indigo angewandt werden.

Die Einflussnahme beider Extraktionsmethoden auf die Aminosaurezusammensetzung der

gebeizten bzw. gefarbten Seidenfilamente wurde mittels GC-FID ermittelt. Hierzu wurden die
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mit dem jeweiligen Extraktionsmittel behandelten Seidenproben einer Hydrolyse sowie
Derivatisierung mittels PCF unterzogen und anschlieBend analysiert. Hier konnte weder
zwischen den einzelnen Extraktionsmethoden noch zwischen der mit dem jeweiligen
Extraktionsmittel behandelten und der unbehandelten Seidenprobe eine signifikante
Veranderung der Aminosaurezusammensetzung festgestellt werden. Auch bei der
Betrachtung der Racemisierung der Aminosauren konnte bei Anwendung dieser
Extraktionsmittel keine auf die Aminosdurezusammensetzung beeintrachtigende Wirkung
festgestellt werden. Vor der Hydrolyse einer untersuchten Seidenprobe wurde daher im
weiteren Verlauf stets eine Extraktion aller anhaftender Substanzen (z.B. Farbstoffe,

Metallionen, organische Substanzen) durchgefuhrt.

Die Betrachtung der verschiedenen pH-Werte erfolgte in der vorliegenden Arbeit unter
Bezugnahme der Racemisierungsrate der untersuchten Aminosauren. Hierbei wurden
verschiedene alkalische Entbastungsmethoden sowie die harsche Behandlung der
Seidenfilamente mit einer Na,CO;-Losung (pH 9, 11, 13) aber auch die saure Hydrolyse der
Seidenfilamente mittels chiraler GC-MS-Methode analysiert (ndhere Informationen dazu sind
in dem Manuskript zu finden). In der Literatur wird beschrieben, dass ein hoherer pH-Wert zum
Anstieg der Racemisierungsraten, besonders bei Asx, fihrt.>'”"?5 Auch bei der in dieser Arbeit
durchgefuhrten Studie, konnte bei alkalischen pH-Werten (> 10) ein Anstieg in der
Konzentration des D-Asx festgestellt werden, welcher bei einem pH-Wert von 13 zu einem D-
/L-Verhaltnis von nahezu 100 % fuhrte. In diesem Zuge konnte auch bei weiteren Aminosauren
(z.B. Ser, Glx, Phe) ein Anstieg des Anteils der D-Enantiomere festgestellt werden. Im Einklang
mit den Erkenntnissen aus ATR-FTIR-spektroskopischen und GC-FID-Messungen?® konnten,
trotz geringfligiger Anstiege der D-Enantiomerenkonzentration weniger Aminosauren (z.B. Ala,
Val, Ser, Glx), jedoch keine systematischen Erhéhungen der D-/L-Verhaltnisse bei der zuvor
etablierten Entbastungsmethode (0.1 % Na,CO; und 2.5 % Ethylendiamin, siehe 4.4 bzw.
Anhang — Publikation P4) festgestellt werden. Ubereinstimmend mit Moini et al.>®® konnte bei
der Hydrolyse der Seidenfilamente mit 6 N HCl bei 110 °C fur 24 h nur ein leichter Anstieg der
D-Aminosaurenkonzentration festgestellt werden. Im Zuge dessen wurde auch eine
mikrowellenassistierte Variante der Hydrolyse getestet. Jedoch flhrte diese, trotz vollstandiger
Hydrolyse in weniger als einer Stunde, zu einer nahezu vollstandigen Umwandlung der

L-Aminosauren in ihre entsprechenden D-Enantiomere.

Die entwickelte chirale GC-MS Methode samt vorangehendem Extraktionsschritt wurde
anschlieBend auf historische Seidenproben angewandt. Die untersuchten Textilproben
stammen von den archaologischen Fundstatten Niya und Yanghai in der Region Xinjiang in
China. In dieser Region wurden zahlreiche gut erhaltene und vollstandig bekleidete
mumifizierte menschliche Uberreste, sowie viele Artefakte und Accessoires des taglichen
Lebens gefunden. Diese sind Bestandteil zahlreicher Studien.?s* 257 260, 261, 297-300 Mjttels OM,
SEM, ATR-FTIR-Spektroskopie und verschiedener HPLC-Methoden wurden bereits in einer
dieser vorangegangenen Studien ausfuhrliche Untersuchungen der in dieser Arbeit
verwendeten Proben zur Oberfldichenbeschaffenheit sowie zur Detektion von Farbstoffen

detailliert beschrieben und diskutiert.®*” 26> Die mit Hilfe der spektroskopischen Unter-
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suchungen erlangten Erkenntnisse, sollten nun mittels der GC-MS Methode erweitert bzw.
bekraftigt werden. Die untersuchten Proben konnten so zweifelsfrei, als Seide der Gattung
Bombyx identifiziert werden, wobei verschiedene Hinweise (wie z.B. ein erhohter Ser-Gehalt)
darauf hindeuten, dass bei den historischen Textilproben sowohl kurze, evtl. nicht vollstandig
entbastete Seidenfilamente als auch lange entbastete Filamente zur Textilherstellung
verwendet wurden. Besonders die Probe 03SAYM376:13-1 (Abbildung 11) fiel dabei auf, da
diese mit den versponnenen Seidenfilamenten eine untypische Verarbeitungsform der Seide

aufwies.

Abbildung 11: Mikroskopische Bilder der Probe 03SAYM376:13-1, (A) Verarbeitungsmuster des Textilstlickes,
(B) versponnene Seidenfilamente der Textilprobe, (C) VergroBerung einzelner kurzer Seidenfilamente.

Auch wurden eher kurze Seidenfilamente zur Herstellung dieses Textils verwendet, was darauf
hindeutet, dass zur Herstellung dieses Kleidungsstlickes Kokons von bereits geschliupften
Faltern verwendet wurde. Zudem konnten charakteristische Banden des Sericins (1400 und
1070 cm™) im ATR-FTIR-Spektrum detektiert werden. Im Vergleich zu den weiteren
untersuchten historischen Proben konnten diese Peaks eindeutig identifiziert werden, was auf
einen hoheren Sericin-Gehalt dieser Probe hindeutet. Daher kann auch der Einsatz der
sogenannten Bourette-Seide, wo defekte Kokons und Abfalle aus der Entbastung der Kokons
verwendet werden und somit oftmals ein erhohter Sericingehalt beobachtet wird, in diesem

Zusammenhang nicht ausgeschlossen werden.*"'

Zusammenfassend kann festgehalten werden, dass es gelungen ist eine selektive Methodik zu
entwickeln, die es ermdglicht Textilfasern anhand deren Aminosadurezusammensetzung zu
charakterisieren. Durch die Untersuchung einer historischen Wollprobe konnte zudem die
Selektivitat der entwickelten Methodik bekraftigt werden, da diese eindeutig von der

Aminosaurezusammensetzung der Seidenproben zu unterscheiden ist.
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5. Zusammenfassung und Ausblick

Bei der analytischen Chemie gilt es oftmals bestimmte Analyten nachzuweisen, wobei sich die
Moglichkeiten der Untersuchungen stetig weiterentwickeln, wahrend die Anforderungen an die
Ergebnisse bzw. die Analysenmethoden stets hoher werden.®2-3% |m Rahmen der vorliegenden
Arbeit wurden nun verschiedene instrumentell-analytische Methoden hinsichtlich
differenzierter Fragestellungen entwickelt und validiert. Bei der Untersuchung verschiedener
Proben, wie Sedimentproben, pflanzliche Harze, Seidenkokons wund historische
Seidentextilien, mussten verschiedene Aspekte wahrend der Methodenentwicklung beachtet
und dementsprechend optimiert werden. Es kamen unter anderem verschiedene
Aufreinigungs- und Extraktionsschritte zum Einsatz, welche besonders bei der zielgerichteten
Bestimmung der verschiedenen Analyten dazu beitrugen, interferierende Moleklle
abzutrennen, wie es bspw. bei der Bestimmung des CBN in Sedimentproben der Fall war.
Zudem konnten so an den Proben anhaftenden Substanzen bzw. Farbstoffe extrahiert und die
Extrakte anschlieBend flr weitere Untersuchungen, wie der Identifizierung von Farbstoffen bei

Textilfasern, herangezogen werden.

Mit Hilfe der dinnschichtchromatographisch gekoppelten Massenspektrometrie gelang es
eine Methode fur ein Hochdurchsatzscreening mit geringem Probenvorbereitungsaufwand zu
etablieren und auf verschiedene Materialien anzuwenden. Durch den Einsatz der
Dunnschichtchromatographie konnten sowohl interferierende Probenbestandteile als auch
parallel zu analysierende Analyten, wie z.B. die Cannabinoide A°>~THC, CBD und CBN, ab- bzw.
aufgetrennt werden, welche anschlieBend mittels MS vermessen werden konnten. Mit Hilfe
dieser Methode wurden ebenfalls kommerziell erhaltliche CBD-Ole untersucht, wobei eine
oftmals unzureichende Deklaration bezuglich des angegebenen CBD-Gehaltes festgestellt
wurde. Aber auch eine schnelle ldentifizierung verschiedener pflanzlicher Triterpenharze
wurde durch eine (HP)TLC-MS-Methode ermdglicht. Dies kdnnte in weiterflihrenden Studien
ein vielversprechender Ansatz sein, um harzbasierte Lacke historischer Kulturguter
hinsichtlich ihres botanischen Ursprungs zu untersuchen und die eingesetzten Harze zu
identifizieren. Auch erlaubt die (HP)TLC-MS-Methode das parallele Aufbringen einer Vielzahl

von Proben, wodurch eine schnelle und vergleichende Untersuchung ermaoglicht wird.

In den letzten Jahrzehnten ist die analytische Chemie auch zu einem wichtigen Bestandteil
geworden, um das Verstandnis und die Erhaltung von kulturellem Erbe zu unterstiitzen, o 30530
Oftmals werden die Anforderungen an die analytische Methodik hierbei komplexer oder man
muss mit sehr wenig Material auskommen und dies moglichst unbeschadet belassen, da
Probenmaterial nur in begrenzten Mengen zur Verfligung stehen. Daher war ein Ziel dieser
Arbeit, welches bei den verschiedenen Methoden und untersuchten Materialen nicht aus den
Augen verloren wurde, dass die jeweilige Methode geeignet ist, um historische Materialen zu
untersuchen und so zur Klarung historischer Fragestellungen beitragen zu konnen. In der
vorliegenden Arbeit erfolgten dementsprechend auch Untersuchungen verschiedener
historischer Proben. Bei der Untersuchung der Sedimentproben konnte etwa, entsprechend

vorangegangener Pollenuntersuchung, die Anwesenheit von CBN, welches ein Abbauprodukt
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von A°-THC darstellt, bestatigt werden. Dieser Fund des fur Hanfpflanzen spezifischen
Cannabinoids bekraftigt die Annahme, dass der Badanital-See im Himalaya, dem Ursprung der
untersuchten Proben, in friheren Zeiten zur Fasergewinnung aus Hanfpflanzen gedient hat.
Des Weiteren wurden historische Textilien untersucht, wobei diese anhand ihrer Aminosaure-
zusammensetzung als Seide identifiziert werden konnten. Dabei wurden unteranderem
verschiedene Prozesse (z.B. das Farben und Beizen), die die Aminosaurezusammensetzung
beeinflussen konnen untersucht. Die dabei entwickelte chirale GC-MS-Methode konnte dabei
zu einem erweiterten Verstandnis des Einflusses der Verarbeitungsschritte auf die D/L-
Verhaltnisse der Aminosauren beitragen. In einer weiteren Studie wurde die Unterscheidung
verschiedener Seidenproduzenten thematisiert, die als mogliche Seidenlieferanten in
friheren Zeiten gedient haben kdnnten. Trotz morphologischer und chemischer Unterschiede
konnte keine eindeutige Differenzierung einzelner Seidenproduzenten vorgenommen werden.
Zum aktuellen Zeitpunkt kdnnen lediglich hohe Gemeinsamkeiten struktureller und
chemischer Merkmale innerhalb einer Gattung bestimmt werden, wodurch jedoch eine
Unterscheidung der untersuchten Gattungen Antheraea, Saturnia und Bombyx ermdglicht
wird. Durch eine Erweiterung der Daten und das Heranziehen weiterer Identifizierungskriterien
in zukunftigen Studien, kénnte es Uber eine PCA ermoglicht werden, historische Seidenproben

weiterfuhrend zu klassifizieren.

Zusammenfassend kann gesagt werden, dass obwohl eine Vielzahl an Methoden entwickelt,
optimiert und an verschiedenen Probenmaterialen angewandt wurde, sich stets neue
Moglichkeiten flr weiterfuhrende Untersuchungen ergeben und der Wunsch nach
Wissenserweiterung nicht versiegt. Nichtsdestotrotz konnte gezeigt werden, dass
instrumentell-analytische Methoden flr eine Vielzahl an unterschiedlichen Fragestellungen
ein hilfreiches Werkzeug sind und es ermoglichen gesicherte Aussagen zu generieren. Auch ist
es durch die Untersuchung historischer Proben mdglich ein Fenster in die Vergangenheit zu

offnen und so vergangene Zivilisationen besser verstehen zu lernen.
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Abstract

Cannabis products have been used in various fields of everyday life for many centuries, and
applications in folk medicine and textile production have been well-known for many centuries.
For traditional textile production, hemp fibers were extracted from the stems by water retting
in stagnant or slow-moving waters. During this procedure, parts of the plant material, among
them phytocannabinoids, are released into the water. Cannabinol (CBN) is an important
degradation product of the predominant phytocannabinoids found in Cannabis species. Thus,
it is an excellent indicator for present as well as ancient hemp water retting. In this study, we
developed and validated a simple and fast method for the determination of CBN in sediment
samples using high-performance thin-layer chromatography (HPTLC) combined with
electrospray ionization mass spectrometry (ESI-MS), thereby testing different extraction and
cleanup procedures, as well as various sorbents and solvents for planar chromatography. This
method shows a satisfactory overall analytical performance with an average recovery rate of
73 %. Our protocol enabled qualitative and quantitative analyses of CBN in samples of a
bottom sediment core, having been obtained from a small lake in Northern India, where
intense localretting of hemp was suggested in the past. The analyses showed a maximum CBN
contentin pollen zone 4 covering a depth range of 262-209 cm, dating from approximately 480
BCE to 1050 CE. These findings correlate with existing records of Cannabis-type pollen. Thus,
the method we propose is a helpful tool to track ancient hemp retting activities.

Keywords: HPTLC; Cannabinol; Sediment; Biomarker; Cannabis; Hemp retting

DOI: 10.1007/s00216-020-02492-0
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Graphical abstract

Abstract

Cannabis is one of the oldest cultivated plant, which has been used by humankind for
thousands of years due to its biological properties and a wide range of applications. In total,
hemp plants contain over 500 different substances while the characteristic components are
the cannabinoids. The mostimportant cannabinoids are (-)-A°-trans-tetrahydrocannabinol (A®-
THC), cannabidiol (CBD), and cannabinol (CBN —the latter being an oxidation product resulting
from A°-THC). In the course of recent years, a paradigm shift has taken place with regard to the
use of products and ingredients derived from hemp, especially CBD. Thus, an ever-increasing
number of products containing CBD are on the market; this ranges from classic CBD oil to CBD
chewing gum and even CBD shampoo. Despite an increasing presence of these products in
the market, the regulation of cannabinoids in these products is very inconsistent in different
countries, except for A°>-THC whose limit is 0.2 % for many products and many countries. The
enormous abundance of CBD-containing products calls for the development of new analytical
techniques that allow a reliable and quick determination of the main cannabinoids usually
found in hemp. This seems all the more necessary since previous examinations of CBD oils
often revealed a difference between the declared amount and the actual content of the
ingredients. Many methods usually applied to determine cannabinoids are rather time-
consuming and associated with high costs. In this study, we developed and validated a
sensitive, simple, reliable as well as fast method for the determination of CBN, CBD and A°®-
THC in commercially available CBD oils using high-performance thin-layer chromatography
(HPTLC) combined with electrospray ionization mass spectrometry (ESI-MS). Thus, for this
method, a recovery rate of = 90 % was determined. This procedure enables both qualitative
and quantitative analyses of CBN, CBD and A°-THC in CBD oils of different matrices such as
hempseed oil, olive oil or sunflower oil. Thus, this method is a helpful and fast tool to
investigate a broad variety of commercially available CBD oils.

Keywords: CBD oils; Cannabidiol; Tetrahydrocannabinol; Cannabinoids; Cannabis; HPTLC
DOI: 10.1016/j.rechem.2021.100234
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TLC and HPTLC-APCI-MS for the rapid discrimination of plant resins frequently used for
lacquers and varnishes by artists and conservators

Marcel Schendzielorz?, Theresa Schmidt?, Nils Puchalla, René Csuk, Annemarie E. Kramell
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Introduction

Depending on their terpenoid and phenolic constituents plant resins can be classified as
diterpenoid, triterpenoid or phenolic resins; thereby the profile of diterpenes and triterpenes

is considered as genus- or even species-specific.

Objectives

We aimed to develop a simple, rapid, inexpensive, sensitive and specific method for the
identification of resin-specific triterpenoid and phenolic compounds in plant resins using
(HP)TLC [(high-performance) thin-layer chromatography] combined with APCI-MS
(atmospheric pressure chemical ionisation mass spectrometry) and post-chromatographic

detection reactions.

Methods

Twenty resin samples from different plant species were analysed. Different extraction
procedures, post-chromatographic detection reagents as well as various sorbents and
solvents for planar chromatography were tested. To evaluate the potential of the optimised
(HP)TLC-APCI-MS methods, parameter such as limit of detection (LOD) was determined for

selected marker compounds.

Results

Our protocol enabled qualitative analyses of chemotaxonomic molecular markers in natural
resins such as dammar, mastic, olibanum and benzoin. For the first time, the application of
thionyl chloride-stannic chloride reagent for a specific post-chromatographic detection of
triterpenes is reported, sometimes even allowing discrimination between isomers based on
their characteristic colour sequences. For triterpene acids, triterpene alcohols and phenolic
compounds, detection limits of 2-20 ng/TLC zone and a system precision with a relative
standard deviation (RSD) in the range of 3.9 %-7.0 % were achieved by (HP)TLC-APCI-MS. The
applicability of the method for the analysis of resin-based varnishes was successfully tested
oh a mastic-based varnish. Thus, the method we propose is a helpful tool for the discrimination
of resins and resin-based varnishes with respect to their botanical origin.

Keywords: benzoin balsam, HPTLC-MS, plant resin, triterpene, varnish

DOI: 10.1002/pca.3273
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Publikation P4:

Degumming and characterization of Bombyx mori and non-mulberry silks from
Saturniidae silkworms

Theresa Schmidt, Nils Puchalla, Marcel Schendzielorz & Annemarie E. Kramell
Abstract

In this study, cocoons and degummed silk samples of Bombyx mori and twenty Saturniidae
species of the genera Actias, Attacus, Argema, Antheraea, Caligula, Callosamia, Cricula,
Epiphora, Hyalophora, Loepa, Samia and Saturnia are studied to gain an insight into their
morphology, chemical composition and physical structure. For this purpose, silk samples are
characterized by optical microscopy and FTIR spectroscopy in attenuated total reflection
mode (ATR-FTIR spectroscopy). Furthermore, degummed silk samples are analyzed for their
amino acid (AA) composition by GC-FID. In the course of method development, various
degumming methods are tested using alkalis, citric acid, enzymes and detergents. A mixture
of 0.1 % sodium carbonate and 2.5 % ethylenediamine proves to be an effective agent for
degumming Saturniidae and B. mori cocoons. After hydrolysis of the fibroin filaments with 6 N
hydrochloric acid and derivatization with propyl chloroformate, fifteen AAs are identified and
qualified. This method shows a satisfactory overall analytical performance with an average
recovery rate of 95 % at the medium concentration level. The chemical composition of the
different silks was considered comparatively. Within a genus, the analyses usually show a high
degree of similarity in AA composition and the resulting structural indices, whereas differences

are found between genera.

DOI: 10.1038/s41598-023-46474-5
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Publikation P5:

Characterization of recent and historical silks: Effects of silk processing on chemical
composition and amino acid racemization

Theresa Schmidt, Jacqueline Koch, Nils Puchalla & Annemarie E. Kramell
Abstract

In this work, the influence of dyeing, mordanting and degumming techniques on the amino
acid (AA) composition and the AA racemization (AAR) of (non-)mulberry silks is studied by a
chiral GC-MS method. The tested dyeing and mordanting procedures as well as a pre-
treatment of the silk filaments with EDTA-DMF, which enables a parallel dyestuff analysis by
HPLC-DAD, do not cause any significant change in the AA composition. However, an increased
proportion of e.g. (D)-Asx can be observed for some of the mordanted BM silks. Increased D/L
Asx ratios can also be observed in indigo dyed silks and after an alkaline treatment at 110°C
(pH > 9). Furthermore, the GC-MS method was used for the characterization of historical silk
samples from finding sites in the Tarim Basin (China). The analysis of these silk fabrics reveals
the presence of degraded Bombyx silk with significantly increased D/L Val, D/L Glx and D/L Asx
ratios. Including microscopic and spectroscopic investigations, the results of this multi-

analytical approach offer insights into the silk processing techniques and raw materials used.

Keywords: Silk; Bombyx mori; silk processing; amino acid racemization; chiral GC-MS;
historical textiles

DOI: 10.1080/15440478.2024.2361312
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Abstract

Cannabis products have been used in various fields of everyday life for many centuries, and applications in folk medicine and
textile production have been well-known for many centuries. For traditional textile production, hemp fibers were extracted from the
stems by water retting in stagnant or slow-moving waters. During this procedure, parts of the plant material, among them
phytocannabinoids, are released into the water. Cannabinol (CBN) is an important degradation product of the predominant
phytocannabinoids found in Cannabis species. Thus, it is an excellent indicator for present as well as ancient hemp water retting.
In this study, we developed and validated a simple and fast method for the determination of CBN in sediment samples using high-
performance thin-layer chromatography (HPTLC) combined with electrospray ionization mass spectrometry (ESI-MS), thereby
testing different extraction and cleanup procedures, as well as various sorbents and solvents for planar chromatography. This method
shows a satisfactory overall analytical performance with an average recovery rate of 73%. Our protocol enabled qualitative and
quantitative analyses of CBN in samples of a bottom sediment core, having been obtained from a small lake in Northern India,
where intense local retting of hemp was suggested in the past. The analyses showed a maximum CBN content in pollen zone 4
covering a depth range of 262-209 cm, dating from approximately 480 BCE to 1050 CE. These findings correlate with existing
records of Cannabis-type pollen. Thus, the method we propose is a helpful tool to track ancient hemp retting activities.

Keywords HPTLC - Cannabinol - Sediment - Biomarker - Cannabis - Hemp retting

Introduction

Cannabis has been used by humans for many centuries and is
probably one of the oldest cultivated plants [1]. It is widely
distributed around the world, and archaeological finds indicate
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material, which is available to authorized users.
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its usage for more than 2500 years. For instance, almost com-
plete ancient Cannabis plants as well as parts of it have been
excavated from different tombs in the Jiayi and Yanghai cem-
etery located in Northwestern China dating back to the first
millennium BCE [2, 3]. Cannabis is a versatile plant and has
been used as medicine, food source (seeds and oil), fuel, and
psychedelic drug and also as a construction material or for the
production of textiles and paper. The production of hemp fi-
bers, e.g., for the manufacturing of robes, requires the separa-
tion of the fibers from the stems through microbiological and
physical processes occurring during retting. Traditionally, the
extraction of the fibers from stems is performed in stagnant or
slow-moving waters, thereby submerging the stems in water
for several days. During this treatment plant material and
among other substances, phytocannabinoids are released into
the waters. Phytocannabinoids are unique to the Cannabis
species. The predominant phytocannabinoids in drug- and
fiber-type Cannabis are (-)-A°-trans-tetrahydrocannabinolic
acid (THCA) and cannabidiolic acid (CBDA) that are
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transformed by a non-enzymatically decarboxylation upon
heating after harvesting and during storage into their cor-
responding neutral forms, namely (-)-A’-trans-tetrahydro-
cannabinol (A°-THC) and cannabidiol (CBD).
Phytocannabinoids accumulate in female flowers and in
most aerial parts of the plant. In contrast, Cannabis pollen,
seeds, and roots contain only low concentrations of these
compounds [4]. The concentration of cannabinoids and the
ratio A°>-THC:CBD depend on different parameters such as
growth conditions, variety, age, harvest time, and storage
conditions [4, 5]. Especially during storage, A°-THC is
relatively unstable whenever Cannabis products such as
flowering tops, oils, and resins are exposed to air, light,
heat, or acidic conditions [6]. Eventually, cannabinol
(CBN) is one of the most important products of degrada-
tion [7, 8]. CBD also undergoes changes during long-term

Fig. 1 Conversion of CBDA and
THCA to CBD and THC as well
as the formation of the main
degradation product CBN

CBDA

@ Springer

storage, e.g., the transformation to A°-THC by an acid-
catalyzed cyclization, followed by the decay of A’-THC
to CBN (Fig. 1) [8, 9]. Therefore, it is not surprising that
CBN has been detected as the major degradation product
of cannabinoids in dried Cannabis flowers dating from
around 18961905 [10]. Studies concerning the CBN con-
tent in sedimentary records, however, are rare. Thus,
Lavrieux et al. reported about the detection of CBN, pre-
served in sediment samples from lake Aydat in the French
Massif Central, covering the past 1800 years [11], thereby
relating the presence of CBN to the retting of locally
grown Cannabis plants for fiber production. This finding
was supported by the analysis of pollen and historical
data. Thus, determination of CBN contents in sedimentary
cores seems to be an excellent possibility to trace ancient
water retting activities.

cyclization

oxidation

OH

o CsHy4

CBN
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In a previous study, sediment samples from lake Aydat
were investigated, and the detection of CBN was performed
by gas chromatography mass spectrometry (GC-MS).
However, this approach required a time-consuming derivati-
zation with N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA). In general, different methods, e.g., GC-MS, liquid
chromatography tandem mass spectrometry (LC-MS/MS), or
(high-performance) thin-layer chromatography MS
((HP)TLC-MS) technique, are available for the quantification
of cannabinoids in various matrices such as human blood,
plasma, hair, urine, rodent tissues, or plant material [12—-14].
Here, HPTLC combined with MS detection is a versatile and
useful tool for the analysis of complex compounds in chal-
lenging matrices, thus enabling a relatively simple, rapid, and
inexpensive qualitative and quantitative determination.
However, the application of HPTLC-MS for the determination
of CBN in sediment samples, a very complex matrix, has not
yet been described so far.

In this study, we report on the development and valida-
tion of a HPTLC-electrospray ionization (ESI)-MS meth-
od for the identification and quantification of CBN as a
molecular biomarker for ancient hemp retting in sedimen-
tary records allowing a fast and accurate high-throughput
screening of sediment samples. In this context, samples of
a sediment core from a small lake in Northern India, cov-
ering a period from 2220 BCE to 1390 CE, were tested.
Previous studies on these samples have already shown
high percentages of Cannabis-type pollen, thus indicating
an intense local retting of hemp [15].

Material and methods
Chemicals and materials

CBN (1 mg/mL in methanol, certified reference material),
CBN-d; (100 pg/mL in methanol, certified reference ma-
terial), CBD (1 mg/mL in methanol, certified reference
material), and CBD-d; (100 pg/mL in methanol, certified
reference material) were bought from Cerilliant; acetoni-
trile (HPLC gradient grade), methanol (HPLC gradient
grade), n-hexane (HPLC grade), n-heptane (HPLC grade),
and formic acid (98-100%) were obtained from VWR
Chemicals; dichloromethane (HPLC grade) from Carl
Roth, triethylamine from ACROS Organics, Fast Blue
Salt B (FBS, dye content ~95%) from Sigma-Aldrich,
Chromabond SiOH (1 ml/100 mg), Chromabond C;g ec
(I ml/ 100 mg) as well as TLC (thin-layer
chromatography) plates (silica gel 60, ALUGRAM Xtra
SIL G UV,s4 and octadecyl-modified silica, ALUGRAM
RP-18 W/UV,s4) from Macherey-Nagel, TLC plates (sili-
ca gel 60 without fluorescent indicator on aluminum
sheets), and HPTLC (high-performance thin-layer

chromatography) plates (silica gel 60 F,5, MS-grade for
matrix-assisted laser desorption/ionization (MALDI) and
silica gel 60 F,s4 on glass plates) were purchased from
Merck KGaA and analytical sea sand from Griissig
GmbH. Distilled diethyl ether and acetone were produced
with a rotary evaporator from BUCHI.

Preparation of standard solutions

A stock solution of CBN from Cerilliant (1 mg/mL in
methanol) was diluted with methanol to obtain working
solutions down to a concentration of 0.3 pg/mL. CBN-d;
working solutions (2.5 pg/mL and 5.0 pug/mL) as internal
standards were prepared in methanol. For the calibration,
solutions holding different mixtures of CBN and CBN-d3
were prepared (CBN, in the range of 1.0-6.2 ug/mL; CBN-
ds, 2.5 pg/mL), and for the validation of the HPTLC-ESI-
MS method, different mixtures of CBN and CBN-d; were
used (CBN, 1.4, 1.8, 2.2, 2.5, 3.4, 5.0, 5.4 pg/mL; CBN-
ds, 2.5 pg/mL).

Detection of CBN with FBS reagent (modified
according to an application note from CAMAG [16])

The post-chromatographic detection reaction was performed
with FBS reagent using CBN working solutions and sample
extracts (25 pL aliquots) spotted onto TLC or HPTLC plates.
For the preparation of the FBS reagent, FBS (250 mg) was
completely dissolved in distilled water (10 mL) and was
mixed with methanol (25 mL) and dichloromethane
(15 mL). This reagent was always freshly prepared before
use. (HP)TLC plates were developed in n-hexane/acetone/
triethylamine (40:20:2 v/v/v; see Watanabe et al. [17]),
sprayed with the reagent, and the presence of red spots indi-
cated a positive response.

Detection of CBN with cerium-molybdenum reagent

In addition, post-chromatographic detection reactions were
performed with cerium-molybdenum reagent using CBN
working solutions and sample extracts (25 pL aliquots) spot-
ted onto (HP)TLC plates. For the preparation of the cerium-
molybdenum reagent, cerium(IV) sulfate (400 mg) and am-
monium molybdate (20 g) were dissolved in 10% (v/v) sulfu-
ric acid (400 mL). (HP)TLC plates were developed in n-hep-
tane/diethyl ether/formic acid (75:25:0.3 v/v/v; according to
an application note from CAMAG [16]), n-heptane/diethyl
ether (90:10 v/v), or n-hexane/acetone/triethylamine
(40:20:2 v/v/v), sprayed with the reagent, and blue spots be-
came visible after exposure to heat.
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Samples

Samples of a 3.55-m-long sediment core from Badanital (30°
29'50" N, 78° 55’26 E, 2083 m a.s.l.), a small lake in the West
Himalayan oak forest zone in Northern India, have been in-
vestigated. The core was retrieved using a piston corer in
January 2008 (see Kotlia and Joshi [18]). Contiguous subsam-
ples were taken in 1 cm slices and dried at 30 °C for storage
and transportation to the pollen laboratory at the Institute of
Geological Sciences, Freie Universitdt Berlin. Sediment sam-
ples, covering a period from 2220 BCE to 1390 CE, were
examined concerning Cannabis pollen; they were categorized
into real samples (positive samples), containing Cannabis pol-
len, and negative samples without Cannabis pollen. The pro-
cedure for pollen analyses is based on morphological charac-
teristics as well as further results of the determination of
palynomorphs; detailed results from accelerator mass spec-
trometry (AMS) radiocarbon dating using bulk sediment rich
in organics were described by Demske et al. [15]. For the
reconstruction of climatic changes based on geochemical pa-
rameters of sediment samples from Badanital lake, see Kotlia
and Joshi [18].

HPTLC-ESI-MS analysis

Standard solutions and the extracts were spotted onto the TLC
or HPTLC plates as 2 mm bands, in 25 uL aliquots, 20 mm
from the bottom edge and 8 mm apart using a Linomat 5
(CAMAG, Switzerland). Plates were developed in a rectangu-
lar TLC developing chamber to a distance of 50 mm in 15 min
using n-heptane/diethyl ether (90:10 v/v) as the developing
solvent. For the optimization of the chromatographic separa-
tion, TLC and HPTLC plates as well as various developing
solvents were tested, e.g., n-heptane/diethyl ether/formic acid
(75:25:0.3 v/v/v) or n-hexane/acetone/triethylamine
(40:20:2 v/v/Iv).

HPTLC plates were inspected both under white light and
with under UV light at A =254 nm. Beside investigations by
MS, different spray reagents were also used for the detection
of CBN (see detection of CBN with FBS and cerium-
molybdenum reagent).

A TLC-MS interface (Plate Express from Advion com-
bined with an isocratic pump) was utilized for the elution of
compounds from the HPTLC plates into an expression” CMS
(compact mass spectrometer from Advion, UK) system,
equipped with an ESI ion source (negative mode, capillary
temperature 250 °C, capillary voltage 180 V, source voltage
offset 20, source voltage span 30, ESI source voltage 2500 V,
source gas temperature 200 °C, MS scan range 200—400 m/z).
Prior to the measurements, substance-specific parameters
were determined by direct inlet of CBN working solutions.
Methanol was used as eluent (flow rate 0.2 mL/min).
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Offline HPTLC-ESI-HRMS analysis

Standard solutions were spotted onto HPTLC plates; HPTLC
plates were developed in n-heptane/diethyl ether (90:10 v/v),
and after 5 h, spots were marked; stationary phase was scraped
from the plates and compounds were eluted with methanol
(1 mL). This solution was filtered (0.2 um PTFE) and utilized
for HRMS experiments using a Q Exactive Plus mass spec-
trometer from Thermo Scientific equipped with an ESI ion
source (negative mode, spray voltage 3287 V, spray current
1 A, capillary temperature 320 °C, sheath gas flow rate 10 L/
min, MS scan range 200-900 m/z).

Sample extraction and preparation

The remaining sediment samples analyzed for pollen were
sent to the Department of Organic Chemistry, Martin-
Luther-University Halle-Wittenberg (Halle), and used in the
current study. An aliquot (1 g) of each sample was extracted
with methanol/hexane (10 mL, 9:1 v/v) by the following pro-
cedure: 1 min on a vortex and 15 min ultrasonic bath at 30 °C
including vortex again after 5 and 10 min. Subsequently, the
suspension was centrifuged (10 min, 21 °C, 4200 rpm) in a
centrifuge 5403 from Eppendorf. The extraction of the sample
was repeated five times. The supernatants were combined, and
the solution was evaporated to dryness on a rotary evaporator
(temperature of the water bath, 30 °C). The residue was dis-
solved in n-heptane/diethyl ether (1 mL, 75:25 v/v) with the
help of an ultrasonic bath at 30 °C for a few seconds.
Afterwards, the sample extract was transferred to a
Chromabond SiOH column conditioned with n-heptane/
diethyl ether (75:25 v/v), the sample container was rinsed with
n-heptane/diethyl ether (3 x 1 mL, 75:25 v/v), the rinse solu-
tion was also transferred onto the sorbent, and the analyte was
eluted with n-heptane/diethyl ether (2 mL, 75:25 v/v). The
eluate (fraction 1: combined solutions, approximately 6 mL)
was evaporated to dryness on a rotary evaporator (temperature
of the water bath, 30 °C), and the residue was dissolved in
acetonitrile/water (500 pL, 70:30 v/v). The solution was trans-
ferred to a Chromabond C;g ec column conditioned with
acetonitrile/water (70:30 v/v). The sample vessel was rinsed
with acetonitrile/water (1 mL, 70:30 v/v), the rinse solution
was also transferred onto the sorbent, and the analyte was
eluted with acetonitrile/water (500 pL, 70:30 v/v, and 3 mL,
80:20 v/v). The eluate (fraction 2: combined solutions, ap-
proximately 5 mL) was evaporated to dryness on a rotary
evaporator (temperature of the water bath, 50 °C). The residue
was dissolved in methanol (1 mL) and transferred to a vial.
The sample pot was rinsed with methanol (3 mL), and this
solution was also transferred to this vial step-by-step. The
sample solution in the vial was concentrated to dryness in a
stream of argon with heat from a laboratory sand bath at 70 °C.
The residue was solved in methanol (100 pL), and a defined
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volume (25 uL) of the sample extract was spotted onto a
HPTLC plate (Fig. 2).

For the optimization of the extraction procedure, various
extraction times and further extracting agents were tested, e.g.,
dichloromethane/methanol (90:10 v/v and 1:1 v/v).

Determination of sediment pH

For the determination of the pH of a sample, a pH electrode
from HANNA instruments was used. An aliquot (0.5 g) of the
sediment sample was suspended in a solution of calcium chlo-
ride (0.01 m) at the ratio of 1:2.5. After the sedimentation, the
pH was measured.

Fig. 2 Flow diagram for the

Determination of the loss on ignition (modified
according to Heiri et al. [19])

The loss on ignition at 550 °C (LOlsso) was determined
using a thermobalance STA 449C from Netzsch (refer-
ence: empty crucible of corundum). An aliquot of the sam-
ple (15-25 mg) was weighted in a crucible of corundum,
and a stream of gas (N,/O, =80/20, 50 mL/min) was ap-
plied. Before each measurement, an equilibration of the
thermobalance was performed for about 30 min at room
temperature with current gas flow. Afterwards, the sample
chamber was heated to 800 °C (heat rate 10 K/min). The
weight loss is proportional to the amount of organic
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carbon contained in samples. For the calculation, the fol-
lowing formula (1) was used:

L0[550 = ((DW105*DW550)/DW105) x 100 (1)

where LOlsso represents the LOI at 550 °C (as percent-
age), DWos correspond to the dry weight of the sample
before combustion, and DWss to the dry weight of sam-
ple after heating to 550 °C (both in mg, see Heiri et al.
[19D.

Determination of C/N content

The determination of the C and N content of the samples were
performed with the analytical instrument “Vario EL” from the
company Elementar.

Validation of the HPTLC-ESI-MS method
Specificity

The test for specificity was performed with a negative sample
(without CBN) and a real sample (containing CBN) applying
the post-chromatographic detection reaction with cerium-
molybdenum reagent and HPTLC-ESI-MS using standard
compounds. For HPTLC-ESI-MS experiments as well as for
the detection of CBN with the cerium-molybdenum reagent, a
sample extract was spotted onto a HPTLC plate; the HPTLC
plate was developed in n-heptane/diethyl ether (90:10 v/v) and
investigated by HPTLC-ESI-MS or sprayed with cerium-
molybdenum reagent.

Linearity, limit of detection, and limit of quantification

The linearity of the calibration function was tested with the
Mandel’s test. Limit of detection (LOD) and limit of quantifi-
cation (LOQ) were determined by means of a calibration
curve method according to DIN 32645 [20], thereby spotting
the calibration solutions (see preparation of standard solu-
tions) onto HPTLC plates; the HPTLC plates were developed
using n-heptane/diethyl ether (90:10 v/v) and investigated by
HPTLC-ESI-MS. Each calibration solution was measured
three times, and analyses were executed with average peak
areas of the mass peaks of CBN (sum of m/z 309 and 354)
and CBN-d; (sum of m/z 312 and 357). Average peak area
ratios and CBN concentrations are depicted in Fig. S1 and
Tab. S1 (see Electronic Supplementary Material, ESM).

Precision
For determining the repeatability, two to five replicate deter-

minations on eight different days were carried out. For this
purpose, a solution containing CBN and CBN-d; (CBN
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3.4 pg/mL, CBN-d; 2.5 pg/mL) was spotted onto HPTLC
plates; HPTLC plates were developed using n-heptane/diethyl
ether (90:10 v/v) and investigated by HPTLC-ESI-MS. For
the interpretation of the repeatability, the relative standard de-
viation (RSD) of the CBN content was used. Furthermore,
Dixon’s Q test and Neumann trend test were applied for the
identification of outliers or trends (see Table S2 of the ESM).

For determining the method precision, sediment sample
BT-78 was utilized. Analyses were carried out with a number
of six replicates and each aliquot of the sediment sample (ap-
proximately 1 g) was spiked with a defined concentration of
CBN (100 pL; 3.4 pg/mL) and CBN-d; (100 pL; 2.5 pg/mL).
Extractions and preparations of the different samples were
performed independently of each other as described above.
After SPE using a Chromabond C;g ec column, the residues
were dissolved in methanol (100 pL) and defined volumes
(25 uL) of the sample extracts were spotted onto HPTLC
plates; HPTLC plates were developed in n-heptane/diethyl
ether (90:10 v/v) and were investigated by HPTLC-ESI-MS.
For the interpretation of the method precision, the relative
standard deviation (RSD) of the CBN content was used.
Furthermore, Dixon’s Q test and Neumann trend test were
applied for the identification of outliers or trends (see
Table S2 of the ESM).

Trueness

The trueness was expressed in terms of recovery and bias.
Bias calculation was performed for two concentration levels
with a number of three replicates at each concentration (see
Table S3 of the ESM). Sediment samples (approximately 1 g)
were spiked with a defined concentration of CBN (100 uL;
5.4 ug/mL and 1.8 pg/mL) and CBN-d; (100 uL; 2.5 pg/mL).
Extractions and preparations of the different samples as well
as the planar chromatographic separations were performed
independently of each other as described above. Real samples
were used for bias calculation due to a limited sample amount.
For the bias calculation, the following formula (2) was used:

S=xT 2)

where & represents the bias and T correspond to the “true”
concentration and X to the mean value of the determined con-
centrations of the spiked sample materials.

Recovery

Three negative samples from different positions in the sedi-
mentary core were used for the determination of the recovery.
After the sediment samples have been weighed
(approximately 1 g, see Fig. 2), defined concentrations of
CBN (100 pL; 1.4, 2.5, and 3.4 ng/mL) were added and each
concentration level was analyzed in duplicate (see Table S4 of
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the ESM). Extractions and preparations of the different sam-
ples were performed independently of each other on different
days as described above. After SPE using a Chromabond C;g
ec column, the residues were dissolved in a methanolic solu-
tion of CBN-d3 (100 pL; 2.5 pg/mL) and were spotted onto
HPTLC plates; HPTLC plates were developed in n-heptane/
diethyl ether (90:10 v/v) and were investigated by HPTLC-
ESI-MS. The calculated CBN contents were compared with
the target concentrations and the recovery rate was
determined.

Stability of the standards

For testing the storage stability of standard solutions, solutions
of CBN (50 and 100 pg/mL) were stored at —12 °C in the
dark, at room temperature (average temperature + 28 °C) in
the dark and at room temperature exposed to sunlight. The
different solutions were examined over a 4-week period. For
analyses, solutions of CBN were diluted, CBN-d3 was added,
and the mixtures (CBN 2.2 and 5.0 ug/mL; CBN-d; 2.5 ug/
mL) were spotted onto HPTLC plates. Mass peak areas of
CBN (sum of m/z 309 and 354) and CBN-d3 (sum of m/z
312 and 357) were utilized for calculating the stability of
CBN. For the identification of trends, a trend test by
Neumann [20] was performed (see Table S5 of the ESM).

In addition, the stability of CBN and CBN-dj; already hav-
ing been spotted onto (HP)TLC plates was evaluated. For this
purpose, a solution containing CBN and CBN-d; (CBN
5.0 ug/mL; CBN-d; 5.0 pg/mL) was spotted in triplicate onto
aTLC and a HPTLC plate. (HP)TLC plates were developed in
n-heptane/diethyl ether (90:10 v/v) and were investigated by
HPTLC-ESI-MS at a time interval of 3 h (measuring after 0.5,
1.5, and 3 h). Furthermore, investigations were performed on
(HP)TLC plates spotted with CBN and CBN-d; without de-
veloping the chromatograms. For analyses, mass peak inten-
sities of CBN (ratios of m/z 309 and 354) and CBN-d; (ratios
of m/z 312 and 357) were utilized.

Results and discussion

Development of a HPTLC-ESI-MS method
for the identification and quantification of CBN
in sediment samples

Determination of CBN content in sediment samples was per-
formed by HPTLC-ESI-MS. For this purpose, sediment sam-
ples were extracted followed by a subsequent elimination of
disturbing matrix compounds using an orthogonal SPE sam-
ple preparation. Afterwards, purified extracts were spotted
onto HPTLC plates, the HPTLC plates were developed and
the HPTLC zones were analyzed by ESI-MS (MS scan range
m/z 200-400). Mass spectra of standards eluted from HPTLC

silica gel 60 plates show intense peaks at m/z 309 and 312,
assigned to the quasi-molecular ions [M-H] of CBN and
CBN-d;. In addition, extra mass peaks at m/z 354 (working
solutions of CBN spotted onto HPTLC plates) and 357 (work-
ing solutions of CBN-d; spotted onto HPTLC plates) were
observed (Fig. 3). These signals appear after the application
of CBN and CBN-d; onto TLC or HPTLC silica gel 60 plates
and were not found in fresh or aged (for 24 h) methanolic
working solutions of CBN and CBN-d; or in the context of
blanks (blanks for the whole method as well as investigations
on TLC or HPTLC plates using different developing solvents
without the addition of CBN or CBN-ds). However, after de-
velopment of the (HP)TLC plates, the proportion of these
extra peaks increased compared with investigations without
contact to a developing solvent. In this context, different de-
veloping solvents and stationary phases (octadecyl-modified
TLC silica layers, unmodified (HP)TLC silica layers with and
without fluorescent indicator on aluminum sheets and glass
plates) were tested. Mass spectra of standards eluted from
octadecyl-modified TLC silica layers show peaks at m/z 309
and 312. However, no signals at m/z 354 or 357 were ob-
served. In contrast, in all experiments performed on unmodi-
fied silica layers, extra mass peaks at m/z 354 and 357 were
detected. Furthermore, the proportion of these peaks increased
in time. Immediately after application of the cannabinoids and
the development of the HPTLC silica gel 60 plates, peak in-
tensity ratios of m/z 309/354 and 312/357 were 10.1 (8.01E7/
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Fig. 3 MS spectrum of a CBN and b CBN-d; spotted onto a HPTLC
silica gel 60 plate recorded immediately after chromatographic separation
using n-heptane/diethyl ether (90:10 v/v) as developing solvent
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7.91E6) and 8.3 (3.65E7/4.41E6, see Fig. S2a of the ESM).
After 3 h, the ratios were in either case 0.3 (1.67E7/5.08E7
and 7.62E6/2.61E7, see Fig. S2b of the ESM). Thus, investi-
gations were performed immediately after application and
chromatographic separation and signals at m/z 354 and 357
were included in the quantitative determination of CBN.

Furthermore, methanolic working solutions of CBD and
CBD-d; were spotted onto TLC or HPTLC silica gel 60
plates. After the development of the plates, besides intense
peaks at m/z 313 and 316 (assigned to the quasi-molecular
ions [M-H] "), extra peaks with a mass shift of 45 were also
detected at m/z 358 and 361 (see Fig. S3a and S3b of the
ESM). As indicated by TLC and HRMS studies on CBN
and CBN-ds, the mass shift of 45 points to the presence of
transient adducts with the silica gel from the plates. This will
be subject to further studies.

In addition, different spray reagents were tested to find a
pretest confirming the presence of CBN in sediment samples
by a color reaction.

Optimization of mobile and stationary phase for planar
chromatography

For the optimization of the planar chromatographic separa-
tion, different sorbents and solvents were tested. An accept-
able separation of CBN and matrix compounds was found on
TLC silica gel 60 sorbent using n-heptane/diethy] ether/formic
acid (75:25:0.3 v/v/v) or n-hexane/acetone/triethylamine
(40:20:2 v/v/v) as developing solvent (see Fig. S4 of the
ESM). However, bands were rather diffused. Therefore, nor-
mal phase HPTLC on silica gel 60 was used to achieve sharper
bands, thereby obtaining a satisfactory resolution of CBN and
matrix compounds using n-heptane/diethyl ether (90:10 v/v)
as the mobile phase.

Optimization of sample extraction and preparation

Different extracting agents and extraction times were tested
using analytical sea sand spiked with CBN due to a limited
sample amount (Table 1). An extraction in an ultrasonic bath
with methanol/n-hexane (90:10 v/v) for 5 % 15 min provided
satisfactory results concerning the recovery of CBN (recovery
rate 97%). Sample handling was also optimized with CBN
spiked sea sand samples.

Table 1  Optimization of sample extraction using different extracting
agents and analytical sea sand spiked with CBN (extraction time 5 x
15 min)

Extracting agent Recovery (%)
Methanol/n-hexane (90:10 v/v) 97
Dichloromethane/methanol (90:10 v/v) 90
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Fig. 4 HPTLC silica gel 60 plates developed using a n-heptane/diethyl
ether/formic acid (75:25:0.3 v/v/v) or b n-heptane/diethyl ether (90:10 v/
v) as developing solvent after derivatization with cerium-molybdenum
reagent; observed under white light. Tracks 1-7 = CBN standard (from
left to right increasing CBN concentration: 7.5, 15, 25, 55, 85, 125,
190 ng CBN/HPTLC zone); 8 =extract (extracting agent: methanol/
hexane (10 mL, 9:1 v/v)) of real sample BT-96 spiked with CBN-d;
(62.5 ng CBN-d3/HPTLC zone)

For the determination of CBN in sediment matrices (ex-
tracts of real and spiked negative samples), two SPE columns
were combined. Matrix simplification was carried out with a
combination of normal phase and reversed phase sorbents.
Some losses of CBN during this two-step purification proce-
dure were eliminated through fine-tuning (recovery rate of

Fig. 5 HPTLC silica gel 60 plates developed using n-hexane/acetone/
triethylamine (40:20:2 v/v/v) as developing solvent after derivatization
with FBS reagent; observed under white light. Tracks 1-7=CBN
standard (from left to right increasing CBN concentration: 7.5, 15, 25,
55, 85, 125, 190 ng CBN/HPTLC zone); 8 =extract (extracting agent:
methanol/hexane (10 mL, 9:1 v/v)) of real sample BT-96 spiked with
CBN-d; (62.5 ng CBN-d3/HPTLC zone)
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Table 2 Chromatographic data for CBN and observed colors of the bands using different spray reagents
Developing solvent Rg value Band color
TLC plate HPTLC plate Cerium-molybdenum FBS reagent
reagent
n-Heptane/diethyl ether/formic acid (75:25:0.3 v/v/v) 0.4 0.5 Blue None
n-Heptane/diethyl ether (90:10 v/v) - 0.2
n-Hexane/acetone/triethylamine (40:20:2 v/v/v) 0.6 0.8 Red

CBN for the whole procedure including extraction and purifi-
cation: see validation results).

Detection of CBN by spray reagents

Different spray reagents were tested to confirm the pres-
ence of CBN in the sediment samples. The cerium-
molybdenum reagent is suitable for the detection of low
CBN concentrations up to 25.0 ng CBN/HPTLC zone
using n-heptane/diethyl ether/formic acid (75:25:0.3 v/v/
v, Fig. 4), n-heptane/diethyl ether (90:10 v/v), or n-hex-
ane/acetone/triethylamine (40:20:2 v/v/v). CBN concen-
trations up to 7.5 ng CBN/HPTLC zone were detectable
with the FBS reagent using n-hexane/acetone/
triethylamine (40:20:2 v/v/v, Fig. 5). In the presence of
the examined sediment matrices, exclusively CBN reacts
under the described conditions with FBS resulting in red
bands (FBS is known as a selective detection reagent for
cannabinoids, see Fischedick et al. [21-23]). Thus, a post-
chromatographic detection with FBS reagent was found to
be appropriate as a pretest to confirm the presence of low
CBN concentrations in sediment samples.

R values of CBN obtained by developing TLC or HPTLC
plates in n-heptane/diethyl ether/formic acid (75:25:0.3 v/v/v),
n-heptane/diethyl ether (90:10 v/v), and n-hexane/acetone/
triethylamine (40:20:2 v/v/v) as well as observed colors of
the bands are summarized in Table 2.

Validation results of HPTLC-ESI-MS method

Linearity, LOD, and LOQ were evaluated for CBN after chro-
matographic separation. The results from validation are sum-
marized in Table 3 (further data see Table S1 and Fig. S1 ofthe
ESM). LOD and LOQ were considered adequate for the pur-
poses of the present study.

The developed HPTLC-ESI-MS method is specific for the
determination of CBN in sediment samples. Post-
chromatographic detection reaction with cerium-molybdenum
reagent as well as the HPTLC-ESI-MS analyses on negative
samples and real samples showed that CBN can be qualified
and quantified even in the presence of interfering matrix com-
ponents. Other related compounds being present in the complex
sediment samples did not interfere with CBN during HPTLC-
ESI-MS analyses. The method precision and the repeatability
were determined with a RSD of 4.1% and 4.3% (see Table S2

Table 3 Linearity, LOD, and
LOQ for CBN determination by

HPTLC-ESI-MS (tv, test value;
cv, characteristic value)

Key figures Results
Range (ng CBN/HPTLC zone) 25-155
2 (coefficient of determination) 0.9979
Sy (residual standard deviation) 0.034
Sx (standard deviation for the method) 1.991

Residuals are normally distributed (R/s test, 99%)
Residuals show a trend (Neumann trend test, 99%)

Equation curve

LOD (ng CBN/ HPTLC zone)
LOQ (ng CBN/ HPTLC zone)

Yes (tv=3.32; cv=2.864.34)

No (tv=2.73; cv=0.89)

y(x)=0.0172x + 0.0245

y: peak area ratio of CBN and CBN-d;

x: concentration of CBN (ng CBN/ HPTLC zone)
6.4

20.7

Results of the Mandel’s test according to DIN 32645

Optimal regression model

Linear regression acceptable

Linear (tv=0.02; cv=9.64)
Yes

@ Springer
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(ng CBN/g sediment)

(ng CBN/HPTLC zone)

core (cm)

(ca cal years BP)

Negative samples, without Cannabis pollen

<LOD
<LOD

0.3 17

44

4.7

86

164

BT-270
BT-192

580

750
Real (positive samples), containing Cannabis pollen

7.1

0.6

39

5.1

99.2

259

8.0

0.1 53
10.1

45

49
4.6
49

182
4.8

BT-174

780
880
950

165.9
171.0
196.7
348.5

42.6

0.2 22

0.1

3.7
4.8

206

BT-150

46.1

56
16

11

211

BT-145

49.4

6.0
7.6

0.2

2.8
39

2.5

236

BT-120

1000
1500
2200
2560
2720

88.8

0.4
0.3

4.8

254

BT-102

486.5

123.6
70.1

10
13

260

BT-96

271.7

5.8

0.2

0.2

23

5.0

265

BT-91

145.5

37.0

1.3
1.0

27

BT-85

54 <L0OQ

12

0.1

5.0

278

BT-78

3020
Negative sample, without Cannabis pollen

30

0.1

2.6

4.8

320

BT-36

4200

*Limited amount of sample

of the ESM), thereby classifying only one measured value as
outliner by Dixon’s test and was removed from the evaluation.
The recovery rate of CBN after sample extraction and the de-
scribed cleanup procedure (see sample extraction and prepara-
tion), determined with spiked negative samples from different
positions in the sedimentary core, ranged from 63 to 82%, with
an average recovery rate of 73% (see Table S4 of the ESM).
Furthermore, no statistical difference has been observed be-
tween the mean and the “true” values (see bias calculation
and Table S3 of the ESM). The storage stability of standard
CBN solutions (2.2 and 5.0 pg/mL) was evaluated under dif-
ferent conditions (at — 12 °C in the dark, at room temperature in
the dark, and exposed to sunlight). The tests showed that the
concentration of CBN did not decrease more than 72% after
4 weeks (see Fig. S5 of the ESM). However, CBN underwent
minor losses, maximal 84%, at a higher concentration of
5.0 pg/mL. Furthermore, no trend is discernible using a
Neumann trend test.

In addition, it is conceivable to dissolve residues before the
application onto HPTLC plates in a smaller volume of solvent
(e.g., 30 puL instead of 100 pL) for increasing the concentra-
tion of the extract. This could enable a characterization of
CBN in very low concentrations.

Thus, the method gives satisfactory results and allowed an
appropriate examination of the CBN content in sediment
samples.

Analysis of sediment samples

The quantitative determination of CBN in sediment samples
was performed by HPTLC-ESI-MS. In this context, a series of
twelve sediment samples of one core from a small lake in the
Garhwal Himalaya, referred to as Badanital lake, was ana-
lyzed in duplicate. The results as well as the sample position
in the sedimentary core and estimated ages (for age estimation
based on radiocarbon dating, see Demske et al. [15]) of the
investigated samples are summarized in Table 4. Prior to our
investigations, palynological analyses were performed (for
characteristics of the respective pollen zones (PZ), see
Demske et al. [15]), and Cannabis pollen were proven in the
sample material; these samples were categorized as real
(positive) samples. In contrast, samples holding no Cannabis
pollen were categorized as negative samples. For these nega-
tive samples, the absence of CBN was assumed. Post-
chromatographic detection reactions with FBS as well as
HPTLC-ESI-MS studies confirmed the absence of CBN or a
CBN content lower than 6.4 ng CBN/HPTLC zone (LOD),
i.e., 25.6 ng CBN/g sediment.

Furthermore, C and N contents were determined to esti-
mate the content of organic matter of the sample material as
well as the C/N ratios of organic matter. For investigated sed-
iment samples, C contents correspond approximately to the
total organic carbon (TOC) concentration due to pH values
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Fig. 6 HPTLC chromatogram of
(1) CBN standard (190 ng CBN/ A
HPTLC zone) and (2) an extract
of real sample BT-102 spiked
with CBN-d; (62.5 ng CBN-d;/
HPTLC zone) as well as a related
MS spectrum (HPTLC silica gel
60 plate developed in n-heptane/
diethyl ether (90:10 v/v); ob-
served with an UV light source at
254 nm; extracting agent:
methanol/hexane (10 mL, 9:1 v/
v); after an orthogonal SPE sam-
ple preparation)

Intensity (%)

N
o

309

330 340

between 4.6 and 5.0 and the resulting absence of carbonate
carbon. With C contents mostly between 3 and 4%, studied
samples were rather rich in organic matter. Measured loss on
ignition values at 550 °C (LOlssy), as a further parameter for
estimating the organic content of the sediment samples (see
Heiri et al. [19]), confirmed this finding. C/N ratios of 20 and
greater indicating organic matter rather from vascular land
plants than from phytoplankton (see Meyers and Teranes
[24]) and match with findings of Demske et al. [15] (admix-
tures of plant fragments and woody material were described).
C/N values of 813 point to organic matter from phytoplank-
ton or a nearly equal mixture of algal and vascular plant con-
tributions. For further geochemical parameters of sediment
samples from Badanital lake or discussions concerning past
vegetation or climatic changes, see Demske et al. and Kotlia
and Joshi [15, 18].

The CBN content of the investigated real samples varied
between 99.2 and 486.5 ng CBN/g sediment with a maximum
content in PZ 4 at a depth of 260 cm. A characteristic HPTLC
chromatogram of an extract and the corresponding MS spec-
trum is shown in Fig. 6. The data set indicates a correlation
with the pollen records of Demske et al. [15]. A high pollen
concentration of Cannabis type was also found in PZ 3 (293—
262 cm; approximately 1620480 BC) and 4 (262-209 cm;
approximately 480 BC-1050 AD), followed by a decreasing
contribution of Cannabis type in PZ 5 (209-173 cm; approx-
imately 1050-1160 AD). The high percentages of Cannabis
pollen were interpreted as an indicator of water retting of
hemp and the confidential interval of intense retting at
Badanital was dated from approximately 480 BC to
1050 AD. This hypothesis is largely corroborated by the re-
cord of sedimentary CBN. However, a systematic analysis of
sediment core samples from Badanital lake is needed for a
detailed discussion of the CBN content with regard to ancient
retting activities. This remains the goal of additional investi-
gations to be performed in the future.

Conclusion

In this paper, we report on the application of HPTLC-ESI-MS
to identify and quantify the cannabinoid CBN, an unequivocal
molecular biomarker for the Cannabis species and conse-
quently a tracer for ancient water retting of Cannabis in sed-
iment samples. In the course of method development, planar
chromatographic separation, sample extraction, and the sub-
sequent cleanup procedure, using an orthogonal SPE sample
preparation, were optimized. To evaluate the potential of this
method, parameter such as LOD, LOQ, linearity, recovery
rate, method precision, and storage stability were determined.
The validated method showed a satisfactory overall analytical
performance and determined CBN contents of sediment sam-
ples from a small lake in Northern India match very well with
pollen records reported in previous studies. In addition, differ-
ent spray reagents for a post-chromatographic detection of
CBN were tested. FBS reagent enables, under the selected
conditions, a sensitive and specific detection of CBN in sed-
iment samples.

In conclusion, HPTLC-ESI-MS is a relatively simple, rapid
method enabling a high-throughput and low-cost screening of
complex and challenging sediment samples as a natural archive
for environmental changes and human activities. Considering the
still fragmentary knowledge on ancient retting sites and fact that
pollen records reflect the presence of Cannabis, however, not
really the retting of Cannabis, this method is a promising ap-
proach to track more specifically the retting processes for
reconstructing the Cannabis retting history.
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Fig. S1 Calibration curve obtained from CBN in the range 25 — 155 ng CBN/HPTLC zone with 62,5 ng CBN-ds/HPTLC zone

after chromatographic separation

Tab. S1 CBN concentration of calibration solutions and related average peak area ratios of CBN (sum of mass peaks at m/z
309 and 354) and CBN-ds (sum of mass peaks at m/z 312 and 357) received from analyses on calibration solutions in
triplicate (25 - 155 ng CBN/HPTLC zone; 62,5 ng CBN-ds/HPTLC zone) after chromatographic separation

ccen (ng CBN/HPTLC zone)

Average peak area ratio
(3 m/z 309+354)/(3 m/z 312+357)

25
35
45
55
65
75
85
95
105
115
125
135
145
155

0.4534
0.6139
0.7816
0.9831
1.1609
1.3379
1.4685
1.7203
1.7835
1.9735
2.1344
2.4072
2.5084
2.6911




Tab. S2 Data set for experiments concerning the precision

Repeatability (n = 24; measured value classified as outliner by Dixon's test was rejected)

Key figure Result
Mean (ng CBN/HPTLC zone) 88.76
SD (standard deviation in ng CBN/HPTLC zone) 3.82
RSD (relative standard deviation in %) 4.30
Results of Neumann trend test
Test value 30.80
Characteristic value (99 %) 1.11

No trend was observed with a statistical safety of 99 %

Method precision using sediment sample BT-78 (n = 6; no measured value was classified as
outliner by Dixon's test)

Key figure Result
Mean (ng CBN/HPTLC zone) 131.90
SD (standard deviation in ng CBN/HPTLC zone) 5.36
RSD (relative standard deviation in %) 4.06
Results of Neumann trend test
Test value 2.69
Characteristic value (99 %) 0.58

No trend was observed with a statistical safety of 99 %

Tab. S3 Data set for experiments concerning the trueness

Bias calculation with sediment sample BT-102
(spiked with CBN 100 pL, 5.4 ug/ml, i.e. 135 ng CBN/HPTLC zone; average CBN content of the
untreated sediment sample: 88.8 ng CBN/HPTLC zone)

Key figure Result
Mean (ng CBN/HPTLC zone) 237.89
True concentration (ng CBN/HPTLC zone) 223.8
Bias (ng CBN/HPTLC zone) 14.09
Results of Student’s t-test
SD (standard deviation in ng CBN/HPTLC zone) 15.85
Test value 1.54
Critical value [t(2;0.99)] 9.93

no statistical difference between the mean and the “true” values

Bias calculation with sediment sample BT-145
(spiked with CBN 100 pL, 1.8 pg/ml, i.e. 45 ng CBN/HPTLC zone; average CBN content of the
untreated sediment sample: 46.1 ng CBN/HPTLC zone)

Key figure Result
Mean (ng CBN/HPTLC zone) 104.83
True concentration (ng CBN/HPTLC zone) 91.1
Bias (ng CBN/HPTLC zone) 13.73
Results of Student’s t-test
SD (standard deviation in ng CBN/HPTLC zone) 2.90
Test value 8.20
Critical value [t(2;0.99)] 9.93

no statistical difference between the mean and the “true” values




Tab. S4 Recovery of the method determined using negative samples spiked with CBN and characteristics of these samples

(62,5 ng CBN-d3/HPTLC zone). Two aliquotes of each sediment sample were used for calculation

Estimated Sample ID Depth in Calculated CBN Calculated Target Recovery (%)
ages (ca cal sedimentary core  content CBN content content of
yrs BP) (cm) (ng CBN/HPTLC  (ng CBN/g CBN(ng
zone sediment) CBN/g
sediment)
380 BT-270.1 86 64.6 249.3 328.2 76
BT-270.2 66.1 256.4 329.8 78
730 BT-192.1 164 42.8 170.1 248.8 68
BT-192.2 44.8 174.6 239.9 72
4250 BT-36.1 320 22.1* 87.9 139.2 63
BT-36.2 28.6 113.7 139.0 82

* below lowest concentration used for calibration; however above LOQ

Tab. S5 Data set for experiments concerning the storage stability of CBN standard solutions (n = 11)

Key figure Result

2.2 ug/mL, RT, light

Mean (% initial CBN concentration) 98.26

SD (standard deviation in % initial CBN concentration) 8.31
Results of Neumann trend test

Test value 1.97

Characteristic value (99 %) 0.7915

No trend was observed with a statistical safety of 99 %

2.2 ug/mL, RT, dark

Mean (% initial CBN concentration) 85.97

SD (standard deviation in % initial CBN concentration) 8.68
Results of Neumann trend test

Test value 1.84

Characteristic value (99 %) 0.7915

No trend was observed with a statistical safety of 99 %

2.2 pg/mL, -12 °C, dark

Mean (% initial CBN concentration) 91.04

SD (standard deviation in % initial CBN concentration) 7.94
Results of Neumann trend test

Test value 1.45

Characteristic value (99 %) 0.7915

No trend was observed with a statistical safety of 99 %

5.0 pg/mL, RT, light

Mean (% initial CBN concentration) 103.48

SD (standard deviation in % initial CBN concentration) 6.17
Results of Neumann trend test

Test value 1.62

Characteristic value (99 %) 0.7915

No trend was observed with a statistical safety of 99 %

5.0 ug/mL, RT, dark

Mean (% initial CBN concentration) 104.39

SD (standard deviation in % initial CBN concentration) 9.12
Results of Neumann trend test

Test value 1.73

Characteristic value (99 %) 0.7915

No trend was observed with a statistical safety of 99 %

5.0 pg/mL, -12 °C, dark

Mean (% initial CBN concentration) 97.76

SD (standard deviation in % initial CBN concentration) 9.14
Results of Neumann trend test

Test value 2.07

Characteristic value (99 %) 0.7915

No trend was observed with a statistical safety of 99 %
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Fig. S2 MS spectrum of a mixture of CBN and CBN-d3 spotted onto a HPTLC silica gel 60 plate recorded (a) immediately after
chromatographic separation and (b) after 3 h [developing solvent: n-heptane/diethyl ether (90:10 v/v)]
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Fig. S3 MS spectrum of (a) CBD and (b) CBD-ds spotted onto a HPTLC silica gel 60 plate using n-heptane/diethyl ether (90:10
v/v)] as developing solvent

Fig. S4 TLC silica gel 60 plates developed using (a) n-heptane/diethyl ether/formic acid (75:25:0.3 v/v/v) and (b) n-
hexane/acetone/triethylamine (40:20:2 v/v/v) as developing solvent; observed with an UV light source at 254 nm. Tracks: 1
= CBN standard (62,5ng CBN/TLC zone; 125 ng CBN-d3/TLC zone); 2 = diluted extract [extracting agent:
dichloromethane/methanol (1:1 v/v); without a SPE sample preparation] of negative sample BT-270 spiked with CBN (62.5
ng CBN/TLC zone; 125 ng CBN-d3/HPTLC zone); 3 = CBN standard (125 ng CBN/TLC zone; 125 ng CBN-d3/TLC zone)
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ARTICLE INFO ABSTRACT

Keywords: Cannabis is one of the oldest cultivated plant, which has been used by humankind for thousands of years due to
CBD oils its biological properties and a wide range of applications. In total, hemp plants contain over 500 different
Cannabidiol ) substances while the characteristic components are the cannabinoids. The most important cannabinoids are
Zzgjrgf;;?:"abm] (—)—Ag-tmns—tetrahydrocannabinol (AS-THC), cannabidiol (CBD), and cannabinol (CBN — the latter being an
Cannabis oxidation product resulting from A°-THC). In the course of recent years, a paradigm shift has taken place with
HPTLC regard to the use of products and ingredients derived from hemp, especially CBD. Thus, an ever-increasing

number of products containing CBD are on the market; this ranges from classic CBD oil to CBD chewing gum
and even CBD shampoo. Despite an increasing presence of these products in the market, the regulation of
cannabinoids in these products is very inconsistent in different countries, except for A°-THC whose limit is 0.2%
for many products and many countries. The enormous abundance of CBD-containing products calls for the
development of new analytical techniques that allow a reliable and quick determination of the main cannabi-
noids usually found in hemp. This seems all the more necessary since previous examinations of CBD oils often
revealed a difference between the declared amount and the actual content of the ingredients. Many methods
usually applied to determine cannabinoids are rather time-consuming and associated with high costs. In this
study, we developed and validated a sensitive, simple, reliable as well as fast method for the determination of
CBN, CBD and A°-THC in commercially available CBD oils using high-performance thin-layer chromatography
(HPTLC) combined with electrospray ionization mass spectrometry (ESI-MS). Thus, for this method, a recovery
rate of > 90% was determined. This procedure enables both qualitative and quantitative analyses of CBN, CBD
and A°-THC in CBD oils of different matrices such as hempseed oil, olive oil or sunflower oil. Thus, this method is
a helpful and fast tool to investigate a broad variety of commercially available CBD oils.

1. Introduction

Several CBD (cannabidiol)-based products obtained from flowers
and leaves of hemp varieties are distributed in the different retail sec-
tors, such as shops selling items of daily use, “hemp” shops and in
internet shops. The products are marketed in a variety of forms, such as
oils, balms, capsules, sprays and even as foodstuffs like gummy bears or
chewing gums. CBD oils are prepared from the concentrated solvent
extracts made from cannabis flowers or leaves, that have been diluted
with edible oils such as olive, sunflower or hemp seed oil. For extraction,
organic solvents (e.g. ethanol and isopropyl alcohol) or supercritical

fluids (COy) are exploited [1]. Besides CBD, phyto-cannabinoids such as
A°-THC [(—)—Ag—ﬂans—tetrahydrocannabinol] and other plant compo-
nents are co-extracted. As a consequence, varying amounts of these
compounds are found in CBD oils; their amount depends on the used
hemp variety, the cultivation conditions of the hemp plants, the
extraction procedure and the subsequent treatment of the extracts [1-3].
Previous studies reported on an inaccurate labeling of some CBD-based
products sold online regarding their CBD and A°-THC content because of
a lack of specific regulations for the manufacturing process or due to
missing quality standards [4,5]. For instance, a study from the USA
revealed — with respect to CBD — approximately 25% of the examined
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oils were under-labeled, 30% were over-labeled and only 45% were
accurately labeled [5]. Furthermore, A°-THC was detected up to a
concentration of 6.43 mg/mL for approximately 21% of the tested CBD
products (oils, tinctures and vaporization liquids). These findings agree
with studies of the US Food and Drug Administration and have triggered
warning letters to several businesses [4]. Inaccurate labeling of some
CBD or cannabis oils concerning the CBD and A°-THG content was also
proven for products from the European market [1,6]. Relatively high A°-
THC contents of some products, however, are of concern because of the
psychotropic properties of A°-THC and several adverse effects of orally
administered A°-THC such as nausea, vomiting, panic, paranoid re-
actions and probably tachycardia as well as hypotension [7]. Some case
reports of consumers described A%-THG-like side effects after the con-
sumption of CBD products [6,8]. Studies of Lachenmeier et al. revealed
that some CBD oils and CBD oil supplements exceed the A°-THC LOAEL
(lowest observed adverse effect level) of 2.5 mg A°-THC per day and
were assessed as harmful to health [6]. In contrast to A°-THC, CBD is not
a controlled substance in the European Union since this compound is not
psychoactive. It is an anticonvulsant, neuroprotective antioxidant,
analgesic and anti-nausea active molecule [9] and may be a useful
treatment for a number of medical conditions [10]. However, there is
only a pre-clinical evidence for most indications, with the exception of
the treatment of two rare, severe forms of childhood-onset epilepsy.
Since 2019, the CBD-based medicinal product Epidyolex is approved in
the European Union for the treatment of these forms of childhood-onset
epilepsy [11].

CDB oils are available in internet shops, drug stores or organic shops;
they are marketed as sleeping aids, for pain relief or for stress reduction.
However, dubious advertising texts representing CBD based products as
some kind of “miracle cures” can also be found on some websites, e.g. for
self-medicating of cancer [4,6].

Usually, chromatographic methods such as (U)HPLC [(ultra) high
performance liquid chromatography] or gas chromatography (GC) are
used for the detection and determination of cannabinoids in oil samples
[5,6,12-15]. Furthermore, high-performance thin-layer chromatog-
raphy (HPTLC) analysis of commercially available cannabis oils
applying RP-18 HPTLC plates and 100% acetonitrile as developing sol-
vent, were described by Yotoriyama et al. [15]. Here cannabinoids such
as CBD and A°-THC were detected by a post-chromatographic detection
reaction with FBS (Fast Blue Salt B) reagent. However, due to the low
detection sensitivity, no cannabinoid was detected in extracts from
examined oils.

In this study, we report on the development and validation of a
HPTLC-ESI-MS (electrospray ionization mass spectrometry) method for
the identification and quantification of CBD, A°-THC and CBN (canna-
binol) in CBD oils purchased from different internet shops, enabling a
fast and accurate high-throughput screening of CBD oils based on olive,
sunflower or hemp seed oil matrices. CBN is one of the most important
degradation products of CBD and A°-THC found in Cannabis oils
exposed to air, and light during storage [16].

2. Results and discussion

2.1. Development of a fast HPTLC-ESI-MS method for the identification
and quantification of the three main cannabinoids (CBN, CBD, A°-THC)
in commercially available CBD oils

The content of CBN, CBD and AS-THC of commercially available CBD
oils, purchased from internet shops, was determined by a combination of
planar chromatography via HPTLC and ESI-MS. The examined CBD oils
are mixtures of hemp seed extracts and a carrier oil, for exmple hemp
seed oil, sunflower oil or olive oil; as a consequence, the matrix of the
oils differs depending on the individual carrier oil. In addition to the
three main cannabinoids, other ingredients were also detected in the
oils, such as cannabidiolic acid (CBDA, m/z 357) or Ag-tetrahy-
drocannabinolic acid (AQ—THCA, m/z 357), which can also have an
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impact on the subsequent analysis. For full MS spectra of some CBD oil
samples see Supplementary Material Fig. 1. Besides the peak of CBD and
A°-THC, which can not be distinguished by direct infusion (because they
have the same molecular weight) there are only a few more signals —
depending on the carrier oil. During the first extraction tests it could
estrablished that for the given concentration of CBD in the oils, a higher
dilution is required to allow a simple and rapid detection of CBN, CBD
and A°-THC using HPTLG-ESI-MS. If the concentration of CBD on the
HPTLC plate is too high, other spots will overlap, making it thus
impossible to determine a specific analyte with HPTLC-ESI-MS. For
analyses, CBD oils were diluted with n-hexane. The dilution factor of
CBD oil/n-hexane (0.1:100, w/v) enables a satisfactory resolution as
well as a separation of the cannabinoids using HPTLC plates and due to
the high dilution - no interfering matrix components were detected (see
Fig. 1).

Thus, an elimination of matrix compounds, e.g. by a SPE (solid-phase
extraction) sample preparation, is not necessary. CBD oil/n-hexane
mixtures were spotted onto HPTLC plates, these plates were developed
using n-hexane/diethyl ether (80:20 v/v) [17] and the HPTLC zones
were analyzed by ESI-MS (MS scan range m/z 200-400). For optimiza-
tion of the chromatographic separation, different solvents were tested.
The cannabinoids were nicely separated, for example with n-hexane/
acetone/triethylamine (40:20:2 v/v/v) [18], n-heptane/diethyl ether/
formic acid (40:20:0.3 v/v/v) [19] or cyclohexane/isopropyl ether/
triethyl amine (52:40:8 v/v/v) [20]. Many elution systems gave no clean
separation of the cannabinoids or even, no separation at all. An excellent
separation, however, showing the largest distance between the bands of
CBN, GBD and A°-THC gave a mixture of n-hexane/diethyl ether (80:20
v/v) (see Fig. 2). For an unambiguous determination of CBD and A°-THC
by HPTLC-ESI-MS, an adequate separation of these isomers — with
respect to the size and dimensions of the elution head - is mandatory.

Also, different ratios of n-hexane/diethyl ether were tested (60:40 v/
v; 75:25 v/v; 85:15 v/v; 90:10 v/v). However, an appropriate resolution
between the analyte bands enabling the determination of CBD and A°-
THC contents in oils by HPTLC-MS was only achieved using n-hexane/
diethyl ether with a ratio of 80:20 v/v as developing solvent (Table 1).
Thus, an influence of the individual spots among each other and their

CBD
A3-THC
CBN .

Fig. 1. Chromatographic separation of CBD oil/n-hexane (0.1:100 w/v) with n-
hexane/diethyl ether (80:20 v/v) [spot 1 and 5: 250 ng cannabinoid standard

(CBN, CBD, A®-THC)/HPTLC zone; spot 2: CBD-Oil-1; spot 3: CBD-0il-5; spot 4:
CBD-0il-7]; detection of the analyte bands with FBS reagent.
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CBD
A®-THC
CBN ®

A ] B c
Fig. 2. Optimization of the chromatographic separation of a cannabinoid
standard solution (CBN, CBD, A°-THC) employing different elution solvents; A:
n-hexane/diethylether (80:20 v/v); B: n-hexane/acetone/triethylamine
(40:20:2 v/v/v); C: n-heptane/diethylether/formic acid (40:20:0.3 v/v/v);
detection of the analyte bands with FBS reagent.

Table 1

Retention factors (rf) of CBN, CBD and A°-THC after separation with different
ratios of n-hexane/diethyl ether as developing solvent and color of the canna-
binoid bands after detection with FBS spray reagent.

Ratio of n-hexane/diethyl ether rfepn rfcep rfag-HC
60:40 v/v 0.73 0.81 0.77
75: 25 v/v 0.77 0.86 0.84
80:20 v/v 0.53 0.71 0.63
85:15 v/v 0.68 0.81 0.74
90:10 v/v 0.88 0.93 0.98
Color of cannabinoid band Magenta Orange Red

content determination can be excluded.

Deuterated cannabinoids were used for quantification of the
analyzed cannabinoid content evaluating peak area ratios (peak area of
non-deuterated cannabinoid to peak area of deuterated cannabinoid).
Mass spectra of standards eluted from HPTLC silica gel 60 plates show
for each analyzed cannabinoid intense peaks which can assigned to the
quasi-molecular ions [M—H]" of the non-deuterated and deuterated
cannabinoids (CBN/CBN-d3: m/z 309 and 312; CBD/CBD-d3: m/z 313
and 316; A°-THC/A°-THC-d3: m/z 313 and 316). Furthermore, extra
mass peaks were observed for working solutions of CBN, CBD and A°-
THC spotted onto HPTLC plates (CBN/CBN-ds: m/z 354 and 356; CBD/
CBD-d3: m/z 327, 358 and 330, 361; A%-THC/A%-THC-d3: m/z 345, 358
and 348, 361; see Fig. 3. This observation is also known from previous
investigations [21]. The signals appear after the application of the
cannabinoid standards onto the HPTLC plate, but they are not detectable
in fresh or aged methanolic working solutions or by measurements of the
silica gel of the HPTLC plate. It was also observed that the more time
elapsed between development of the chromatogram and the measure-
ment by HPTLC-ESI-MS, the higher the proportion of the extra mass
peaks. For this reason, it was possible to exclude the possibility that
these signals were impurities from the solvents or from the HPTLC
plates. Also, comprehensive TLC and HRMS studies on CBN and CBN-d3
indicated that theses peaks point to the presence of transient adducts
with silica gel from the HPTLC plates. Experiments with CBD and CBD-
ds also indicate a formation of adduct ions. Thus, additional peaks (see
above) were included in the quantitative determination of CBN, CBD
and A°-THC. Furthermore, investigations were performed immediately
after chromatographic separation because of the increasing peak in-
tensities in the ESI-MS of the additional peaks with advancing time.
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Fig. 3. MS spectrum of (a) CBN, (b) CBD and (c) A°-THC spotted onto a HPTLC
silica gel 60 plate recorded immediately after chromatographic separation
using n-hexane/diethyl ether (80:20 v/v) as developing solvent and the struc-
ture of each analyzed cannabinoid.

2.2. Detection for HPTLC spots of CBN, CBD and A°-THC

The detection of the cannabinoid spots with the light of an UV lamp
(A =254 nm) is of limited value since only the CBN spot can be detected.
Other wavelengths could not be observed due to the incorporated
fluorescence indicator (Amax = 254 nm) on the HPTLC plates. For CBD
and A®-THC, other detection methods have to be used in order to
determine the spot area for the HPTLC-ESI-MS measurements. Thereby,
an unambiguous detection of the individual spots is necessary since the
spots must be marked. Subsequent, only the marked spots were extrac-
ted with methanol (by the elution head of the plate express unit), and the
analytes were guided to the ESI-MS source. To establish the different UV
absorption of the cannabinoids, their respective UV spectra were
determined.

The cannabinoids showed two main absorption bands in methanol in
the UV range from 200 to 350 nm (Fig. 4). At the natural neutral pH
value being present in the methanolic solutions, it can be assumed that
only the completely protonated compounds are present. The pK, of A°-
THCis 10.6 [22], therefore two pH units below this ensures that only the
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Fig. 4. Absorption spectra of CBN (orange), CBD (green) and A°-THC (blue) in
methanol (10 ug / ml), the wavelength of the UV lamp at 254 nm used for the
HPTLC spot detection is indicated by a violet arrow; Inset: HPTLC plate with
Fas4 fluorescence indicator with spots of CBN, CBD and THC (diameter 1.5 mm,
dissolved in methanol and air-dried) with amounts of 10, 20, 120, 200 and 500
ng cannabinoid per spot under 245 nm light, darkened points indicate a suffi-
cient amount of cannabinoid for visual detection. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)

neutral form exists. In the case of CBN and CBD, no experimental pK,
values are available in the literature, but they should still be >9, based
on a comparison with the core structure resorcinol (pK, = 9.32 [23]).
This is also supported by computational pK, calculations for the two
compounds [24]. Additionally, the presence of CBD in a single proton-
ation state, is underlined by the fact that the absorption spectra between
A°-THC and CBD are remarkably similar both in the location of the
absorption bands and in the extinction coefficient. The cyclization
obviously has no influence on the absorption of the cannabinoids. The
absorption band at 280 nm is characteristic of the phenolic core struc-
ture and shows the HOMO-LUMO © — n* transition [24,25]. A°-THC has
two poorly separated maxima at 276 and 283 nm and CBD some at 274
and 281 nm. In addition, a clearly more intense band with maxima at
209 nm for A°-THC and CBD exists. However, the absorption spectrum
of CBN differs significantly from the other two. CBN shows a pronounced
band with a maximum at 285 nm and a shoulder at 298 nm and an
extinction coefficient at 280 nm that is about 15 times higher than that
of the other two derivatives. The reason for this is the additional
conjugation via the second aromatic ring in CBN. The second major
absorption band has a maximum at 221 nm. The high extinction coef-
ficient of the CBN at 254 nm (254 = 3800 M~ cm ™) enables easy visual
detection of the CBN spots on the HPTLC plate using a standard 254 nm
UV lamp. This is particularly important because, in contrast to spray
reagents, non-destructive direct detection is possible here. The inset in
Fig. 4 shows an HPTLC plate with Fys4 fluorescence indicator and spots
of CBN, CBD and A°-THC (diameter 1.5 mm, dissolved in methanol and
air-dried) with amounts of 10, 20, 120, 200 and 500 ng cannabinoid per
spot under 245 nm light. Even 20 ng of CBN can be clearly recognized as
darkened spots. In the case of A°>-THC and CBD, this visual detection is
only possible with significantly larger quantities above 120 ng due to the
small extinction coefficients with e954 < 360 M~'em™L

After the elution of the analyte bands with n-hexane/diethyl ether
(80:20 v/v), the visual detection limit of CBD and AS-THC was signifi-
cantly decreased thus not allowing a visual inspection of the individual
spots (see Fig. 5).

Based on these results, a spray reagent was needed to optimally mark
the analyte zones for the elution head so that the analytes could be
measured with as little loss as possible.

For the detection of cannabinoids, different spray reagents were
tested, and the FBS reagent showed the best results. From literature, the
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Fig. 5. Cannabinoid standard solution (CBN, CBD, A°-THC) after chromato-
graphic separation with n-hexane/diethyl ether (80:20 v/v); A: detection of the
analyte bands with UV light by 254 nm; B: detection of the analyte bands with
FBS reagent.

FBS reagent is known as a selective and sensitive detection reagent for
the post-chromatographic detection of cannabinoids such as CBN, CBD
and A°-THC [21,26-28]. After staining with FBS reagent, differently
colored cannabinoid bands were observed (see Table 1). As described in
a previous study of Hazekamp et al. [27], FBS reagent is more sensitive
for the detection of cannabinoid bands than UV-detection at A = 254 nm.
This is particularly relevant for CBD and A°-THC, because low concen-
trations of these compounds, spotted onto HPTLC plates, are not
detectable under UV light at A = 254 nm (see above). Thus, FBS reagent
is a suitable complement for the detection of cannabinoids by ESI-MS.

2.3. Validation results of HPTLC-ESI-MS method

Linearity, LOD and LOQ of the HPTLC-ESI-MS method were evalu-
ated after chromatographic separation. Furthermore, these parameters
were assessed after direct infusion ESI-MS. The results from the vali-
dation are summarized in Table 2 (further data see Supplementary
Material, Tables 1-7 and Figs. 2-7). LOD and LOQ were considered
adequate for the purposes of the present study.

Examined CBD oils were diluted with olive, sunflower and hemp seed
oils during the manufacturing process. Thus, these edible oils were used
for the determination of validation parameters such recovery rates, bias
and method precision.

The developed HPTLC-ESI-MS method is specific for the determi-
nation of CBN, CBD and A°-THC in examined CBD oils. The post-
chromatographic detection with FBS reagent and the HPTLC-ESI-MS
analyses of olive oil, sunflower oil, hemp seed oil and CBD oil samples
showed that the analyzed cannabinoids (CBN, CBD, A°-THC) can be
qualified and quantified in the presence of matrix components. Other
related compounds being present in examined CBD oils did not interfere
with CBN CBD and A°-THC during HPTLC-ESI-MS analyses. Also, the
system precision and the method precision were determined with a RSD
of 4.8% and 6.8% for CBN, 4.0% and 4.3% for CBD as well as 9.6% and
7.0% for A°-THC (see Supplementary Material, Tables 8-12). For
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Table 2
Linearity, LOD, and LOQ for CBN, CBD and A°-THC determination by HPTLC-ESI-MS (tv...test value; cv...characteristic value).
Key figures Results
CBN CBD A°-THC
Range (ng/HPTLC zone) 25-160 50-500 35-160
2 (coefficient of 0.9982 0.9962 0.9931
determination)
Sy (residual standard 0.105 0.038 0.039
deviation)
Sx (standard deviation for 7.790 9.960 3.809

the method)

Residuals are normally
distributed (R/s test,
99%)

Residuals show a trend
(Neumann trend test,
99%)

Equation curve

LOD (ng/ HPTLC zone)
LOQ (ng/ HPTLC zone)

Yes (tv = 3.58; cv = 2.51-3.87)

No (tv = 1.79; cv = 0.75)

y(x) = 0.0127x — 0.0086y: peak area ratio of
CBN and CBN-dzx: concentration of CBN (ng
CBN/ HPTLC zone)

3.6

16.6

Yes (tv = 3.49; cv = 2.51-3.87)

No (tv = 1.93; cv = 0.75)

y(x) = 0.0038x + 0.0295y: peak area ratio of
CBD and CBD-dsx: concentration of CBD (ng
CBD/ HPTLC zone)

16.6

38.9

Yes (tv = 3.22; cv = 2.51 - 3.87)

No (cv = 3.06; cv = 0.75)

y(x) = 0.0103x — 0.0278y: peak area ratio of A°-
THC and A°-THG-dsx: concentration of A°-THC
(ng A°-THC/HPTLC zone)

7.0

29.3

Results of the Mandel’s test according to DIN 32,645

Optimal regression model Linear (tv = 1.79; cv = 0.75)

Linear regression Yes Yes
acceptable

Linear (tv = 0.61; cv = 12.24)

Linear (tv = 0.12; cv = 12.24)
Yes

measured values of precision, no trend was observed and the two
measured values, which were classified as outliner by Dixon’s test, were
removed from the evaluation. Recovery rates of the cannabinoids after
sample preparation were determined with samples of olive oil, sun-
flower oil and hemp seed oil in triplicate at two different concentration
levels. The recovery rate of CBN range from 77.6% to 98.4% (average
recovery rate of 89.5%), CBD from 81.4% to 99.7% (average recovery
rate of 89.4%) and A°-THC from 79.5% to 101.3% (average recovery
rate of 92.8%). The recovery rates of CBN, CBD and A°-THC for oil
samples spiked with analytes before picking an aliquot for subsequently
dilution with n-hexane are 96.2% for CBN, 87.0% for CBD and 98.1% for
A°-THC. No statistical difference has been observed between the mean
and the “true” values (see Supplementary Material, Tables 16-18).
Furthermore, the recovery rates of CBD, A°-THC and CBN for the above-
described spiking experiments (see recovery) were very similar (see
Supplementary Material, Tables 13-15). The storage stability of
cannabinoid standard solutions was evaluated under different condi-
tions (at-12 °C in the dark, at room temperature in the dark and exposed
to sunlight). In a previous work the stability of CBN standard solution
over a period of four weeks was evaluated and no trend was observed
[21]. For this work, the stability of CBN, CBD and A°-THC were observed
over a period of six months. The tests showed that the deviation for the
concentration of CBN is not higher than 81%, for CBD the measured
concentration does not exceed 65% of the initial concentration, and for
AS-THC the concentration did not decrease more than 76% (for dia-
grams see Supplementary Material Figs. 8-10). By using a Neumann
trend test, no trend was observed and no measured value was identified
as outlier by Dixion’s test. Furthermore, it was evident that over a period
of six months the measured concentration of all analyzed cannabinoids
decreased more when the standard solutions were stored at room tem-
perature exposed to sunlight, as compared to their storage at room
temperature in the dark or at —12 °C in the dark. Based on these results
and the maximum average change of the concentration related to the
initial concentration for CBN (3% for 2 ug/mL and 4 pug/mL), CBD (4%
for 2 ug/mL; 1% for 4 ug/mL) and A°-THC (2% for 2 pg/mL; 3% for 4 ug/
mL), it can be concluded that the standard solutions are stable over a
long period when they were stored at —12 °C in the dark.

In summary, the method gives satisfactory results and enables a
sensitive as well as selective, fast and simple determination of CBN, CBD
and A°-THC contents in commercially available CBD oils.

2.4. Analysis of CBD oils

The quantitative determination of the main cannabinoids CBN, CBD
and A®-THC in commercially available CBD oils was performed by
HPTLC-ESI-MS. Therefore, fifteen commercially available CBD oils were
analyzed each in triplicate. The results of the determination of CBN, CBD
and A°-THC of these samples were summarized as average amount in
Table 3. Commercially available and for household use declared olive
oil, sunflower oil and hempseed oil were used as negative samples. Post-
chromatographic detection reactions with FBS as well as HPTLC-ESI-MS
studies confirmed the absence of CBN, CBD and A°-THC content in these
negative oil samples.

CBN is a degradation product from the oxidation process from A°-
THC, and the detection of CBN is a good evidence for oxidation during
the extraction or inadequate storage condition, so the quality of the CBD
oil can be evaluated. In all analyzed oil samples, the content of CBN was
determined under LOD (3.6 ng CBN/HPTLC zone) or was not measur-
able. Just in case of CBD-Oil-14 the CBN content was over limit of
detection but far below under limit of quantification, which also does
not allow to make a conclusion about the CBN content in the analyzed
CBD oil. For this reason, the CBN content is not listed in the subsequent
table.

The triplicate test results of the CBD and A°-THC content were
averaged and are reported by weight percentage. The variation of CBD
in the analyzed CBD oil samples is between 1.2 and 11.3%. The declared
CBD content of each CBD oil is summarized in Table 3, which varied
between 1.8 and 33.0%. The analyzed CBD content from CBD-Oil-1 to
CBD-0il-4 is — except to a difference of maximal 0.4% - similar to the
declared CBD content. For CBD-0il-9 there is a difference of 0.6% be-
tween the determined and advertised CBD content, but for the CBD oils
7, 8, 10, 14 and 15 there was just an insignificant difference of 0.1%
between the measured and declared CBD content. The CBD amount of
CBD-0il-5 was determined with 11.3%, but the declared CBD content
was only 10% and was the highest determined deviation with 1.3%.
Most of the determined CBD amounts were over the declared CBD
content, with some exceptions. For example, CBD-0il-6 showed a dif-
ference of 1.1% and in CBD-Oil-11 to 13 there was no CBD measurable
or detectable at all.

The obtained results from A°-THC content show that 12 out of 15
CBD oils contain A°-THG; this finding is important to note due to its
potential of intoxicating activity [13]. The A%-THC content was mainly
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Table 3
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Declared CBD contents in weight percent (% w/w), oil matrices (O...olive oil; S...sunflower oil; H...hempseed oil), average CBD and A°-THC content in the analyzed
CBD oil samples in ng/HPTLC zone and in weight percent (% w/w) as well as in pg/g and countries of product origin of the examined CBD oils. Analyses of the CBD and
A°-THC content including the described preparation and separation procedure were performed in triplicate (LOD...limit of detection; LOQ...limit of quantification).

Declared CBD Average CBD content Average CBD

Determined CBD

Average A°-THC content  Determined THC Product origin

content (% w/w) (ng CBD/HPTLC zone) content (ug/g) content (% w/w) (ng A°-THC /HPTLC content (% w/w)
zone)

CBD- O 5 204.7 52721.2 <LOQ - Switzerland
Oil-1

CBD- o 25 95.3 26697.3 <LOQ - Switzerland
Oil-2

CBD- O 5 190.7 53891.1 <LOQ - Germany
Oil-3

CBD- S 5 171.9 51057.7 <LOQ - Switzerland
Oil-4

CBD- S 10 385.4 113414.3 11.3 45.2 1.3 Switzerland
0il-5

CBD- H 5 146.4 39436.1 <LOQ - Germany
0il-6

CBD- H 10 374.5 100635.6 10.1 30.4 0.8 Austria
Oil-7

CBD- H 5 170.7 49189.3 <LOQ - Austria
0il-8

CBD- H 18 40.0 11786.2 <LOQ - USA
0il-9

CBD- H 5 161.6 50105.7 <LOQ - Germany
Oil-
10

CBD- H 36 <LOD - <LOD - China
Oil-
11

CBD- H 16 <LOD - <LOD - New Zealand
Oil-
12

CBD- H 33 <LOD - <LOD - United
QOil- Kingdom (UK)
13

CBD- H 5 181.5 49173.2 <LOQ - Netherlands
Oil-
14

CBD- H 5 188.5 49000.7 <LOQ - Germany
Oil-
15

under LOD and LOQ, thus a detailed determination of the amount was
not possible. For better categorization of the A°-THC content in relation
to the European limit value of 0.2% [29] the A°-THC content should be
determined by other methods again (for example see Pavlovic et al.
[13]). Two of all AS-THC positive oil samples (CBD-Qil-5 and CBD-0il-7)
contain an increased content (1.3 and 0.8%). This is much higher than
admitted in the EU and contradicts the declaration of the manufacturer
declaring this CBD oil as A°-THC-free. Both CBD oils with a A°-THC
content over 0.2% have a CBD content nearly 10%, so it can be assumed
that the higher the CBD content of the oil was determined, the higher
was also their the A°-THC content. An interference between CBD and A°-
THC during the HPTLC-ESI-MS method was not observed and can be
excluded (see Development of HPTLC-ESI-MS method) but it can be
supposed that this correlation is due to the extraction process, which is,
however, not described in the package insert. The variation in the results
show the importance of the regulations regarding the amount of A°>-THC
in commercially available CBD oil that should specify the latter.

Most of the analyzed CBD oils had an accurate labeling of their CBD
content. The three wrong labeled CBD oils, where no CBD was deter-
mined, have some flavor added (e.g. peppermint) which might influence
the results. As a conclusion, our HPTLC-ESI-MS method is a suitable and
fast method to measure the CBD content in commercially available CBD
oils.

3. Conclusions

In this publication, we report the application of a sensitive and

selective HPTLC-ESI-MS for identification and quantification of CBN,
CBD and A°-THC content in CBD oils. During method development, the
chromatographic separation between the analyzed cannabinoids was
optimized. For the evaluation of the potential of the method validation
parameter such as LOD, LOQ, linearity, recovery rate, precision, true-
ness and storage stability were determined. The validated method
showed satisfactory results, and most of the tested CBD oil samples had
correct labeling with respect to their advertised cannabinoid content.
In conclusion, this HPTLC-ESI-MS method is a simple, fast and low-
cost method for the qualification and quantification of the three main
cannabinoids GBN, CBD and A°-THC in commercially available CBD oils.
Only about 30 min are needed to completely characterize an oil and
determine its cannabinoid content, whereby up to five CBD oils can be
applied and measured per HPTLC plate. The regulations and analytical
methods for cannabinoid analysis and use are still very unregulated in
Germany and usually very labor-intensive and time-consuming, e.g.
using HPLC following previous extraction procedures. For the developed
HPTLC-ESI-MS method, no clean-up procedure nor an extraction of the
target analytes is necessary. The oil sample can be used without any
preparation; due to the high dilution the matrix does not interfere with
the target analytes. Furthermore, no time-consuming derivatization of
the analytes are required such as its often the case by GC or HPLC
methods. Our method can be used for a rapid verification of specified
cannabinoid contents in CBD oils providing also a high sample
throughput. By determining the cannabinoid content, the classification
in existing regulations and comparison with the existing limits is
possible but also incorrectly declared products can be detected.
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4. Experimental
4.1. Chemicals and materials

Analytical cannabinoid standards CBN, CBD, A°-THC (1 mg/mL in
methanol, certified reference material) and CBN-ds, CBD-ds, A°-THC-d3
(100 pg/mL in methanol, certified reference material) were bought from
Cerilliant and Supelco; acetonitrile (HPLC super gradient grade) was
obtained from Honeywell Riedel-de Haén; methanol (HPLC gradient
grade) from VWR Chemicals; n-hexane (HPLC grade) from VWR
Chemicals and Fisher scientific; dichloromethane (HPLC grade) from
Carl Roth; triethylamine from ARCOS Organics; Fast Blue Salt B (FBS,
dye content ~ 95%) from Sigma-Aldrich and HPTLC plates [silica gel 60
Fas54 MS-grade for matrix-assisted laser desorption/ionization (MALDI)]
were purchased from Merck KGaA. Distilled diethyl ether and acetone
were produced with a rotary evaporator from BUCHL

4.2. Preparation of standard solutions

Stock solutions of CBN, CBD and A°-THC from Cerilliant and Supelco
(1 mg/mL in methanol) were diluted with methanol to obtain working
solutions down to a concentration of 1 ug/mL. CBN-d3, A9-THC-d3 (3.6
ug/mL) as well as CBD-d3 (3.6 and 11.0 pg/mL) working solutions as
internal standards were prepared in methanol. For calibration, different
mixtures of CBN/CBN-d3, CBD/CBD-d3 and A°-THC/A°-THC-d; were
prepared (CBN and A°-THC: in the range of 1.0-6.4 ug/mL, CBN- d3 and
A°-THC-d3: 3.6 pg/mL; CBD: in the range of 1.0-6.4 ug/mL and
2.0-20.0 ug/mL, CBD- ds: 3.6 and 11.0 ug/mL). For the validation of the
HPTLC-ESI-MS method, different mixtures of CBN/CBN-d3, CBD/CBD-
ds and A°-THC/A®-THC-d3 were utilized (CBN and A%-THC: 2.4, 3.4, 4.8
pg/mL; CBN- dj and A%-THC-d3: 3.6 ug/mL; CBD: 3.4, 6.0, 16.0 yg/mL;
CBD-d3: 3.6 and 11.0 pg/mL).

4.3. Detection for HPTLC spots of CBN, CBD and A°-THC

For investigations concerning the UV-vis activity of cannabinoids,
working solutions of CBN, CBD and A°-THC (10 pg/mL) were prepared.
Spectra of absorption were recorded in the range of A = 200-350 nm. For
measurements, a Shimadzu UV-1800 spectrophotometer was used.
Furthermore, working solutions of CBN, CBD and A°-THC were spotted
onto HPTLC plates, HPTLC plates were developed in n-hexane/diethyl
ether (80:20 v/v) and investigated under UV light at A = 254 nm.

The detection of the cannabinoid spots occurred with the FBS spray
reagent (modified according to an application note from CAMAG [19]).
FBS reagent was used for a post-chromatographic detection of canna-
binoid working solutions (25 uL aliquots) spotted onto HPTLC plates.
For the preparation of the FBS reagent, FBS (10 mg) was completely
dissolved in distilled water (2 mL) and was mixed with methanol (10
mL) and dichloromethane (6 mL). FBS reagent was freshly prepared
before use and was applied to the HPTLC plates with a 10 mL nebulizer.
HPTLC plates were developed in n-hexane/diethyl ether (80:20 v/v; see
Pacifici et al. [30]) and sprayed with a mixture of methanol/triethyl-
amine (80:20 v/v). After drying, HPTLC plates were sprayed with the
FBS reagent. Reddish colored spots (CBN: magenta;CBD: orange; A°-
THC: red) indicated a positive response.

4.4. Oil samples

Fifteen CBD oils with different CBD concentrations, primary
commercially available in Germany and surrounding countries, were
purchased from different internet shops between August 2019 and
February 2021 (for main characteristics of the oils see Table 3, not for all
used CBD oils details regarding the addition of purified/synthetic CBD or
the extraction procedure of cannabis flowers or leaves were available
but if there was an information the oil was extracted with the CO,
extraction procedure). The names of the vendors and manufacturers
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were withheld due to a lack of consent for disclosure. Oils were stored as
recommended by the manufacturer between 2 and 8 °C (CBD-Oil-4 to
15) or at room temperature (CBD-Oil-1 to 3). Commercially available
olive and sunflower oils were categorized as negative samples, assuming
the absence of cannabinoids. Furthermore, hemp seed oil was used as
reference material, which could be contaminated with cannabinoid
containing resins from the flowers and leaves of hemp plants during
hemp seed processing but for the developed method this CBD concen-
tration is under the limit of detection why it did not affect the deter-
mination of the CBD content in CBD oils.

4.5. Preparation of oil samples

An aliquot (100 mg) of each oil sample (CBD oils, olive oil, sunflower
oil, hempseed oil) was filled with n-hexane to a volume of 100 mL. After
thorough mixing, an aliquot (10 pL) of this solution was transferred to a
vial and was concentrated to dryness in an argon stream with heat from
a laboratory sand bath at 50 °C. The residue was dissolved in methanol
(100 uL), and a defined volume (25 pL) of the solution was spotted onto a
HPTLC plate. For quantification of the cannabinoid content, deuterated
internal standards of CBN, CBD and A°-THC were added after the
transfer of a 10 L aliquot into a vial.

4.6. HPTLC-ESI-MS analysis (modified according to Schmidt et al. [21])

Standard solutions of CBN, CBD as well as A°-THC and prepared oil
samples were spotted onto HPTLC plates as 2 mm bands, in 25 pL ali-
quots, 15 mm from the bottom edge and 7 mm apart using a Linomat 5
(CAMAG, Switzerland). Plates were developed in a TLC developing
chamber with a flat bottom to a distance of 50 mm in 12 min using n-
hexane/diethyl ether (80:20 v/v) as developing solvent. For the opti-
mization of the chromatographic separation of the cannabinoids various
developing solvents were tested, e.g. n-hexane/acetone/triethylamine
(40:20:2 v/v/v) or cyclohexane/diisopropylether/triethylamine
(52:40:8 v/v/v).

Beside the investigation by ESI-MS, FBS spray reagent was used for
the detection of CBN, CBD and A°-THC (see detection of cannabinoids
with FBS reagent). For the detection of CBN, HPTLC plates were also
inspected with an UV light source at A = 254 nm.

For the elution of the analyte, compounds from the HPTLC plates into
an expression” CMS (compact mass spectrometer from Advion, United
Kingdom) system, equipped with an ESI ion source, a TLC-MS interface
(Plate Express from Advion combined with an isocratic pump, di-
mensions of the elution head: 2x4 mm) was utilized (for instrument
parameter see Schmidt et al. [21]). Substance-specific parameters were
determined by direct infusion ESI-MS of CBN, CBD and A°-THC working
solutions (2.0, 5.0, 8.0 pg/mL).

4.7. Validation of the HPTLC-ESI-MS method

4.7.1. Specificity

A test for specificity was conducted with olive oil, sunflower oil and
hemp seed oil by a post-chromatographic detection reaction with FBS
reagent and HPTLC-ESI-MS using working solutions of cannabinoid
standards (5.0 pg/mL). For the detection of CBN, CBD and AS-THC with
FBS reagent as well as for HPTLC-ESI-MS experiments, prepared oil
samples (see preparation of oil samples) and working solutions of can-
nabinoids were spotted onto HPTLC plates, HPTLC plates were devel-
oped in n-hexane/diethyl ether (80:20 v/v) and investigated by HPTLC-
ESI-MS or sprayed with FBS for staining cannabinoid bands.

4.7.2. Linearity, limit of detection (LOD) and limit of quantitation (LOQ)

The linearity of the calibration curves was tested with the Mandel’s
test. The determination of LOD and LOQ was performed using the cali-
bration curve method according to DIN 32,645 [31]. Therefore, cali-
bration solutions of CBN, CBD and A°-THC (see preparation of standard
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solutions) were measured via direct infusion by ESI-MS or were spotted
onto HPLTC plates, HPTLC plates were developed using n-hexane/
diethyl ether (80:20 v/v) and investigated by HPTLC-ESI-MS. Analyses
were performed in triplicate and executed with average peak areas of the
mass peaks of the respective analytes (ESI-MS: CBN: m/z 309; CBD: m/z
313; A°-THC: m/z 313; HPTLC-ESI-MS: CBN: m/z 309, 354; CBD: m/z
313, 327, 358; A°-THC: m/z 313, 345, 358) and the internal standards
(ESI-MS: CBN-ds: m/z 312; CBD-ds: m/z 316; A°-THC-ds: m/z 316;
HPTLC-ESI-MS: CBN-d3: m/z 312, 357; CBD-d3: m/z 316, 330, 361; A°-
THC-d3: m/z 316, 348, 361). Average peak area ratios and cannabinoid
concentrations were presented in Tables 1-3 (see Supplementary
Material).

4.7.3. Precision

For determining the system precision, methanolic solutions con-
taining mixtures of CBN/CBN-ds, CBD/CBD-d3 and A°-THC/A°-THC-d3
(GBN, CBD, A°-THC: 3.4 ug/mL; deuterated cannabinoids: 3.6 ug/mL)
were used. Each solution was measured six times on three different days
by direct infusion ESI-MS and HPTLC-ESI-MS. For HPTLC-ESI-MS ex-
periments, solutions were spotted onto HPTLC plates, HPTLC plates
were developed using n-hexane/diethyl ether (80:20 v/v) and investi-
gated by HPTLC-ESI-MS. For the interpretation of the system precision,
relative standard deviations (RSD) of the cannabinoid contents were
used. In addition, Dixon’s Q test and Neumann trend test were applied
for the identification of outliners or trends (see Supplementary Material,
Tables 8 and 9).

For determining the method precision, an aliquot of each oil (olive
oil, sunflower oil and hemp seed oil; 100 mg of each oil) was filled with
n-hexane to a volume of 100 mL. After thorough mixing, aliquots (10 pL)
of these n-hexane/oil mixtures were transferred to vials, spiked with a
defined concentration of each analyzed cannabinoid (CBN, AS-THC: 40
uL, 10 ug/mL, CBD: 120 uL, 10 ug/mL) and the internal standards (CBN-
ds, A°-THC-ds: 100 pL, 3.6 pg/mL; CBD-ds: 11 uL, 100 pg/mL) and
concentrated to dryness in an argon stream. Before measurement, the
residues were dissolved in methanol (100 pL) and defined volumes (25
uL) were spotted onto HPTLC plates. The HPTLC plates were developed
in n-hexane/diethyl ether (80:20 v/v) and were investigated by HPTLC-
ESI-MS. Analyses were carried out with a number of six replicates for
each oil. Preparations of the oil samples were executed independently of
each other. The interpretation of the method precision based on the
relative standard deviations (RSD) of the cannabinoid contents. Addi-
tionally, Dixon’s Q test and Neumann trend test were implemented for
the identification of outliners or trends (see Supplementary Material,
Tables 10-12).

For the analysis of the system and method precision the average peak
areas of the mass peaks of the analytes (ESI-MS: CBN: m/z 309; CBD: m/z
313; A°-THC: m/z 313; HPTLC-ESI-MS: CBN: m/z 309, 354; CBD: m/z
313, 327, 358; A°-THC: m/z 313, 345, 358) and the internal standards
(ESI-MS: CBN-d3: m/z 312; CBD-d3: m/z 316; Ag—THC-dgi m/z 316;
HPTLC-ESI-MS: CBN-dg: m/z 312, 357; CBD-ds: m/z 316, 330, 361; A°-
THC-d3: m/z 316, 348, 361) were used.

4.7.4. Trueness

For interpretation of trueness, terms of recovery and bias were
considered. The described studies were performed using olive, sun-
flower and hemp seed oils.

4.7.5. Recovery

For the determination of recovery of the developed procedure, an
aliquot (100 mg) of each oil was filled with n-hexane to a volume of 100
mL. After thorough mixing, an aliquot (10 uL) of this n-hexane/oil
mixture was transferred to a vial, spiked with a defined concentration of
each cannabinoid (CBN, CBD, A-THC: 24 uL and 48 uL; 10 ug/mL) and
concentrated to dryness in an argon stream. The residue was solved in a
methanolic solution of internal standards (CBN-ds, A°-THC- d3: 100 pL,
3.6 ug/mL; CBD-d3: 100 pL, 11.0 ug/mL) and a defined volume (25 pL) of
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the solution was spotted onto a HPTLC plate. The HPTLC-plate was
developed in n-hexane/diethyl ether (80:20 v/v) and investigated by
HPTLC-ESI-MS. Each concentration level was analyzed in triplicate (see
Supplementary Material, Tables 13-15). For interpretation of the re-
covery the average peak areas of the mass peaks of the analytes (CBN: m/
2309, 354; CBD: m/z 313, 327, 358; A°-THC: m/z 313, 345, 358) and the
internal standards (CBN-ds: m/z 312, 357; CBD-d3: m/z 316, 330, 361;
A°-THC-d3: m/z 316, 348, 361) were used. To confirm the results, three
olive oil samples (100 mg) were spiked with a defined concentration of
CBN, CBD and A°-THC (CBN: 400 ug/mL; CBD: 1 mg/mL; A°-THC: 400
ug/mL) before filling with n-hexane and picking aliquots (10 uL) of the
with cannabinoids spiked n-hexane/oil mixtures. The preparation of the
oil samples was performed independent of each other on different days
as described above.

The calculated cannabinoid contents were compared with the
average target concentrations and then the recovery rate was
determined.

4.7.6. Bias calculation

Bias calculation was performed for two concentration levels of each
cannabinoid with a number of three replicates at each concentration.
Each aliquot (10 pL) of the n-hexane/oil mixtures (see above) was spiked
with a defined concentration of CBN (24 pL and 48 pL; 10 pg/mL), CBD
(60 pL and 160 pL; 10 pg/mL) and A%-THC (24 pL and 48 pL; 10 ug/mL)
as well as the appropriate internal standard (CBN-ds, A°-THC-ds: 100 pL,
3.6 ug/mL; CBD-d3: 11 pL, 100 pg/mL). Preparations of the oils and
chromatographic separation by HPTLC (see preparation of oil samples)
were performed independently of each other. For the bias calculation,
the

S=x-T (€3]

following formula (1) was used:where & represents the bias and T

correspond to the “true” concentration and x to the mean value of the
determined cannabinoid concentration of the spiked oil samples.

4.8. Stability of the standards

The stability of the standard solutions of CBN, CBD and A°-THC were
tested through storage these solutions at different conditions (oriented
by the procedure of Schmidt et al. [21]). Standard solutions were stored
at —12 °C in the dark, at room temperature (average temperature 27 °C)
in the dark and at room temperature exposed to sunlight. The different
cannabinoid solutions (50 and 100 pg/mL) were investigated over a ten-
week period. Furthermore, some irregular measurements over a period
of six months were performed. For the analyses, the stored solutions of
CBN, CBD and A°-THC were diluted (2.0 and 4.0 ug/mL) and the in-
ternal standards (CBN-ds, CBD-ds, A°-THC-ds; 3.6 ug/mL) were added.
Subsequently, these solutions were measured using direct infusion ESI-
MS. Each solution was analyzed three times and for the interpretation
of the stability, the average mass peak area of the non-deuterated and
deuterated cannabinoids (CBN: m/z 309; CBD: m/z 313, A°>-THC: m/z
313, CBN-d3: m/z 312; CBD-d3: m/z 316, AQ-THC-dgi m/z 316) were
utilized. For identification of trend or outliners, a trend test by Neumann
[31] and a Dixon’s Q test were performed (see Supplementary Material,
Table 19).
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Figure 1. Full scan MS-Spektrum of a methanolic extract of 100 mg of (a) CBD-Oil-7 [with hemp seed oil as carrier
oil], (b) CBD-QOil-1 [with olive oil as carrier o0il] and (c) CBD-Qil-1 [with sunflower oil as carrier oil] measured via
direct infusion with ESI-MS.
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Figure 2. Calibration curve obtained from CBN in the range 25 — 160 ng CBN/HPTLC zone with 90 ng
CBN-ds/HPTLC zone after chromatographic separation.

Table 1. CBN concentration of calibration solutions and related average peak area ratios of CBN (sum of mass
peaks at m/z 309 and 354) and CBN-d; (sum of mass peaks at m/z 312 and 357) received from analyses on
calibration solutions in triplicate (25 - 160 ng CBN/HPTLC zone; 90 ng CBN-d3/HPTLC zone) after
chromatographic separation.

¢ (ng CBN/HPTLC zone) Average peak area ratio
(X m/z 309+354)/(Y. m/z 312+357)
25 0.2985
40 0.4845
55 0.7260
70 0.8743
85 1.0966
100 1.2622
115 1.4627
130 1.6378
145 1.7929
160 2.0634
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Figure 3. Calibration curve obtained from CBD in the range 50 — 500 ng CBD/HPTLC zone with 275
ng CBD-d;/HPTLC zone after chromatographic separation.

Table 2 CBD concentration of calibration solutions and related average peak area ratios of CBD (sum of mass
peaks at m/z 313, 327 and 358) and CBD-d; (sum of mass peaks at m/z 316, 330 and 361) received from analyses on
calibration solutions in triplicate (50 - 500 ng CBD/HPTLC zone; 275 ng CBD-d;/HPTLC zone) after
chromatographic separation.

C. (ng CBD/HPTLC zone) Average peak area ratio
(X m/z 313+327+358)/(}. m/z 316+330+361)
50 0.2327
100 0.4002
150 0.6051
200 0.8033
250 1.0205
300 1.1499
350 1.2758
400 1.5781
450 1.7686
500 1.9532
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Figure 4. Calibration curve obtained from A9-THC in the range 35 — 160 ng A>-THC/HPTLC zone with 90 ng A°-
THC-ds/HPTLC zone after chromatographic separation.

Table 3. A%-THC concentration of calibration solutions and related average peak area ratios of A>-THC (sum of
mass peaks at m/z 313, 345 and 358) and A’-THC-ds/(sum of mass peaks at m/z 316, 348 and 361) received from
analyses on calibration solutions in triplicate (35 - 160 ng A>-THC/HPTLC zone; 90 ng A9-THC-d;/HPTLC zone)
after chromatographic separation.

C.n(ng A>-THC/HPTLC zone) Average peak area ratio
(X m/z 313+327+358)/(}. m/z 316+330+361)
35 0.3393
45 0.4546
55 0.5498
70 0.6604
85 0.8010
100 1.0441
115 1.1056
130 1.3740
145 1.4654

160 1.6055
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Figure 5. Calibration curve obtained from CBN in the range 1.4 - 6.4 ug CBN/mL with 3.6 pg CBN-ds/mL by direct
infusion.

Table 4. CBN concentration of calibration solutions and related average peak area ratios of CBN (m/z 309) and
CBN-dj (m/z 312) received from analyses on calibration solutions in triplicate (1.4 — 6.4 pg CBN/mL with 3.6 ug
CBN-ds/mL) by direct infusion.

Con (ug/mL) Average peak area ratio
(m/z 309)/(m/z 312)
14 0.4463
1.6 0.4942
22 0.7640
2.8 0.9067
34 1.0098
4.0 1.3309
4.6 1.4735
52 1.7306
5.8 1.9689
6.4 2.0318
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Figure 6. Calibration curve obtained from CBD in the range 1.0 — 6.4 pg CBD/mL with 3.6 ug CBN-ds/mL by direct
infusion.

Table 5. CBD concentration of calibration solutions and related average peak area ratios of CBD (m/z 313) and
CBD-dj; (m/z 316) received from analyses on calibration solutions in triplicate (1.0 — 6.4 ug CBD/mL with 3.6 pg
CBN-ds/mL) by direct infusion.

Caw (ug/mL) Average peak area ratio
(m/z 313)/(m/z 316)
1.0 0.2755
1.6 0.4165
2.2 0.5613
2.8 0.8213
3.4 1.0411
4.0 1.1490
4.6 1.3548
5.2 1.4937
5.8 1.6940
6.4 1.8585
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Figure 7. Calibration curve obtained from A’-THC in the range 1.0 - 6.4 ug A>-THC/mL with 3.6 pg A>-THC-ds/
mL by direct infusion.

Table 6. A’-THCconcentration of calibration solutions and related average peak area ratios of A>-THC (m/z 313)
and A°-THC-d; (m/z 316) received from analyses on calibration solutions in triplicate (1.0 — 6.4 ug A>-THC/mL
with 3.6 ug A°-THC-ds/mL) by direct infusion.

Cume (ug/mL) Average peak area ratio
(m/z 313)/(m/z 316)
1.0 0.2796
1.6 0.4850
2.2 0.6196
2.8 0.7379
3.4 0.9006
4.0 1.0978
4.6 1.2321
5.2 1.4308
5.8 1.6120

6.4 1.7497




Table 7. Linearity, LOD, and LOQ for CBN, CBD and A°-THC determination by direct infusion via ESI-
MS (tv...test value; cv...characteristic value).

Key figures Results

CBN CBD A°-THC
Range (ug/mL) 14-64 1.0-6.4 1.0-64
- (coefficient of 0.9921 0.9963 0.9975
determination)
Sy (residual = 0.055 0.035 0.026
standard deviation)
Sx (standard = 0.166 0.117 0.096
deviation for the
method)
Residuals are  Yes(tv=3.32;cv=251 Yes (tv =3.78; cv = Yes (tv = 3.2; cv =
normally -3.87) 2.51-3.87) 2.51-3.87)
distributed  (R/s

test, 99 %)

Residuals show a

No (tv = 2.34; cv =

No (tv = 1.76; cv =

No (tv=1.53; cv =

trend (Neumann 0.75) 0.75) 0.75)

trend test, 99 %)

Equation curve y(x)=0.3297x - 0.0172 | y(x) = 0.2986x - y(x) = 0.2713x +
y: peak area ratio 0.0382 peak area  0.0108
of CBN and CBN-d; ratio of CBD and y: peak area ratio of
x: concentration of CBD-d; A°-THC and A°-THC-

CBN (tg/mL)

x: concentration of
CBD (ug/mL)

ds
x: concentration of A%-

LOD (ug/mL)

0.3

0.2

THC (ug/mL) 0.2
0.8

LOQ (ug/mL)

1.3

1.0

Results of the Mandel's te

st according to DIN 32645

Optimal regression

Linear (tv=0; cv =

Linear (tv = 0.59; cv

Linear (tv =2.21;cv =

model 0.75) =12.24) 12.24)
Linear regression @ Yes Yes Yes
acceptable

Table 8. Data set for experiments concerning the system precision for CBN, CBD and A°-THC by HPTLC-ESI-MS.

Repeatability (n = 18; no measured value was classified as outliner by Dixon's test)

Key figure CBN CBD A%-THC
Mean (ng/HPTLC zone) 82.69 261.21 93.26
SD (standard deviationin : 3.99 10.36 8.91
ng/HPTLC zone)
RSD (relative standard 4.83 3.97 9.56
deviation in %)

Results of Neumann trend test
Test value 1.32 1.34 1.53
Characteristic value (99 %) = 0.99 0.99 0.99

No trend was observed with a statistical safety of 99 %




Table 9. Data set for experiments concerning the system precision for CBN, CBD and A°-THC by direct

infusion via ESI-MS.

Repeatability (n = 18; no measured value was classified as outliner by Dixon's test)

Key figure CBN CBD AY%-THC
Mean (ug/mL) 3.23 3.13 3.71
SD (standard deviationin @ 0.13 0.09 0.39
ug/mL)
RSD (relative standard 4.07 2.89 10.45
deviation in %)

Results of Neumann trend test
Test value 1.32 1.84 1.37
Characteristic value (99 %) = 0.99 0.99 0.99

No trend was observed with a statistical safety of 99 %

Table 10. Data set for experiments concerning the method precision (matrix: olive oil) for CBN, CBD and A°-

THC by HPTLC-ESI-MS.

Method precision using olive oil as matrix (n..., = 6; n..... = 5; measured value classified

as outliner by Dixon's test was rejected)

Key figure CBN CBD A°-THC
Mean (ng/HPTLC zone) 91.68 271.80 93.57
SD (standard deviationin @ 9.83 8.04 3.04
ng/HPTLC zone)
RSD (relative standard 10.72 2.96 3.25
deviation in %)

Results of Neumann trend test
Test value 1.90 1.94 0.78
Characteristic value (99 %) @ 0.58 0.58 0.54

No trend was observed with a statistical safety of 99 %

Table 11. Data set for experiments concerning the method precision (matrix: sunflower oil) for CBN, CBD and

A°-THC by HPTLC-ESI-MS.

Method precision using sunflower oil as matrix (Nu...c = 6; N, = 5; measured value
classified as outliner by Dixon's test was rejected)
Key figure CBN CBD A°-THC
Mean (ng/HPTLC zone) 89.67 276.93 105.49
SD (standard deviationin : 2.91 11.23 8.95
ng /HPTLC zone)
RSD (relative standard 3.24 4.06 8.48
deviation in %)
Results of Neumann trend test
Test value 1.01 2.09 2.76
Characteristic value (99 %) @ 0.54 0.58 0.58

No trend was observed with a statistical safety of 99 %

Table 12. Data set for experiments concerning the method precision (matrix: hempseed oil) for CBN, CBD and

A°-THC by HPTLC-ESI-MS.

Method precision using hempseed oil as matrix (n = 6; no measured value was classified

as outliner by Dixon's test)

Key figure CBN CBD A°-THC
Mean (ng/HPTLC zone) 95.09 287.58 105.90
SD (standard deviationin | 6.20 16.48 10.00
ng /HPTLC zone)
RSD (relative standard 6.52 5.73 9.44
deviation in %)

Results of Neumann trend test
Test value 1.24 1.00 2.48
Characteristic value (99 %) = 0.58 0.58 0.58

No trend was observed with a statistical safety of 99 %




Table 13. Recovery of the method determined using olive oil, sunflower oil and hempseed oil spiked with

CBN and characteristics of these samples (90 ng CBN-d;/ HPTLC zone).

Sample ID Matrix Calculated CBN  Calculated CBN  Target content Recovery (%)
content content of CBN
(ng CBN/HPTLC (ng CBN/100 mg (ng CBN/100 mg
zone oil) oil)
olive oil 56.8 227.4 240 94.73
46.6 186.2 240 77.59
51.6 206.6 240 86.08
108.9 435.5 480 90.73
110.2 440.7 480 91.80
111.9 447.8 480 93.28
sunflower  51.0 204.0 240 85.00
oil 51.6 206.4 240 86.01
53.9 215.8 240 89.91
114.5 458.0 480 95.42
106.4 425.5 480 88.65
107.6 430.5 480 89.68
hempseed  48.0 192.0 240 79.98
oil 529 211.6 240 88.16
51.3 205,2 240 85.52
118.1 472,6 480 98.45
117.4 469,5 480 97.82
110.2 440,8 480 91.82
samples spiked before filling with n-hexane and picking aliquots
CBN-19 olive oil 93.6 374,4 400 93.59
...... CBND0 G € 3826 160 o €1
...... CBNOT ™ 963 3970 160 96 9€

Table 14. Recovery of the method determined using negative samples spiked with CBD and characteristics
of these samples (275 ng CBD-d;/HPTLC zone).

Sample ID Matrix Calculated CBD  Calculated CBD  Target content Recovery (%)

content content of CBD
(ng CBD/HPTLC (ng CBD/100 mg (ng CBD/100 mg
zone oil) oil)

olive oil 149.5 597.9 600 99.65
141.4 565.7 600 94.29
134.0 536.0 600 89.33
354.7 1418.7 1600 88.67
325.7 1302.7 1600 81.42
328.8 1315.3 1600 82.21

sunflower  133.4 533.8 600 88.96

oil 128.5 513.9 600 85.66
136.7 546.8 600 91.14
390.1 1560.3 1600 97.52
379.7 1519.0 1600 94.93
350.0 1399.8 1600 87.49

hempseed  136.3 545.4 600 90.89

oil 133.8 535.1 600 89.18
136.2 5449 600 90.81
372.2 1488.7 1600 93.04
323.3 1293.1 1600 80.82
335.0 1340.2 1600 83.76

samples spiked before filling with n-hexane and picking aliquots

olive oil 221.8 887.1 1200 88.71
222.8 891.4 1200 89.12
215.3 861.3 1200 86.13

10



Table 15. Recovery of the method determined using negative samples spiked with A>-THC and characteristics

of these samples (90 ng A>-THC-ds/HPTLC zone).

Sample ID Matrix Calculated A®- Calculated A®- Target content Recovery (%)
THC content THC content of A°>-THC
(ng A°- (ng A>-THC/100 | (ng A®-
THC/HPTLC mg oil) THC/100 mg
zone oil)
olive oil 59.1 236.6 240 98.58
56.9 227.7 240 94.87
58.5 234.1 240 97.53
108.0 432.1 480 90.03
98.4 393.5 480 81.99
121.6 486.4 480 101.34
sunflower  56.5 226.1 240 94.20
oil 58.4 233.8 240 97.40
58.1 232.3 240 96.77
117.4 469.7 480 97.86
119.2 477.0 480 99.38
102.1 408.5 480 85.10
THC-13 hempseed  47.7 190.9 240 79.54
oil 57.8 231.1 240 96.31
" 56.9 227.7 240 94.87
100.3 401.3 480 83.61
97.5 390.1 480 81.26
119.2 476.7 480 99.32
samples spiked before filling with n-hexane and picking aliquots
THC-19 olive oil 99.1 396.4 400 99.10
95.1 380.4 400 95.10
100.1 400.5 400 100.12

11



Table 16 Data set for experiments concerning the bias calculation (matrix: olive oil) for CBN, CBD and A°-THC
by HPTLC-ESI-MS.

Bias calculation with olive oil as matrix
(spiked with CBN (24 yL; 10 ug/mL), CBD (60 uL; 10 ug/mL) and A°>-THC (24 uL;
10 pg/mL), i.e. 60 ng CBN/HPTLC zone)

Key figure CBN CBD A°-THC
Mean (ng 59.02 146.21 52.52
CBN/HPTLC zone)
True concentration (ng = 60 150 60
CBN/HPTLC zone)
Bias (ng CBN/HPTLC  -0.98 -3.79 -7.47
zone)

Results of Student’s t-test
SD (standard 4.36 1.44 4.95
deviation in ng
CBN/HPTLC zone)
Test value -0.39 -4.56 -2.62
Critical value 4.303 4.303 4.303
[£(2;0.95)]

no statistical difference between the mean and the “true” values

Bias calculation with olive oil as matrix
(spiked with CBN (48 uL; 10 ug/mL), CBD (160 pL; 10 pg/mL) and A*>-THC (48 uL;
10 ug/mL), i.e. 120 ng CBN/HPTLC zone)

Key figure CBN CBD A°-THC
Mean (ng 115.10 397.10 104.50
CBN/HPTLC zone)
True concentration (ng 120 400 120
CBN/HPTLC zone)
Bias (ng CBN/HPTLC | -4.89 -2.90 -15.49
zone)

Results of Student’s t-test
SD (standard 5.86 20.04 10.77
deviation in ng
CBN/HPTLC zone)
Test value -1.45 -0.25 -2.49
Critical value 4.303 4.303 4.303
[£(2;0.95)]

no statistical difference between the mean and the “true” values




Table 17. Data set for experiments concerning the bias calculation (matrix: sunflower oil) for CBN, CBD and
A°-THC by HPTLC-ESI-MS.

Bias calculation with sunflower oil as matrix
(spiked with CBN (24 yL; 10 ug/mL), CBD (60 uL; 10 ug/mL) and A°>-THC (24 uL;
10 ug/mlL), i.e. 60 ng CBN/HPTLC zone)

Key figure CBN CBD A°-THC
Mean (ng 59.61 139.48 55.02
CBN/HPTLC zone)
True concentration (ng = 60 150 60
CBN/HPTLC zone)
Bias (ng CBN/HPTLC  -0.38 -10.52 -4.98
zone)

Results of Student’s t-test
SD (standard 5.63 10.18 9.60
deviation in ng
CBN/HPTLC zone)
Test value -0.12 -1.79 -0,90
Critical value 4.303 4.303 4.303
[t(2;0.95)]

no statistical difference between the mean and the “true” values

Bias calculation with sunflower oil as matrix
(spiked with CBN (48 uL; 10 ug/mL), CBD (160 pL; 10 ug/mL) and A>-THC (48 uL;
10 ug/mL), i.e. 120 ng CBN/HPTLC zone)

Key figure CBN CBD A°-THC
Mean (ng 109.07 413.18 108.94
CBN/HPTLC zone)
True concentration (ng 120 400 120
CBN/HPTLC zone)
Bias (ng CBN/HPTLC  -10.93 13.18 -11.06
zone)

Results of Student’s t-test
SD (standard 5.06 9.77 11.66
deviation in ng
CBN/HPTLC zone)
Test value -3,74 2.34 -1.64
Critical value 4.303 4.303 4.303
[£(2;0.95)]

no statistical difference between the mean and the “true” values




Table 18. Data set for experiments concerning the bias calculation (matrix: hempseed oil) for CBN, CBD and
A°-THC by HPTLC-ESI-MS.

Bias calculation with hempseed oil as matrix
(spiked with CBN (24 uL; 10 ug/mL), CBD (60 uL; 10 pg/mL) and A>-THC (24 uL;
10 ug/mL), i.e. 60 ng CBN/HPTLC zone)

Key figure CBN CBD A°-THC
Mean (ng 62.81 146.26 63.26
CBN/HPTLC zone)
True concentration (ng 60 150 60
CBN/HPTLC zone)
Bias (ng CBN/HPTLC  2.81 -3.73 3.26
zone)

Results of Student’s t-test
SD (standard 1.80 0.96 5.61
deviation in ng
CBN/HPTLC zone)
Test value 2.71 -6.71 1.01
Critical value 4.303 4.303 4.303
[t(2;0.95)]

no statistical difference between the mean and the “true” values

Bias calculation with hempseed oil as matrix
(spiked with CBN (48 uL; 10 ug/mL), CBD (160 uL; 10 pg/mL) and A*>-THC (48 uL;
10 ug/mL), i.e. 120 ng CBN/HPTLC zone)

Key figure CBN CBD A°-THC
Mean (ng 110,892343 415,2336873 106,5878162
CBN/HPTLC zone)
True concentration (ng 120 400 120
CBN/HPTLC zone)
Bias (ng CBN/HPTLC  -9,1077 15,2337 -13,4122
zone)

Results of Student’s t-test
SD (standard 1.35 7.73 10.02
deviation in ng
CBN/HPTLC zone)
Test value -11.72 3.41 -2.32
Critical value 4.303 4.303 4.303
[t(2;0.95)]

no statistical difference between the mean and the “true” values




Table 19. Data set for experiments concerning the storage stability of CBN, CBD and A°-HC by direct infusion
via ESI-MS (n=14; N eumman =13 ; Nucormimsran =13; Nancissimisr.an =13; Mincarmn i =13; measured value classified as
outliner by Dixon's test was rejected).

Key figure CBN CBD A>-THC
2 ug/mL, RT, light
Mean (% initial concentration) 95.10 92.17 98.41
SD (standard deviation in % 5.00 8.77 8.79
initial concentration)
Results of Neumann trend test
Test value 29.87 1.68 2.17
Characteristic value (99 %) 0.89 0.89 0.89
No trend was observed with a statistical safety of 99 %
2 ug/mL, RT, dark
Mean (% initial concentration) 104.15 101.20 98.24
SD (standard deviation in % 7.06 4.50 5.30
initial concentration)
Results of Neumann trend test
Test value 1.15 1.40 2.38
Characteristic value (99 %) 0.89 0.86 0.8618
No trend was observed with a statistical safety of 99 %
2 ug/mL, -12 °C, dark
Mean (% initial concentration) 102.98 103.68 102.23
SD (standard deviation in % 6.50 12.33 8.74
initial concentration)
Results of Neumann trend test
Test value 0.93 1.05 2.25
Characteristic value (99 %) 0.89 0.89 0.89
No trend was observed with a statistical safety of 99 %
4.0 ug/mL, RT, light
Mean (% initial concentration) 111.66 96.05 94.64
SD (standard deviation in % 7.63 4.88 11.14
initial concentration)
Results of Neumann trend test
Test value 15.96 1.88 0.86
Characteristic value (99 %) 0.89 0.89 2.18
No trend was observed with a statistical safety of 99 %
4.0 ug/mL, RT, dark
Mean (% initial concentration) 104.75 97.96 99.60
SD (standard deviation in % 6.51 3.20 7.87
initial concentration)
Results of Neumann trend test
Test value 1,70 1.94 1.85
Characteristic value (99 %) 0.89 0.89 0.86
No trend was observed with a statistical safety of 99 %
4.0 ug/mL, -12 °C, dark
Mean (% initial concentration) 103.04 100.96 96,71
SD (standard deviation in % 9.63 4.14 8.44
initial concentration)
Results of Neumann trend test
Test value 1.71 1.81 1.06
Characteristic value (99 %) 0.89 0.89 0.89

No trend was observed with a statistical safety of 99 %
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TLC and HPTLC-APCI-MS for the rapid discrimination of plant
resins frequently used for lacquers and varnishes by artists and
conservators
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diterpenes and triterpenes is considered as genus- or even species-specific.

method for the identification of resin-specific triterpenoid and phenolic compounds
in plant resins using (HP)TLC [(high-performance) thin-layer chromatography] com-
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bined with APCI-MS (atmospheric pressure chemical ionisation mass spectrometry)
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and post-chromatographic detection reactions.

Methods: Twenty resin samples from different plant species were analysed. Different
extraction procedures, post-chromatographic detection reagents as well as various
sorbents and solvents for planar chromatography were tested. To evaluate the
potential of the optimised (HP)TLC-APCI-MS methods, parameter such as limit of
detection (LOD) was determined for selected marker compounds.

Results: Our protocol enabled qualitative analyses of chemotaxonomic molecular
markers in natural resins such as dammar, mastic, olibanum and benzoin. For the first
time, the application of thionyl chloride-stannic chloride reagent for a specific
post-chromatographic detection of triterpenes is reported, sometimes even allowing
discrimination between isomers based on their characteristic colour sequences. For
triterpene acids, triterpene alcohols and phenolic compounds, detection limits of
2-20 ng/TLC zone and a system precision with a relative standard deviation (RSD) in
the range of 3.9%-7.0% were achieved by (HP)TLC-APCI-MS. The applicability of
the method for the analysis of resin-based varnishes was successfully tested on a
mastic-based varnish. Thus, the method we propose is a helpful tool for the discrimi-

nation of resins and resin-based varnishes with respect to their botanical origin.
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1 | INTRODUCTION

Plant resins are metabolic by-products of plant tissues that have been
used for thousands of years for various applications, for example, as
adhesives, hydro-repellents, coating and sealing agents or in the for-
mulation of fragrances, flavours and pharmaceuticals.® They are very
complex mixtures of different volatile as well as non-volatile com-
pounds and can be classified as terpenoid or phenolic resins based on
their constituents. Terpenoid resins make up the majority of these
resins; they contain various monoterpenes, sesquiterpenes, diterpenes
and triterpenes. Thereby, monoterpenes and sesquiterpenes are pre-
sent in the volatile fraction of most resins, while diterpenes and triter-
penes are non-volatile or very low volatile resin components. Since
diterpenes and triterpenes are rarely found together in the same resin,
a further subdivision into diterpene and triterpene resins is
possible.?>

Diterpenoid resins are produced by trees of the subfamily Caesal-
pinioideae or conifers such as pines of the genus Pinus (Pinaceae fam-
ily). Sandarac, Juniperus and cypress resins, which are extracted from
plants of the Cupressaceae family, also belong to the conifer resins and
thus to the class of diterpenoid resins. These resins contain mainly
bicyclic and tricyclic diterpenoids holding a labdane- or pimarane-type
structure.** Resins of the Pinaceae family, such as pine resins, differ
markedly in chemical composition from those of the Cupressaceae
family. Pine resins, for instance, contain predominantly tricyclic diter-
penoid acids with either abietane or pimarane skeletons.>®

Triterpenoid resins are produced by various broad-leaved trees,
for example, of the Burseraceae, Dipterocarpaceae or Anacardiaceae
family. Resins from the Burseraceae family include olibanum or frank-
incense, obtained from several Boswellia species. Boswellia resins were
already used by ancient cultures either in the preparation of perfumes,
cosmetics and medicines or in fumigation during embalming ceremo-
nies. In a few cases, the use of Boswellia resins as tempera paint bind-
ing media is also reported.” In the last decades, anti-inflammatory and
antidepressant properties of triterpenoid boswellic acids and diterpe-
noid incensole derivates in Boswellia resins received large interest in
the scientific world.2 White dammar, however, is derived from various
plants of the genera Hopea and Shorea (Dipterocarpaceae family) and
mastic from trees of the genus Pistacia (Anacardiaceae family). Both,
white dammar and mastic, are frequently used in the formulation of
varnishes for easel paintings. In addition to their protective function,
varnishes saturate the colours and give the painting a glossy appear-
ance. Painting conservators in particular apply dammar and mastic on
a large scale. Furthermore, mastic is utilised as incense or as an adhe-
sive. Mastic holds many components in common with white dammar,
but differs significantly in composition from Boswellia resins. In gen-
eral, triterpenoid resins consist of pentacyclic and tetracyclic triter-

penes belonging, for example, to oleanane, ursane, lupane,

dammarane or euphane type molecules (Supporting Information
Figure S1). Tetracyclic triterpenes based on the dammarane or
euphane skeleton are characterised by the presence of a hydroxy or a
keto group at position C-3. Furthermore, the lateral chain of tetracyc-
lic triterpenic components often bears functional groups. A hydroxy
or keto group at C-3 is also common for pentacyclic triterpenes based
on oleanane, ursane or lupane type molecules. In addition, pentacyclic
triterpenes are often oxidised at C-28 to alcohols, aldehydes or car-
boxylic acids.>®

In addition to the terpenoid resins, there is a much smaller but
also important group of phenolic resins. These resins contain no or
hardly any terpenes, but esters of benzoic acid (9) and cinnamic acid
(10) with benzenoid alcohols.>¢ Benzoin as well as storax are well-
known phenolic resins. The later results from Liquidambar spp. and
Altingia spp. (Altingiaceae family).® Benzoin exudes from Styrax trees
and shrubs (Styracaceae family). According to their origin, a distinction
is made between Sumatra and Siam benzoin balsams. Siam benzoin
balsam is mainly tapped in Laos and Thailand from Styrax tonkinensis
(Pierre) Craib ex Hartwich. Sumatra benzoin balsam is produced by
Styrax benzoin Dryand and Styrax paralleloneurum Perk, both native to
tropical forests of North Sumatra. Analysis showed that Siam benzoin
balsam is composed of 9 and esters of 9 and 10. In contrast, Sumatra
benzoin balsam contain 10 and its esters as well as a low content of
9 and respective esters.”° Besides aromatic compounds, triterpenoid
acids such as siaresinolic and sumaresinolic acid have also been identi-
fied in benzoin. A comparison of benzoin balsams shows that siaresi-
nolic acid was found only in Siam benzoin balsam, while sumaresinolic
acid was detected in both, Siam and Sumatra benzoin balsams.*° Simi-
lar to benzoin balsams, storax resins obtained from Liquidambar spe-
cies are also characterised by the presence of triterpenoid acids. For
example, oleanonic acid and 3-epi-oleanolic acid have been identified
in the resin of Liquidambar orientalis Mill.*2 Benzoin and storax are
known for their pharmacological and odoriferous properties and used
as incense in religious ceremonies, often in combination with Boswellia
resins.>*C In addition, benzoin was used for the production of red lac-
quers. For instance, the red-coloured resin dragon's blood was often
mixed with other red resins such as benzoin or shellac to intensify or
modify the colour.*®

The metabolic characterisation of plant resins has been the sub-
ject of several studies, and in particular the profile of diterpenes and
triterpenes can be considered as genus-specific or sometimes even
species-specific and allows distinction between different resin
types.>¢14-16 Diterpenes and triterpenes as well as phenolic com-
pounds in plant resins or varnishes can be analysed by numerous ana-
lytical methods. HPLC (high-performance liquid chromatography) in
combination with MS (mass spectrometry) or UV (ultraviolet) detec-
tion as well as GC-MS (gas chromatography-mass spectrometry or
THM-GC-MS (GC-MS with thermally-assisted hydrolysis and
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methylation) are the most common techniques for the determination
and quantification of diterpenoids/triterpenoids and phenolic com-
pounds in various resins, with derivatisation of target structures
required for GC applications.*1%1217-2% The composition of varnishes
on artworks as well as ageing products of plant resins has been stud-
ied, for instance, by MALDI-TOF-MS (matrix-assisted laser desorp-
tion/ionisation time-of-flight-mass spectrometry), GALDI-TOF-MS
(graphite-assisted laser desorption/ionisation time-of-flight-mass
spectrometry) or TOF-SIMS (time-of-flight secondary ion mass
spectrometry).?*?® These techniques allow the analysis of resins
without any time-consuming sample preparation or derivatisation.
However, the distinction between isomers is only possible to a limited
extent, for example, by principal component analysis, which reveals
the differences in the fragmentation pattern of the isomers.2® Further-
more, planar chromatography is a powerful tool, especially for the
screening of diterpenoids and triterpenoids in extracts of plant resins,
thus enabling relatively simple, inexpensive and fast analyses without
a time-consuming sample pretreatment.?? 3! However, diterpenoids
and triterpenoids lack chromophores, so the sensitivity of UV detec-
tion is rather low. In addition, the characterisation of diterpenoid/
triterpenoid compounds with similar structures and polarities remains
a challenging task.

In this work, we report on the development of simple, rapid, sen-
sitive and specific TLC (thin-layer chromatography) and (HP)TLC-
APCI-MS [(high-performance) thin-layer chromatography-atmospheric
pressure chemical ionisation-mass spectrometry) methods for the
identification of triterpenoid and phenolic compounds in various plant
resins to allow a discrimination of these resins with respect to their
botanical origin. In this context, natural resins such as dammar, mastic,
olibanum and benzoin, produced by different plant species, were ana-
lysed for resin-specific triterpenes and phenolic compounds. Further-
more, the potential of preliminary investigations using APCI-MS and
specific post-chromatographic detection reactions was evaluated to
provide first indications of resin composition. The applicability of the
methods for the analysis of resin-based varnishes on wooden objects

was tested on a wooden sample with a thin varnish film of mastic.

2 | MATERIAL AND METHODS

2.1 | Chemicals and materials

Acetone (HPLC grade), chloroform (HPLC grade), n-heptane (HPLC
grade), n-hexane (HPLC grade), methanol (HPLC grade) and sulphuric
acid (> 95%) were purchased from Fisher Scientific; acetonitrile (HPLC
gradient grade) and formic acid (98%) were obtained from Riedel-de
Haén; dichloromethane, ethanol and ethyl acetate from Carl Roth;
acetic acid from J. T. Baker (99%); thionyl chloride (99.7%) from Acros
Organics; 10 (97%), 9 (> 99.5%) and stannic chloride (99%) from
Sigma-Aldrich; 1 from abcr GmbH; 2 (98.9%) from ChromaDex;
3 (99%) from PhytoLab GmbH & Co. KG Germany; 4 (> 97%) from
Enzo Life Sciences Germany; 5 (98%) from Betulines Czech; 6 (> 96%)
Tokyo Chemical Industry Co. Ltd; 7 (98.6%) from Carbone Scientific

UK; 8 from ubichem UK; sumaresinolic acid (> 95%) from Biosynth
Carbosynth Group; syringe filters [0.2 um polytetrafluoroethylene
(PTFE)], Normal-phase (NP)-TLC plates (silica gel 60, ALUGRAM Xtra
SIL G/UVas,) as well as reversed-phase (RP)-HPTLC/TLC plates (par-
tial octadecyl-modified silica, ALUGRAM RP-18 W/UV,s4) from
Macherey-Nagel; cerium(lV) sulphate (98%) was bought from Merck
KGaA. Details of the resins used can be found in Supporting Informa-
tion Table S1. Wooden panels (1 cm x 3.5 cm x 0.14 cm) with and
without a mastic resin layer (see Figure S2) were prepared by Leon-
hard Rank (conservator, Cologne, Germany).

For natural ageing, dammar samples were kept in the dark in a
closed box. Artificial ageing of resins was carried out under UV lamps
(254 nm) for 163 h or in an oven for 21 h at 100°C. For ageing stud-
ies, powdered resins were stored on a glass surface.

2.2 | Preparation of stock solutions

Solutions (1 mg/mL) of triterpenic and phenolic standard compounds
1-10 were individually prepared in methanol, stored at —20°C and
diluted with methanol to obtain working solutions down to a concen-
tration of 1 pg/mL.

2.3 | Chromatography
Working solutions and extracts were applied on the (HP)TLC plates as
1 mm bands, in 2 aliquots using a Linomat 5 (CAMAG, Muttenz,
Switzerland, track distance: 10 mm, distance from the lower edge:
15 mm, distance from left edge: 10 mm). Thereafter, each plate was
developed in a pre-saturated ADC2 development chamber (CAMAG,
Muttenz, Switzerland, migration distance: 85 mm) or a conventional
TLC developing chamber using acetonitrile/water (95:5 v/v), acetoni-
trile/water (7:1 v/v) or 2% acetic acid in n-hexane/ethyl acetate
(5:1 v/v) as developing solvent (see Section 3.2.3). For the optimisa-
tion of the chromatographic separation, different (HP)TLC plates as
well as various developing solvents were tested, for example, various
ratios of n-hexane/ethyl acetate, acetonitrile/water or methanol/
water (with and without acetic acid addition).

(HP)TLC plates were inspected both under white light and with
UV light at A = 254 nm. Beside investigations by MS, different post-
chromatographic detection reagents were also used for the identifica-

tion of target structures (see Sections 2.4 and 2.5).

2.4 | Detection of triterpenes with thionyl chloride
and stannic chloride (reagent A, modified according to
Noller et al.>?)

The post-chromatographic detection reaction was performed with
thionyl chloride and stannic chloride using working solutions of triter-
penes and sample extracts applied on (HP)TLC plates. For the prepara-
tion of reagent A, anhydrous stannic chloride (0.2 mL) was dissolved
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in thionyl chloride (20 mL). The reagent was prepared fresh daily.
After development and drying, the (HP)TLC plates were immersed in
the reagent for about 1 s and coloured bands became visible after
some seconds or several minutes. For the optimisation of the detec-
tion reaction, pure thionyl chloride as well as various ratios of thionyl
chloride and stannic chloride were tested (e.g., thionyl chloride/
stannic chloride 1000:1, 100:1, 10:1 v/v).

2.5 | Detection of triterpenes with cerium-
molybdenum reagent

Furthermore, post-chromatographic detection reactions were per-
formed with cerium-molybdenum reagent (for the preparation of the

1.3%). The reagent was

cerium-molybdenum reagent see Schmidt et a
stored in the fridge. After development and drying, the TLC plates
were immersed in the reagent for about 1 s and blue bands became

visible after exposure to heat.

2.6 | (HP)TLC-MS coupling

A TLC-MS interface (Plate Express from Advion combined with an iso-
cratic pump) was utilised for the elution of compounds from the (HP)
TLC plates into an expression® CMS (compact mass spectrometer
from Advion, Ithaca, NY, USA) system, equipped with an electrospray
ionisation (ESI) ion source (negative and positive mode) or a APCI ion
source (negative and positive mode, capillary temperature:
200/250°C, source voltage offset: 15/20 V, source voltage dynamic:
10/20V, source gas temperature: 200/350°C, MS scan range m/z
100-600). Data acquisition and processing were performed with Mass
Express and Data Express software (Advion). Prior to the measure-
ments, substance-specific parameters were determined by direct inlet
of respective working solutions. Methanol was used as eluent (flow
rate 0.2 mL/min).

2.7 | Sample extraction and preparation (modified
according to Mathe et al.?* as well as Ganzera and
Khan'®)

Resins (1 g) were powdered and an aliquot (250 mg) of each resin
was extracted with methanol (3 mL) by sonicating the homogenised
material for 10 min. After centrifugation (5 min, 22°C, 3000 rpm),
the supernatant was filtered (0.2 um, PTFE). This procedure was
repeated three times. The supernatants were combined, and a
defined volume (2 pL) of the sample extract was spotted onto a
(HP)TLC plate. For the optimisation of the extraction procedure, fur-
ther extracting agents were tested, for example, chloroform and n-
hexane. For the calculation of extraction efficiency, the supernatant
was concentrated to dryness and the residue was weighed (see
Table S4). Furthermore, the insoluble residue was dried and weighed
(see Table S5).

Analysis

Thin wooden panels with and without a mastic-based varnish
were also extracted three times with methanol (3 x 3 mL) by sonicat-
ing the homogenised material for 10 min. The supernatants were
combined, and a defined volume (2 pL) of the sample extracts was
spotted onto a (HP)TLC plate.

2.8 | Limit of detection

Limit of detection (LOD) was determined using the signal-to-noise
ratio (S/N = 3). For calibration, stock solutions were diluted with meth-
anol down to a concentration of 1 pg/mL. Calibration solutions were
measured via direct injection (5 pL aliquots) by APCI-MS or applied on
the (HP)TLC plates [NP- and RP-(HP)TLC plates; 2 uL aliquots]. (HP)
TLC plates were developed using acetonitrile/water (95:5 v/v), aceto-
nitrile/water (7:1 v/v) or 2% acetic acid in n-hexane/ethyl acetate
(5:1 v/v) and investigated by (HP)TLC-APCI-MS. Experiments with
NP-TLC plates were performed before and after development. Each
calibration solution was measured three times, and analyses were exe-
cuted with peak areas of characteristic mass peaks of the respective
standard compound.

29 | System precision

For determining the system precision, methanolic solutions of 3, 5, 6,
9 and 10 were used (1, 0.1 or 0.01 mg/mL). Each solution was mea-
sured six times by APCI-MS (direct injection) and (HP)TLC-APCI-MS.
For (HP)TLC-APCI-MS experiments, solutions were spotted onto RP-
or NP-(HP)TLC plates, (HP)TLC plates were developed using acetoni-
trile/water (95:5 v/v), acetonitrile/water (7:1 v/v) or 2% acetic acid in
n-hexane/ethyl acetate (5:1 v/v) and investigated by (HP)TLC-APCI-
MS. For the interpretation of the system precision, relative standard
deviations (RSDs) of peak areas of characteristic mass peaks of 3, 5, 6,
9 and 10 were used (positive mode; 3: m/z 409, 453, 513; 5: m/z
409, 423; 6: m/z 409, 437, 455; negative mode; 9: m/z 121; 10:
m/z 147). In addition, Dixon's Q test and Neumann trend test were
applied for the identification of outliers or trends.

3 | RESULTS AND DISCUSSION

3.1 | Resin-specific triterpenoid and phenolic
compounds

Discrimination between plant resins such as dammar, mastic, olibanum
and benzoin is based on the selection of chemotaxonomic molecular
markers, detectable in fresh/unaged and aged resins. The plant resins
studied are commonly used triterpenoid or phenolic resins, whose
molecular composition has already been investigated by several
research groups. The photochemical and thermal ageing of triterpe-
noid resins have also been extensively studied. GALDI-MS studies by

Dietemann et al. have shown, for example, that plant resins such as
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dammar and mastic are oxidised quite quickly even when kept in dark-
ness.?> The commercially available resins are therefore usually in an
advanced stage of oxidation and degradation.?® Ageing of triterpenes
results in a wide variety of products, formed by autoxidative chain
reactions. Groups of signals spaced by 14 and 16 Da indicate the
incorporation of different numbers of oxygen atoms as well as
the simultaneous loss of hydrogen, for example, by allylic oxidation or
oxidation from alcohols to acids.?>2¢

A selection of triterpenoid and phenolic compounds (for struc-
tural formula see Figure S3) that can be used as markers to distinguish

plant resins is listed in Table 1.

3.2 | Development of a (HP)TLC-APCI-MS method
for the identification of triterpenoid and phenolic
marker compounds in plant resins

Identification of triterpenoid and phenolic marker compounds was
performed by (HP)TLC-APCI-MS. For this purpose, plant resins were
extracted; filtered extracts were applied on (HP)TLC plates, the plates
were developed using a suitable developing solvent (see Section 3.2.3)
and TLC zones were analysed by APCI-MS. In the course of method
development, several parameters were optimised to allow detection
of marker compounds in the presence of complex resin samples.

3.2.1 | Characterisation of triterpenoid and
phenolic marker compounds by APCI-MS

Initially, the ability to ionise triterpenoid and phenolic marker com-
pounds using ESI and APCI conditions [direct injection and ESI/APCI-
(HP)TLC-MS experiments] was tested. Best results were obtained for
the triterpenes by APCI in positive ionisation mode with a set of char-
acteristic ions that provide information about the presence of func-
tional groups (M + H]™, [M + H — H,0]" and [M + H — HCOOH]™;

Table S2). In accordance with literature, dehydration of protonated

triterpene alcohols as a dominating process in the APCl source
resulting in [M + H — H,O]" ions was observed.>>*® Furthermore,
fragment ions corresponding to [M + H — HCOOH] " are characteris-
tic of triterpene acids with a carboxylic acid group in position 17 or
4 such as 2, 6, 7, and 8.377%° However, the carboxylic acid substituent
present on 4 was not split off under APCI conditions. Instead, a frag-
ment ion peak at m/z 441 was found for 4 in positive ionisation mode
due to the presence of a hydroxy substituent and the resulting elimi-
nation of water (M + H — H,0]™"). In negative ionisation mode, triter-
pene acids were detected with acceptable peak intensities by APCI as
deprotonated ions [M — H]~. For the detection of the triterpene alco-
hols 1 and 5, however, the negative ionisation mode is inappropriate.
Phenolic compounds 9 and 10 were detected with satisfactory peak
intensities by ESI and APCI as deprotonated ions [M — H]™ in negative
ionisation mode.

As a consequence, subsequent experiments were performed by
[(HP)TLC]-APCI-MS in positive and negative ionisation mode.

3.2.2 | Characterisation of target structures by
post-chromatographic detection reagents

Most triterpenoid marker substances cannot be detected by an
inspection under UV light at A = 254 nm or 366 nm. Therefore, differ-
ent reagents were tested to confirm the presence of triterpenoid and
phenolic marker compounds in extracts of plant resins. In addition to
well-known  reagents for the detection of terpenoids
(e.g., anisaldehyde reagent‘u'42 and vanillin-sulphuric acid reagent43),
cerium-molybdenum reagent as well as the application of thionyl chlo-
ride and stannic chloride (reagent A) were tested. The cerium-
molybdenum reagent is suitable for the detection of various oxidisable
substances found in extracts of natural resins - this also includes tri-
terpenoid and phenolic marker compounds. However, all stainable
compounds showed a blue coloration. A more specific post-
chromatographic detection reaction, suitable for the detection of tri-

terpenes, can be performed with thionyl chloride and stannic chloride.

TABLE 1 Triterpenoid and phenolic marker compounds used to identify the plant resins studied.

Label Name Structure type Biomarker for Reference

1 a-Amyrin Ursane Various triterpenoid resins, e.g. elemi, white dammar, Boswellia 615.24,34
resin, myrrh (unaged and aged)

2 B-Boswellic acid Ursane Boswellia resin (unaged and aged) 2t

3 Acetyl-11-keto-B-boswellic acid Ursane Boswellia resin (unaged) 22

4 Dammarenolic acid Dammarane Dammar (white) (unaged and aged) 2282222

5 Lupeol Lupane Various triterpenoid resins, e.g. mastic, Boswellia resin (unaged 6.19:25.36
and aged)

6 Moronic acid Oleanane Mastic (unaged and aged) S re 2z

7 Oleanolic acid Oleanane Various triterpenoid resins, e.g. dammar, mastic (unaged) 25,2837

8 Ursolic acid Ursane Dammar (unaged) AR

9 Benzoic acid Phenolic compound Benzoin (unaged) 610

10 Cinnamic acid Phenolic compound Benzoin (unaged) Gl
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Highly coloured solutions of triterpenes as well as characteristic
sequences of colours, sometimes even allowing a distinction between
isomeric compounds such as 1 and p-amyrin, using the thionyl chloride
and stannic chloride reagent were first described by Noller et al.>?

In this work, thionyl chloride and stannic chloride were used for
the first time for post-chromatographic detection reactions of triter-
penes. Initially, tests with different ratios of thionyl chloride and stan-
nic chloride (1000:1, 100:1, 10:1 v/v) and thionyl chloride without
addition of stannic chloride were carried out. A ratio of thionyl chlo-
ride/stannic chloride 100:1 v/v has proven to be suitable for the
detection of triterpenoid marker compounds. Characteristic colour
changes of seven triterpenes are listed in Table S3. As already
described by Noller et al., the use of thionyl chloride in combination
with stannic chloride allows a distinction between structural iso-
mers.>2 For example, 2 and 8, both triterpenes with the same molecu-
lar formula differing only in the positions of a methyl and a carboxylic
acid group, show markedly different colour changes. Thus, for the
characterisation of triterpenes, characteristic sequences of colours
can be used in addition to retardation factor (Rg) values (see Table 2).
However, phenolic marker compounds such as 9 and 10 as well as the
triterpenoid compound 3 with an acetylated hydroxy group in position
3 cannot be stained with reagent A. A strong decrease in colour inten-
sity was also found by Noller et al. for triterpenes holding esterified
hydroxyl groups.3? Studies on the stainability of acetylated triterpenes
are the subject of additional investigations to be performed in future.

3.2.3 | Optimisation of mobile and stationary phase
for planar chromatography

For the determination of triterpenoid and phenolic marker compounds
in methanolic resin extracts, a variety of sorbents and solvents was
tested. For this purpose, working solutions of standard compounds,

Analysis

resin extracts and extracts mixed with defined concentrations of stan-
dard compounds were applied on different (HP)TLC sorbents. After
development and inspection under white light and with UV light at
A = 254 nm, (HP)TLC plates were investigated by (HP)TLC-APCI-MS
or immersed in post-chromatographic detection reagents (see
Section 3.2.2). (HP)TLC-APCI-MS studies showed that the use of RP-
18 HPTLC plates results in a low background signal and an increase of
peak areas for many triterpene acids - partly by a factor of 10-100 -
as compared to TLC silica gel sorbent. Thus, octadecyl-modified silica
HPTLC sorbent was preferred for HPTLC-APCI-MS experiments of
triterpenoid resins.

For extracts of dammar and mastic, a satisfactory separation of
triterpenoid marker and matrix compounds was found on partial
octadecyl-modified silica HPTLC sorbent using acetonitrile/water
(95:5 v/v) as developing solvent. Optimised TLC conditions for the
analysis of 2 and 3 in the examined Boswellia resin extracts included
the use of partial octadecyl-modified silica HPTLC plates and as a
developing solvent methanol/water (7:1 v/v). For methanolic extracts
of benzoin, no optimal separation of phenolic marker and matrix com-
pounds was achieved with RP-18 (HP)TLC plates. Consequently, tests
were performed with TLC silica gel sorbent. Here a satisfactory sepa-
ration of marker and matrix compounds as well as suitable detection
limits (see Section 3.2.5) for phenolic marker compounds 9 and 10
were observed with 2% acetic acid in n-hexane/ethyl acetate (5:1 v/v)
as developing solvent. However, the Rg values for 9 (Re = 0.32) and
10 (R = 0.30) are quite similar under these conditions. Thus, TLC-
APCI-MS analysis is of great importance to distinguish between UV-
active substances 9 and 10, both of which cannot be stained with
reagent A. The latter chromatographic system [TLC silica gel sorbent,
2% acetic acid in n-hexane/ethyl acetate (5:1 v/v)] also leads to an
acceptable separation of extractable dammar, mastic and Boswellia
resin components and can be used for preliminary investigations with
regard to the composition of plant resins by a post-chromatographic

TABLE 2 Chromatographic data and retardation factor (Rg) values for triterpenoid and phenolic marker compounds. After dipping in cerium-
molybdenum reagent all marker compounds show a blue coloration. For characteristic sequences of colours produced by dipping in reagent A see

Supporting Information Table S3.

Developing solvent and (high-performance) thin-layer chromatography [(HP)TLC] sorbent

Acetonitrile/water (95:5 v/v)
RP-18 W
R values

0.31 -
0.55 041
0.67 0.60
0.67 =
0.37 -
0.66 =
0.57 -
0.54 =

RP-18 W
Compound

NV 0O N O hWN R

-
o

Methanol/water (7:1 v/v)

2% Acetic acid in n-hexane/ethyl acetate (5:1 v/v)
Silica gel 60

0.38
0.28
0.25
0.22
0.37
0.20
0.28
0.27
0.32
0.30
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detection reaction with reagent A. For the earlier reasons, RP-18
HPTLC plates were preferred for HPTLC-APCI-MS studies on dam-
mar, mastic and Boswellia resins containing triterpene acids as marker
compounds, whereas TLC silica gel plates were used for TLC-
APCI-MS studies on benzoin balsam as well as for the preliminary
study of the resin extracts.

The Rf values and coloration of marker compounds after derivati-
sation with reagent A or cerium-molybdenum reagent are presented
in Tables 2 and S3.

3.24 | Optimisation of the extraction procedure

Extraction solvents of varying polarity were compared with respect to
extraction efficiency, extract composition and the removal of poly-
meric fractions present in various resins such as dammar or mastic
resins. For this purpose, powdered and homogenised plant resins
(250 mg) were extracted three times by sonicating using, for instance,
methanol, n-hexane or chloroform as extraction solvent. Afterwards,
filtered supernatants were applied on the (HP)TLC plates; the (HP)
TLC plates were developed and investigated by (HP)TLC-APCI-MS.
For comparison, average peak areas of characteristic mass peaks of
triterpenoid and phenolic marker compounds were determined. Fur-
thermore, the extraction efficiency in terms of weight (Tables S4 and
S5) as well as the chromatographic separation of marker and matrix
compounds were considered. In accordance with the literature, meth-
anol has proven to be a suitable solvent for the extraction of triterpe-
noid and phenolic marker compounds from the examined
resins. 1718212937 |n addition, experiments were carried out with sig-
nificantly lower sample amounts (8-9 mg resin). For this purpose,
powdered resins were extracted with methanol. After centrifugation
and filtration, the supernatants were concentrated to dryness. Subse-
quently, the residues were dissolved in methanol (300-500 uL) and
used for analyses. Detection of marker compounds was possible even

when using the lower sample amounts.

TABLE 3

3.2.5 | Evaluation of the limit of detection and the
system precision

LOD and system precisions were evaluated for selected triterpenoid
and phenolic marker compounds by APCI-MS (direct injection) and
(HP)TLC-APCI-MS (see Table 3). In this context, the influence of the
chromatographic system on detection limits was investigated. For 3,
5 and 6, detection limits of 5-50 ng/injection and 2-20 ng/TLC zone
were determined by APCI-MS (direct injection) and RP-HPTLC-APCI-
MS using acetonitrile/water (95:5 v/v) or methanol/water (7:1 v/v) as
developing solvent. For 5, a detection limit of 20 ng 5/TLC zone could
also be determined with NP (in this case it means silica gel sorbent)
plates. The use of NP-TLC plates, however, increases the detection
limits for triterpene acids such as 3 and 6 to 2000 ng 3/TLC zone
[developing solvent: 2% acetic acid in n-hexane/ethyl acetate (5:1 v/
V)], 200 ng 3/TLC zone (without development of the TLC plates) and
200 ng 6/TLC zone (with and without development of the TLC plates).
As mentioned earlier, octadecyl-modified silica HPTLC sorbent was
preferred for HPTLC-APCI-MS experiments on triterpenoid com-
pounds (see Section 3.2.3). For phenolic compounds 9 and 10, satis-
factory detection limits of 5 ng/injection and 2 ng/TLC zone were
determined by APCI-MS (direct injection) and NP-TLC-APCI-MS using
2% acetic acid in n-hexane/ethyl acetate (5:1 v/v) as developing sol-
vent. System precisions were determined for 3, 5, 6, 9 and 10 with an
RSD in the range of 0.8%-10.4%. Thus, the data were considered
adequate for the purposes of the present study.

3.3 | Preliminary investigations by APCI-MS (direct
injection)

For preliminary investigations with regard to the composition of plant
resins by APCI-MS, an aliquot of the respective methanolic resin
extract was directly injected into the mass spectrometer and analysed

without prior chromatographic separation. Obtained mass spectra

Limit of detection (LOD) for selected marker compounds and relative standard deviations (RSDs) of peak areas of characteristic

mass peaks of 3, 5, 6, 9 and 10, determined by atmospheric pressure chemical ionisation mass spectrometry (APCI-MS) (direct injection), normal-
phase thin-layer chromatography (NP-TLC)-APCI-MS and reversed-phase high-performance thin-layer chromatography (RP-HPTLC)-APCI-MS.

LOD (ng/injection or ng/TLC zone) RSD (%)
APCI-MS (direct NP-TLC- NP-TLC-APCI-MS (without RP-HPTLC- APCI-MS (direct (HP)TLC-
Compound injection) APCI-MS development of the TLC plates) APCI-MS injection) APCI-MS
3 5 2000 200 2 104 3.9
(RP-HPTLC)
5 5 20 20 20 7.6 12.3
6 50 200 200 20 4.7 5.5
(RP-HPTLC)
9 5 2 = = 4.3 6.0
(NP-TLC)
10 5 2 — — 0.8 7.0
(NP-TLC)
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were analysed with respect to the presence (or absence) of character-
istic peaks for triterpenoid and phenolic marker compounds. Further
information on the resins studied is given in Table S1.

In APCI mass spectra of dammar samples D1-D4 (plant family
Dipterocarpaceae), recorded in positive and negative ionisation mode,
characteristic peaks of the triterpenoid marker compound 4 at m/z
441 (M + H — H,0]") and 457 ([M-H]") can be seen as base peaks
or intense signals (Figure 1). Furthermore, intense signals at m/z
425 and 409 indicate the presence of white dammar ingredients such
as dammaradienone (m/z 425 [M + H]"), dammaradienol (m/z
409 [M + H — H,0]"), 1 (m/z 409 [M + H — H,0]™") or hydroxydam-
marenone (m/z 425, [M + H — H,0]).2>353744 The |atter is a major
component of both, dammar and mastic. Signals with mass differences
of 16 Da indicate the presence of corresponding oxidation products
(see Section 3.1). A similar oxidation pattern resulting from
autoxidation of hydroxydammarenone during storage was observed,
for example, by Dietemann et al.?> However, in naturally and ther-
mally aged as well as photoaged dammar samples, the relative inten-
sity of the signals, for example, at m/z 425, 441, 457 and 473, does
not increase significantly (positive mode, Figure S4). In addition, sig-
nals at m/z 457 and 473 can also be detected in the extracts of other

Analysis

resin samples and are consequently not characteristic for aged dam-
mer or mastic samples. Further investigation on oxidation products
should be the subject of future studies. Mass spectra of sample D5
differ significantly from spectra of D1-D4. Characteristic signals of
4 are absent or show a much lower intensity in mass spectra of D5
(Figure 1). However, an intensive signal at m/z 409 can also be
observed for D5 in positive ionisation mode (Figure 1). D5 is traded
under the name “dammar dark” and probably originates from a
Canarium species (plant family Burseraceae). Several resins of the
genus Canarium have been marketed under the name elemi, with
Manila elemi from Canarium luzonicum (Blume) A. Gray or Canarium
commune L. in particular being used in Fine Arts.>** Furthermore, a
brownish-black resin with the commercial name black dammar can be
obtained from trees of the species Canarium strictum Roxb.3”*> Both
resins, Manila elemi and black dammar, contain various triterpenes
such as 1 or B-amyrin, to which an intensive signal at m/z 409 as well
as less intense signals at m/z 425 and 423 can be attributed (see
Table 52).5°*4 Moreover, 4 does not represent a triterpenoid marker
compound for these Canarium resins. Thus, D5 is correctly identified
as no (white) dammar resin sample in the preliminary investigations by
APCI-MS.
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intensity: 4,96E7 D1 intensity: 2,81E8
457 425
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i i TS
—_ ; M\ NA}L W e, : .A\ A"[ J\ M
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intensity: 4,24E7 : : ! intensity: 2,51E8
f T L. T ﬂik J JLIL J]ﬁk\_\fk\. T 1 T JH;L ‘JJ“\ik ‘J‘Jhi |'ﬂl‘i‘ "“'51 T 1
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APCI mass spectra (direct injection) of methanolic extracts of dammar samples D1-D5. MS detection was performed in

(A) negative mode (molecular ion of 4: m/z 457) and (B) positive mode (fragment ions of 4: m/z 441; 1 and p-amyrin: m/z 425, 423, 409;
triterpenes contained in dammar with a dammarane skeleton such as hydroxydammarenone or dammaradienol: m/z 425, 409; putative products

of autoxidative chain reactions: m/z 457, 473).
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Intense signals at m/z 425 and 409 can also be detected in posi-
tive ionisation mode under APCI conditions in extracts of mastic sam-
ples M1-M4 (Figure 2). As mentioned earlier, components such as
hydroxydammarenone occur both in dammar and mastic. However,
these signals can also be assigned to other triterpenoid components
of mastic such as 5 (fragment ions of 5: m/z 425, 409) or B-amyrin
(expected fragment ions of p-amyrin: m/z 425, 423, 409%247)25 Fyr-
thermore, characteristic signals of the protonated and deprotonated
marker compound 6 at m/z 455 (M + H]™) and 453 (M — H]") are
found as intense peaks in APCl mass spectra of M1-M4 (Figure 2).
For isomeric triterpene acids contained as minor components in mas-
tic, for example, masticadienonic acid, isomasticadienonic acid or olea-
nonic acid, however, signals at m/z 455 (positive mode) or
453 (negative mode) would also be expected.®”

Mass spectra of Boswellia resin extracts are more heterogeneous.
However, in APCl mass spectra of samples Boswellia 1-5 characteris-
tic peaks at m/z 513 (M + H]™) and 511 ([M — H]") assigned to pro-
tonated and deprotonated 3 are found as base or intense peaks
(Figures S5A-D, S5A and S6A). In addition, signals at m/z 455 (M —
H]™) and 497 (I[M — H]") corresponding, for instance, to deprotonated
boswellic acid (a-BA and 2) or acetylated boswellic acid (a-ABA and
B-ABA), are detected.'*?! A characteristic signal of deprotonated

boswellic acid at m/z 455 ([M — H]7) is also prominent in mass spectra
of sample Boswellia 6, which is traded as “Weihrauch Borena (Boswel-
lia neglecta)” (Figure S5E). As expected for a Boswellia neglecta resin,
characteristic signals of 3 (negative and positive mode, Figures S6B
and S7B) as well as the signal at m/z 497 (negative mode) were miss-
ing in mass spectra of this sample. Resins of Boswellia neglecta are
characterised by very low concentrations of 3 and ABA and a medium
concentration of boswellic acid compared to other Boswellia spe-
cies.??*® Thus, first indications of the presence or absence of boswel-
lic acids can be obtained by APCI-MS. Furthermore, characteristic
signals at m/z 425, 423 and 409 of triterpenes such as 1 and 5, also
contained in Boswellia resins (see Table 1), were detected by APCI-MS
in positive mode (Figure S7).

Characteristic peaks at m/z 121 (M — H]") and 147 (M — H]"),
indicating the presence of 9 and 10, are found in APCI mass spectra
of the benzoin extracts of B1-B3 (B1: designated as Gummi Benzoe,
without further details; B2 and B3: traded as a Sumatra benzoin bal-
sam, Figure S8). As expected, a characteristic peak of 9 at m/z
121 and no evidence for the presence of free 10 was found in sample
B4, traded as a Siam benzoin balsam (Figure S8). Previous studies
have shown that 9 was detected in both, Sumatra and Siam benzoin
balsam, while quite important proportions of 10 were detected rather

(A) (B) 423
453 Normalized Normalized
M1 ' intensity: 6,03E7 intensity: 1,72E8
AN N, pan «JU . J ::L M‘L ,UU.'( ,Ulh A
r T L L T " T T ¥ 1 r T R :l: ! T ! ¥ T v 1
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:‘L Ma s J!J"i\\ 1k I k A
T T T : T 1 T 1 I T : :l: : : T
—M3 Normalized — M3 i : | Normalized
intensity: 5,16E7 "o : intensity: 2, 50E8
:L‘ M ik & nﬁs \ n.\J\‘-:!\ JJLL uu‘-‘,\\ | ——
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FIGURE 2 APCIl mass spectra (direct injection) of methanolic extracts of mastic samples M1-M4. MS detection was performed in
(A) negative mode (molecular ion of 6: m/z 453) and (B) positive mode [(fragment) ions of 6: m/z 455, 437, 409; 5: m/z 425, 409; B-amyrin: m/z
425, 423, 409; hydroxydammarenone as a major component of mastic: m/z 425].
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in Sumatra benzoin balsams.'® However, in addition to a signal for
9 at m/z 121, an intensive characteristic signal of 10 at m/z 147 was
also observed for sample B5, designated as Siam benzoin balsam. This
finding is surprising, as the intensive characteristic signal of 10 is atyp-
ical for a Siam benzoin balsam and suggest a Sumatra benzoin balsam
or an adulterated Siam benzoin balsam. However, further investiga-
tions, for example, by GC-MS or HPLC-ELDS (evaporative light scat-

tering detector; see Burger et al.2%)

, are required to verify the results.
These investigations will be the subject of future studies.

Furthermore, APCl mass spectra of B1-B5, recorded in negative
ionisation mode, show intense signals at m/z 469 and 471. These sig-
nals can probably be assigned to deprotonated siaresinolic or sumare-
sinolic acids (isomeric structures, both 472 Da) and deprotonated
oxidised derivatives with a carbonyl group instead of a hydroxy group
(470 Da). Sumaresinolic acid is well-known as a minor component in
Sumatra and Siam benzoin balsams. Siaresinolic acid, however, is
found only in Siam benzoin.*®*’ For a more detailed characterisation
of B1-B5, further investigations by APCI-TLC-MS are required. It
should be noted that 9, 10 and respective ester derivatives are not
reliable markers for a discrimination between ancient phenolic resins
due to their high volatility and water solubility as well as cross-
reactions (transesterification) with other constituents of the sample
during ageing processes. Furthermore, the double bond of cinnamates
might be cleaved by oxidative processes.*? In contrast to 9 and 10 as
well as respective ester derivatives, triterpenes such as sumaresinolic
and siaresinolic acid are promising marker compounds for strongly
aged phenolic resins, for example, from archaeological sites (see
Section 1 and Courel et al.*?).

For all extracts studied, characteristic signals of triterpenoid and
phenolic marker compounds can be detected by APCI-MS. However,
the distinction between isomeric structures in these complex multi-
component mixtures is possible only to a limited extent without a
chromatographic separation of these components. Consequently, (HP)
TLC-APCI-MS studies are indispensable for further characterisation of

natural resins (see Section 3.5).

3.4 | Preliminary investigations by planar
chromatography and post-chromatographic detection
reactions

For preliminary investigations with regard to the composition of the
plant resins by TLC and post-chromatographic detection reactions,
methanolic resin extracts were applied on TLC silica gel 60 sorbent
and TLC plates were developed using 2% acetic acid in n-hexane/
ethyl acetate (5:1 v/v). After an inspection under white light and with
UV light at A = 254 nm, TLC plates were immersed in reagent A.
Samples B1-B5 and Boswellia 1-6 show characteristic bands and
colour changes allowing a distinction between these resins. The
obtained chromatograms of B1-B3 (B1: designated as Gummi
Benzoe, without further details; B2 and B3: Sumatra benzoin balsams)
show a uniform spot pattern with characteristic UV-active bands for

9 and/or 10, however, with similar Rg values as already noted earlier

Analysis

(see Section 3.2.3, Figure S9). A characteristic UV-active band for 9 is
also present in track 6 of sample B4 (Siam benzoin balsam). Further-
more, a band stainable with reagent A (sequence of colours: red-
brown = purple = purple-grey = grey - grey-green) and a Rr value
of 0.15 indicates the presence of sumaresinolic acid in B1-B4
(Figure S10). As already mentioned, sumaresinolic acid is contained in
benzoin balsam from Sumatra and Siam. It should be noted that sam-
ple B5 (designated as Siam benzoin balsam) shows a similar pattern to
samples B1-B3, which is distinctly different from sample B4
(Figures S9 and S10). This finding supports the assumption that sam-
ple B5 is a Sumatra benzoin balsam or an adulterated Siam benzoin
balsam (see Section 3.3).

Characteristic bands at Rg 0.28 with colour changes typical for
2 can be observed for Boswellia resins Boswellia 1-5 (Figure S11). In
addition, the chromatograms of Boswellia 1-5 show at a Rg value of
0.25 a characteristic UV-active band for 3 that is not stainable with
reagent A (Figure S12). An exception are extracts of the resin sample
Boswellia 6. These sample extracts show a spot pattern different from
other Boswellia resins; for example, no indication of the presence of
3 and only a small amount of 2 was found (Figures S13 and S14). As
mentioned earlier, Boswellia species such as Boswellia neglecta are
characterised by a rather low concentration of boswellic acids (see
Section 3.3).

Chromatograms of mastic samples M1-M4 and dammar samples
D1-D4 are very similar (Figures 3 and S15-517). However, different
colour sequences can be observed for some stainable bands. Further-
more, marker compound 6 is not sufficiently separated from matrix
components of samples M1-M4 under these conditions (Figure S15),
whereas marker compound 4 is clearly detectable in extracts of D1-
D4 (Figure 3). Artificially and naturally aged dammar samples also
show characteristic bands with colour changes typical for 4 (see
Section 2.1). Compared to D1-D4, the chromatogram of sample D5
(Canarium resin) shows only one intense stainable band with a R
value of 044 (sequence of colours: orange = red-
brown - brown > grey-brown - grey-purple, Figure 3) and, as
expected, differs significantly from chromatograms of D1-D4 (white
dammar).

Thus, characteristic spot patterns obtained after a planar chro-
matographic separation of extract ingredients, in combination with
the sequence of colours observable after derivatisation
with reagent A, are helpful to obtain the first hints about the resin
composition.

3.5 | Characterisation of triterpenoid and phenolic
resins by (HP)TLC-APCI-MS and post-
chromatographic detection reactions

The characterisation of plant resins was performed by (HP)TLC-APCI-
MS. Results of preliminary investigations using APCI-MS (direct injec-
tion) and post-chromatographic detection reactions provide initial
information on the composition of the resins studied and help to

choose suitable chromatographic conditions enabling a separation of
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resin components. Identification of selected triterpenoid and phenolic
compounds was achieved by APCI-MS spectra, Rr values and the
presence or absence of characteristic colour changes after derivatisa-
tion with reagent A.

For dammar samples D1-D4, APCI mass spectra of the stainable
band (typical colour sequence for 4, see Table S3) at Rr 0.67 show
intense peaks at m/z 441 (positive mode) and 457 (negative mode)
correspond to the triterpenoid marker compound 4. In contrast, 4 can-
not be detected in the extract of sample D5. As already discussed, the
composition and thus MS spectra and (HP)TLC chromatograms of
white dammar (D1-D4) and the Canarium resin D5 differ significantly
(see Sections 3.3 and 3.4).

Compound 6 with a Rg value of 0.66 (colour sequence see
Table S3) and characteristic signals at m/z 455, 437, 409 (positive mode)
and 453 (negative mode) was identified in mastic samples M1-M4.

Characteristic signals of the triterpenoid marker compound 3 at
m/z 513 (positive mode) and 511 (negative mode) are found at R
0.60 (non-stainable with reagent A) as intense peaks in APCI mass
spectra of Boswellia 1-5. The simultaneous presence of smaller peaks
at m/z 453 and 409 in positive mode corresponding to fragment ions
of 3 confirms the detection of 3 (see Table S2). Furthermore, bands
with R values of 0.41 (typical colour sequence for 2, see Table S3)
and a characteristic signal of 2 at m/z 455 (negative mode) are found
for Boswellia 1-5. In contrast, no evidence of the presence of 3 was
found in extracts of Boswellia 6. Thus, 2 and 3 are suitable marker
compounds for Boswellia resins, with the exception of sample
Boswellia 6. Boswellia 6 is traded as a Boswellia neglecta resin, which
has a very low concentration of 3 compared to other Boswellia species
(see Section 3.3). However, the composition of Boswellia 6 extracts
should be verified by another method, for example, GC-MS, in future

studies.

"

FIGURE 3 TLC chromatogram of methanolic
5 min dammar extracts and respected marker
compounds developed on silica gel plates using
2% acetic acid in n-hexane/ethyl acetate (5:1 v/v)
as mobile phase. TLC plates were viewed under
white light (A) 1 min, (B) 3 min, (C) 5 min and
(D) 10 min after derivatisation with reagent
A. Tracks 1, 3, 5, 7, 9 = methanolic resin extracts
(1: D1; 3: D2; 5: D3; 7: D4; 9: D5). Tracks 2, 4,
6, 8, 10 = methanolic solutions of marker
compounds [2: 4 (dammarenolic acid); 4:

4l <An S M 7 (oleanolic acid); 6: 8 (ursolic acid); 8: 1 (-

amyrin), 10: 6 (moronic acid); 2 ug/TLC zone

10 min each].

23 45 6 78 910

Phenolic marker compounds 9 and/or 10 with characteristic peaks
at m/z 121 and 147 (negative mode) were detected in benzoin extracts
B1-B5 at Rr values of 0.32 and 0.30, respectively (NP-TLC-MS experi-
ments). As noted earlier, bands of 9 and 10 can be detected under UV
light at 254 nm, however, cannot be stained with reagent A (see
Section 3.2.2 and Figures S9 and S10). The presence of sumaresinolic
acid in benzoin extracts B1-B5 can be confirmed by RP-HPTLC-APCI-
MS. A characteristic signal of sumaresinolic acid at m/z 471 is found at
Rr 0.70 as an intense peak in APCI mass spectra of B1-B5 (Figure S18).
As expected, the use of silica gel plates is unsuitable for the detection
of the triterpene acid sumaresinolic acid by TLC-MS and results in a low
intensity signal at m/z 471. Unfortunately, no optimal separation of 9,
10 and matrix compounds was achieved with octadecyl-modified silica
HPTLC sorbent. Therefore, two independent experiments using NP-
and RP-(HP)TLC plates are required for the detection of 9, 10 and
sumaresinolic acid in benzoin extracts by TLC-MS.

Thus, the identification of triterpenoid and phenolic marker com-
pounds, which allow discrimination of plant resins, by (HP)TLC-APCI-
MS and specific detection reactions with reagent A was successful for
all natural resins tested. In summary, (HP)TLC-APCI-MS in combina-
tion with specific post-chromatographic detection reactions is a sim-
ple, fast, inexpensive, sensitive and specific method for screening
resins and resin-based varnishes for botanical origin that can analyse a
large number of samples simultaneously (for a comparison with other
techniques see Table S6).

3.6 | Case study: Analysis on a mastic varnish

Extracts of a 1-year-old mastic varnish - naturally aged as a thin film

on a wooden panel - and an unvarnished wooden panel were
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analysed by HPTLC-APCI-MS. Initially, the preliminary investigations
described earlier were carried out. APCI mass spectra and (HP)TLC
chromatograms of the mastic-based varnish look very similar to the
studied mastic samples M1-M4 (Figures S15 and S16). Thus, for
the subsequent studies by HPTLC-APCI-MS, RP-18 HPTLC plates and
acetonitrile/water (95:5 v/v) as developing solvent were used for the
chromatographic separation of the resin components. Corresponding
analyses confirm the presence of the triterpenoid marker compound
6 for the varnished sample and thus the presence of mastic, a natural
triterpenoid resin often used by conservators. In comparison, no
marker compound was detected in the extract of the unvarnished

wooden panel.
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Dammarane Euphane

Figure S1 Pentacyclic and tetracyclic triterpenes - oleanane, ursane, lupane, dammarane and
euphane skeleton.

Figure S2 Cross section of a wooden panel with a mastic-based varnish. The arrow marks the
varnished side.



a-Amyrin (1) Acetyl-11-keto-B-boswellic acid (3) Dammarenolic acid (4)
B-Boswellic acid (2)

Ursolic acid (8)

1: R'= B-OH, R2 = CH,, R® = CH,
2:R'=a-OH, R2= COOH, R*= CH,
8: R'= -OH, R2 = CH,, R*= COOH

Lupeol (5) J Moronic acid (6) Oleanolic acid (7)
=,

Figure S3 Triterpenes used as biomarkers for triterpenoid resins such as dammar, mastic or
olibanum.
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Table S2 Characteristic (fragment) ions of triterpenoid and phenolic marker compounds under APCI (direct injection)
conditions in positive and negative ionization mode.

Label | Compound APCI-MS APCI-MS Comment
positive mode negative mode
m/z (rel. Int.; %) m/z (rel. Int.; %)
Triterpenes
1 a-Amyrin 409 (100) - [M+H-H,OJ"
423 (22) [M+H-2H,]*
425 (20) [M+H-H,]"
2 B-Boswellic acid 409 (57) [M+H-HCOOH-H,]*
411 (37) [M+H-HCOOH]*
439 (100) [M+H-H,OT"
453 (81) [M+H-2H,]*
457 (10) [M+H]"
455 (100) [M-H]
3 Acetyl-11-keto-B-boswellic | 409 (60) [M+H-AcOH-CO,]*
acid 453 (17) [M+H-AcOH]*
513 (100) [M+H]"
511 (100) [M-HJ
4 Dammarenolic acid 441 (100) [M+H-H,OJ*
457 (100) [M-H]
5 Lupeol 409 (100) - [M+H-H,O1*
425 (18) [M+H-H,]*
6 Moronic acid 409 (100) [M+H-HCOOH]*
437 (20) [M+H-H,O]"
455 (45) [M+H]*
453 (100) [M-HJ
7 Oleanolic acid 411 (25) [M+H-HCOOH]*
439 (100) [M+H-H,O]"
455 (100) [M-H]
8 Ursolic acid 411 (50) [M+H-HCOOH]*
439 (100) [M+H-H,O]*
455 (100) [M-H]
Phenolic compounds
9 Benzoic acid - 121 (100) [M-HJ
10 Cinnamic acid - 147 (100) [M-HJ
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Table S4 Extraction efficiency in terms of weight (xc). Extraction solvent: methanol. Calculation: Xe = m/mo with mr ... mass
of the extractable fraction and mo ... mass of the resin before extraction.

Plant resin Sample ID Extraction efficiency in terms of weight (%)
Benzoin B1 99
B2 98
B3 97
B4 97
B5 99
Dammar D1 74
D2 73
D3 76
D 4 74
D5 18
Mastic M1 84
M2 87
M3 90
M 4 86
Olibanum/frankincense Boswellia 1 75
(Boswellia resin) Boswellia 2 70
Boswellia 3 62
Boswellia 4 67
Boswellia 5 75
Boswellia 6 64

Table S5 Comparison of extraction solvents with regard to extraction efficiency in terms of weight (Xe).
Calculation: Xe = 1- (my/mo) with m ... mass of the insoluble residue and mo ... mass of the resin before extraction.

Extraction solvent | Extraction efficiency in terms of weight (%)

Benzoin B 1 Dammar D 1 Mastic M 1 Boswellia resin
Boswellia 1
n-Hexane 0 32 23 43
Chloroform 64 70 100 37
Methanol 99 74 81 74




D1 naturally aged for 1 year,

D1 naturally aged for 1 year,

D1 naturally aged for 1 year

1
525

441
425 163 h photoaged
409
457
| 473
w“l . l.LM‘ IL' \’\'ML(‘ T I 1
21 h thermally aged
NV
A
D1 commercial dammar
T T A 1 f T Y
375 400 425 450 475 500
mz

Figure S4 APCI mass spectra (direct injection) of methanolic extracts of commercial (unaged), naturally
(aged for 1 year in darkness) and artificially (21 h, 100 °C or 163 h, 254 nm) aged dammar samples; a)
D 1 and b) D 4 samples. MS detection was performed in positive mode [fragment ions of 4: m/z 441; 1
and B-amyrin: m/z 425, 423, 409; triterpenes contained in dammar with a dammarane skeleton such as
hydroxydammarenone or dammaradienol: m/z 425, 409; putative products of autoxidative chain

reactions: m/z 457, 473]

Figure SS Boswellia resin samples Boswellia 2-6 used for studies. a) B. carteri Birdw.,
b) B. serrata Roxb., ¢) B. sacra Flueck., d) B. papyrifera (Del.) Hochst., e) B. neglecta S.

Moore.
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Figure S6 APCI mass spectra (direct injection) of methanolic extracts of Boswellia resin
samples a) Boswellia 1-5 and b) Boswellia 6. MS detection was performed in negative mode

[molecular ion of 3: m/z 511; boswellic acid (a-BA and 2): m/z 455; acetylated boswellic acid
(0-ABA and B-ABA): m/z 497].
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Figure S7 APCI mass spectra (direct injection) of methanolic extracts of Boswellia resin
samples a) Boswellia 1-5 and b) Boswellia 6. MS detection was performed in positive mode

[(fragment) 1ons of 3: m/z 513, 453, 409; boswellic acid (a-BA and 2): m/z 457, 453, 439, 409;
5: m/z 425, 409; 1: m/z 425, 423, 409].
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Figure S8 APCI mass spectra (direct injection) of methanolic extracts of benzoin samples B 1-

5. MS detection was performed in negative mode [deprotonated ions [M-H] of 9: m/z 121;
10: m/z 147].
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Figure S9 TLC chromatogram of methanolic extracts of benzoin samples and respected marker
compounds developed on silica gel plates using 2 % acetic acid in n-hexane/ethyl acetate
(5:1 v/v) as mobile phase. TLC plates were viewed with an UV light source at 254 nm. Tracks
1, 3,4, 7, 8 = methanolic resin extracts (1: B1;2: B2;4: B3; 6: B4; 8: B5). Tracks 3,5,7 =
methanolic solutions of marker compounds [3: 10 (cinnamic acid); 5: 9 (benzoic acid);
7: sumaresinolic acid (not detectable under these conditions); 2 ng/TLC zone each].
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Figure S10 TLC chromatogram of methanolic extracts of benzoin samples and respected
marker compounds developed on silica gel plates using 2 % acetic acid in n-hexane/ethyl
acetate (5:1 v/v) as mobile phase. TLC plates were viewed under white light a) 1 min, b) 3 min,
¢) 5 min and d) 10 min after derivatization with reagent A. Tracks 1, 3, 4, 7, 8 = methanolic
resin extracts (1: B 1; 2: B 2; 4: B 3; 6: B 4; 8: B 5). Tracks 3, 5, 7 = methanolic solutions of
marker compounds [3: 10 (cinnamic acid, not stainable with reagent A); 5: 9 (benzoic acid, not
stainable with reagent A); 7: sumaresinolic acid; 2 pg/TLC zone each (Rg: 0.15)].
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Figure S11 TLC chromatogram of methanolic Boswellia resin extracts and respected marker
compounds developed on silica gel plates using 2 % acetic acid in n-hexane/ethyl acetate
(5:1 v/v) as mobile phase. TLC plates were viewed under white light a) 1 min, b) 3 min, c)
5 min and d) 10 min after derivatization with reagent A. Tracks 1, 2, 4, 6, 7 = methanolic resin
extracts (1: Boswellia 1; 2: Boswellia 2; 4: Boswellia 3; 6: Boswellia 4; 7: Boswellia 5). Tracks
3, 5, 8, 9 = methanolic solutions of marker compounds [3: 3 (acetyl-11-keto-B-boswellic acid,
not stainable with reagent A); 5: 2 (B-boswellic acid); 8: 1 (o-amyrin); 9: 5 (lupeol);
2 ug/TLC zone each].
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Figure S12 TLC chromatogram of methanolic Boswellia resin extracts and respected marker
compounds developed on silica gel plates using 2 % acetic acid in n-hexane/ethyl acetate
(5:1 v/v) as mobile phase. TLC plates were viewed with an UV light source at 254 nm. Tracks
1, 2, 4, 6, 7 = methanolic resin extracts (1: Boswellia 1; 2: Boswellia 2; 4: Boswellia 3;
6: Boswellia 4; 7: Boswellia 5). Tracks 3, 5, 8, 9 = methanolic solutions of marker compounds
[3: 3 (acetyl-11-keto-B-boswellic acid); 5: 2 (B-boswellic acid, not detectable under these
conditions); 8: 1 (a-amyrin, not detectable under these conditions); 9: § (lupeol, not detectable
under these conditions); 2 ug/TLC zone each].
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Figure S13 TLC chromatogram of methanolic Boswellia resin extracts and respected marker
compounds developed on silica gel plates using 2 % acetic acid in n-hexane/ethyl acetate
(5:1 v/v) as mobile phase. TLC plates were viewed with an UV light source at 254 nm. Tracks
2, 4 = methanolic resin extracts (2: Boswellia 1; 4: Boswellia 6). Tracks 1, 3, 5, 6 = methanolic
solutions of marker compounds [1: 3 (acetyl-11-keto-p-boswellic acid); 3: 2 (B-boswellic acid,
not detectable under these conditions); 5: 1 (a-amyrin, not detectable under these conditions);
6: 5 (lupeol, not detectable under these conditions); 2 ng/TLC zone each].

A 1 min C 5 min
- - .
B 3 min D 10 min
.
. -
1 2 3 45 6 1 2 3 4 56

Figure S14 TLC chromatogram of methanolic Boswellia resin extracts and respected marker
compounds developed on silica gel plates using 2 % acetic acid in n-hexane/ethyl acetate
(5:1 v/v) as mobile phase. TLC plates were viewed under white light a) 1 min, b) 3 min, c)
5 min and d) 10 min after derivatization with reagent A. Tracks 2, 4 = methanolic resin extracts
(2: Boswellia 1; 4: Boswellia 6). Tracks 1, 3, 5, 6 = methanolic solutions of marker compounds
[1: 3 (acetyl-11-keto-B-boswellic acid, not stainable with reagent A); 3: 2 (B-boswellic acid);
5: 1 (0-amyrin); 6: § (lupeol); 2 pg/TLC zone each].
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Figure S15 TLC chromatogram of methanolic mastic extracts and respected marker
compounds developed on silica gel plates using 2 % acetic acid in n-hexane/ethyl acetate (5:1
v/v) as mobile phase. TLC plates were viewed under white light a) 1 min, b) 3 min, ¢) 5 min
and d) 10 min after derivatization with reagent A. Tracks 1, 2, 4, 5 = methanolic resin extracts
(1: M 1;2: M 2; 4: M 3; 5: M4). Tracks 3, 6, 7 = methanolic solutions of marker compounds
[3: 6 (moronic acid); 6: 7 (oleanolic acid); 7: 5§ (lupeol); 2 pg/TLC zone each]. Track 8 =
methanolic extract of a mastic-based varnish from a wooden panel (see 3.6).
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Figure S16 TLC chromatogram of methanolic mastic extracts and respected marker
compounds developed on silica gel plates using 2 % acetic acid in n-hexane/ethyl acetate (5:1
v/v) as mobile phase. TLC plates were viewed with an UV light source at 254 nm. Tracks 1, 2,
4, 5 = methanolic resin extracts (1: M 1; 2: M 2; 4: M 3; 5: M4). Tracks 3, 6, 7 = methanolic
solutions of marker compounds, not detectable under these conditions [3: 6 (moronic acid);
6: 7 (oleanolic acid); 7: § (lupeol); 2 pg/TLC zone each]. Track 8 = methanolic extract of a
mastic-based varnish from a wooden panel (see 3.6).
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Figure S17 TLC chromatogram of methanolic dammar extracts and respected marker
compounds developed on silica gel plates using 2 % acetic acid in n-hexane/ethyl acetate (5:1
v/v) as mobile phase. TLC plates were viewed with an UV light source at 254 nm. Tracks 1, 3,
5,7, 9 = methanolic resin extracts (1: D 1; 3: D 2; 5: D 3; 7: D 4; 9: D 5). Tracks 2, 4, 6, 8, 10
= methanolic solutions of marker compounds, not detectable under these conditions
[2: 4 (dammarenolic acid); 4: 7 (oleanolic acid); 6: 8 (ursolic acid); 8: 1 (a-amyrin),
10: 6 (moronic acid); 2 ug/TLC zone each].
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Figure S18 APCI mass spectra at Rr 0.70 of methanolic extracts of benzoin samples B 1-5 and
a methanolic solution of sumaresinolic acid (2 pg/HPTLC zone) spotted onto octadecyl-
modified silica HPTLC plates. RP-HPTLC plates were developed using acetonitrile/water (95:5
v/v) and investigated by HPTLC-APCI-MS. MS detection was performed in negative mode
[deprotonated ion [M-H]™ of sumaresinolic acid: m/z 471].
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Degumming and characterization
of Bombyx mori and non-mulberry
silks from Saturniidae silkworms

Theresa Schmidt, Nils Puchalla, Marcel Schendzielorz & Annemarie E. Kramell™

In this study, cocoons and degummed silk samples of Bombyx mori and twenty Saturniidae species of
the genera Actias, Attacus, Argema, Antheraea, Caligula, Callosamia, Cricula, Epiphora, Hyalophora,
Loepa, Samia and Saturnia are studied to gain an insight into their morphology, chemical composition
and physical structure. For this purpose, silk samples are characterized by optical microscopy and
FTIR spectroscopy in attenuated total reflection mode (ATR-FTIR spectroscopy). Furthermore,
degummed silk samples are analyzed for their amino acid (AA) composition by GC-FID. In the course of
method development, various degumming methods are tested using alkalis, citric acid, enzymes and
detergents. A mixture of 0.1% sodium carbonate and 2.5% ethylenediamine proves to be an effective
agent for degumming Saturniidae and B. mori cocoons. After hydrolysis of the fibroin filaments with

6 N hydrochloric acid and derivatization with propyl chloroformate, fifteen AAs are identified and
qualified. This method shows a satisfactory overall analytical performance with an average recovery
rate of 95% at the medium concentration level. The chemical composition of the different silks was
considered comparatively. Within a genus, the analyses usually show a high degree of similarity in AA
composition and the resulting structural indices, whereas differences are found between genera.

Silk is one of the most exclusive fibers in the world and has been used for textile production for several thou-
sand years. The earliest direct biomolecular evidence for the existence of silk is from tombs dated 9000-8500
BP in Jiahu, China'. For centuries, the domesticated silkworm [Bombyx mori L. (BM), family Bombycidae], also
known as mulberry silk moth, has been the most important producer of silk. These mulberry feeding silkworms
originated from the Chinese wild silkworm Bombyx mandarina Moore that occurs throughout Asia, where
modern sericulture and silkworm domestication were initiated>’. Beside BM and B. mandarina, several wild or
semi-domesticated moth larvaes produce silks with remarkable mechanical properties that have attracted large
interest in the scientific world*~”. These non-mulberry feeding silkworm species are diverse and have a wide
distribution throughout the world. Among non-mulberry silk moth the most well-known species, belonging to
the family Saturniidae, are Antheraea pernyi Guérin-Méneville [APe, Chinese temperate (oak) tasar/tussah], A.
proylei Jolly (Indian oak tasar, hybrid of A. roylei Moore and APe®), A. mylitta Drury (AM, Indian tropical tasar),
A. assamensis Helfer (Indian muga), Samia cynthia Drury (SCy, Indian eri), and A. yamamai Guérin-Méneville
(Japanese oak silk). Some species have great economic importance and are cultivated not only for textile pro-
duction. For instance, APe, which uses oaks (various Quercus species) as host plants, is also used in traditional
medicine, cosmetic products as animal feed, farm fertilizer and a food source for human consumption®!'!. To
meet this demand, thousands of hectares of oak are under cultivation today in China, India and Korea for silk,
egg, larva and pupae production'’. In contrast, silks from wild silk moth such as Pachypasa otus Drury (Lasio-
campidae family), the source of Coan silk, have only historical significance'?.

A cocoon, whose primary function is to protect the developing moth against its natural enemies and climate
conditions, is a multilayer composite material composed of two proteins, namely fibroin and sericin. Sericin, also
known as gum, is a glue-like protein, which coats and binds together filaments of the protein fibroin into an intact
cocoon. The structure and composition of the water-soluble sericin coating of BM has been the subject of several
studies'*"'°. The sericin coating composed of two or more layers that cover the outside of the fibroin filaments.
These layers of sericin consists mainly of AAs with a polar side chain such as Ser, Asp and Thr, with the amount
of polar AAs in the sericin layers gradually decreasing from the outer to the inner layer. In production of silk
threads and fabrics, sericin must be removed to obtain glossy, soft, smooth and dyeable materials. Conventional
degumming processes, during which sericin is fully/partially hydrolyzed or solubilized, are based on the use of
soap, alkalis, organic acids, enzymes or detergents'®!. In addition, various extraction processes, such as using
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water at high temperature and pressure can be used for the removal of sericin'®. In contrast to sericin, fibroin is
insoluble in water, has a fibrous nature and contains a high proportion of amino acids (AAs) with non-polar side
chains. Silk fibroin from BM is composed of three proteins, heavy chain fibroin (FibH, 350 kDa), light chain
fibroin (FibL 26 kDa) and P25 (also known as fibrohexamerin, 30 kDa), and consists mainly of Ala- (alanine)
and Gly- (glycine) rich repetitive motifs'®. The BM fibroin elementary unit consists of six disulfide-linked FibH
and FibL dimers and one P25 glycoprotein molecule?. However, the AA sequence and composition of silk
fibroin from non-mulberry silkworms differs from BM?"%. In this context, the chemical composition of vari-
ous Antheraea species was studied in particular?. For instance, fibroin of commercial Antheraea species such
as APe, AM and A. assamensis is characterized by a significantly higher content of Ala as well as a higher ratio
of basic to acidic and hydrophilic to hydrophobic AAs compared to BM fibroin”?*?*. In addition, significant
differences in mechanical properties and structural morphologies were found between silks of BM and other
species™!. Silk filaments of BM, for example, have a triangular cross-sectional shape, while wild silk is mostly
elongated rectangular or a wedge-shaped>**. In order to better understand the structural and chemical compo-
sition of non-mulberry silks, different techniques are used, e.g. (Wide-angle) X-ray diffraction, IR and Raman
spectroscopy?"*?+26-28 n addition, AA analyses using an Amino Acid Analyzer (AAA) as well as MS analyses
of trypsinized cocoons or silks are used to characterize and identify silk proteins'*?>%32,

In this study, we report on the development and validation of a GC-FID method for the identification and
quantification of fifteen AAs in silk fibroin of twenty-one silkworm species. Cocoons of BM and non-mulberry
silkworms in the tribes Saturniini and Attacini (family Saturniidae) were degummed and the obtained fibroin
filaments were analyzed for their AA composition. In this context, different degumming methods were tested,
using optical microscopy and FTIR spectroscopy in attenuated total reflection mode (ATR-FTIR spectroscopy)
as well as degumming ratio to monitor the degumming process and characterize the degummed silks. AA
compositions, morphologies and ATR-FTIR spectra of the silk samples were compared and differences between
silks produced by Saturniidae or Bombycidae moths were discussed. The aim of this study is to contribute basic
knowledge on degumming of BM and Saturniidae cocoons, the chemical composition and the physical struc-
ture of the degummed silk filaments. Furthermore, the potential of AA analyses, microscopic and ATR-FTIR
spectroscopic studies to distinguish between Saturniidae silks was investigated.

Experimental section

Chemicals and material

L-Alanine (Ala; 99%), L-isoleucine (Ile; 99%), L-proline (Pro; 99%), L-cysteine (Cys;>98%), L-lysine (Lys;
98%), L-norleucine (Nle; 99%) and 3-picoline (99%) were obtained from Alfa Aesar. Glycine (Gly; >99%)
were purchased from Tokyo Chemical Industry (TCI); L-leucin (Leu; > 99%), L-valine (Val; > 99%), L-glutamic
acid (Glu;299%), L-aspartic acid (Asp; =99%), L-threonine (Thr;>99%), L-phenylalanine (Phe; >99%) and
L-methionine (Met; >99%) from CARL ROTH GmbH + Co. KG; L-serine (Ser;>99%), L-histidine (His; > 99%)
sodium carbonate (Na,CO;; anhydrous), sodium hydrogen carbonate (NaHCOj), citric acid (99%), ethylene
diamine (=99%), phenol (=99%), 3,3'-dithiodipropionic acid (DTDPA, 99%) and sericin BM (silkworm) from
Sigma-Aldrich; tryptophane (Trp; 99%), propyl chloroformate (98%) and n-Propanol (>99%, extra pure) from
Acros Organics; isooctane (ACS, Reag. Ph. Eur) from VWR Chemicals; chloroform (=99.8%), concentrated
hydrochloric acid (HCI; 37%) and sulphuric acid (= 95%) from Fisher Scientific and papain from carica papaya
(3.0 U mg ') was bought from Fluka Chemicals. Handcrafted Savon de Marseille soap was obtained from the
Savonnerie Fer a Cheval; Marseille, France. The industrial degumming detergent Perlavin LMO in combination
with the sequestering solution Periquest APG (alkyl polyglycoside) was bought from Dr. Petry—Textile Auxil-
iaries, Reutlingen, Germany. The pineapples were purchased from a local market.

Cocoons and silk samples

BM cocoons were obtained from World of Butterflies & Moths (Lincolnshire, England), a Chinese web store and
from the Francke Foundations in Halle/Saale (silk worms were cultivated within the framework of a pedagogical
project). Degummed BM silk and cocoons of AM (Indian tasar silkmoth) were purchased from Seidentraum
(organic peace silk, Sternenfels, Germany). Cocoons of Attacus atlas L. (AtA) were obtained from the butterfly
house of Jonsdorf (Germany); other non-mulberry silkworm cocoons from World of Butterflies & Moths (Lin-
colnshire, England) or from Worldwide Butterflies (England).

Optical microscopy (OM) and ATR-FTIR spectroscopy

The surface morphology of the cocoons (outside and inside) and degummed silken filaments was characterized
using a VHX-6000 digital microscope from KEYENCE. For ATR-FTIR analysis, a Perkin Elmer UATR two
spectrometer was used. ATR-FTIR spectra were acquired with 64 or 256 scans over the range of 4000 to 400 cm™
at a spectral resolution of 4 cm™. All samples were scanned on 2 to 5 different positions. Background was col-
lected each time before all ATR-FTIR spectra of silk samples were collected. Spectral data analysis, including
baseline correction, smoothing and deconvolution of amide I bands (1600-1700 cm™!) were performed using
Spectrum 10 software (Perkin Elmer) and PeakFit 4.12 (Systat Software Inc.) according to the literature?->!. The
numbers and positions of peaks were defined from the results of second derivatives spectra and fixed during the
deconvolution process. The data (e.g. B-sheet content) obtained from the spectra were the mean and standard
deviations taken from separate deconvolutions from at least three separate samples. Assignment of adsorption
peaks in the amide I band: the peak from 1619 to 1624 cm ™! is assigned to B-sheet conformation; the small peak
from 1687 to 1692 cm™! to B-turn conformation of the hairpin-folded antiparallel p-sheet structure; and the peak
centered at 1653-1662 cm ™" to random coil, helical conformation, or both.
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Degumming
Sericin removal was performed by different methods: alkaline or acidic methods with Na,CO;, NaHCOj, ethyl-
enediamine or citric acid, enzymatic processes with papain or pineapple juice and methods with detergents such
as Marseille soap or industrially used Perlavin LMO (modified according to'®!”?%32%3_ After degumming, the
fibers were immediately rinsed thoroughly with distilled water until a neutral pH value was achieved and dried
at 100 °C until constant weight was reached. The degumming ratio D, (%), which correspond to the amount of
sericin and non-sericin components (including wax, pigments, sugars and other impurities) removed by differ-
ent degumming treatment, was expressed in terms of percentage weight loss using the weights of the dried silk
samples before (W) and after (W,) degumming (see Feng et al.**). For the D, calculation, the following Eq. (1)
was used:

D, = Yo Wi 100 )

r WO

In addition, microscopic and ATR-FTIR spectroscopic examinations were carried out to assess the efficiency
of the degumming process. Degumming methods were first applied to cocoons of BM, and subsequently the
studies were extended to non-mulberry silkworm cocoons, e.g. of AtA and AM. Pupae, plant parts and coarse
impurities were removed with tweezers before degumming. All experiments were repeated three times.

In alkaline method, cocoons were treated with an aqueous solution of Na,CO; (1 g L ™) at 95 °C for 30-90 min.
To optimize the degumming process, the reaction time (30, 60, 90, 120 min), concentration of the Na,CO,
solution (between 0.1 and 5 g L™') and the temperature of the water bath (80 °C, 90 °C and 95 °C) were varied.

Furthermore, cocoons were degummed at 95 °C for 30-120 min using different concentrations of ethylen-
ediamine (2.5 and 10% v/v) or NaHCO; (0.5 and 1% w/v). As alternative method, cocoons were boiled at 95 °C
in an aqueous solution containing Na,CO; (1 g L™!) and ethylenediamine (2.5% w/w). This study was conducted
for 30, 60, 90 and 120 min. The recommended reaction time for BM cocoons is 30-60 min. However, reaction
times of up to 300 min are required for decoating of non-mulberry cocoons.

In addition to alkaline degumming described above, an acidic approach using citric acid (1 and 2 gL™'"; reac-
tion time: 120, 240 min; temperature of the degumming bath: 95 °C), an enzyme-based method with papain (1 g
L% reaction time: 120, 240 min; temperature of the degumming bath: 90 °C; pH value of the degumming bath:
6) and the use of an industrial detergent (1 g L™! Periquest APG as a nonionic surfactant and 5 g L™! Perlavin
LMO as a detergent based on natural soaps with additional fiber-protective components—specifically designed
for degumming silk; reaction time: 60, 90 and 120 min; temperature of the degumming bath: 95 °C) were evalu-
ated. Prior to silk degumming with Periquest APG and Perlavin LMO, the degumming bath was adjusted to pH
10 with a NaOH solution.

Conventional degumming methods using Marseille soap (1 and 2 g L™'; pH value of the degumming bath:
8-10) or fresh pineapple juice, which is known to be a reservoir of proteolytic enzymes, were also tested. For the
conventional soap process, the degumming bath was heated to 95 °C and process was continued for 120 min at
this temperature. The degumming using the juice of a pineapple was carried out at 90 °C for 120 and 240 min,
respectively. For this purpose, pineapples were peeled, cut and blended using a mixer. The filtrate was used to
remove the sericin coating.

AA analysis by GC-FID

Preparation of standard solutions

Stock solutions (50 mM) of (L-)AAs were individually prepared in aqueous hydrochloric acid (0.1 M) and
diluted with aqueous hydrochloric acid (0.1 M) to obtain working solutions down to a concentration of 1 mM.
Nle (50 mM) was used as an internal standard.

Hydrolysis of Silk Fibroin (modified according to Vilaplana et al.*)

Hydrolysis of the degummed silk samples (1-10 mg) was performed with hydrochloric acid (1000 pL, 6 N) at
110 °C for 24 h. As stabilization reagents, phenol in water (50 pL, 1%) and 3,3'-dithiodipropionic acid (50 pL,
1%) in an aqueous solution of NaOH (0.2 M) were added to all samples. The hydrolysate was concentrated to
dryness at 90 °C using a nitrogen stream and the residue was dissolved in hydrochloric acid (200 pL, 0.1 M).
Aliquotes (25-200 pL) were used for AA derivatization.

AA derivatization with propyl chloroformate (modified according to the EZ:faast kit derivatization protocol from
Phenomenex)

Aliquotes of AA working solutions or hydrolysates (25-200 uL) were diluted up to a volume of 225 uL with
distilled water. Subsequently, derivatization reagent 1 (100 uL, 77% n-propanol and 23% 3-picoline)*® was added
and the solution was thorough vortexed for 20 s. In the next step, derivatization reagent 2 (70 L, 17.4% propyl
chloroformate, 11% isooctane and 71.6% chloroform)* was added, the solution was mixed again for 20 s and
remained at room temperature for 1 min. Then the solution was heated to 40 °C for 3 min and vortexed rigorous
for 20 s. Finally, isooctane (250 pL) was added and it was mixed again. An aliquote of the organic phase (2.5 puL)
was injected into the gas chromatograph.

GC-FID analysis

Samples were analyzed with a Shimadzu gas chromatograph GC-2025, equipped with an AOC-20i injector
(injection volume: 2.5 pL, split mode, split ratio 15:1), an AOC-20 s autosampler and a flame ionization detector
(FID; hydrogen and air flows were set at 40 and 400 mL min™'). Chromatographic separation was performed on
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a Zebron ZB-50 column (15 m % 0.25 mm x 0.15 um, Phenomenex). The injection port was held at 320 °C and
the detector operated at 310 °C. The column oven temperature was initially set to 100 °C, held for 30 s and then
ramped with 20 °C min™" to 300 °C, held for 6 min; the carrier gas was nitrogen at a constant column flow of
1.10 mL min™' (linear velocity: 35.7 cm s7!). All analyses were performed in triplicate.

Principal component analysis (PCA)

PCA of AA composition was performed with Gly and Ala content as well as the amount of polar and non-polar
AA residues as independent variables, using Origin 2019 (OriginLab Corporation, US). The first two components
account for 98% of the variance of the data.

Validation experiments

Specificity

To determine the specificity of the method, a mixture of all AAs studied was measured by GC-FID after derivati-
zation with PCF [for retention times see Table S1, Supplementary Information (SI)]. Furthermore, hydrolysates
of degummed BM and non-mulberry silkworm silk as well as blank samples (without AA or protein addition)
were analyzed by GC-FID.

Linearity, limit of detection (LOD) and limit of quantification (LOQ)

For the calibration, solutions were prepared with different mixtures of proteinogenic AAs and Nle [AAs: in the
range of min 0.6 to max 20.4 mM with Nle as internal standard (50 uL, 50 mM); additionally extended concen-
tration range for Ala and Gly: 6.6-24.8 mM with Nle as internal standard (110 pL, 50 mM)]. Each calibration
solution was measured three times and analyses were executed with average peak area ratios of the respective AA
and Nle. The linearity of each calibration function was tested with the Mandel’s test. Limit of detection (LOD)
and limit of quantification (LOQ) were determined by means of a calibration curve method according to DIN
32645%. These validation data are shown in Table S1, SI.

Precision

For determining the repeatability, six replicate measurements were carried out for two different concentrations
(Table S1, SI). For this purpose, solutions containing respective AAs and Nle as internal standard were prepared,
derivatized and analyzed with GC-FID. Ala and Gly were analyzed separately from the other AAs due to the high
concentration differences. For the interpretation of the repeatability, the relative standard deviation (RSD) of
the respective AA concentration was used. For determining the method precision, six BM silk samples (10 mg),
degummed with method 4-2 (see Table 1), were hydrolyzed and independently derivatized in the presence of the
internal standard Nle. Aliquots (2.5 uL) of the organic phases were analyzed by GC-FID. For the interpretation
of the method precision, the RSD of the AA concentrations was used (Table S1, SI). Furthermore, Dixon’s Q test
and Neumann trend test were applied for the identification of outliers or trends.

Recovery

The calculation of the recovery rate for each AA was performed for three concentration levels with a number of
three replicates (Table S1, SI). For this purpose, degummed silken filaments of BM (10 mg, degumming method
4-2, see Table 1) were spiked with a defined AA concentration, hydrolyzed with hydrochloric acid at 110 °C for
24 h and derivatized with PCF/n-propanol as described above. Hydrolysis, derivatization and GC-FID analysis
of the spiked silk samples were performed independently of each other on different days. The calculated AA
concentrations were compared with the target concentrations and the recovery rate was determined. The average
AA concentrations of degummed silken filaments of BM, determined in the course of the method precision,
were used for the calculation of the target concentrations.

Stability of the standards

An aliquote of a working solution containing Nle as internal standard and AAs studied (equimolar mixture) was
derivatized with PCF and stored at room temperature in the autosampler of the gas chromatograph. The solution
was examined over a 24 h period and analyses were repeated three times with eight independently prepared
solutions. Dixon’s Q test and Neumann trend test were applied for the identification of outliers or trends. The
investigation of the long-term stability of AA mixtures in 0.1 M hydrochloric acid, stored at 4 °C in the dark and
examined over a 7-week period, was carried out during parallel ongoing studies (see Puchalla®).

Results and discussion

The subjects of the studies were, in addition to BM silks (family Bombycidae), cocoons and degummed fibers
from twenty non-mulberry feeding silkworms species of the genera Actias, Attacus, Argema, Antheraea, Caligula,
Callosamia, Cricula, Epiphora, Hyalophora, Loepa, Samia and Saturnia which belong to the family Saturniidae.
In some cases, several silk samples of the same species, but from different regions were examined.

Degumming of mulberry and non-mulberry silkworm cocoons

Degumming of BM cocoons

Different approaches were compared to remove the globular glue protein sericin from silk filaments of BM
(Table 1), using microscopic and ATR-FTIR spectroscopic studies as well as the average degumming ratio D,
to evaluate the degumming efficiency. As shown in Table 1, the degumming ratio of BM cocoons using 0.5-1%
NaHCOj3, 0.1% Na,CO; and/or 2.5% ethylenediamine as degumming agent for 30-90 min at 95 °C is about
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D, [%]
Degumming method Method ID | BM ‘ AM ‘ AtA
Alkaline
Na,CO; (1 g L), 30 min, 95 °C 1-1 34 |-
Na,CO, (1 g L), 60 min, 95 °C 1-2 31 |-
Na,CO; (1 g L), 90 min, 95 °C 1-3 28 - -
NaHCO; (0.5%), 120 min, 95 °C 2-1 28 -
NaHCO; (1%), 120 min, 95 °C 2-2 29 -
Ethylenediamine (2.5%), 30 min, 95 °C 3-1 36 -
Ethylenediamine (2.5%), 60 min, 95 °C 3-2 29 23 19
Ethylenediamine (2.5%), 90 min, 95 °C 3-3 30 23 19
Ethylenediamine (2.5%), 120 min, 95 °C 3-4 34 - -
Ethylenediamine (10%), 120 min, 95 °C 3-5 38 - -
Na,CO; (1 g L") and ethylenediamine (2.5%), 30 min, 95 °C 4-1 32 28 -
Na,CO; (1 g L™!) and ethylenediamine (2.5%), 60 min, 95 °C 4-2 31 24 16
Na,CO; (1 g L™!) and ethylenediamine (2.5%), 90 min, 95 °C 4-3 31 24 17
Na,CO; (1 g L™!) and ethylenediamine (2.5%), 120 min, 95 °C 4-4 - - 22
Acidic
Citricacid (1 g L), 120 min, 95 °C 5-1 9 - -
Citricacid (1 g L™'), 240 min, 95 °C 5-2 11 - -
Citric acid (2 g L™), 120 min, 95 °C 5-3 11 - -
Detergent-based
Marseille soap (1 g L™"), 120 min, 95 °C 6-1 23 - -
Marseille soap (2 g L™!), 120 min, 95 °C 6-2 28 - -
Periquest APG (1 g L™!) and Perlavin LMO (5 g L), 60 min, 95 °C 7-1 34 11 16
Periquest APG (1 g L™!) and Perlavin LMO (5 g L™!), 90 min, 95 °C 7-2 34 10 18
Periquest APG (1 g L) and Perlavin LMO (5 g L), 120 min, 95°C | 7-3 32 - -
Enzyme-based
Papain (1g L™!), 120 min, 90 °C 8-1 23 - -
Papain (1g L), 240 min, 90 °C 8-2 25 - -
Pineapple juice, 120 min, 90 °C 9-1 9 - -
Pineapple juice, 240 min, 90 °C 9-2 18 - -

Table 1. Degumming ratio of different degumming methods using mulberry and non-mulberry silkworm
€ocoons.

30-35%. A degumming ratio of approximately 30-35% can also be achieved with Marseille soap (2 gL™') or the
nonionic surfactant Periquest APG in combination with Perlavin LMO, with degumming in both cases taking
place under alkaline conditions (pH 8-10). In contrast, a degumming ratio of 9-18% is observed for the acidic
and enzyme-based methods using 0.1-0.2% citric acid or pineapple juice as degumming agent. Since the sericin
content on the cocoon shell of commercially available BM varieties is usually about 20-30%'*%, a degumming
ratio < 20% indicates incomplete degumming. Microscopic examination showing residual sericin on the silken
filaments degummed with 0.1-0.2% citric acid (D, 9-11%) or pineapple juice (D, 9-18%) confirms incomplete
sericin removal (Figure S1A, SI). A degumming rate of 25% is obtained when using papain for 240 min at
90 °C. However, traces of sericin can be observed on some filaments. To increase the degumming efficiency, for
example, the use of papain in the presence of urea or treatment with 15-30% citric acid would be conceivable
(see Biswal et al.'®).

In agreement with previous experiments®, the determined degumming ratio of the alkaline and detergent-
based methods of about 30-35% indicates complete removal of the sericin gum from the silk filaments. Micro-
scopic observations show that silken filaments degummed with 0.1% Na,CO; and/or 2.5% ethylenediamine for
30-90 min at 95 °C or using Periquest APG/ Perlavin LMO for 60-120 min at 95 °C are smooth and without
residual sericin (Figure S1B, SI). And also during the treatment with Marseille soap (2 g L™") or 0.5-1% NaHCO,
for 120 min at 95 °C, twin silk filaments were transformed into monofilament structure. ATR-FTIR spectra of
silken filaments treated with these degumming agents show prominent bands at 975, 998 and 1695 cm ™ assigned
to a— Gly— Ala - peptide backbone and B-sheets indicating a high level of protein crystallinity (Figure S2, SI).
Since fibroin has a higher degree of crystallinity than sericin due to stacked p-sheets, the relative intensity of
B-sheet peaks serve as indicators of degumming efficiency (see Refs.'**). Studies on untreated BM cocoons show
that these bands are masked by the presence of a sericin coating. Furthermore, the intensity of the signature peaks
for sericin at around 1400 cm ™! and 1070 cm™ is significantly reduced for all degummed samples compared to
the untreated cocoons*.
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In addition, investigations on the AA composition of degummed silk samples were carried out (see AA analy-
sis by GC-FID). For silken filaments degummed with alkaline and detergent-based methods, with the exception
of samples treated with Marseille soap, a Ser content of 3.1 to 6.1 mol% was determined (for AA composition see
Table S2, SI). The Ser content of silk samples treated with Marseille soap (2 g L™!) or papain (240 min) is 7.7 and
6.0 mol%, respectively. In contrast, samples degummed with 0.1-0.2% citric acid or pineapple juice have a Ser
content of 9.6-11.1 mol%. A similar trend can be observed for Thr. For instance, alkaline and Periquest APG/
Perlavin LMO-based treatments result in Thr contents of 0.7-1.1 mol%, while Thr contents of 1.5-2.5 mol%
were determined for silk samples treated with citric acid or pineapple juice. Also, commercially degummed
silk filaments used for textile production have Ser and Thr contents of 5.5 and 0.8 mol%, respectively. Thus,
the content of Ser and Thr, both AAs with a polar side chain, is also an excellent indicator of degumming effi-
ciency of BM cocoons. However, it should be noted that treatment of silk samples under extremely acidic and
alkaline pH conditions also leads to hydrolysis of peptide bonds in silk fibroin. This hydrolysis occurs mainly
in the amorphous spacers within the fibroin chains, which are more sensitive to degradative effects than the
crystalline regions. A significant reduction in the AAs Asp, Thr, Ser (polar side chains) Ile and Leu (hydrophobic
side chains), which are found mainly in the amorphous regions, is well known for such samples®. However,
no meaningful decrease in Asx (Asp + Asn, see validation experiments) and Ile content was observed for silk
samples degummed by the alkaline and detergent-based methods discussed above (pH value of the degumming
baths was in the range of 8 to 10).

Studies by, for example, Dou and Zuo*' or Zhao et al. show a correlation between degumming agent concen-
tration, temperature, treatment time and various properties of silk fibers such as mechanical strength, wettability
and morphology*’. Harsh conditions, i.e. long treatment time and/or high concentration of the degumming
agent, lead to partial degradation of fibroin fibers and a degumming ratio > 35%, which indicates loss of fibroin
protein. For instance, brittle fibers reduced in diameter and a degumming ratio of 38% were observed when BM
cocoons were treated with 10% ethylenediamine for 120 min at 95 °C (method 3-5, pH value of the degumming
bath: 12, see Table 1).

Degumming of non-mulberry silkworm cocoons

In a next step, selected alkaline and Periquest APG/Perlavin LMO-based methods were tested for degumming
AM and AtA cocoons (Table 1, Figures S3 and S4, SI), cocoons spun by commercial used silk moth species in the
tribes Saturniini and Attacini (family Saturniidae). AM cocoons have a very hard and compact shell, while AtA
cocoons are soft in nature and have an intermediate sericin content compared to BM and AM cocoons®. The
degumming ratio of AM samples ranged from 28% for filaments degummed with a mixture of Na,CO; and eth-
ylenediamine to 10% for cocoons treated with Periquest APG and Perlavin LMO. Degumming ratios of 16-22%
were determined for AtA cocoons using ethylenediamine or ethylenediamine in combination with Na,CO; for
60-120 min at 95 °C, while values of 16-18% were obtained with Periquest APG/Perlavin LMO-based methods.
For AM and AtA samples treated with a mixture of Na,CO; and ethylenediamine (AM: 30-90 min, D, 24-28%;
AtA: 120 min, D, 22%), the separation of two brins of fibroin is clearly seen under microscope (Figures S3B and
S$4B, SI). Furthermore, these degummed silk filaments are smooth and not degraded, indicating high degumming
efficiency without destruction of the filaments at the macroscopic level. In contrast, detergent-based methods
tested result in unseparated brins of fibroin and thus incomplete degumming (AM: D, 10-11%, Figure S3A; AtA:
D, 16-18%, Figure S4A, SI). AA analysis shows that Ser content (Ser + Pro, see validation experiments) of AM
fibroin ranges from 5.4 to 6.4 mol% and the Thr content ranges from 0.6 to 1.2 mol% for all degumming methods
(see Table S3 for AA composition, SI). And also in samples of AtA, Ser (Ser + Pro) and Thr content is not a suit-
able indicator of degumming efficiency (see Table S4 for AA composition, SI). However, ATR-FTIR spectra of
silken filaments of AtA and AM, degummed with ethylenediamine or ethylenediamine/Na,CO;, show that the
intensity of the band at around 1052 cm™ assigned to sericin C-O stretching®® is significantly reduced compared
to the untreated cocoons and the incompletely degummed samples (Figures S5 and S6, SI).

A mixture of 0.1% Na,COj; and 2.5% ethylenediamine was used to degum cocoons of several other non-
mulberry feeding silkworm species (tribes Saturniini and Attacini) that exhibited a wide variety of morphologies
and architectures, with porosity ranging from loose meshes to full shells (see Cocoon and fiber morphologies).
The progress of the degumming process was monitored by microscopic examinations of the filaments, adjusting
the treatment time if necessary. Average degumming ratios, indicative of the removal of adhering constituents
(sericin, calcium oxalate, wax, pigemts etc.), and the corresponding treatment times are summarized in Table S5,
SI. After degumming, smooth silk filaments were obtained, and twin silk filaments were transformed into mono-
filament structure. For a comparison between the species, degummed silk samples were characterized by ATR-
FTIR spectroscopy and analyzed with respect to their AA composition (see Between-species comparison).

Differences between BM and non-mulberry silkworm cocoons in terms of sericin content, sericin structure
and the content of non-protein components such as calcium oxalate crystals are well known and can be attrib-
uted to different habitats and host plants®**2. In general, harsher conditions are often required for the removal
of sericin from silk filaments of non-mulberry silkworms®. Thus, ethylenediamine is often used as an effective
agent for degumming of non-mulberry silk*>*%. And also in our studies, ethylenediamine in combination with
Na,COj; shows a great result as degumming agent for non-mulberry silkworm cocoons.

Between-species comparison

Cocoon and fiber morphologies

As already mentioned, the appearance and dimensions of the examined cocoons are partly very different, whereby
also within a genus sometimes substantial differences can be determined. For instance, cocoons spun by different
Antheraea, Actias and Hyalophora silk moth species vary significantly in architectural features (Figure S7, SI).
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In addition, some species such as Hyalophora cecropia (HC) are known to produce discrete dimorphic cocoons
that are either large and fluffy (baggy) or significantly smaller and tightly woven (compact)*. In our study, only
baggy HC cocoons were analyzed. Moreover, cocoons of the wild eri silkworm Samia canningii (SCa) differ
significantly from the cocoons of domestic Samia species used commercially for silk production (Figure S7R-T,
SI). Non-mulberry silk cocoons mostly have microscale crystals on the outer surface, and some crystals are also
seen on the inner surface. The examined Saturniidae silkworm cocoon fibers have a flat and ribbon-like struc-
ture with an oval to rectangular cross-section, while the cross section of BM filaments has a triangular shape
(Figures S1, S3, S4 and S8, SI).

ATR-FTIR analysis

For further characterization, cocoons and degummed silk samples were analyzed by ATR-FTIR spectroscopy
(Figures S9-S11, SI). As outlined in previous studies, this approach enables the identification and quantification
of, for example, calcium oxalate, serine, polyalanine (A), B-sheets, polyalanineglycine (AG), p-sheets, tannins
and phenolic compounds present in native silk feedstock and cocoons?.

In agreement with the studies of Boulet-Audet et al.?, an intense band at about 1315 cm™! was observed in
the spectra of the untreated Antheraea cocoons, especially on the outside of the cocoons, which is assigned to
the calcium oxalate vibrational modes and thus indicates a high calcium oxalate content. In contrast, a weak or
no characteristic band for calcium oxalate was found on the inner and outer surfaces of the untreated cocoons of
Argema mimosae (ArM), Caligula cachara (CC), Loepa katinka (LK) and BM (Figures S2 and S9, SI). Moreover,
all degummed non-mulberry silk samples show a characteristic peak at 963 cm™, corresponding to the B-sheet
conformation of polyalanine (A),. This peak is specific to wild silk spun, e.g., by Saturniidae silk moths and can-
not be observed in spectra of BM silk (see Figure $2)***. Our results suggest that degummed silk of Actias selene
(AcS) has the lowest amount of (A),,, followed by ArM silk, while a much higher (A), amount was determined for
Epiphora bauhiniae (EB), Callosamia promethea (CaP), HC and Samia silk (Fig. 1). Main characteristic features
of degummed BM silk, whose B-sheets consist of polyalanineglycine (AG), segments, are the peaks at 975 and
998 cm™!. As described above (see Degumming of BM cocoons), these bands are clearly visible in the ATR-FTIR
spectra of degummed BM silk. Furthermore, it is known from previous studies that the silk of B. mandarina has
a high amount of (AG), B-sheets®. In contrast, most Saturniidae silks are poor in (AG), B-sheets. Thus, these
characteristic peaks are not observed in the IR spectra of degummed and untreated non-mulberry silk samples.
To obtain a further quantitative understanding of the composition of different secondary structures, including
B-sheet, B-turn, a-helix and random coil, peak deconvolution analyses were carried out on the amide I bands
(1600-1700 cm™, see Refs.?-*17), The deconvolution results revealing the quantitative content of the secondary
structure of the degummed silk samples are summarized in Table S6 and Figure S12, SI. The -sheet content in
Actias, ArtM, AM, CC, LK and Hyalophora gloveri (HG) silk is slightly lower compared with APe, AtA, CaP, EB,
Samia and BM silk. These results show that silk from (semi-)domesticated silkworms such as APe, SCy ricini and
BM, in particular, has a higher p-sheet content, which is in good agreement with previous studies®. However,
an increased B-sheet content can also be found in some wild silks such as EB or CaP. In summary, the analysis
of ATR-FTIR spectra enables to discriminate easily between silk of the Bombyx genus and Saturniidae silks.
Furthermore, some general tendencies can be observed for Saturniidae cocoons and silk, such as a relatively
high calcium oxalate content in Antheraea cocoons.

Absorbance

T T T T T T T
900 920 940 960 980 1000 1020 1040
Wavenumber [cm-1]

Figure 1. ATR-FTIR spectra of silk degummed with a mixture of 0.1% Na,CO; and 2.5% ethylenediamine at
95 °C: (a) AcS, (b) ArM, (c) EB, (d) CaP, (e) HC, (f) SCy ricini, (g) SCa (h) Eri silk moth.

Scientific Reports|  (2023) 13:19504 | https://doi.org/10.1038/s41598-023-46474-5 nature portfolio



www.nature.com/scientificreports/

AA composition of degummed filaments
AA analyses were performed on degummed silks that showed no sericin residues on the filament surface. For
this purpose, the silk samples were hydrolyzed with 6 N hydrochloric acid and after derivatization with propyl
chloroformate, the AAs were analyzed by GC-FID (see AA analysis by GC-FID and AA analysis by GC-FID—
validation experiments). Fifteen AAs were identified and quantified in hydrolysates of degummed silks, namely
Ala, Gly, Val, Leu, Ser (Ser + Pro, see validation experiments), Asx (Asp + Asn), Glx (Gln + Glu), Phe, Cys, Lys,
His, Tyr, Ile, Met and Thr. It should be noted that the amount of Arg and Trp was not determined and therefore
these AAs are not part of the further considerations.

Tables 2 and S4-S5 (SI) and Figs. 2, 3 summarize the AA composition of the studied BM (family Bom-
bycidae) and non-mulberry silks (family Saturniidae), degummed with a mixture of 0.1% Na,CO; and 2.5%

Comparative AA composition
Description Ala+Gly NP Ser + Pro+ Thr + Tyr
Tribe Genus Species (Supplier) | Sample ID | [mol%] Gly/Ala | 100LC/SC? | P [mol%] | [mol%]® P/N® | [mol%]® B/A?
A Actias luna America AcL 64.8 0.8 36 16 84 0.2 15.0 1.1
ctias
Actias selene | Thailand AcS 62.9 0.9 27 23 77 0.3 239 1.1
Argema Argema Kenya ArM 58.7 0.9 53 18 82 0.2 15.1 1.9
mimosae
Antheraca | China APe-1 75.7 0.7 27 12 88 0.1 9.4 0.8
pernyi North Korea | APe-2 79.6 0.7 22 11 89 0.1 7.2 0.7
Anther- North USA | APo-1 74.6 0.7 27 14 86 0.2 112 0.8
aea polyphe- | North
Antheraea | muis America APo-2 75.7 0.8 26 13 88 0.1 10.8 1.0
- AM-1 77.4 0.8 19 14.1 85.9 02 126 0.9
Antheraea | - AM-2 77.6 0.7 23 12.4 87.6 0.1 9.2 0.8
Saturniini mylitta Tus
us AM-3 78.0 0.7 24 113 88.7 0.1 9.6 1.0
sar silk moth
Caligula Caligula India cc 66.7 07 34 17 83 02 |126 1.7
cachara
Cricula Cricula India CrT 68.3 09 33 16 84 02 149 2.1
trifenestrata
Loepa Loepa India LK 70.0 07 37 13 87 0.1 133 1.8
katinka
Saturnia Europe SaPa-1 68.1 0.9 34 16 84 0.2 11.6 1.6
pavonia England SaPa-2 63.7 1.0 41 20 80 0.2 135 0.9
Saturnia
France SaPy-1 63.4 0.8 40 20 80 0.3 14.0 0.8
Saturnia pyri
Europe SaPy-2 62.7 0.8 38 22 78 03 14.4 0.7
Jonsdorf
Attacus Attacus atlas | (butterfly AtA 83.6 0.7 14 9.9 90.2 0.1 82 0.9
house)
Callosamia | C@ltosamia | North CaP 76.7 0.8 27 11 89 0.1 9.6 1.4
promethea America
. Epiphora
Epiphora | P | Kenya EB 78.5 0.8 23 11 89 0.1 8.4 11
Hyalophora |\ 1 oricq HG 77.0 0.7 25 12 89 0.1 8.8 038
gloveri
Hyalophora
Hyalophora | 1 oricq HC 75.2 0.7 29 13 87 0.1 103 0.7
cecropta
Attacini Samiq B
canningtt | India SCa 77.0 0.7 26 11 89 0.1 107 1.4
(wild eri silk
moth)
Samia i -
Samia cyn- | modland | SCyricini | 78.0 0.8 25 10 90 0.1 8.5 15
thia ricini
- S-1 78.1 0.9 25 10 90 0.1 7.3 L1
Eri silk moth
India S-2 79.3 0.8 24 10 90 0.1 8.1 13
Chinese web | ppr ) 80.2 17 17 122 87.9 0.1 9.1 04
store
Bombyx Bombyx mori '\ (Saale) | BM-2 77.9 1.6 22 11.6 88.4 0.1 8.7 0.9
China BM-3 76.5 1.6 26 13.9 86.1 0.2 73 1.1
Table 2. AA composition of non-mulberry (Saturniini and Attacini) as well as BM silks degummed with
Na,CO; (1 g L™) and ethylenediamine (2.5%) at 95 °C. *Ratio between long chain (LC: other AAs) and short
chain (SC: Ala, Gly, Ser, Thr) AAs; "Polar AAs: acidic, basic and hydroxyl AAs; “Non-polar AAs: other AAs;
dRatio between polar and non-polar AA residues; °A As with hydroxyl groups: Ser, Thr, Tyr; ‘Ratio between
basic (Lys, His) and acidic (Asx, Glx) AAs.
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Figure 2. (A-C) AA composition and the (D) 100LC/SC ratio of BM and non-mulberry silks (family
Saturniidae), degummed with a mixture of 0.1% Na,CO; and 2.5% ethylenediamine at 95 °C (for sample ID

assignment see Table 2).
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Figure 3. (A) PCA score plot of BM and non-mulberry silks (family Saturniidae), degummed with a mixture

of 0.1% Na,CO; and 2.5% ethylenediamine at 95 °C, (B) zoom of the right area (for sample ID assignment see

Table 2).
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ethylenediamine. Ala and Gly are predominant in BM and non-mulberry fibroin and account for approximately
between 60 and 85 mol% of the total AA content, with Ala content (between 35 and 49 mol%) being higher
than Gly content (between 27 and 37 mol%) in non-mulberry silks. Exceptions to this are silk samples of AcS,
ArM, Cricula trifenestrata (CrT) and Saturnia pavonia (SaPa). In these samples, the Ala and Gly content is about
30-35 mol% and the Gly/Ala ratio is thus around 1. In contrast, the Ala content of BM silk is about 30 mol%,
while the Gly content is approximately 50 mol% (Table S5, SI). Consequently, the ratio of Gly/Ala for fibroin
of non-mulberry species belonging to the family Saturniidae is lower than that for BM, suggesting a difference
in the primary structure and/or organization of residues in the fibroin (non-mulberry silk: Gly/Ala<1; BM:
Gly/Ala = 1.6-1.7; Gly/Ala of BM silk in other studies: 1.45%*). In addition, bulky and/or polar AAs such as Tyr
or Leu are more abundant in many of the non-mulberry silks examined than in BM fibroin. For instance, the
content of bulky AAs is significantly increased in Actias luna (AcL, Tyr: 6.1 mol%, Leu: 7.5 mol%, Phe: <LOQ),
ArM (Tyr: 8.6 mol%, Leu: 6.0 mol%, Phe: 5.8 mol%) or Saturnia pyri (SaPy, Tyr: 4.7-6.0 mol%, Leu: 6.5 mol%,
Phe: <LOQ) fibroin compared to BM fibroin (Tyr: 4.0-4.8 mol%, Leu: 0.6-1.6 mol%, Phe: mostly <LOQ). As
reported by various authors these compositional differences have implications for structure that can be described
by the long chain/short chain (100LC/SC) ratio?>*’. Since a high proportion of bulky side groups is found in the
amorphous region of silk, this structural index is often used in providing insight on the relative degree of crystal-
linity in fibroin. The 100LC/SC ratio of BM fibroin is 17-26 which is lower than that of non-mulberry silks such
as AcL (100LC/SC: 36), SaPy (100LC/SC: 38-40) or ArM (100LC/SC: 53). A Gly/Ala ratio< 1 and a 100LC/SC
ratio higher than for BM silk fibroin has already been described in several studies for wild silks such as silk of
Gonometa species (Lasiocampidae), suggesting a lower structural regularity and thus a lower rigidity and a higher
extensibility compared to BM silk”’. However, we have found that the 100LC/SC ratio is also in the range 20-25
for some of the non-mulberry silks studied, e.g., EB (100LC/SC: 23) or Antheraea species (100LC/SC: 19-27).

The AA composition of AcL (Ser + Pro: 7.2 mol%, Thr: 1.8 mol%), ArM (Ser + Pro: 5.5 mol%, Thr: 1.0 mol%)
and SaPy (Ser + Pro: 6.9-7.8 mol%, Thr: 1.1-1.9 mol%) silk is also characterized by a high Ser + Pro and Thr
content, with the total amount of Ser + Pro, Thr and Tyr (AAs with hydroxyl groups: Ser, Thr, Tyr) ranging from
14 to 15 mol%. Furthermore, a relatively high content of the basic AAs Lys (4.3 mol%) and His (2.8 mol%) was
found in the silk samples of ArM. In comparison, the total amount of Lys and His (2.0-5.5 mol%, method 4-2,
see Table 1) and AAs with hydroxyl groups (7.3-9.1 mol%, method 4-2, see Table 1) in BM silk is low. The ratio
of polar:non-polar (P:NP) AAs in AcL, ArM and SaPy silk samples is approximately 20:80. In contrast, a P:NP
ratio of about 10:90 was determined for BM silk as well as for other non-mulberry silks (e.g. silk of Samia species).
The higher ratio of basic to acidic (B/A) AAs for wild silks compared to BM silk, mentioned at the beginning
(see Refs.?*?*), cannot be confirmed for all silks examined. However, a comparison with the literature values
is difficult here, since many wild silks have a high Arg content, which cannot be determined with the chosen
method (see Husek*®).

In agreement with Lucas et al,, it can be stated that there are no precise relationships between the AA com-
positions of the different fibroins and their biological classifications. However, some generally valid conclusions
can be drawn*’. Within a genus, for example, there is usually a close similarity between the structural indices,
which can be useful parameters for inferring physical structure and chemical reactivity of silks. However, several
studies have reported comparable structural indices in silk fibroin from different strains. For instance, Lucas
et al. describes a high similarity between the AA composition of BM and Bena prasinana fibroin, the latter being
a small British moth, which belongs to the Cymbidae family*’. Consequently, for characterization of silks, it is
recommended to combine the results of AA analyses with e.g. microscopic and spectroscopic data.

Principal component analysis (PCA)

The use of PCA of AA composition contribute to distinguishing between BM and non-mulberry silks. As shown
in Fig. 3, Antheraea (sample ID: APe-1, APe-2, APo-1, APo-2, AM-1, AM-2, AM-3; marked orange) and Hya-
lophora (sample ID: HG, HC; marked dark green) silks were positioned close to each other, showing that the
silks of these species have greater similarity to each other, in relation to silk from the genus Saturnia (sample
ID: SaPa-1, SaPa-2, SaPy-1, SaPy-2; marked red), Actias (sample ID: AcL, AcS; marked light blue) or Bombyx
(sample ID: BM-1, BM-2, BM-3; marked green). However, with the data set available, it is not possible to distin-
guish between the tribes Saturniini and Attacini. Increasing the size of the data set is the subject of future studies.

AA analysis by GC-FID—validation experiments

The results of the validation study for AA analyses using GC-FID are summarized in Table S1, SI. Retention times
of derivatized AAs were determined using AA standard solutions. Chromatograms of hydrolyzed silk samples of
non-mulberry and mulberry silkworms as well as blank samples were free from interference. However, coelution
is observed for Pro and Ser derivatives. Since the Ser content in BM silk is known to be significantly higher than
the Pro content (0.6%°°), only the Ser content is given for hydrolysates of BM silk. Many non-mulberry silks also
contain significantly less Pro than Ser*»*. However, for non-mulberry silk, it is reported as Ser + Pro content.
Calibration plots (concentration of AA versus peak area ratio of AA and internal standards) are linear in the
respective selected range (min 0.6 mM, max 24.8 mM). For all AAs considered, an R? value > 0,973 was obtained,
and both LODs and LOQs were considered adequate for the purposes of the present study. The repeatability,
expressed by relative standard deviations (RSD), ranged from 0.03% for Phe to 2.5% for His. To determine the
method precision, hydrolysis of 10 mg BM silk, degummed by method 4-2 (see Table 1), was processed six times
and RSDs of AA concentrations were calculated. The RSD values for the AAs Ala and Gly, which are predominant
in fibroin, are satisfactory at 2.2 and 2.1%, respectively. RSD values of low abundant AAs, meaning AAs present
in fibroin at < 5 mol%, range from 3.9% for Asx (Asp + Asn) to 9.9% for Val. The Cys and Met concentrations of
the hydrolysates are below the LOQ and LOD, respectively. Thus, no values for method precision are given for

Scientific Reports |

(2023) 13:19504 | https://doi.org/10.1038/s41598-023-46474-5 nature portfolio



www.nature.com/scientificreports/

these AAs. Trp, a low abundant AA of BM silk™, is decomposed during treatment with hydrochloric acid (see
Rutherfurd and Gilani®!) and cannot be determined using this method. In addition, it should be noted that Asn
and Gln are deaminated during acid hydrolysis to Asp and Glu®'. Thus, after hydrolysis with 6 N hydrochloric
acid, values for Asp and Glu are reported as the sum of the acid and amide derivatives (Asx or Glx). Recovery tests
were made by spiking degummed BM silk with defined concentrations of AAs. The recovery rate of the different
AAs after hydrolysis and derivatization ranged from 69% for Asx to 120% for Gly with an average recovery rate
of 89% at the low, 95% at the medium and 87% at the high concentration level. The stability of a solution with
derivatized AAs was evaluated at room temperature over a 24 h period. The tests show that the deviation for
the AA concentrations is not higher than 10% after 10 h; within 24 h a maximum deviation of 25% is observed
(Figure S13, SI). Consequently, samples were measured within 10 h after derivatization (for storage stability of
not derivatized AAs in 0.1 M hydrochloric acid, see Ref***!).

Conclusion

Degummed silk samples of twenty silkworm species of the family Saturniidae were analyzed for their AA com-
position. For comparison, cocoons of BM, the most important silk producer for centuries, were degummed and
analyzed. In this context, alkaline, acidic, enzymatic and detergent-based degumming methods were tested and
degumming ratios determined. A mixture of 0.1% Na,COj; and 2.5% ethylenediamine was found to be an effective
agent for degumming Saturniidae and BM cocoons. Degummed silks were hydrolyzed with 6 N hydrochloric
acid, and after derivatization with propyl chloroformate, AAs were identified and quantified by GC-FID. To
evaluate the potential of this method, parameter such as LOD, LOQ, linearity, recovery rate, method precision,
and stability of derivatized AAs were determined. The validated method showed a satisfactory overall analytical
performance. As expected, the AA composition and resulting structural indices of Saturniidae fibroin filaments
differ significantly from those of BM silk. Moreover, major differences were found between some Saturniidae
species. Within a genus, however, a high degree of similarity can usually be observed between the structural
indices. In addition, the structural indices, such as the long chain/short chain ratio (100LC/SC), which provide
information about the relative degree of crystallinity of fibroin, allow conclusions to be drawn about physical
and chemical properties of silks. A PCA of AA composition, conducted on this rather small data panel, reveals,
for instance, significant differences between Antheraea, Saturnia and Bombyx silk. Chemometric analyses on a
larger data set are the subject of future studies. The silk samples were also characterized by optical microscopy
and ATR-FTIR spectroscopy. As already outlined in previous studies, both techniques enable to discriminate
between BM and Saturniidae silks. In addition, these methods have been successfully used to monitor the deg-
umming process. ATR-FTIR spectroscopic studies also reveal general tendencies for Saturniidae cocoons and
silk, such as a low proportion of polyalanine (A), -sheets in degummed AcS silk or a relatively high calcium
oxalate content in Antheraea cocoons.

Data availability
The datasets generated and analyzed during the current study are available from the corresponding author upon
request.
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AcL - Actias luna L.

AcS - Actias selene Hiibner

AM - Antheraea mylitta Drury

APe - Antheraea pernyi Guérin-Méneville
APo - Antheraea polyphemus Cramer
ArM - Argema mimosa Boisduval

AtA - Attacus atlas L.

BM - Bombyx mori L.

CC - Caligula cachara Moore

CaP - Callosamia promethea Drury

CrT - Cricula trifenestrata Helfer

EB - Epiphora bauhiniae Guerin-Meneville
HC - Hyalophora cecropia L.

HG - Hyalophora gloveri Strecker

LK - Loepa katinka Westwood

SCa - Samia canningii Hutton
SCy ricini - Samia cynthia ricini Boisduval
SaPa - Saturnia pavonia L.

SaPy - Saturnia pyri Denis & Schiffermiiller



Fig. S1 Morphologies of BM silk filamtens degummed with (a) 0.1 % citric acid for 120 min at 95 °C (sample ID:
BM 5-1; D; 9 %).; (b) Periquest APG and Perlavin LMO for 60 min at 95 °C (sample ID: BM 7-1; D; 34 %),
see Table S2 for the assignment of the sample ID.
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Fig. S2 ATR-FTIR spectra of untreated BM cocoons: (a) outside surface of cocoons, (b) inside surface of cocoons
and BM silk degummed with different degumming agents: (¢) BM 4-2, (d) BM 1-2, (e) BM 3-1, (f) BM 7-1, (g)
BM 2-2, (h) BM 5-2, (i) BM 6-1, (j) BM 9-2, (k) BM 8-1, see Table S2 for the assignment of the sample ID.



Fig. S3 Morphologies of AM silk filamtens degummed with (a) Periquest APG and Perlavin LMO for 60 min at
95 °C (sample ID: AM 7-1; D; 11 %) and (b) a mixture of 2.5 % ethylenediamine and 0.1 % Na,COs3 for 90 min
at 95 °C (sample ID: AM 4-3; D; 24 %), see Table S3 for the assignment of the sample ID.
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Fig. S4 Morphologies of AtA silk filamtens degummed with (a) Periquest APG and Perlavin LMO for 60 min at
95 °C (sample ID: AtA 7-2; D; 18 %) and (b) a mixture of 2.5 % ethylenediamine and 0.1 % Na,COs3 for
120 min at 95 °C (sample ID: AtA 4-4; D, 22 %), see Table S4 for the assignment of the sample ID.
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Table S3 AA composition of AM (family Saturniidae, tribe Saturniini) silks degummed with different degumming agents,
expressed as the percentage of the total AA amount.

Degumming method Alkaline Detergent-based
Ethylenediamine NaCOs and ethylenediamine Periquest APG and Perlavin LMO
Concentration 2.5% 1 gL' (Na2CO:3), 1 g L' (Periquest APG),
degumming agent 2.5 % (ethylenediamine) 5 g L! (Perlavin LMO)
Treatment time [min] 60 90 30 60 90 60 90
Sample ID AM3-2 | AM3-3 | AM4-1 | AM4-2 | AM4-3 AM 7-1 AM 7-2
AA composition [mol%]
Ala 43.0 42.7 43.8 424 44.2 40.9 42.1
Gly 333 34.6 34.0 34.0 33.2 31.7 33.2
Val 14 1.6 14 1.5 1.5 1.9 1.6
Leu 0.5 0.5 0.5 0.5 0.4 0.8 0.6
Ser+Pro 6.4 6.1 54 6.0 5.9 5.7 5.5
Asx (AsptAsn) 1.4 13 1.5 1.5 1.3 1.5 14
GIx (Glu+Gln) 2.3 2.2 2.3 2.3 2.2 2.6 2.1
Phe 0.5 0.3% 0.4 0.5 0.5 0.6 0.5
Cys 0.4 0.49 0.49 0.49 0.4 0.4 0.4
Lys 2.2 2.2 2.2 23 2.2 3.5 3.1
His 1.0 0.9 1.1 1.1 1.0 1.3 1.1
Tyr 6.5 53 59 6.2 5.6 7.5 7.0
Ile 0.4 0.6 0.59 0.5 0.5 0.6 0.5
Met <LOD | <LOD | 0.1® <LOD <LOD 0.49 0.4
Thr 0.8 1.2 0.69 1.0 1.1 0.7 0.6Y
Trp <LOD

3 Above LOD but just below the LOQ

Table S4 AA composition of AtA (family Saturniidae, tribe Attacini) silks degummed with different degumming agents,
expressed as the percentage of the total AA amount.

Degumming Alkaline Detergent-based
method Ethylenediamine Na2COs and ethylenediamine Periquest APG and Perlavin
LMO

Concentration 2.5% 1 gL' (Na2CO3), 1 g L™! (Periquest APG),
degumming agent 2.5 % (ethylenediamine) 5 g L1 (Perlavin LMO)
Treatment time | 60 90 60 90 120 60 90
[min]
Sample ID AtA3-2 | AtA3-3 | AtA4-2 | AtA4-3 AtA 4-4 AtA 7-1 AtA 7-2
D: [%] 19 19 16 17 22 16 18

AA composition [mol%]
Ala 39.9 48.7 473 472 48.7 472 49.2
Gly 33.6 332 333 32.0 349 314 31.9
Val 1.4 1.2 1.2 1.2 1.1 2.5 2.8
Leu 0.3 0.4 0.4 0.2 0.4 0.9 0.8
Ser+Pro 6.4 3.7 3.8 4.0 3.0 3.1 2.8
Asx (AsptAsn) 2.5 1.7 1.7 1.8 1.6 1.6 14
Glx (Glu+Gln) 2.2 1.4 1.6 1.7 1.3 2.0 1.4
Phe 0.59 0.3 0.3 0.59 0.49 0.3 0.39
Cys 0.6Y 0.4 0.4 0.4 0.49 0.59 0.59
Lys 2.8 1.8 1.9 1.6 1.7 24 1.9
His 1.4 1.0 1.2 1.2 1.0 1.2 1.0
Tyr 6.1 4.8 5.2 5.8 4.3 4.6 4.0
Ile 0.6 0.7 0.5% 0.7 0.4 1.0 0.9
Met <LOD <LOD <LOD | <LOD <LOD 0.5 0.59
Thr 1.7 0.8 1.2 1.5 0.9 0.9 0.8
Trp <LOD

3 Above LOD but just below the LOQ
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Fig. S5 ATR-FTIR spectra of untreated AtA cocoons: (a) outside surface of cocoon, (b) inside surface of cocoon
and AtA silk degummed with different degumming agents: (c) AtA 7-1, (d) AtA 7-2, (e) AtA 4-4, (f) AtA 4-2,
(g) AtA 4-3, (h) AtA 3-2, (i) AtA 3-3, see Table S4 for the assignment of the sample ID.
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Fig. S6 ATR-FTIR spectra of untreated AM cocoons: (a) inside surface of cocoon, (b) outside surface of cocoon
and AM silk degummed with different degumming agents: (c) AM 4-2, (d) AM 4-3, (e) AM 4-1, (f) AM 7-1,

see Table S3 for the assignment of the sample ID.



Fig. S7 (a) AcL, (b), AcS, (c) ArM, (d) APe from China, (e) APe from North Korea, (f) APo, (g) AM, (h) CC,
(1) CrT; (j) LK, (k) SaPa and (1) SaPy cocoons from Saturniini tribe; (m) AtA, (n) CaP, (o) EB, (p) HG, (q) HC,
(r) SCa, (s) Scy ricini and (t) eri silk moth cocoons from Attacini tribe.



Fig. S8 Morphologies of silk filamtens degummed with a mixture of 2.5 % ethylenediamine and 0.1 % Na,COs3 at
95 °C: (a) AcL, (b) AcS, (c) ArM, (d) APe, (¢) APo, (f) CC, (g) CrT, (h) LK, (i) SaPa and (j) SaPy from Saturniini
tribe; (k) CaP, (1) EB, (m) HG, (n) HC, (0) SCa and (p) SCy ricini from Attacini tribe.
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Fig. S9 ATR-FTIR spectra of untreated cocoons in the range 1200-1450 cm™': (a) APo - inside surface, (b) APo -
outside surface, (c) APe - inside surface, (d) APe - outside surface, (¢) AM - outside surface, (f) AM - inside
surface, (g) ArM - outside surface, (h) CC - outside surface, (i) LK - outside surface.
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Fig. S10 ATR-FTIR spectra of untreated cocoons (black graph - inside surface, red graph - outside surface) and
degummed silks (blue graph) in the range 800-1750 cm™: (a) AcL, (b) AcS, (c) ArM, (d) APe from China,
(e) APe from North Korea, (f) APo, (g) CC and (h) CrT, Saturniini tribe.
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Fig. S11 ATR-FTIR spectra of untreated cocoons (black graph - inside surface, red graph - outside surface) and
degummed silks (blue graph) in the range 800-1750 cm™': (i) LK, (j) SaPa and (k) SaPy, Saturniini tribe; (1) CaP,
(m) EB, (n) HG, (o) HC, (p) SCa, (q) SCy ricini and (r) eri silk moth, Attacini tribe.
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Table S6 Secondary structural characteristics of degummed silks treated with Na2COs3 (1 g L™!) and ethylenediamine (2.5 %)

at 95 °C.
Tribe | Species Sample ID B-sheet [%]? B-turn [%]% a-helix/random coil [%]"
Actias luna AcL 56.5+1.1 11.3+0.5 32.1+0.5
Actias selene AcS 572+1.3 11.3+0.9 31.6+0.4
Argema mimosae ArM 56.6 £2.6 11.7+1.2 31.6£1.5
Antheraea pernyi APe-1 629+23 9.4+0.1 27.6+2.1
- APe-2 64.1+£5.6 9.340.8 26.6 +4.8
S Antheraea polyphemus APo-2 60.2+0.4 9.8+0.2 30.0+0.4
E Antheraea mylitta AM-1 56.7+1.9 11.6 £0.8 31.7+1.1
% AM-3 56.6 £2.2 11.9£14 31.5+£0.8
Caligula cachara CC 57.2+1.1 11.3+£0.7 31.5+£0.5
Cricula trifenestrata CrT 59.2+£2.8 103+1.0 305+1.8
Loepa katinka LK 56.4+1.2 11.4+0.6 322+0.6
Saturnia pavonia SaPa-2 58.6+0.9 104+0.4 31.0+£0.6
Saturnia pyri SaPy-2 56.7+2.2 114+13 319+ 1.0
Attacus atlas AtA 66.9 £ 6.1 8.8+0.9 242452
Callosamia promethea CaP 60.3+£0.8 10.1+0.4 29.6£0.3
g Epiphora bauhiniae EB 62.1+1.3 9.5+0.7 28.3+0.8
é Hyalophora gloveri HG 57.6+£0.7 10.3+£0.2 32.1+£0.6
< Hyalophora cecropia HC 60.1+2.4 9.8+ 1.0 30.1+£1.7
Samia canningii (wild eri silk moth) SCa 64.6+3.3 9.2+0.5 26.3+3.6
Samia cynthia ricini SCy ricini 60.9 £0.8 9.5+0.4 29.7+0.5
Bombyx mori BM-1 62.3+£0.9 8.7+£0.5 28.9+0.5
BM-3 66.4 +2.8 69+15 a7 +14
3 Deconvolution results of amide I band in ATR-FTIR spectra (n = 3-4)
A L |B-turn B
r ggy*—m . || B-sheet|
= a | = - ¢ ;
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Fig. S12 (a) B-sheet and B-turn content of degummed silks treated with Na,CO; (1 g L) and ethylenediamine
(2.5 %) at 95 °C. (b) Deconvolution result of amide I band of degummed APe silk: deconvoluted peaks with centers
at 1620 cm™' (B-sheet conformation), 1658 cm™!' (random coil/helical conformation) and 1691 cm™ (B-turn); black
solid curve, original spectrum; red dashed curve, simulated spectrum from summed peaks.
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Fig. S13 Variation of AA derivatives concentration stored at room temperature over a 24 hour period.
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ABSTRACT KEYWORDS

In this work, the influence of dyeing, mordanting and degumming techni- Silk; Bombyx mori; silk
ques on the amino acid (AA) composition and the AA racemization (AAR) of ~ Processing; amino acid
(non-)mulberry silks is studied by a chiral GC-MS method. The tested dyeing racemization; chiral GC-MS;
and mordanting procedures as well as a pre-treatment of the silk filaments ~ "istorical textiles

with EDTA-DMF, which enables a parallel dyestuff analysis by HPLC-DAD, do P

not cause any significant change in the AA composition. However, an 20 KA N T B ILR
increased proportion of e.g. (D)-Asx can be observed for some of the mor- SM A FPEGC-MS; [
danted BM silks. Increased D/L Asx ratios can also be observed in indigo dyed YT

silks and after an alkaline treatment at 110°C (pH > 9). Furthermore, the GC-

MS method was used for the characterization of historical silk samples from

finding sites in the Tarim Basin (China). The analysis of these silk fabrics

reveals the presence of degraded Bombyx silk with significantly increased

D/L Val, D/L GIx and D/L Asx ratios. Including microscopic and spectroscopic

investigations, the results of this multi-analytical approach offer insights into

the silk processing techniques and raw materials used.
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Introduction

Silk is an exclusive material with unique properties that has been used for thousands of years in the
production of textiles. Various silk producers have been used throughout history, but the most
important is the domesticated silkworm Bombyx mori L. (BM), which feeds exclusively on mulberry
leaves of the genus Morus and is descended from the Chinese wild silkworm Bombyx mandarina
Moore (Arunkumar, Metta, and Nagaraju 2006; Xia et al. 2009). Studies on the genetic diversity of
Bombyx silkworm strains indicate that silkworms were initially domesticated in China and then
subjected to independent spreads along the Silk Road that gave rise to the development of most
local strains (Xiang et al. 2018). The transfer of the sericulture from China westwards to the kingdoms
of the Tarim Basin must have taken place between the second-century BCE and the third-century CE,
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2 T. SCHMIDT ET AL.

which correlates with China’s Han Dynasty (202 BCE-220 CE) and the Three Kingdoms period (220-
80) (Wu 2024). In the following centuries, sericulture spread further westwards to Byzantium and
Europe, probably reaching Byzantium in the mid-sixth century (Wu 2024).

Cocoons are a multi-layered composite material consisting of two proteins, namely the water-
insoluble fibroin and the water-soluble, glue-like sericin, which coats the fibroin filaments and binds
them together to form an intact cocoon. The production of silk fabrics from cocoons is very complex
and involves a large number of steps. To prevent the butterfly from hatching and thus destroying the
cocoon, cocoons are first treated with steam or in a vacuum at 65-75°C (Veit 2022). After removing
the outer, loose cocoon layer, softening the sericin in hot water and searching for the outer end of the
tilament with a brush, cocoons can be unwound, whereby an approximately 700-2000 m long thread
can be unreeled from a single cocoon (Veit 2022). To obtain soft, smooth and glossy silk fabrics, the
reeled raw silk is degummed. Enzymes, organic acids, alkaline degumming agents and/or surfactants
such as sodium carbonate (Na,COj;) or Marseille soap are often used to remove the sericin coating
(Biswal et al. 2022). In order to compensate for the weight loss during degumming, which would lower
the selling price, metal salts, vegetable or synthetic substances can be incorporated into the fibroin
filament in a process known as weighting (Garside, Wyeth, and Zhang 2010). Damaged or hatched
cocoons and non-reeling parts of the cocoons can be used to produce spun silk yarns, which are
known as Bourette, Schappe or floret silk (for a further distinction see (Veit 2022)). In the manufacture
of textiles, silk is also frequently bleached, printed or dyed, whereby the dyeing can take place in the
piece, i.e. as a fabric, or in strand form. In the latter case, dyed yarns are processed on various looms, e.
g. treadle looms, to create colorful and luxurious fabrics.

Expensive silk fabrics, which have been a symbol of wealth and luxury for many centuries,
especially in Europe, are common in museum collections. Interdisciplinary studies of these textile
testimonials help to understand and reconstruct ancient technologies, trade routes and cultural
exchanges. In addition to the examination of, for example, weaving patterns, fiber and dyestuff
analyses are a key issue of these interdisciplinary studies (Gao et al. 2024; Ge et al. 2023; Karadag
and Oraltay 2022; Kramell et al. 2014). For instance, microscopic and Fourier-transform infrared
(FTIR) or Raman spectroscopic investigations can reveal the degradation state of the fibroin filaments
or the presence of a sericin coating (Deveoglu et al. 2019; Koperska et al. 2014; Vilaplana et al. 2015).
These methods can also be used to obtain initial indications of the presence of BM or non-mulberry
silk, e.g. from Antheraea mylitta Drury (AM) (Boulet-Audet, Vollrath, and Holland 2015; de
Palaminy, Daher, and Moulherat 2022; Gao et al. 2024). Since the amino acid (AA) sequence and
composition of silk fibroin from non-mulberry silkworms differs from BM, AA analyses as well as
proteomic approaches can provide further information with regard to the silk producer (Ge et al. 2023;
Kmet et al. 2023; Li et al. 2015; Reddy, Zhao, and Yang 2013; Zheng et al. 2021). Nano-flow liquid
chromatography tandem mass spectrometry (nanoLC-MS/MS) in combination with a calcium nitrate
solubilization and a suitable enzyme digestion enables, for example, the determination of AA
sequences and thus the identification of species-specific fibroin proteins. Corresponding analyses of
silk fabrics from the archaeological site of Palmyra revealed the use of wild silks derived from AM (Lee
et al. 2022). Lee et al. thus provide the first biochemical evidence for long-standing archaeological
speculation about the production of Indian wild silk in antiquity and international trade between
ancient Palmyra and the Indian subcontinent (Lee et al. 2022). Information on the structure of silk can
also be obtained by ?C CP-MAS NMR spectroscopy (Deveoglu et al. 2019). In addition, Deveoglu et
al. use ’Al MAS NMR spectra to characterize silk fabrics mordanted with alum and dyed with
different flavonoids (Deveoglu et al. 2019).

Furthermore, AA racemization (AAR) rates can be used to characterize historical silks. Moini et al.
introduced capillary electrophoresis MS (CE-MS) for age estimation of silk textiles based on the
racemization rate of asparagine (Asn) and aspartic acid (Asp) (Moini and Rollman 2017; Moini,
Klauenberg, and Ballard 2011; Shimada et al. 2023). This technique is suitable for dating BM silks from
museum collections, ranging in age from the present to ~2500 years ago. At approximately 100 pg (or
less), the amount of sample used is significantly less than the amount required for accelerator mass
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spectrometry (AMS) dating C dating) (Moini, Klauenberg, and Ballard 2011). In addition, the costs
of authenticating silk using AMS dating are relatively high and the presence of dyestuffs or other
difficult-to-remove contaminants such as humic substances can falsify the '*C age (Boudin et al. 2013).
In contrast, AAR is affected by environmental factors such as pH value, temperature, humidity, UV
radiation, impurities and the presence of metal ions (Bada 1985; Bright and Kaufman 2011;
Goodfriend 1992; Kaufman 2006; Smith, Williams, and Wonnacott 1978). The influence of factors
such as UV radiation, pH value and humidity on the D/L ratio of AAs and thus on the age
determination can be minimized if archaeological remains are protected, e.g. by an inorganic template.
When examining silks, it should be noted that silk processing, e.g. degumming or dyeing, can
accelerate AAR. Initial studies by Moini et al. and Shimada et al. have already shown that treatment
of BM silk with alkaline solutions at elevated temperatures can have a significant effect on the
racemization rate of Asp, Asn, phenylalanine (Phe) and tyrosine (Tyr) (Moini and Rollman 2017;
Shimada et al. 2023). These studies also showed that CE-MS measurements enable the identification of
artificially aged silk, obtained by a chemical treatment with a base at elevated temperatures, and thus
silk forgery (Moini and Rollman 2017). Furthermore, Moini et al. investigated the effect of UV
exposure on (L) to (D) conversion of silk proteins (Moini, Klauenberg, and Ballard 2011). However,
systematic studies on the influence of degumming, mordanting and dyeing techniques on AAR rates
are still pending. The influence of mordants is of particular interest as it is known that the presence of
metal ions such as Cu®*, Cd*" and Fe*", which are typically used for mordanting (Cardon 2007;
Schweppe 1992), can a) catalyze degradation reactions of AAs or proteins and b) affect AAR rates by
stabilizing the carbanion intermediate (Johnson and Pratt 2010; Smith, Williams, and Wonnacott
1978). Fe*" in particular leads to powerfully oxidizing hydroxide radicals in a so-called Fenton’s
reaction. Furthermore, when examining proteinaceous materials by GC or LC, it should be noted that
metal ions and polyvalent cations such as Ca*" can reduce the efficiency of AA derivatization by
forming strong cation ion-AA complexes (Bonaduce, Cito, and Colombini 2009; Colombini and
Modugno 2004). These complexes can selectively subtract some AAs from the analysis and thus
prevent the identification of the proteins (Bonaduce, Cito, and Colombini 2009). The effect of
polyvalent cations on the identification of proteinaceous binders in paintings has already been
investigated, including the development of analytical procedures with purification steps to remove
inorganic components (Bonaduce, Cito, and Colombini 2009; Lluveras et al. 2010). However, the
authors are not aware of any corresponding studies on silk. In addition to the use of metal salts such as
copper(II) sulfate or stannic chloride for mordanting or weighting, the conditions of use, storage or
conservation may also result in a higher content of metal ions in historical silk samples. A high content
of metal ions is to be expected, especially in archaeological samples with soil contact.

In this study, we investigate the influence of different dyeing and mordanting techniques on the AA
composition of mulberry and non-mulberry silks. The investigations were carried out on BM, AM and
Attacus atlas L. (AtA) silk samples, which differ in terms of their morphology, chemical composition
and physical structure. In addition, the AAR rates of mordanted and dyed samples were determined,
whereby the effect of the degumming method was also considered. In this context, a gas chromato-
graphy-MS (GC-MS) method for the identification and quantification of 11 enantiomeric AA pairs in
silk fibroin was developed and validated. In the course of method development, clean-up steps using
organic-aqueous systems and the chelating agent EDTA were tested, which enable the extraction of
natural dyes and thus a parallel dyestuff analysis by high-performance liquid chromatography-diode
array detection (HPLC-DAD). Furthermore, the influence of the derivatization and hydrolysis pro-
cedure on the racemization of AAs was studied. The developed and validated GC-MS method was
used to characterize historical silk samples from finding sites in the Tarim Basin, covering a period
from the first millennium BC to third century AD. Furthermore, these samples were analyzed by
optical microscopy (OM), scanning electron microscopy (SEM), SEM in combination with energy-
dispersive X-ray spectroscopy (SEM-EDX), FTIR spectroscopy in attenuated total reflection mode
(ATR-FTIR spectroscopy), HPLC-DAD and liquid chromatography-electrospray ionization-MS/MS
(LC-ESI-MS/MS). On the one hand, the aim was to evaluate the influence of silk processing on the AA
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composition and the AAR of recent silks. On the other hand, a multi-analytical technique-based
approach was established, which enables a comprehensive characterization of historical silk samples
and thus provides information on ancient silk processing techniques and processed raw materials,
especially on colorants and silk used. In addition, degradation processes are characterized on a
molecular level.

Material and methods
Chemicals and materials

L-Alanine (L-Ala; 99%), L-isoleucine (L-Ile; 99%), L-proline (L-Pro; 99%), L-cysteine (L-Cys; >98%),
L-lysine (L-Lys; 98%) and L-norleucine (L-Nle; 99%) were obtained from Alfa Aesar. D-Alanine
(D-Ala, 99%), D-aspartic acid (D-Asp, 99%), D-cysteine (D-Cys, 98%), D-isoleucine (D-Ile, >98%),
D-methionine (D-Met, 99%), D-norleucine (D-Nle, 99%), D-phenylalanine (D-Phe, 99%), D-threo-
nine (D-Thr, 99%), D-tyrosine (D-Tyr, 99%), D-tryptophane (D-Trp, 99%) and chloroform (HPLC
grade) were purchased from Thermo Fisher GmbH; glycine (Gly; 299%) and D-histidine (D-His;
>99%) from TCI (Tokyo Chemical Industry); L-leucine (L-Leu; 299%), L-valine (L-Val; 299%), D- and
L-glutamic acid (Glu; 299%), L-aspartic acid (L-Asp; 299%), L-threonine (L-Thr; 299%), L-phenyla-
lanine (L-Phe; =299%), L-methionine (L-Met; 299%), D-serine (D-Ser; >99%), D-leucine (D-Leu;
>99%), calcium oxalate (=98%) and iron(II) sulfate heptahydrate (Fe(II)SO, *+ 7 H,O, 299%, p.a.)
from Carl Roth GmbH + Co. KG; L-serine (L-Ser; >99%), L-histidine (L-His; 299%), D-lysine (D-Lys,
>98%), sodium carbonate (Na,COs; anhydrous), pyridine (299.0%), ethylene diamine (299%), phenol
(296%), ethylenediaminetetraacetic acid (EDTA, 99.4-100.6%), 3,3'-dithiodipropionic acid (DTDPA,
99%) and indigo (95%) from Sigma-Aldrich; L-tryptophane (L-Trp; 99%) and D-proline (p-Pro,
>99%) from Acros Organics; D-valine (D-Val, >99%) from MP Biomedicals LLC.; isooctane from
VWR Chemicals [ACS (American Chemical Society), Reag. Ph. Eur. (Pharmacopoea Europaea)] and
Supelco (for liquid chromatography; ACS reagent, 299.0%); N,N-dimethylformamide (DMF, 99.5%),
isopropanol (for HPLC), concentrated hydrochloric acid (HCl; 37%) and sodium hydroxide (NaOH,
98%, reinst, pellets) from Fisher Scientific; methanol (MeOH, HPLC gradient grade) and acetonitrile
(ACN, HPLC super gradient grade) from VWR Chemicals; ethylene diamine (299.5%; GC), potassium
hydrogen tartrate and sodium dithionite from Merck KGaA; potassium aluminum sulfate dodecahy-
drate (KAI(SO,), *+ 12 H,0, 99.0-100.5%) from Riedel-de Haén; copper(II) sulfate pentahydrate (Cu
(INSOy4 * 5H,0, >99%, p.a.) from Fluka. 2,2,3,3,4,4,4-Heptafluorobutyl chloroformate (HFBCF) was
brought from Apollo Scientific Ltd (97%, Cheshire, United Kingdom) and Carbolution Chemicals
GmbH (95%, St. Ingbert, Germany). Dried and ground madder roots (Rubia tinctorum L.) were
bought from Kremer Pigmente GmbH & Co KG (Aichstetten, Germany).

Cocoons, recent silk and wool samples

BM cocoons were obtained from the World of Butterflies & Moths (Lincolnshire, England), the
Francke Foundations (Halle/Saale, Germany) and a Chinese web store. Degummed BM silk and
cocoons of AM (Indian tasar silkmoth) were purchased from Seidentraum (organic peace silk,
Sternenfels, Germany), a sheep wool fleece (100% merino wool) from Galerie Smend (Koln,
Germany). Cocoons of AtA were obtained from the butterfly house of Jonsdorf (Germany);
Antheraea pernyi Guérin-Méneville (APe) silkworm cocoons from the World of Butterflies & Moths
(Lincolnshire, England).

Historical textile samples

Silk and wool samples from archaeological sites of Niya, Yanghai and Wupu in the Xinjiang Uyghur
Autonomous Region (Tarim Basin, China) were taken within the framework of an interdisciplinary
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Chinese-German research project (for a further description of the samples and finding sites, see Beck
et al. 2014; Kramell et al. 2014; Kramell et al. 2016; Wertmann et al. 2020).

Degumming of cocoons (Schmidt et al. 2023)

Before degumming, pupae, plant parts and coarse impurities were removed with tweezers. Cocoons
were degummed at 95°C for 60-120 min (reaction time for BM cocoons: 30-90 min; reaction time for
AM and APe cocoons: 90 min, reaction time for AtA cocoons: 120 min) in an aqueous solution
containing Na,CO; (1g/L) and ethylenediamine (2.5% w/w). After degumming, the fibers were
immediately rinsed thoroughly with distilled water until a neutral pH value was achieved and dried
at 100°C until constant weight was reached. All experiments were repeated three times. The efficiency
of the degumming process was monitored by microscopic and ATR-FTIR spectroscopic studies, as
well as by determining the degumming ratio D, (%), as reported by (Schmidt et al. 2023).

To investigate the influence of alkaline degumming procedures, BM cocoons were treated with
aqueous solution containing Na,CO; (1 g/L or 2.5g/L) at 95°C for 30-120 min. Furthermore, BM
cocoons were degummed with ethylenediamine (2.5% w/w) at 95°C for 120 min as described by
(Schmidt et al. 2023).

Treatment of silk with Na,CO; solutions (modified according to (Moini and Rollman 2017))

To simulate the artificial aging described by Moini and Rollman (Moini and Rollman 2017), degummed
BM silk samples and cocoons (200 mg) were treated in sealed tubes with aqueous Na,COj; solutions (3
mL, pH 9, 11 and 13) at 110°C for 60-120 min. The pH of the solutions was measured using a digital pH
meter and adjusted to a pH of 9, 11 and 13 with HCI (6 M) or NaOH (1 M). After alkaline treatment, the
filaments were then rinsed with MeOH and distilled water and dried at room temperature. Dried silk
samples were hydrolyzed and then analyzed by GC-MS as described below.

Sample treatment with calcium oxalate

In order to determine the influence of a possible residue of calcium oxalate, which is found on some
wild silk cocoons, BM, AtA and AM silk samples were treated with calcium oxalate. For this purpose,
degummed silk (200 mg) was moistened with water and treated with an aqueous calcium oxalate
suspension (100 mL; 15% based on the dry weight of the silk) for 60 min at 40°C. Subsequently, the silk
fibers were rinsed two times with water and dried at room temperature.

Dyeing and mordanting procedure (modified according to (Cardon 2007) and (Schweppe
1992))

In the course of the mordanting procedure, degummed silk (200 mg) was first moistened with water to
ensure uniform and complete wetting with the metal salt solution. During the mordanting and dyeing
process, the silk is turned occasionally.

All experiments were repeated three times with degummed silk of BM, AtA and AM.

Mordanting procedure with potassium alum

The mordant bath was prepared by adding KAI(SO,), * 12 H,0 (15% - based on the dry weight of the
silk) in water (100 mL) at 40°C. Degummed and moistened silk was immersed into the bath, which was
then heated to 60°C and left at this temperature for 60 min. After the mordant bath had cooled to
room temperature, the silk was removed, rinsed several times with water, and dried at room
temperature or used while still wet for the subsequent madder dyeing process.
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Mordanting procedure with potassium alum and potassium hydrogen tartrate

Mordanting procedure described above was carried out in the presence of KAI(SO,), * 12 H,0 (15% -
based on the dry weight of the silk) and potassium hydrogen tartrate (4% - based on the dry weight of
the silk).

Mordanting procedure with copper(ll) sulfate or iron(ll) sulfate

The mordant bath was prepared by adding Cu(II)SO, * 5 H,O (6% based on the dry weight of the silk)
or Fe(II)SO, * 7 H,0 (3% based on the dry weight of the silk) in water (100 mL) at 40°C. Afterward,
degummed and moistened silk was immersed into the bath and was treated for 60 min at 60°C with
this solution. After the mordant bath had cooled to room temperature, the silk was removed, rinsed
several times with water, and dried at room temperature.

Mordant dyeing with madder (Rubia tinctorum L.)

Preparation of the dye bath: A filter containing dried and ground madder roots (10 g) was soaked in
water (200 mL) overnight. The extract was then heated slowly within 60 min until reflux began, and the
temperature was kept constant for a further 10 min. After removing the heat source, water (100 mL) was
added and the plant material was removed. Degummed and moistened silk mordanted with potassium
alum or potassium alum and potassium hydrogen tartrate was added to the dye bath. The dye bath was
heated to 60°C and left at this temperature for 30 min. Afterward, the dye bath was cooled to room
temperature, the silk was removed, rinsed several times with water until the wash water appeared clear
and dried at room temperature.

Vat dyeing with indigo

For a suspension of synthetic indigo (2 g, powder) in water (8 mL), an aqueous NaOH solution (7%,
m/v) was added and the suspension was heated to 60°C. Then sodium dithionite was added until the
solution began to turn yellow. Degummed silk (200 mg) was moistened with water and immersed into
the dye bath at 55°C for 2-3 min. The silk was then removed, squeezed vigorously and air-dried. After
drying, the silk was thoroughly rinsed with water and dried at room temperature. If necessary, the
dyeing process can be repeated so that deeper shades can be achieved.

Sample pre-treatment with an EDTA solution

Sample preparation with EDTA-ACN-MeOH (modified according to (Manhita et al. 2011; Zhang
and Laursen 2005))

For some silk samples, an additional purification step was performed prior to the hydrolysis (see
Conventional hydrolysis of silk samples) to eliminate interfering components such as metal ions or
organic impurities. For this purpose, silk samples (20 mg) were treated with an EDTA solution [4 mL,
H,EDTA (aqueous, 0.1%)/ACN/MeOH, 2:10:88, v/v/v] for 30 or 60 min at 60°C. Subsequently, the
sample material was rinsed with MeOH (2 x 4 or 10 mL) and dried at room temperature. In the course
of method development, the procedure was tested on recent BM, AM and AtA silk samples (non-
mordanted/undyed and mordanted/dyed samples).

Sample preparation with EDTA-DMF (modified according to (Manhita et al. 2011))

For some dyed silk samples, an additional extraction step was performed prior to the hydrolysis to
allow parallel dyestuff analyses. For this purpose, red and blue dyed samples (recent and historical
materials, 20 mg) were extracted with an EDTA solution (4 mL, 0.1%, aqueous-organic system
consisting of water and DMF, 1:1 v/v) for 30 and 60 min at 95°C. The fibers were then rinsed with
MeOH (2 x 4 or 10 mL) and dried at room temperature. Dried silk samples were hydrolyzed and then
analyzed by GC-MS as described below. EDTA-DMEF extracts were analyzed for dyestuffs by HPLC-
DAD as described in previous studies (Kramell et al. 2014; Kramell et al. 2016). In the course of
method development, the procedure was tested on BM, AM and AtA silk, dyed with indigo or madder.



JOURNAL OF NATURAL FIBERS 7

AA analysis by GC-FID
AA analyses using GC-FID were performed as reported by (Schmidt et al. 2023).

AA analysis by GC-MS

Samples were analyzed with a Shimadzu gas chromatograph Nexis GC-2030, equipped with an
AOC-20i injector (injection volume: 0.5 uL, splitless mode), an AOC-20s autosampler and a mass
spectrometer (MS; GCMS-QP2020 NX, ion source temperature: 210°C, mass range: m/z 60-650,
full scan mode, voltage conversion dynode: 70 eV). Chromatographic separation was performed on
a CP-ChiraSil-L-Val column (25m x 0.25mm x 0.12 um, Agilent). The chromatogram was
recorded in the retention time range from 4 to 54 min. The injection port was held at 230°C,
and the interface between the column and the detector source was set at 200°C. The column oven
temperature was initially set to 92°C, held for 1 min and then ramped with 2.5°C min~" to 200°C,
held for 10 min; the carrier gas was hydrogen at a constant column flow of 1.20 mL/min (linear
velocity: 66.0 cm/sec). All analyses were performed in triplicate. After use, the autosampler syringe
should be rinsed with isopropanol followed by chloroform and isooctane to prevent corrosion of
the plunger.

Preparation of standard solutions
Stock solutions (5, 10, 20 and 50 mM) of (L-)AAs and (D)-AAs were individually prepared in aqueous
hydrochloric acid (0.1 M). (L)-Nle and (D)-Nle (20 mM) were used as internal standards.

Conventional hydrolysis of silk samples (modified according to (Vilaplana et al. 2015))
Hydrolysis of the silk samples (1-8 mg) was performed with HCI (1000 uL, 6 M) at 110°C for 24 h. As
stabilization reagents and chelating agents, phenol in water (50 uL, 1%), DTDPA (50 uL, 1%) in an
aqueous solution of sodium hydroxide (0.2 M) and EDTA (100 pL, 0.1%) in an aqueous solution of
NaOH (pH 9) were added to all samples. The hydrolyzate was concentrated to dryness at 90°C using a
nitrogen stream, and the residue was dissolved in HCI (200 pL, 0.1 M). Aliquotes (25-200 pL) were
used for AA derivatization.

Hydrolysis with HCI assisted by microwave (modified according to (Colombini et al. 1998))
Various proteins (e.g. lupine flour protein, bovine serum albumin, ovalbumin, fibroin) and working
solutions of (L)-Ala and (L)-Asp (14 uL, 50 mM) were treated with HCI (2000 pL, 6 or 7 M) at 150°C or
160°C for 10-180 min in a sealed tube using an Anton Paar Monowave 300 microwave system (max.
power: 250 W, stirring speed: 600 rpm). The hydrolyzate was concentrated to dryness at 90°C using a
nitrogen stream and the residue was dissolved in HCI (200 pL, 0.1 M). Aliquotes (50 uL) were used for
AA derivatization.

AA derivatization with HFCBF (modified according to (Zahradni¢kovd, Husek, and Simek 2009))
Aliquotes of AA stock solutions or hydrolyzates (25-200 pL) were diluted with distilled water (100 uL),
a NaOH-Na,COj; solution was added (50 uL, 1 M NaOH/0.5 M Na,CO3, 4:1 v/v), and this solution
was mixed with a vortex for 20 sec. Then, the derivatization reagent solution (85 puL, HFCBF/isooctane,
1:3 v/v) was added and it was mixed again for 20 sec. Subsequently, the catalyst solution (50 pL, 50 mM
Na,COs/pyridine, 3:1v/v) was added, the solution was thoroughly vortexed for 20 sec, and then
remained at room temperature for about 5 min. Finally, isooctane (165 puL) was added and the solution
was mixed for several minutes until the upper organic phase remained clear after mixing and showed
no turbidity. An aliquot of the organic phase (0.5 pL) was injected into the gas chromatograph.
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AA analysis by GC-MS - validation experiments

Specificity

To determine the specificity of the method, a mixture of all studied (L)- and (D)-AAs was measured by
GC-MS after derivatization with HFBCF [for retention times see Table S1, Supplementary Material
(SM)]. Furthermore, hydrolyzates of degummed BM and AM silks as well as blank samples (without
AA or protein addition) were analyzed by GC-MS.

Linearity, limit of detection (LOD) and limit of quantification (LOQ)

For the calibration, solutions were prepared with different mixtures of (L)- and (D)-AAs [AAs: in the
range of min 0.4 to max 50 mM with (L)- and (D)-Nle as internal standards (22 uL, 20 mM)]. Each
calibration solution was measured three times, and analyses were executed with average peak area
ratios of the respective (L)- or (D)-AA and (L)- or (D)-Nle. The linearity of each calibration function
was tested with the Mandel’s test. LOD and LOQ were determined by means of a calibration curve
method according to DIN 32645 (Kromidas 2011). These validation data are shown in Table S1, SM.

Precision

To determine the repeatability, six replicate measurements were carried out for two different con-
centrations (Table S1, SM). For this purpose, working solutions containing respective (L)- or (D)-AAs
as well as the internal standard [(L)- or (D)-Nle] were prepared, derivatized and analyzed with GC-
MS. (L)-Ala and Gly were analyzed separately from the other AAs due to the high concentration
differences. For the interpretation of the repeatability, the relative standard deviation (RSD) of the
respective AA concentration was used. For determining the method precision, six BM as well as six
AM cocoons were degummed with Na,CO; (1 g/L) and ethylenediamine (2.5% w/w) at 95°C for 60
(BM cocoons) or 90 min (AM cocoons) as described above, degummed and dried BM and AM silk
samples (max 6.5 mg) were treated with an EDTA-ACN-MeOH solution (see Sample preparation with
EDTA-ACN-MeOH), hydrolyzed with HCI at 110°C for 24 h and independently derivatized with
HEFCBF in the presence of the internal standards (L)- and (D)-Nle. Aliquots (0.5 pL) of the organic
phases were analyzed by GC-MS. For the interpretation of the method precision, the RSD of the AA
concentrations was used (Table S1, SM). Furthermore, Dixon’s Q test and Neumann trend test were
applied for the identification of outliers or trends.

Recovery

The calculation of the recovery rate for each AA was performed for three concentration levels with a
number of three replicates (Table S1, SM). For this purpose, degummed silken filaments of BM [max
6.5 mg, degumming method: Na,CO; (1 g/L) and ethylenediamine (2.5% w/w), 95°C, 60 min] were
spiked with defined (L)- or (D)-AA concentrations [(L)- and (D)-AAs were studied separately],
hydrolyzed with HCI at 110°C for 24 h and derivatized with HFCBF as described above. Hydrolysis,
derivatization and GC-MS analysis of the spiked silk samples were performed independently of each
other on different days. The calculated AA concentrations were compared with the target concentra-
tions, and the recovery rate was determined. The average AA concentrations of degummed silken
tilaments of BM, determined in the course of the method precision, were used for the calculation of the
target concentrations.

Results and discussion

The subjects of the studies were degummed BM (family Bombycidae) filaments as well as non-
mulberry silks of the species AM (family Saturniidae, tribe Saturniini) and AtA (family Saturniidae,
tribe Attacini). In the course of the investigations, degummed silks were mordanted according to
historical recipes with copper(II) sulfate, iron(II) sulfate, potassium alum as well as potassium alum
and potassium hydrogen tartrate. Madder (R. tinctorum L.) roots and the blue vat dye indigo were
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used for dyeing. Both colorants were used in various regions of the world by different cultures to
produce red, purple or blue colored textiles (Cardon 2007; Hofenk de Graaff 2004; Schweppe 1992).
Madder, for example, was cultivated in various regions of Europe and Anatolia and was among the
most demanded products in the Ottoman Empire (Ozdemir and Karadag 2023b). Since the second
half of the 19th century, synthetic dyes were increasingly used in the textile industry. Today, a return to
natural colorants can be observed. Interest in textile products dyed with natural dyes has increased in
recent years, particularly among environmentally sensitive and conscious consumers (Karadag 2023).
In this context, the economic and scientific interest is also growing in textiles dyed with natural indigo
or madder and mordanted with natural, nontoxic metal salts such as potassium alum or plant-based
mordants such as acorns (Quercus species) (Deveoglu et al. 2012; Ozdemir and Karadag 2023a, 2023b).

In addition to the recent samples mentioned above, textile samples from archaeological sites in the
Tarim Basin (Xinjiang Uyghur Autonomous Region, Eastern Central Asia) — covering a period from
the first millennium BC to third century AD (see Examination of historical samples) — were analyzed.

Effect of dyeing and mordanting procedures on the determined AA composition of recent silks

To investigate the effect of the mordanting and dyeing process on the AA composition, mordanted,
dyed and untreated (i.e. degummed, undyed and non-mordanted) BM, AM and AtA silk samples were
analyzed by GC-FID as described in a study of (Schmidt et al. 2023) and the determined AA
composition was compared. BM silk was also treated with calcium oxalate to investigate the influence
of Ca”" ions, which are detectable on the surface of some wild silks in the form of calcium oxalate
(Boulet-Audet, Vollrath, and Holland 2015). The dyeing and mordanting procedures as well as the
presence of Ca®* ions do not cause any significant change in the AA composition under the selected
conditions (Figures S1-S3 and Tables S2-S4, SM). Consequently, no significant changes can be
observed for structural indices such as the Gly/Ala or the long chain/short chain ratio (100LC/SC),
which can be used to characterize silk fibroins (see (Freddi et al. 1994; Schmidt et al. 2023)). For
instance, the 100LC/SC ratio of BM fibroin is 21-29, regardless of the mordanting and dyeing
conditions (Table S2, SM). However, as already described by Ahmed and Darwish (Ahmed and
Darwish 2012), some of the treated silks are characterized by a slight increase of the acidic AAs. For
example, BM and AtA silks mordanted with alum and dyed with madder show a slightly higher
Glx content (BM-Al/madder: 5.4 mol%; AtA-Al/madder: 2.3 mol%) compared to the untreated BM
(3.5mol%) and AtA samples (1.3 mol%, Figures S1B and S3B, for the assignment of the sample ID,
see Tables S2-4, SM).

In addition to AA analysis, bluish and reddish silk samples were also examined for the colorants
used. Since only a small sample amount is usually available, especially for precious historical samples,
the following procedure is used: The silk samples are extracted, the extracts are examined for the
presence of dyestuffs by HPLC-DAD and the remaining silk filaments are then analyzed for their AA
composition. In this context, different extraction methods and their effects on the AA composition
were tested (see next section).

Sample pre-treatment with an EDTA solution: clean-up step and dyestuff analyses

Dyed silk samples were treated with an aqueous EDTA-DMF or EDTA-ACN-MeOH solution prior to
AA analysis by GC-FID, and the extracts were analyzed for the presence of organic dyestuffs by HPLC-
DAD (see (Kramell et al. 2014; Kramell et al. 2016)). Alizarin and purpurin, dyes of the anthraquinone
type, were detected, for example, in EDTA-DMF extracts of recent silk samples mordanted with
potassium aluminum sulfate and dyed with madder. The EDTA-DMF extraction step is also suitable
for the detection of vat dyes such as indigo. A slight discoloration was observed for dyed silk samples
after treatment with the aqueous EDTA-ACN-MeOH solution. However, as already described by
(Manbhita et al. 2011), this milder method does not allow efficient extraction of anthraquinones and vat
dyes such as indigo.
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GC-FID studies on dyed and undyed BM, AM and AtA silks show that sample pre-treatment
with EDTA-ACN-MeOH or EDTA-DMF does not cause any significant change in the AA compo-
sition and the resulting structural indices of indigo and madder dyed silks (Figures S4-S6 and Tables
§2-54, SM). However, an increased Glx content, comparable to that of dyed samples (see previous
section), can be observed for undyed and non-mordanted AM and AtA silk samples after treatment
with EDTA-ACN-MeOH or EDTA-DMF (AM: 2.2 mol%, AM EDTA-ACN-MeOH: 3.5 mol%, AM
EDTA-DMEF: 3.5mol%, AM-Al/tartrate/madder EDTA-DMF: 3.6 mol%, AtA: 1.3 mol%, AtA
EDTA-ACN-MeOH: 2.6 mol%, AtA EDTA-DMF: 2.9 mol%, AtA- Al/tartrate/madder EDTA-
DME: 2.8 mol%, for the assignment of the sample ID see Tables S2-S4, SM). Consequently, sample
pre-treatment with EDTA-ACN-MeOH or EDTA-DMEF of undyed and non-mordanted silks also
leads to an enrichment of the acidic AA Glu in hydrolyzed samples (see previous section).

In summary, pre-treatment of dyed silk samples with EDTA-DMF enables the analysis of e.g.
indigoid- and anthraquinone-type dyes without significantly changing the AA composition of the silk.
Since sample material from historical textiles is usually only available to a very limited extent, a parallel
dyestuff analysis is aimed for the characterization of these materials. In addition, interfering organic
components and metal ions, especially from historical samples, can be removed by EDTA-ACN-
MeOH or EDTA-DMF pre-treatment (see Introduction).

Chiral AA analyses on recent silks using GC-MS

In addition to the AA composition, D/L ratios of silk fibroin AAs were used to characterize silks.

For chiral analysis of AAs by GC-MS, degummed silk samples were hydrolyzed with 6 N HCI, then
the free AAs were derivatized with HFBCF and enantiomeric AA pairs were separated on a Chirasil-
Val capillary column. Eleven (DL)-AA pairs were identified and quantified in hydrolyzates of
degummed silks, namely (DL)-Ala, (DL)-Val, (DL)-Leu, (DL)-Asx (Asp + Asn), (DL)-Met, (DL)-
Ser, (DL)-Phe, (DL)-GIx (Glu + Gln), (DL)-His, (DL)-Lys and (DL)-Tyr.

Effect of hydrolysis, derivatization and treatment with an EDTA solution on the racemization rate
To investigate the influence of the derivatization procedure on AA racemization (AAR), stock
solutions of (L)-AAs and (D)-AAs were derivatized with HFBCF at room temperature. The content
of (D)- or (L)-AA derivatives after reaction of (L)- or (D)-AAs with HFBCF was below the detection
limit (Table S1, SM). Thus, the derivatization procedure has no significant influence on the D/L ratio.
Subsequently, the influence of silk fibroin digestion and sample pre-treatment was investigated. For
this purpose, recent degummed BM and AM silk samples, treated with an aqueous EDTA-ACN-
MeOH solution at 60°C for 30-60 min, were digested without microwave irradiation with 6 N HCl at
110°C for 24 h. HFBCF was also added to the hydrolyzates at room temperature. As shown in Figure 1
and Tables S5-S6 (SM), only the content of five (D)-enantiomers — namely (D)-Ala, (D)-Val, (D)-Ser,
(D)-GIx and (D)-Asx — was above the LOQ. (L)-Ala and the achiral AA Gly are predominant in BM
and AM fibroin and account for approximately between 70 and 80 mol% of the total AA content (for
comparison see Tables S2-3). Under the above conditions, the conversion of (L)- to (D)-Ala is less
than 1% (D/L Ala: 0.3-0.7%). D/L ratios between 5% and 12% were determined for the AAs Ser
(BM: 12.0%, AM: 10.3%), Val (BM: 7.7%, AM: < LOQ), Glx (BM: 5.0%, AM: 8.5%) and Asx (BM:
D-Asx < LOQ, AM: 7.4%), which occur with a significantly lower proportion in BM and AM
fibroin. A comparison of BM silk before and after treatment with EDTA-ACN-MeOH shows no
significant changes in the AAR rates (Figure 1). Thus, digestion and sample pre-treatment are
suitable for a D/L analysis of silk.

In this context, different hydrolysis procedures using HCI with microwave irradiation were tested
on stock solutions of (L)-AAs and various proteins. As expected, the hydrolysis time can be signifi-
cantly reduced by microwave irradiation (for comparison see (Andreotti et al. 2006; Bonaduce, Cito,
and Colombini 2009)). However, the use of microwave-assisted hydrolysis leads to greatly increased
levels of (D)-AAs. For example, D/L AA ratios of almost 100%, i.e. racemic mixtures, were observed
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for the stock solutions of Ala and Asp after 40 min of hydrolysis in the microwave (Koch 2022;
Puchalla 2022). The effect of digestion time on Asx racemization using 6 N HCI at 110°C without
microwave irradiation was already investigated on BM silk by Moini et al. (Moini, Klauenberg, and
Ballard 2011) The (L) to (D) conversion by heating was found to be about 1% after 2 h and 4% after 24
h, reaching a plateau after 24 h. Since we cannot observe complete hydrolysis for all silk samples after
2 h, all further experiments were carried out without microwave irradiation for 24 h with a 6 N HCl at
110°C.

Effect of dyeing and mordanting procedures on AAR

As described above, racemization rates and/or degradation reactions of AAs can be affected by the
presence of metal ions. Since metal salts such as iron(II) sulfate, copper(II) sulfate and potassium alum
are frequently used as mordants, the influence of dyeing and mordanting procedures on (L) to (D)
conversion of silk fibroin AAs was investigated. For this purpose, degummed BM silk samples treated
with various metal salts and colorants were prepared according to the procedure described above (see
previous section and Tables S5-S6, SM). In this context, dyed and mordanted silks were examined
before and after treatment with EDTA-ACN-MeOH or EDTA-DMF (see sample pre-treatment with
an EDTA solution). Furthermore, calcium oxalate was treated in BM silks and thus the effect of
divalent Ca** ions on AAR rates was analyzed. In most cases, the (D)-AA proportions as well as D/L
ratios determined for dyed and/or mordanted silks are comparable to those of the undyed and
unmordanted silk filaments (Figure 1 and Table S6, SM). However, a D/L Met ratio of 67% was
determined for sample BM-Cu EDTA-ACN-MeOH. For all other dyed and/or mordanted BM
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Figure 1. D/L ratios for (a-b) mordanted and calcium oxalate treated BM silks, (c) indigo dyed BM silks and (d) madder dyed BM silks
before and after treatment with EDTA-ACN-MeOH or EDTA-DMF (degumming procedure: 0.1% Na,CO3 and 2.5% ethylenediamine,
95°C, 60 min, see Table S5 for assignment of the sample ID).
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samples, the (D)- and/or (L)-Met content was below the LOQ. This is not surprising due to the low
Met content in BM silk and the sensitivity of Met to oxidation. It is well known that Met can be
oxidized to methionine sulfoxide and methionine sulfone when proteins are digested with 6 N HCl
(Rutherfurd and Gilani 2009). The D/L ratio of Ser varies greatly between the samples tested, ranging
from 5% to 90%. For instance, BM silk that has been mordanted with iron(II) sulfate and treated with
EDTA-ACN-MeOH shows a D/L Ser ratio of 90.48%. In contrast, D/L Ser ratios of 6.80% and 28.35%
were determined for BM silk mordanted with iron(II) sulfate or copper(II) sulfate and treated with
EDTA-DMEF. In addition, an increased (D)-Asx content was detected for the sample BM-Al/tartrate/
madder (D/L Asx: 26.04%). However, the proportion of (D)-Asx in alum/tartrate-mordanted and
madder-dyed samples treated with EDTA-DMF or EDTA-ACN-MeOH prior to hydrolysis is below
the LOQ. In summary, an increased proportion of (D)-AAs can be observed for some mordanted
samples, with thermodynamically unstable AAs such as Ser racemizing more readily than other AAs
(see (Reischl and Lindner 2015) for studies on the mechanisms of Ser racemization) (Bada 1985). In
addition, it should be noted that AAs such as Ser, Asn and Asp occur more frequently in amorphous
fibroin regions, which are more susceptible to chiral rearrangements than crystalline fibroin regions
(Shimada et al. 2023).

A (D)-Asx content of 0.1-0.2 £ 0.0005-0.02 mol% and thus D/L Asx ratios between 13% and 16%
were found for BM samples dyed with indigo (Figure 1c). Since no metal salts were used for the
preparation of these samples, the slightly increased (D)-Asx content is probably due to the alkaline
conditions during the indigo dyeing process. In the present study, NaOH was added to the dye bath
(pH 8-9) and silk dyeing was carried out for 2-3 min at 55°C, repeating the dyeing process several
times to obtain a deep blue color. As described by Moini and Rollman, such alkaline conditions lead to
an increased proportion of (D)-Asx (Moini and Rollman 2017). For instance, a previous study by
Moini and Rollman shows that treatment of BM silk at pH 9.07 and a temperature of 110°C results in a
12% increase in D/L Asx after 120 min. However, the temperature of the dye bath and the previously
used degumming process also appear to be important for changes in the D/L Asx ratio during the
dyeing process. A study by Shimada et al. shows, for example, that indigo dyeing at 21°C and a pH of
10.5 does not change the D/L Asx ratio of a silk sample previously degummed at 85-90°C and a pH of
11-12 (Shimada et al. 2023). A D/L Asx ratio of approximately 17% was found for this alkaline
degummed silk sample before and after indigo dyeing. Using the calibration curve of Moini et al., this
value corresponds to an age of 500-600 years (Moini, Klauenberg, and Ballard 2011; Shimada et al.
2023).

Since the AAR rate is affected by the pH and temperature, various alkaline degumming methods are
considered in the next step.

Effect of degumming procedures and artificial aging with Na,CO3 solutions on AAR

Studies by Shimada et al. show that the D/L Asx ratio of alkaline degummed silk is significantly higher
than that of an untreated cocoon (Shimada et al. 2023). In comparison, Shimada et al. found that the
D/L Asx ratio for enzymatically degummed silks did not change greatly. Consequently, the degum-
ming conditions are crucial for the racemization of Asx.

To investigate the influence of alkaline degumming procedures in more detail, BM cocoons were
treated with 0.1-0.25% Na,COj; and/or 2.5% ethylenediamine at 95°C for 30-120 min (pH 8-10),
using microscopic studies and the average degumming ratio D, to evaluate the degumming efficiency.
As already described in a previous study, under these conditions the degumming ratio of BM cocoons
is about 30-35% (Table 1), indicating high degumming efficiency without destruction of the filaments
(Schmidt et al. 2023). Harsher conditions, i.e. long treatment time and/or high concentration of the
degumming agent, lead to partial degradation of fibroin fibers and a degumming ratio >35%. In order
to induce a partial loss of silk fibroin, BM cocoons were treated with 10% ethylenediamine at 95°C for
120 min (sample ID: BM-4 120 min). This sample shows brittle fibers with a degumming ratio of 38%.
However, as described by (Schmidt et al. 2023), the above-mentioned degumming conditions do not
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lead to a significant change in AA composition. The effects of the degumming procedure on the D/L
ratios are considered below.

As shown in Table 1, D/L ratios are comparable to those of the undyed and unmordanted fibroin
filaments (degumming method: 0.1% Na,CO; and 2.5% ethylenediamine, 95°C, 60 min), with D/L
Ala< 1%, D/L Val < 17%, D/L Ser < 14% and D/L Glx <3% (Figure 2a). With the exception of the
samples BM-1 90 min (0.1% Na,COj3 and 2.5% ethylenediamine, 95°C, 90 min, pH 9-10) and BM-2
60 min (0.1% Na,COs3, 95°C, 60 min, pH 8-9), the (D)-Asx concentration is below the LOQ or LOD. A
D/L Asx ratio of 10-12% was determined for BM-1 90 min and BM-2 60 min, which is comparable to
that of the indigo dyed samples (see previous section). For sample BM-4 120 min (degumming
method: 10% ethylenediamine, 95°C, 120 min, pH 12-14), which shows brittle fibers due to the
harsh degumming conditions, the (D)-Asx and (L)-Asx content was below the LOD. However, a
treatment with 0.1% or 0.25% Na,COs; for 120 min leads to an increased (D)-Leu content and thus to
D/L Leu ratios of 31-35%.

To simulate the artificial aging as well as the alkaline processing described by Moini and Rollman
(Moini and Rollman 2017), degummed BM silk samples and BM cocoons were treated with Na,CO;
solutions at pH 9, 11 and 13 at 110°C for 60-120 min. At pH 9 and 11, similar D/L ratios for Ala, Val,
Ser and Glx were obtained as with the alkaline degumming procedures described above (Table 2 and
Figure 2b). In this context, treatment times of 90-120 min also lead to increased D/L Leu ratios (26—
28%). In agreement with the studies by Moini and Rollman (Moini and Rollman 2017), increased (D)-
Asx formation is observed with increasing pH. As shown in Figure 2b-d, the D/L Asx ratio increases
from 12% to 13% at pH 9 to 44-67% at pH 11, with the proportion of (D)-Asx at pH 11 increasing with
increasing treatment time. In addition, a (D)-Tyr concentration above the LOQ was detected at pH 11
and thus a D/L Tyr ratio of 5.6% was determined. At pH 13, silk samples are almost completely
dissolved and a further increase in the D/L Asx ratios to 85-100% can be observed. Furthermore,
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Figure 2. D/L ratios for (a) BM silks degummed with various degumming agents and (b—d) BM silks after treatment with Na,COs
solutions at pH 9, 11 and 13 at 110°C (see Tables 1-2 for assignment of the sample ID).
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increasing the pH to 13 also results in increased D/L Ala (1.2-2.3%), Ser (14-72%) and Glx (6-13%)
ratios as well as a (D)-Phe and (D)-His content above the LOQ after a treatment period of 90-120 min
(D/L Phe: 22.5%, D/L His: 75.0%). In summary, alkaline treatment at 110°C leads to increased D/L
ratios, with the D/L Asx ratio being particularly affected. Consequently, not only the pH value but also
the temperature is a decisive factor for the AAR pattern in alkaline treatments.

Chiral AA analyses by GC-MS - validation experiments

The results of the validation study for AA analyses using GC-MS are summarized in Table S1, SM.
Retention times of derivatized AAs were determined using (L)- and (D)-AA standard solutions.
Fifteen enantiomeric (DL)-AA pairs were separated on a Chirasil-Val capillary column under gradient
temperature conditions. However, coelution was observed for (D-) and (L)-Pro derivatives, as already
described by Zahradnickova et al., the content is therefore given as the sum of (D)- and (L)-Pro
(Zahradni¢kova, Husek, and Simek 2009). Chromatograms of hydrolyzed silk samples of non-mul-
berry and mulberry silkworms as well as blank samples were free from interference. Calibration plots
[concentration of (D)- or (L)-AA versus peak area ratio of (D)- or (L)-AA and (D)- or (L)-Nle as
internal standards] are linear in the respective selected range (Ala and Gly: min 1.6 mM, max 11.8 mM;
other AAs: min 0.3 mM, max 2.6 mM). For all AAs considered, an R? value >0.978 was obtained, and
both LODs and LOQs were considered adequate for the purposes of the present study. The repeat-
ability, expressed by relative standard deviations (RSD), ranged from 2.6% for (D)-Met and (D)-Leu to
28% for (D)-Lys. To determine the method precision, hydrolysis of degummed BM or AM silk, treated
with an EDTA solution, was performed six times, and RSDs of AA concentrations were calculated. The
RSD values range from 2.7% for (D)-Glx [(D)-Glu + (D)-GlIn] to 23.7% for (L)-Ile. The (D/L)-Cys, (D/
L)-Pro, (D)-Ile, (D)-Leu, (D)-Thr, (D)-Phe, (D)-His, (D)-Tyr, (D)-Lys and (D)-Met concentrations of
the hydrolyzates are below the LOQ and LOD, respectively. Thus, no values for method precision are
given for these AAs. Trp, a low abundance AA of BM silk (Moini, Klauenberg, and Ballard 2011), is
decomposed during treatment with HCI (Rutherfurd and Gilani 2009) and cannot be determined
using this method. In addition, it should be noted that Asn and Gln are deaminated during acid
hydrolysis to Asp and Glu (Rutherfurd and Gilani 2009). Thus, after hydrolysis with 6 N HCI, values
for (D/L)-Asp and (D/L)-Glu are reported as the sum of the acid and amide derivatives [(D/L)-Asx or
(D/L)-GIx]. Recovery tests were carried out on spiking decummed BM silks with defined concentra-
tions of (D)- and (L)-AAs, whereby (D)- and (L)-AAs were analyzed separately. The recovery rate of
the different AAs after hydrolysis and derivatization ranged from 57% for (D)-Cys to 120% for Gly
with an average recovery rate of 89% at the low, 84% at the medium and 82% at the high concentration
level. (L)-Ile and (L)-Thr, AAs with two chiral carbon centers, which are only present in small amounts
in silk fibroin, are converted into (D)-allo-Ile and (D)-allo-Thr by epimerization. The content of these
diastereomers is below the LOD for all silk samples, and therefore these AAs are not included in the
AAR studies described above. The studies on AAR rates focused on 11 (DL)-AA pairs that were
identified and quantified in hydrolyzates of degummed BM and AM silks (see chiral AA analyses on
recent silks using GC-MS). The developed and validated chiral GC-MS method was successfully used
for the analysis of recent (see chiral AA analyses on recent silks using GC-MS) and historical silk
samples (see next section).

Examination of historical samples - case study on silk fabrics from the Tarim Basin

Silk samples from archaeological sites of Niya and Yanghai in the Xinjiang Uyghur Autonomous
Region (China) were analyzed using OM, SEM, SEM-EDX and ATR-FTIR spectroscopy as reported by
(Kramell et al. 2014, 2016). In addition, dyestuft analyses were performed using HPLC-DAD and LC-
ESI-MS/MS. As already described by Kramell et al., no dyestuffs were detected in these silk fragments
(Table 3) (Kramell et al. 2014, 2016).

As shown in Figure 3, warps and wefts of the tabby weave fragments from grave M5 of the Niya site,
which can be dated to the Han dynasty (206 BC —220 AD (Kramell et al. 2016)), are not twisted. These



JOURNAL OF NATURAL FIBERS 17

“(INS “ZS pue 9s sa|qe]) SW-DD Aq pazAjeue osje sem ajdwes joom

OuLIAW U Y *(F10T “[e 19 |]Pwety y) Aq pajep uogledolpes sem g-1140/S19°0L L ‘0T dHge) [00M Y] *(910T ‘[e 12 J9pIYdS) Aq paiep uogledolpes sem |-NNIWMHIS qUIO} JO 9q0J dY} W04 PeIY} [00M
3N|q ¥, (9107 '[e 33 |]dwesy {yL0T ‘|e 32 [|dwely)), DO Y3 MOJ3q SI UOHRIIUIIUOD JSWORURUR-(Q) PUB ~(1), DO 3Y} MOJ3] SI UOIIRIIUSDUOD J3WONURUS-((), ‘0T 2Y} MOJ3q SI UOIRIIUIIUOD JSWORURUR-(Q),

jeoyy sanelb oyads yp24 183 109-6£8
7T '(351M3-7 ‘usek 3)6uls) 01 Juswubisse Dlge} 3]11x3} 9y} jo (Aujiqeqoad
Syom pue sdiem anjq g-1140 noylm %Y°'S6) 1P UOgJEdOIpel
q q o> (VS 4 00l o q€L8 4 €0L 4 uignipul pue obipu| [00M  YuM (||im1) Judwibely dLige /51901 10¢ puy =5e4ns SNV pajesqijed ‘leybue,
509 '[ed 789-09/ °qoi
SYaMm pue a3y 4o (Aujiqeqoud 94t°G6) d1ep
unobipui pue sdiem ysiumoiq paisimy (43qwnu ou) | uogJedolpes Sy paleiqijed
a @q > 5 q q > gl 4 80l g4 uipeliqni jo sodel] [00M  YtM (J|1m3) JudwBesy dlugey  AL-NNIWMH98 —NNWMH98 990y ‘ndnp\
SYaM
pue sdiem pajuswbid (EL:9LEWIIN)
-uou/ablaq pajsimy L €1:9LEWAVSED 309 S9MNJUd Yip-Y3/ 9sn Jo
g q q CSS . 6ST 4 6§65 4 005 SO - NS yum juswbey dugeq -€1:9/EWAVSED upis  pouad ajgeqoid ‘||| duoz ‘leybue,
SYyoam pue sdiem
YSIUMOIQ YHM (SABIM 2%
q q o> V6L o 8Ll > L9994 €65 €0 pa12913p SAAP ON S Aqqey) yuswibesy dluges  YER-SININWSE  —SWINIWS6 MIUS
(wu 0os€ =
xewy) spunodwod syam pue sdiem
dAIDE AN YSIUMOIQ YHM (SABIM
q q e 0SC 4 L9l > 098 4 PLS ¥0  umowjun jo sadei] IS Aqqey) Juawbesy duged  Y8L-SWINWS6 8L-SIWINWSE MMS
‘som pue sdiem
ysiumoliq yum (aaeam
a q » L€ . llC 5 08 4 005 S0 pa13313p saAp ON S Aqqey) Juswbely sudey  DSL-SIINING6
SYam
pue sdiem payusawbid p(AY 0ZZ— 29 907) Kiseukp uey
-uou/ab13q Yyum (oAeam Gl ‘(S
q q e LIS ¢ /L8 > oS9 . 815 90 - S Aqqes) yuswbesy duges  QSL-SWINWS6  —SININIWS6 990y dAeIb wouy 31eulbio s193(qo) eAIN
KL SK1 SIH X|D dyd 43S W XSy N3] [BA BlY | SPMsIAp pardalag  [eudlely  ,djduies ay) jo uondudsa( dl 3| dwes al »a(qo/1e(qo salls psekanesb |edibojoseyday

ones 1/ %

"(48D4H YHM UONRZIIeALI3P) Y 47 404 D,0L L 38 [DH N 9 YuMm SIsK0IpAy 210jaq HOIW-NDVY-VLAT Ym pajeasy sajduwes [oom pue yjis [edLolsly Jo sopes 1/ € 3|qeL



18 (&) T.SCHMIDTET AL.

a

kR

P o 28 1 s e
g wp‘gﬂ-"ﬂ "’_S; il
b en*ém;ﬂﬂ“””’“g"""'ws‘z}ﬁi’
e ;m:,n:,-,:;jlc\mmxiqﬂ‘_ Wi ,\_
- ‘.lﬂﬁN‘t_W:ﬁﬂigl-‘mMM;;(.\!)*M!!UL
- _rag?:{:t »Il\\u‘-‘m s ﬁtiﬁﬁ’-!‘“a-‘d"!ﬁ
e s f N e S
e [ il =i f
"ﬁ*ﬁ;’r‘;{“thltw’?""’“” == v
e =y zay =i il o
i
=3 BN E g et = )

remtnet s

20 um

Figure 3. Tabby weave fragments from the Niya site and morphologies of the silk filaments; sample ID: (a) 95MNIM5-15D, (b)
95MNIM5-15G (c), 95MNIM5-18A (d) 95MNIM5-43A.

textile fragments consist of long silk filaments, revealing the use of reel silk and thus of intact cocoons
for textile production. Long continuous silk filaments can be obtained by killing the pupae with boiling
water or steam before hatching and unwinding the cocoon as a continuous thread. In contrast, the
fabric fragment 03SAYM376:13-1 from a tomb of the Yanghai burial ground consists of twisted warps
and wefts, whereby the diameter of the yarns varies greatly (Figure 4). Microscopic studies show that
silk filaments from the Niya and the Yanghai site have a triangular cross-sectional shape typical of BM
silk, with a filament cross-section of around 8-15 um (Figure S7, SM). Compared to the silk fabrics
from the Niya site, however, shorter silk filaments were used to produce textile fragment
03SAYM376:13-1. This indicates that this textile fragment was made of hatched and thus non-reelable
cocoons. Another interpretation approach is the use of the so-called Bourette silk, produced from the
waste of silk extraction or from damaged cocoons (see (Veit 2022)).

SEM-EDX studies on silk filaments and adhering particles reveal the presence of ubiquitous
elements such as N, O, Si, Na, K, Al, Cl, Mg, Ca and Fe (Figure S8, SM), which can often be detected
in samples with soil contact. ATR-FTIR spectra of silk samples from the finding sites of Niya and
Yanghai show characteristic bands in the range 1600-1700, 1480-1560 and 1210-1270 cm ™" which are
assigned to the amide I, amide II and amide III bands of silk fibroin (Figure S9, SM). Previous studies
have shown that degummed BM silk has characteristic bands at 975 and 998 cm™', corresponding to

Figure 4. Textile fragment from the Yanghai site and morphologies of the silk filaments (sample ID: 03SAYM376:13-1).
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the B-sheet conformation of polyalanineglycine (AG), (Boulet-Audet, Vollrath, and Holland 2015;
Koperska et al. 2014; Schmidt et al. 2023). In contrast, a prominent peak at 963 cm™' can be observed
for non-mulberry silks, e.g. from Saturniidae silk moths, which are assigned to polyalanine (A), B-
sheets (Boulet-Audet, Vollrath, and Holland 2015; Schmidt et al. 2023). These characteristic bands are
masked in the historical samples by the presence of a broad and intense band in the range 940-1090
cm™' displaying submaxima at 1000 and 1033 cm™', which are probably ascribed to vibrations of
adhesions such as silicate minerals. In samples 03SAYM376:13-1 and 95MNIM5-43A, however, the
peaks at 975 and 998 cm ™' characteristic of BM silk are detectable as submaxima. Another character-
istic band for BM silk is a shoulder at 1260 cm™, corresponding to the B-sheet conformation in the
amide III band (de Palaminy, Daher, and Moulherat 2022). This band can be detected in all historical
samples, which indicates the presence of Bombyx silk. Distinct signature peaks for sericin (Aguayo et
al. 2014) at around 1400 cm™' and 1070 cm™' cannot be observed in the historical samples, with the
exception of sample 03SAYM376:13-1. ATR-FTIR spectra of sample 03SAYM376:13-1 show a char-
acteristic band for sericin at 1403 cm ™" with an intensity comparable to recent degummed BM samples
(Figure S9, SM). Differences in sericin content may be due to different storage conditions or different
degumming methods. Due to the good water solubility of sericin, a low sericin content in historical silk
samples with soil contact is not surprising. However, in the case of sample 03SAYM376:13-1, the
increased sericin content may also indicate the presence of Bourette silk (see above), which usually has
a high sericin content.

For further characterization, historical samples were analyzed for their AA composition and AAR
rates using GC-MS (Tables 3-4). Ala and Gly are predominant in all historical silk samples and account
for between 81 and 92 mol% of the total AA content. The Gly content of samples 95MNIMS5-18A,
95MNIM5-43A and 03SAYM376:13-1 is between 47 and 54 mol%, which is higher than the Ala content
of 38-43 mol%. Thus, the Gly/Ala ratio is >1, which is characteristic for BM fibroin. A Gly/Ala ratio of 1
was determined for samples 95MNIMS5-15D and 95MNIMS5-15 G, with a Gly content of 40-45 mol%
and an Ala content of 41-47 mol%. Furthermore, all historical samples have a 100LC/SC ratio between 6
and 9. Thus, these samples have a lower 100LC/SC ratio than recent BM or non-mulberry silk, suggesting
a higher structural regularity compared to recent silk (100LC/SC of BM fibroin: 17-26, 100LC/SC of
Saturniidae fibroin: 14-53 (Schmidt et al. 2023)). This is not surprising, since poorly ordered and loose
amorphous regions, containing a high proportion of bulky side groups, are degraded faster than ordered
and compactly stacked crystalline regions. Since the crystalline regions of BM fibroin consist of Ala- and
Gly-rich repetitive motifs, the degradation of amorphous regions also leads to an increased Ala and Gly
proportion, which can be observed in particular for samples 95MNIM5-15 G, 95MNIM5-18A and
95MNIM5-43A (Gly+Ala: 91-92 mol%) (Li et al. 2013). At the same time, these historical samples
have a very low amount of polar AAs as well as lower Tyr/Ala and Tyr/Gly ratios compared to recent
fibroin (Tables 4 and S2, SM). The ratios of Tyr/Ala and Tyr/Gly are markers for oxidative changes in the
silk fibroin structure, as Tyr is sensitive to degradation and oxidation reactions and can be transformed
into Ala by loss of the phenol group (Vilaplana et al. 2015). Consequently, a decrease in the Tyr content is
also observed for all historical silk samples examined (Table S7, SM). Compared to the recent BM
samples, the historical silk samples show a lower Val and Glx content, with D/L Glx ratios of 19-57% and
D/L Val ratios of 50-59% (Table S7, SM). Thus, the D/L Val ratio in particular is significantly increased
compared to the recent samples, regardless of the silk processing. At 0.3-0.7 mol%, the Asx content of the
historical samples is also slightly decreased than that of recent BM silk, which contains 1 mol% Asx. The
Asx racemization ratio for these samples is between 60% and 86%, with D/L Asx ratios of 67-86% for the
Niya samples from tomb 5. A D/L Asx ratio of 60% was determined for sample 03SAYM376:13-1 from
the Yanghai site. Using the calibration curve of (Moini, Klauenberg, and Ballard 2011), which spans in
time from the present to ~2500 years ago, these D/L Asx ratios result in AAR dates of over 2500 years
(Moini, Klauenberg, and Ballard 2011). However, it should be noted that, Moini et al. used silk samples
from museum collections, which were stored with extraordinary care, to create the calibration curve.
Thus, many of the environmental factors that affect racemization rates remain fairly constant. The silk
samples examined from the Niya and Yanghai sites were stored in tombs for a large part of the time and
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were therefore exposed to various environmental influences, which can affect the Asx racemization rate.
It is difficult to estimate the influence of environmental factors such as pH, temperature or metal ion
chelation on the D/L Asx ratio of archaeological silk samples. The authors advise against determining the
age of these silk samples solely on the basis of the Asx racemization rate. The ages given in Table 3 are
based on'“C dating and/or the archaeological context.

In summary, the textile fragments from archaeological sites of Niya and Yanghai were most likely
made of silk produced by a moth of the genus Bombyx. At this point, it should be noted that silk of the
Chinese wild silkworm Bombyx mandarina Moore has a similar AA composition to BM silk filaments,
with a Gly content higher than that of Ala (Deng et al. 2021). This phenomenon, i.e. fibroin filaments
with a Gly/Ala ratio of >1, is only presented in a few species worldwide, e.g. Bombyx species or
Pseudoips prasinana L. (originally belonging to the genus of Bena, Nolidae family) (Boulet-Audet,
Vollrath, and Holland 2015; Lucas, Shaw, and Smith 1960; Rindos et al. 2021). The latter is native to
the Palearctic region, and its filaments of the main cocoon have a triangular cross-section, whereby P.
prasinana filaments are a little thinner than BM silk (Rindos et al. 2021). The use of this species in the
course of ancient textile production is not known to the authors.

For comparison, the AA composition of historical wool samples from the ninth to seventh century
BC was determined. As expected, the silk and wool samples show significant differences in their AA
composition and can therefore be easily distinguished (Tables 4, S7 and Figure S10, SM). In addition,
the treatment with EDTA-DMF described above (see Sample pre-treatment with an EDTA solution)
was successfully used to detect indigoid dyes in the blue sample 20,110,615/OF11-B (Table 3). As
shown in Table 3, the D/L Asx ratios of the wool samples are 37% and 48%, respectively, and are thus
increased in comparison to an undyed recent wool sample (D/L Asx: 5.2%, Table S6). Environmental
influences could also have affected the D/L Asx ratio in these cases. Furthermore, AAR rates also
depend on the AA composition, bond strengths and thus on the protein type (e.g. (Bright and
Kaufman 2011)). Thus, investigations on AA racemization in wool samples are the subject of future
studies.

Conclusion

Mulberry and non-mulberry silk samples, mordanted and dyed according to historical recipes,
were analyzed for their AA composition using GC-FID and structural indices such as the 100LC/
SC ratio were compared. With the exception of a slight increase in Glx, no significant differences
were found in the mordanted and dyed samples compared to untreated silk. For dyeing and
mordanting, madder roots and indigo as well as various metal salts were used, which - with the
exception of copper(II) sulfate — are natural, eco-friendly and sustainable raw materials that have
been used for centuries. Pre-treatment of the dyed samples with EDTA-ACN-MeOH or EDTA-
DMEF, which enables parallel detection of mordant and vat dyes and thus comprehensive char-
acterization of the sample material, also does not cause any significant changes in the AA
composition. To investigate the influence of silk processing on AA racemization, a chiral GC-
MS method was developed and validated that allows the identification and quantification of 11
enantiomeric AA pairs in fibroin hydrolyzates. In the course of the method development, various
hydrolysis procedures were tested. Since microwave-assisted hydrolysis leads to significantly
reduced hydrolysis times but to greatly increased levels of (D)-AAs, the hydrolysis was carried
out without microwave irradiation using 6 N HCI. Studies on mordanted BM silk samples, before
and after treatment with EDTA-ACN-MeOH or EDTA-DMF, show that an increased proportion
of (D)-Ser, (D)-Met and (D)-Asx can be observed for some of these samples. Furthermore, indigo
dyeing carried out under basic conditions (pH 8-9) at 55°C led to a slightly increased (D)-Asx
content and thus to D/L Asx ratios of 13-16%. In the next step, the effect of alkaline degumming
procedures, using 0.1-0.25% Na,CO; and/or 2.5% ethylenediamine at 95°C for 30-120 min as well
as 10% ethylenediamine at 95°C for 120 min, was investigated. However, only two samples were
found to contain (D)-Asx above the LOQ, with D/L Asx ratios of 10-12%. In addition, a treatment
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with 0.1% or 0.25% Na,CO; for 120 min at 95°C led to an increase in the (D)-Leu content and
thus to D/L Leu ratios of 31-35%. Harsh conditions, i.e. temperatures of 110°C and pH values >9,
lead to a significant increase in the D/L Asx ratio to 44-67%, with the (D)-Asx content increasing
with treatment time. At pH 13 and a temperature of 110°C, the silk filaments are almost
completely dissolved and D/L Asx ratios of up to 100% can be observed, with increased (D)-
Ala, (D)-Ser, (D)-Glx, (D)-Phe and (D)-His ratios also being observed.

The study of silk fabrics from the archaeological sites of Niya and Yanghai in the Tarim Basin
(China) using the described GC-MS method as well as microscopic and spectroscopic techniques
reveals the presence of degraded Bombyx silk with a low proportion of AAs with bulky side groups. A
low sericin content was found in silk fabrics from the Niya site, which are dated to the Han dynasty
(206 BC —220 AD) and consist of long silk filaments, indicating the use of intact cocoons for textile
production. A silk fabric from the Yanghai site contains a higher sericin content than the samples from
Niya and was made from spun warp and weft threads. D/L Asx ratios of 60-86% as well as significantly
increased D/L Val and D/L GIx ratios were determined for the silk fabrics from both sites. The
influence of environmental factors such as metal chelation or pH on the AA racemization of
archaeological silk samples is difficult to estimate. The AA composition of a wool sample from the
Yanghai site differs significantly from the silk samples. With the aid of EDTA-DMF extraction
procedure, indigoid dyestuffs were detected in this sample. The presented multi-analytical techni-
que-based approach enables the analysis of dyestuffs and silk filaments and thus a comprehensive
characterization of historical silk textiles.

Highligths

e The influence of dyeing, mordanting and alkaline degumming techniques on the amino acid
(AA) composition and the AA racemization of silks was studied.

e A chiral GC-MS method for the identification and quantification of 11 enantiomeric AA pairs in
silk fibroin hydrolyzates was developed and validated.

e Sample pre-treatment with EDTA-DMEF enables parallel dyestuff analysis using HPLC-DAD and
thus a comprehensive characterization of dyed silks.

e Studies on historical silk fabrics from sites in the Tarim Basin show the presence of degraded
Bombyx silk with significantly increased D/L Val, D/L Glx and D/L Asx ratios.
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Figure S1 AA composition of (A) degummed BM silk treated with iron(Il) sulfate, copper(Il) sulfate,
calcium oxalate, potassium alum or potassium alum and potassium hydrogen tartrate; (B) degummed
BM silk dyed with synthetic indigo and mordanted BM silk dyed with madder. The AA composition of
untreated BM silk (sample ID: BM) is shown for comparison; see Table S1 for the assignment of the
sample ID.
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Figure S2 AA composition of (A) degummed AM silk treated with iron(II) sulfate, copper(Il) sulfate,
calcium oxalate, potassium alum or potassium alum and potassium hydrogen tartrate; (B) degummed
AM silk dyed with synthetic indigo and mordanted AM silk dyed with madder. The AA composition of
untreated AM silk (sample ID: AM) is shown for comparison; see Table S2 for the assignment of the
sample ID.
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Figure S3 AA composition of (A) degummed AtA silk treated with iron(II) sulfate, copper(Il) sulfate,
calcium oxalate, potassium alum or potassium alum and potassium hydrogen tartrate; (B) degummed
AtA silk dyed with synthetic indigo and mordanted AtA silk dyed with madder. The AA composition
of untreated AtA silk (sample ID: AtA) is shown for comparison; see Table S3 for the assignment of the
sample ID.
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Figure S4 AA composition of (A) mordanted BM silk dyed with madder and (B) BM silk dyed with
synthetic indigo before and after treatment with an aqueous EDTA-DMF or an aqueous EDTA-ACN-
MeOH solution. The AA composition of untreated BM silk (sample ID: BM) is shown for comparison;
see Table S1 for the assignment of the sample ID.
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Figure S5 AA composition of (A) mordanted AM silk dyed with madder and (B) AM silk dyed with
synthetic indigo as well as undyed and not mordanted AM silk before and after treatment with an
aqueous EDTA-DMF or an aqueous EDTA-ACN-MeOH solution. The AA composition of untreated
AM silk (sample ID: AM) is shown for comparison; see Table S2 for the assignment of the sample ID.
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Figure S6 AA composition of (A) mordanted AtA silk dyed with madder and (B) AtA silk dyed with
synthetic indigo as well as undyed and not mordanted AtA silk before and after treatment with an
aqueous EDTA-DMF or an aqueous EDTA-ACN-MeOH solution. The AA composition of untreated
AtA silk (sample ID: AtA) is shown for comparison; see Table S3 for the assignment of the sample ID.
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Figure S7 Cross-sections (bright-field microscopy) of silk filaments: (A) recent BM silk embedded in
red woolen fibers, (B) historical silk sample from Niya site (sample ID: 9SMNIMS5-18C, object skirt
95MNIMS5-18).
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10kV Image BSD Full
magnification: 10000 x

Figure S8 SEM image and corresponding SEM-EDX spectrum of a silk sample from Niya site (sample
ID: 95SMNIMS5-15D).
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Figure S9 ATR-FTIR spectra of historical silk samples from Niya and Yanghai site (sample ID:
95SMNIMS-15D, 95SMNIMS5-15G, 95SMNIMS-18A, 9SMNIMS-43A, 03SAYM376:13-1; see Table 3 in
the main manuscript for further information) and recent BM and Antheraea pernyi Guérin-Méneville
silk, degummed with Na,COs (1 g L™!) and ethylenediamine (2.5 %) (sample ID: BM-1 60 min and APe
North Korea), in the range 800-1750 cm™.
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