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Zusammenfassung

Die ,,Schriftrollen vom Toten Meer* stofen seit ihrer Entdeckung Mitte des letzten Jahr-
hunderts bei den Religionshistorikern und in der breiten Offentlichkeit auf groBes Interesse.
Sie stammen aus der Zeit der Zweiten Tempelperiode - der Wiege des Christentums und dem
Vorabend der Zerstorung des Tempels von Jerusalem durch die Romer. Diese Ereignisse ha-

ben den weiteren Verlauf der Menschheitsgeschichte entscheidend mitgeprégt.

Dem Text der Rollen hat die Forschung sehr viel Aufmerksamkeit gewidmet, denn er ent-
hélt einen gewaltigen Schatz an archdologisch und historisch relevanten Informationen. Wich-
tige Informationen aus der Zeit der Herstellung, Benutzung und Lagerung verbergen sich aber
auch in den bisher weniger erforschten Materialcharakteristiken des Pergaments, auf das die
meisten der Texte geschrieben wurden. Traditionell wurde das Pergament aus Tierhduten her-

gestellt.

Wie schon der Titel suggeriert, behandelt die vorliegende Arbeit im Wesentlichen zwei
Forschungsprojekte. Zum einen wurde das Material einer dieser antiken Schriftrollen, der
Tempelrolle, erforscht und dabei der Zustand der Kollagenfasern darin charakterisiert. Das
Kollagen ist das meistvorkommende Protein bei Sdugetieren wie dem Menschen, es ist ein
wichtiger Bestandteil von Knochen, Sehnen sowie der Haut und damit auch vom Pergament.
Zum anderen wurde das Kollagen als biologisches Material hinsichtlich seiner natiirlichen

Funktionalitét untersucht.

Von besonderem Interesse waren dabei Verdnderungen der strukturellen und mechanischen
Eigenschaften des Kollagens in Abhdngigkeit von der Feuchtigkeit. Es ist bekannt, dass sich
Kollagenfasern bei Dehydrierung verkiirzen und dabei erhebliche Zugkrifte entwickeln. Un-
sere Messergebnisse haben gezeigt, dass dies bereits bei so geringer Dehydrierung der Fall ist,
wie sie in biologischer Umgebung iiber die dort herrschenden osmotischen Driicke auftritt. Es
ist daher davon auszugehen, dass diese Effekte auch im lebenden Organismus von Bedeutung
sind. Fiir das physikalische Verstidndnis der Verkiirzungsmechanismen spielt es eine grof3e
Rolle, auf welcher hierarchischen Organisationsebene der Kollagenfasern die strukturellen
Verdnderungen auftreten. Untersucht wurde dieser Aspekt im Rahmen der vorliegenden Arbeit
durch Experimente mit synchrotron-basierter Rontgenstreuung und Polarisations-Raman-
Spektroskopie (PRS), die bei kontrollierter Feuchtigkeit und in Kombination mit gleichzeiti-

gen Dehnexperimenten durchgeflihrt wurden.



Zusammenfassung

Mit Hilfe von Raman-Spektroskopie und Absorptionsspektroskopie in Ferninfrarotem Be-
reich (Far-IR) wurde dariiber hinaus der Einfluss von Dehnung und Luftfeuchtigkeit auf das
Kollagen-Schwingungsspektrum bestimmt. Letzteres ldsst Riickschliisse auf die molekulare
Umgebung bestimmter chemischer Gruppen in den Kollagenfasern zu. Dabei hat sich gezeigt,
dass der Wassergehalt die chemischen Eigenschaften der Fasern weitaus starker beeinflusst als
eine erzwungene mechanische Dehnung. Zusammen mit der beobachteten Reversibilitdt der
Dehydrierung ldsst dieser Sachverhalt darauf schlieBen, dass Wasser eine entscheidende Rolle
fiir die Stabilitdt der Faserstruktur spielt und als integraler Bestandteil der Kollagenmolekiile

verstanden werden muss.

Im Zuge der Untersuchungen an Kollagen haben sich die beschriebenen Spektroskopie-
techniken unter Beriicksichtigung der Polarisation auch als vielversprechend fiir die Degrada-
tionsanalyse kollagenhaltiger Pergamente erwiesen. Intaktes Kollagen bildet in seiner mole-
kularen Packungsorganisation einen sehr hohen Orientierungsgrad, sodass die Amid I Bande
im Raman Spektrum eine starke Anisotropie aufweist. Eine Reduktion dieser Anisotropie bei
historischem Pergament ldsst auf zerfallsbedingte strukturelle Verdnderungen schlieen, die
im Extremfall auf vollstdndige Gelatinisierung des Kollagens, also der Auflosung der inneren

Faserstruktur, hindeuten.

Bei der Untersuchung der Tempelrolle ist es uns gelungen, den Degradationsgrad der Kol-
lagenfasern mikroskopisch ortsaufgeldst zu quantifizieren. Dabei stellte sich heraus, dass die
Rolle im Wesentlichen aus zwei Schichten besteht, einer iiblichen Hautschicht und einer da-
rauf aufgebrachten anorganischen Schicht. Unter der anorganischen Schicht lieen sich weit-
gehend intakte Kollagenfasern nachweisen. Aufgrund von fritheren Rontgenuntersuchungen,
denen die beschriebene Ortsauflosung fehlte, war man bisher davon ausgegangen, dass die
Tempelrolle stark gelatiniert sei. Der in Bezug auf den Degradationsgrad des Kollagens hete-
rogene Aufbau der Rollen, den unsere Experimente offenbart haben, deutet nun auf eine be-
sondere Herstellungsmethode hin: Demnach wurde moglicherweise die zur Pergamenther-
stellung verwendete Haut zunéchst entlang der Fliache gespalten. Im Anschluss wurde der
kollagenhaltige Hautanteil der Fleischseite in einer wéssrigen Losung von Kalzium- und Nat-
riumsulfaten gekocht und somit gelatinisiert. Die resultierende Paste wurde dann auf die
Fleischseite der verbliebenen diinnen und vermutlich vollig transparenten Haut wieder aufge-
tragen. Das degradierte Kollagen derselben Haut in gelatiniesierter Form wirkte dabei als Sta-
bilisator und Bindemittel der anorganischen Schicht auf der Fleischseite der Haut. Anschlie-
Bend wurde der Text nicht wie {iblich auf der dulleren Haarseite des Pergaments, sondern auf

der inneren anorganischen Schicht der weillich durchschimmernden Schriftrolle geschrieben.



Wie eingangs erwidhnt, gehort die Tempelrolle zu den Schriftenrollen vom Toten Meer,
auch bekannt als ,,Qumran Rollen®. Der Inhalt des Manuskripts iiberliefert eine zuvor unbe-
kannte, detaillierte Anleitung zum Tempelbau. Zusammen mit Beschreibungen ritueller Vor-
schriften und Feste bildet dieses Manuskript ein Zeitzeugnis, das bis zur seiner Entdeckung
unbekannte Facetten der damaligen Jiidischen Kultur offenbart. Die Rolle iiberrascht aber
nicht nur inhaltlich, auch das Material weist eine vollig unbekannte und fiir den Fundort unty-
pische Herstellungsmethode fiir Schriftrollen auf. Mit einem interdisziplindren archeometri-
schen Ansatz und unter Anwendung von zerstorungsfreien Messmethoden zur Materialanalyse
ist es uns in der vorliegenden Arbeit gelungen, die Herstellung der Tempelrolle zu rekonstru-
ieren. Viele der neu gewonnen Erkenntnisse iiber das Material der Tempelrolle, wie z.B. das
Auftreten von Nitraten ausschliefSlich im Kollagen, werfen allerding noch Fragen auf und

motivieren weitergehende Untersuchungen.






Abstract

Since their discovery in the late 1940s, the Dead Sea Scrolls have not stopped attracting the
attention of scholars and the broad public alike, because they were created towards the end of
the Second Temple period and the “time of Christ”. Most of the research on the Dead Sea
Scrolls has been dedicated to the information contained in the scrolls’ text, even though the
physical aspects of the writing materials also contain important information with
archaelogical and historical value. The research presented in this work can be subdivided in
two tracks that are also described in the title: the study of an ancient manuscript written on
parchment, which is a writing material derived from animal skin, and the structural properties
of collagen interacting with water. Collagen is the most aboundant protein in mammals, as it
is found in bone, tendons, and skin - and as a consequence, also in parchments. The

properties of collagen are the link between the two main subjects of this research project.

The structural and material properties of the collagen -water system play a significant role
in both the context of an extracellular matrix biomaterial with specific properties in the
physiological conditions in the body, and the skin which is treated during the parchment
production process. Furthermore, understanding the influence of changes in the environmental
temperature and humidity during the use and the storage of fragile ancient documents is
crucial for developing parchment conservation strategies. In this work, a large effort was
dedicated towards improved understanding of the range of structural features throughout the
hierarchical levels of collagen - from the nanoscale helical, up through the fibrillar and the
macroscopic scales. In physiological conditions, this knowledge improves our understanding
of the intimate interactions between the proteinaceous material and the surrounding tissue.
The analyzes were performed on collagen from rat tail tendons (RTT) using polarized Raman
Spectroscopy (PRS) and in sifu synchrotron X-Ray scattering with humidity-controlled me-
chanical testing. Dehydration experiments showed that the drying collagen molecule shrinks
differently throughout the hierarchical levels, and that this generates surprisingly high stress-
es. The drying stresses generated are so large that even slight changes in osmotic pressure in
fully hydrated condition lead to significant force generation. This result suggests a possible
role of extracellular collagen matrix in fundamental, biologically relevant processes such as

signaling, tissue prestress and tissue biomechanics.

Complementary to the PRS and X-rays scattering studies, the vibrational absorbance of
collagen in the far infra-red region (Far-IR, 80-500cm™) has been explored and elaborated for

damage assessment of parchments. Because the far-IR measurements must be performed in



Abstract

vacuum, a sealed humidity-controlled chamber was built to investigate the stress and humidi-
ty influences onto collagen-based materials. In this context, thin lamellar bovine bone slices
were stepwise demineralized, and the spectral features of mineral and collagen in the far-IR

region were also resolved for the first time.

Furthering the use of this acquired, basic knowledge on collagen, a multidisciplinary
approach was designed to study an ancient manuscript belonging to the collection of Dead
Sea Scrolls, namely the Temple Scroll. The main goals in this study were non-invasive
assessment of the preservation state of the precious Scroll material, and the reconstruction of
the manuscript manufacturing technique. For these purposes, a confocal PRS approach was
applied towards the study of fresh and fully deteriorated collagenous reference materials: ten-
don collagen and gelatin. Native collagen molecules stagger into a hierarchically organized
scaffold that can be affected by deterioration and aging processes. The main effect of this
deterioration process is that the well-organized collagen structure transforms into random-
coiled structures that are equivalent to gelatine. Once measureable limits of defined
parameters were defined with structurally well-organized and disordered reference samples,

the preservation state of the collagen fibers within the scroll was characterized.

In the ancient fragment, two different regions of interest were observed. The bulk,
collagen-based, organic substrate was covered with an inorganic layer consisting mainly of
calcium and sodium sulfate compounds. PRS characterization of the TS layered system re-
vealed the presence of well-preserved collagen fibers within the deeper, collagenous bulk lay-
er. The relatively good collagen preservation is in agreement with the macroscopic appearance
of the scroll material, but it contradicts the X-Ray diffraction studies from the literature that
showed a strong gelatinization and racemization of the TS collagen. This contradictory result
could be explained by the use of gelatin as a binding material within the inorganic layer,

which could not be distinguished from the bulk material by the previous X-Ray studies.

Taking into consideration all the findings, a model of an unknown ancient manufacturing
procedure was proposed. The skin was probably split, and the flesh-side was gelatinized in
order to bind material within an inorganic layer that is meant to cover the gaunt and transpar-
ent bulk layer. The text was then written on top of this inorganic layer that was laid on the
flesh-side, instead on the hair-side of the skin, which may also explain the extraordinary

beauty of the ancient Temple scroll.
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1 Introduction

TS-11Q19, Col.47:4-17 [13]

“_.. The city “that I shall sanctify by establishing My name and temp][le] there
must be holy and ’pure from anything that is in any way unclean, by which one
might be defiled. ... No skin of a clean animal that has been slaughtered ®in other
cities is to enter My city. ... If '°you have sacrificed the animal in My temple, the
skin is pure for use in My temple; but if you have slaughtered the animal in another

city, it is pure "only for use in other cities. ...”

The efforts made by religious people in ancient Israel associated with manuscript manufac-
turing, to use only carefully selected materials and proper techniques for the production of
such a unique medium being worthy to carry the words of God himself, must have been
enormous. The Temple Scroll (TS-11Q19), made of treated animal skin (parchment), was dis-
covered in the middle of the last century, almost two millennia after its deposition at the de-
struction time of the Second Temple (Jerusalem). It was deposited and remained hidden for
centuries in a cave close to the archaeological site called Qumran at the north-west shore of
the Dead Sea. With many other biblical and parabiblical manuscripts, it belongs to the Qum-
ran or Dead Sea Scrolls (DSS) collection but it is distinct from other manuscripts through its

appearance and the unique content.

This manuscript earned its name because fifty percent of its content is dedicated to detailed
instructions of the architectonic construction of the Temple, a place of God’s Shekhinah
(dwelling of the Divine Presence of God). In such or a similar way it was considered by the
people who probably produced and later used the scroll. The TS is not only important because
of its content revealing unknown aspects of the multifaceted spectrum of the Jewish religion
in those days, but also because of its physical material, which might provide information
about ancient knowledge and technology in scroll production. More details about the back-

ground, content and the origin of the TS are provided in the next chapter section 1.0.

Biological materials studied within an archaeological context, such as the TS and other an-

cient manuscripts made of animal skin/ parchment, carry many types of information, namely:

11
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1) Manufacture: How it was produced? Which materials were used? Where was the manu-
facturing site? Where and how did the possible technological knowledge exchange between

different cultures take place?
2) Usage: How and where was the scroll used?

3) Storage: What can we learn about the place, the environmental and maybe even climate
issues during the storage duration? Can we learn about those conditions that will ultimately
help us in defining the optimal preservation conditions to optimize the storage of these mag-

nificent documents for generations to come?

Answers to these questions can contribute to the basic understanding of our past, which
formed our cultures in various ways. They, however, cannot be revealed by the classical ar-
chaeology and related social sciences alone. The natural sciences are called upon to contribute
with the latest technical developments and scientific achievements. In the last decades, it has
been pioneered by the group of Professor Steve Weiner and also others to turn archaeological
sites into “outdoor laboratories”. These outdoor laboratories interactively increase the quality
and precision of reconstructions during digging. The joint work of different scientific fields in

the multidisciplinary approach offers a huge potential in the context of modern research.

Furthermore, the efforts that advance research of one subject area can in turn be useful in
another very important scientific field, and vice versa. For example, developments and dis-
coveries in the medical fields were quickly transferred into the archaeological world. Ad-
vanced p-CT devices normally used to diagnose diseases were used in fantastic studies of
Egyptian mummies. However, sometimes advances in archaeometricaly motivated research
on biological materials can in turn bring forward the fundamental understanding of medical
science [14-16]. This work is a contribution to such a multidisciplinary research that reveals
new understanding of a biological material, namely collagen, where the main findings show
potential applications in both biological and biomedical fields, as well as in the production of

the man-made materials, such as parchment.

As the title of this work reveals; “The Temple Scroll and the structural properties of colla-
gen”, this research follows equally two main tracks of interest. It is the Temple Scroll analysis
with the goal of its material characterization leading to a reconstruction of an unknown an-
cient manufacture practice on the one hand and the deepening of fundamental knowledge of
the structural properties and functionalities of collagen under influence of dehydration on the
other hand. Collagen, the most abundant protein in mammals, is a versatile structural mole-

cule and is used as a building block in many highly organized tissues, such as bone, skin, and



cornea. The functionality and performance of these tissues is controlled by their hierarchical

organization ranging from the molecular up to macroscopic length scales.

The molecular structure and the integrity of organization within the collagen fibrils com-
prise the bridge between the two tracks of interest of this research. Modern and ancient leather
and parchment production involves an extensive procedure of hydration and dehydration cy-
cles with different chemical agents that can influence the properties and structure of collagen,
its main constituent material. On the other hand, time induces collagen deterioration, a pro-
cess that affects the molecular structure of collagen, leading to a process called gelatinization,
where the intermolecular structure loosens its organization and becomes more disordered. It is
of great importance, and the responsibility of our generation to characterize the state of degra-
dation within the parchment properly, and to try to slow down the processes that lead to fur-
ther destruction of these precious artefacts. The challenge hereby is: whatever analyses need
to be performed on materials with cultural heritage, they should not damage or anyhow harm

the materials.

In this work, we therefore explored a noninvasive method based on a confocal polarized
Raman spectroscopy (PRS), which allows in-situ monitoring of the orientation and disorder-
ing of collagen on molecular and fibrillar levels. The methodology was first characterized on
fresh collagen fibers from rat tail tendon (chapter 2), a material that is a good reference mate-
rial, because of its high order of molecular anisotropy. In this thesis, the influence of humidity
and stress on the structural and mechanical properties of rat tail tendon was studied extensive-
ly by a multi technical approach. The findings were then applied on the collagen characteriza-
tion within the Temple Scroll (chapter 4). In chapter 3 we alternatively explored the use of Far
Infrared (Far-IR) spectroscopy to analyze collagen deterioration. Along the work done on the
characterization of collagen in the Far-IR region, the spectral and anisotropic properties of the
mineral within the lamellar bovine bone were investigated and reported as well. In chapter 5
we applied all of our understanding of collagen analysis and a further set of non-destructive

techniques to characterize the material composition of the Temple Scroll.

These research findings combined with an interdisciplinary approach of carefully studying
the scroll’s content and other related textual sources, allowed us to develop a model for the
possible ancient manufacturing technique of the fascinating ancient manuscript; the Temple

Scroll, from now on abbreviated as TS (Chapter 6).

13



Introduction

1.1 The Temple Scroll

Almost 2000 years have passed until the priceless treasure, a contemporary witness of
the Second Temple period known as the Qumran Scrolls (QS) or the Dead Sea Scrolls
(DSS), saw daylight again and attracted the attention of historians, scholars and the
general public. In the middle of the last century, between 1947 and 1956, in times of
turbulent developments of the modern history of Israel, an accidental discovery of an-
cient Jewish texts offered an insight into a decisive historical period of the region.
These scripts witnessed historical turbulences and upheavals that shaped the society
to come. The youngest scrolls were written at the eve of the destruction of the Second
Temple and the longest exile of Israel that followed. They are physical witnesses from
the time when expectation of Messiah became prominent in the landscape of various

religious sects within Judaism, from the time Christianity was born.

The fascination about the discovery of the DSS can also be expressed through multiple
other perspectives. The DSS were found in different places along the western shore of the
Dead Sea; the largest collection were discovered in caves close to the ruins of an ancient set-
tlement today called Khirbet Qumran (Arabic: “Ancient ruins”), Figure 1d. There is still an
ongoing debate among scholars about the mystery of the origin of the Qumran scrolls. Qum-
ran is located in the north western part of the Dead Sea, not far away from the area where the
itinerant preacher “John the Baptist” lived and baptized in the Jordan River (according to the
gospels in Matthew 3, Mark1, Luke 3, John 1 and to Josephus Flavius in Antiq. 18.5.2, a Jew-
ish historian from the first century AD). It is the location with the shortest connection to Jeru-
salem from the Jordan River and the Dead Sea, an important and geographically strategic lo-
cation for Israel’s biblical history. According to the Bible (book of Joshua) the Israelites
crossed the Jordan River and entered the Promised Land at that location after wandering in the

desert for 40 years.

The Qumran Scrolls collection comprises some 18000 fragments that amount to ca. 700 —
900 manuscripts made of parchment, leather or in some rare cases, papyrus. A small number
of scrolls were allegedly found in clay vessels. The larger part of the collection was composed

of fragments lying unprotected on the floors of the caves. Accordingly, their state of preserva-
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tion often varied from poor to very bad, whereas the scrolls stored over the centuries in clay

jars found us in a relatively good condition.
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Figure 1: a) Yigael Yadin with the Temple Scroll (TS) (Photo: Zev Radovan); b) TS-
photography from Yadin’s Book — The Temple Scroll [1]: the upper part of the scroll was
very damaged, on the more preserved section, the pattern of removed hairs can be recog-
nized on the opposite side of the text. The writing on the flesh side is uncommon for the DSS.
¢) Depiction of the Temple area as described in TS compared with the Old City of Jerusalem
(by Leen Ritmeyer) [3]. Three separated courts surround the Temple, but only the two inner
courts fit into the area of the Temple Rock and the area of the second Temple (Herodian); d)
Location of Qumran and cave 11, where the TS was found near the Dead Sea [10].

The Qumran collection contains multiple copies of every book of the Hebrew Bible except
the Book of Esther. But it was the presence of apocryphal works known from the Christian
literature and unknown sectarian writings that triggered the major change in our understand-

ing of the society at the turn of the era about Judaism and early Christianity.

The Temple Scroll (TS) is one of the books considered to be a sacred para-biblical scrip-
ture. It is a very special scroll with regard to its content and material properties. The TS was

found by Bedouins in 1956 in cave 11 near Qumran; the cave is visible from the outside, but
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was probably hardly used by people because it was inhabited by bats for at least hundreds of
years, and has a distinctly foul smell. Allegedly, the scroll, wrapped in a cloth, was found in a
clay jar. After its discovery it took another 11 years until it found its way to scholars. Follow-
ing the battle for Jerusalem in the 6-days-war in 1967, a special unit of the Israeli Intelligence
Corps initialized by Yigael Yadin found and confiscated the scroll at the house of an antiquity
dealer (Kando) in Bethlehem, who used to buy the scrolls from the Bedouins and to resell
them. Kando kept the scroll covered in plastic foil and stored in a shoebox in the basement of
his shop, waiting for the right moment to sell it for a high price. Kando was later reimbursed
with US $105,000 by the Israeli government. The scroll was purchased for the Shrine of the

Book, a Museum build especially for the Dead Sea Scrolls, where it still resides today.

Yigael Yadin (born Yigael Sukenik), the Chief of Staff of the IDF (1949-52), politician
and outstanding archaeologist was the first person to work on the TS (Figure 1a). It is curious
that the history of the DSS is closely connected with the family Sukenik. Yadin’s father,
Eliezer Sukenik, archeologist and professor of the Hebrew University, was the first person
who recognized the old age and the authenticity of the scrolls, two days before the UN voted
for the partition plan and creation of Jewish and Arab states in Palestine (November 1947).
Despite the erupting war, Eliezer Sukenik traveled under risk to his own life to Bethlehem to
acquire the first scrolls. Yadin followed in the footsteps of his father, as he was captivated by
the DSS, particularly by the most special among them, which he named the “Temple Scroll®,
the study of which may have become his life’s destiny. In June 1984, Yigael Yadin died of a
heart attack only three months after finishing the writings on his last work, the popular book:

“The Temple Scroll: The Hidden Law of the Dead Sea Sect” [1].

Textual content of the Temple Scroll

Yadin named the scroll “Temple Scroll” because 50 % of its content is used for the detailed
and precise description of how the temple must be build, and how the offering rituals must be
performed. Although it describes a real Temple on earth, rather than a celestial of Ezekiel, the
biblical prophet, the description in the TS differs in many significant architectonic aspects
from the first and second temples. The most striking difference is the additional large third
court, the size of which goes far beyond the Temple Mount and covers half of today’s Old
City Jerusalem to its west, and the Mount of Olives to its east, Figure 1c. The topography of
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the area would not allow for the realization of such an architectural plan, as the Temple Mount
and the Mount of Olives are separated by a very deep valley, which conducts regularly a sig-
nificant amount of water. Moreover, the TS was dated to the Second Temple period, when it
was in use. The TS plans were probably conceptualized at the time when the Second Temple
was not yet destroyed, and stood with its two courts on the Temple Mount. Were the TS to
describe a future temple, for instance as a prophecy, it would parallel with the messianic
prophesies found throughout the Bible - that the hills around Jerusalem will be flattened by a
strong earthquake (Isaiah 40:1-5; Ezekiel 38:18-22; Zechariah 14:2-10; Revelation 16:17-21).
This interpretation however, cannot be fully confirmed by the text of the TS, as it claims to be
an original instruction given to Moses for the Temple to be built by the Israelites when they

enter the Land of Canaan — the Promised Land.

Beside the description of the Temple, the TS also contains laws that are written in the same
style as the Pentateuch, but the laws differ in conceptual characteristics. The parts of the low
commandment in the Pentateuch are a compilation of sometimes inconsistently joint passages
with repetitions, while the TS is a thoroughly elaborated work containing phrases that refer to

other passages in the text, such as:

“Any man ... who touches the bone of a dead person, or ...., or a grave —
let him purify himself by the procedure of the ordinance already described [earlier

in the text]. ...” (11Q19 Column 50:5-9)[13].

It also differs by consistently not mentioning Moses as a mediator in the third person, for
example, “Moses did ...” or in the first person, whereas the narrator, Moses would have writ-
ten phrases such as “the Lord said” or “to the Lord” as it can be found variably in the Penta-
teuch. Instead, the TS text is written directly, with God as the first person singular: “I said” or
“to me” addresses a second person singular, who obviously is supposed to be Moses, as it says
in one place in the scroll: “...to the sons of Aaron your brother...”;Aaron was the brother of
Moses. Some commandments, especially those which have been debated during the time of
the Second Temple period, are slightly rephrased for clarification purposes as Yadin interprets
it [1]. Others are new or different to established traditions, though not contradicting the other
commandments of the Torah, especially those, in which Yadin sees the obvious precursors for
some laws in later Christianity. For example, one finds the prohibition for the king to be mar-
ried to more than one woman at the same time, or to divorce. This differed from the common

practice among Israel’s and Judah’s Kings. Although the TS is not a part of the biblical canon
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today, it is very important for the cultural and historical studies of both Judaism and Christian-
ity.

Our interest in the TS lies in the information that can be extracted from the physical scroll
material. Probably, more information will be accessible and implementable in the future, for
generations to come. For now, it is our responsibility to prepare the methods for “reading the

information from the material”, and to preserve the treasure that was entrusted to us for the

generations to come after us.

Before beginning to describe the physical properties of the TS, it might be useful to consult
a passage concerning ritual purity of animal skins, since it might contain information relevant

to our studies.
TS-11Q19, Col.47:4-18 [13]

“The city “that I shall sanctify by establishing My name and temp[le] there
must be holy and “pure from anything that is in any way unclean, by which one
might be defiled. Everything inside it must be °pure, and everything that enters it
must be pure: wine, oil, edibles, 'and any foodstuff upon which liquid is poured —

all must be pure.

No skin of a clean animal that has been slaughtered *in other cities is to enter
My city. Certain in other cities they may use “them for their work, whatever the
need may be, but such skins are not to be brought into My city. '°The reason: their
degree of purity corresponds with that of the animals flesh. Therefore you are not to
defile the city ''that I sanctify, where I have established My name and temple. No,
they must use skins of animals sacrificed '*in the temple of My temple city, where
they bring their wine, oil, and edibles. They must not defile My temple with the
skins of improper '‘offerings that they have slaughtered elsewhere in the land. Nor

are you to consecrate a skin from "another city for use in My city; for the skins are

only as pure as the flesh from which they come. If '°you have sacrificed the animal

in My temple, the skin is pure for use in My temple; but if you have slaughtered the

animal in another city. it is pure "only for use in other cities. In sum, all pure foods

sent to the temple must be brought in skins originating in the temple. You must not

defile '®either My temple or My city with improper skins, for I dwell in its midst.”
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This passage and many others reflect how delicate and important the proper and pure prep-
aration of the Temple Scroll must have been. It is highly probable that the manufacturers took

the greatest care to use only proper materials with careful preparation methods in the making

of the TS.

Physical Appearance of the Temple Scroll

When the TS was received by scholars, it was very damaged by moisture, especially at the
upper edge, where a part with the written text was completely destroyed (Figure 1b). The
scroll was rolled very tightly, with the first sheet located on the outside of the roll. The first
sheet was therefore most exposed to the ambient environment and consequently was more
damaged than the other TS sheets. In order to unroll it, the scroll was treated in accordance to

the Plenderleith method [17].

The Plenderleith method consists in softening the scroll by exposing it to an atmosphere
with 100% relative humidity and subsequently dry freezing in order to arrest the gelatinization
process. The unrolling process revealed the longest scroll amongst the DSS, with its total
length of 8.15 m (compared with The Great Isaiah Scroll: 7.3 m, the best preserved of the
biblical scrolls found at Qumran). The inner part of the TS with its ivory color gives a beauti-
ful appearance of a well preserved ancient scripture (Figure 1a). The thickness of the TS is
about 100 pm, which makes the scroll the thinnest amongst all scrolls that have ever been
found in Qumran. The regular thickness of the other scrolls lies in the range of 200-300 pm,

1.e. at least double the thickness of the TS.

These dimensions suggest that the TS text was written on a split parchment. The question
of the applied splitting technique will be discussed in chapter 6. Furthermore, as can be rec-
ognized from the photographs of the backside of the sheets (Figure 1b) the text is not written
on the hair side of the skin as it is common for the other scrolls found in Qumran. Unfortu-
nately, till now we had no direct access to the scrolls backside for closer investigation. The
larger part of the scroll is fixed in the display and storage cases and can be observed from its
written side only. Its unique appearance, i.e. color, thickness and writing on the flesh side as
well as the spectroscopic features of the material, that will be addressed in chapter 5.2, show
that the TS was subjected to a unique manufacturing treatment. It is noteworthy that the text

was not written directly on the surface of the flesh side of the skin, but on an additional layer

19



Introduction

20

that is rich in inorganic materials as can be seen in Figure 2, which is 5-30 um thick, and co-

vers the full area of the skin.

Single spot measurements,
normalized intensity
1 fibers

C O NaMg Al Si S ClI K Ca

1 surface

Figure 2: a) TS fragment from inner sheet with some letters written on a bright layer with
cracks. b) SEM pattern of a crack on the TS fragment from inner sheet. Collagen fibers beneath
the layer are visible inside the cracks. ¢) Elemental presence (by EDX) in a single spot meas-
urements on the upper layer and on the collagen fibers beneath the layer. It shows a high pres-
ence of inorganic substances containing; Na, Al, S, K and Ca in the upper layer.

Yadin reported that after the unrolling process, the scroll’s state of deterioration varied
from sheet to sheet, and attributed the range in deterioration to different treatments in antiqui-
ty [18]. At some places on the outer sheets, whole text sections, including the inorganic layer
on which the text was written, were detached and transferred onto the backside of the adjacent
sheet [1]. In other cases, only the ink was transferred to the adjacent sheet. Finally, palaco-
graphic studies revealed that the first outer sheet was produced approximately fifty to one
hundred years after the sheets located in the inner part of the scroll [1]. The outer sheet was
probably most damaged through antiquity since it frequently served as the outer covering
sheet of the scroll, was therefore exposed to the environment, and therefore needed to be re-

placed.

1.2 Collagen

Collagen is the most abundant protein in the mammalian body. It can be sub classified in
up to 29 types [19], which are indicated by Roman numbers, and were given by order of their
discovery. The common feature of all collagen types is their triple-helical molecular basic
structure. However, the differences in the chemical composition lead their helical and nonhel-
ical regions to associate into various types of supramolecular (three-dimensional) structures.
The main focus of this work is the fibrilar type I collagen, which is the most abundant type of
collagen found in a variety of tissues such as skin, tendons, and bones [20]. For that reason we

will refer mainly to collagen type 1. Depending on its morphology on the higher hierarchical
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level collagen shows different physical properties. For instance, collagen fibrils in bone are
embedded with mineral plates; with this composition, bone shows higher stiffness but lower
toughness due to low extensibility [21]. The high tensile strength of collagen plays the signif-

icant role in skin and tendon functionality.

In skin (dermis), thin collagen fibers are intertwined in a tissue offering both strength and
elasticity. Collagen fibers appear also in tendons that are very suitable for presenting the dif-
ferent hierarchical levels of collagen organization. In physiological condition they are com-
posed of 65%-75% water by weight [22-24]. The solid phase consists primarily of collagen
type I (60%-80%), with the remainder that is composed of proteoglycans (PG’s) and gly-
cosaminoglycans (GAG’s), other types of collagen (types 111, IV, V, VI), elastin, fibrillin and
other proteins [25-27]. In tendons the collagen molecules are organized in regular and parallel

assemblies throughout all the hierarchical levels, up to the macroscopic scale.
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Figure 3: Collagen staggering scheme of a tendon in native humidity condition through all hi-
erarchical levels. a) Rough thickness dimensions of molecule: M, fibril: F, fascicle and tendon: T.
b) The fascicle fibrils of several hundred nm are embedded in a PG matrix that can uptake shear
stress among others. An applied macroscopic strain on the fiber level differs to the strains that
simultaneously appear at the fascicular &r, the fibrillar €y, and the molecular €y, levels. Molecu-
lar staggering D inside the fibril results in an alteration of overlap and gap regions by a period of
D=67nm (physiological condition). Adopted from [9].

In Figure 3, the hierarchical levels of a rat tail tendon (RTT) in its native state are schemat-
ically presented. At the macroscopic level, the tendon fibers have a diameter of 100-500 pum,
which is a bundle of some thinner fascicles that further divide into closely packed collagen
fibrils that are 5-500 nm in diameter [28]. Fibrils are block-units of thoroughly, regularly

staggered tropocollagen molecules (triple helixes) of about 1.5 nm in diameter and ca. 300 nm
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in length. Along the axial direction of the fibers, these helical molecules are connected by a
small section of non-helical and less dense molecular structure (so-called C-terminal and N-
terminal telopeptides) [29]. Laterally, helical molecules are stabilized by electrostatic and hy-

drophobic interactions as well as covalent cross-links [20, 30-35].

The molecular arrays are displaced in the axial direction by D ~ 67 nm with respect to the
adjacent molecules [36, 37]. In that way, every fifth lateral molecule appears at the same
height along the fibrillar axis. This so-called “quarter staggered” structure leads to a periodic
gap and overlap regions in the inter-fibrillar structure where the gap region has 20% less

packing density and hence lower electronic density than the overlap region [38].

In the context of this work, which deals with the question how humidity influences the
structure and properties of collagen, it is worth mentioning that when collagen dries, it shrinks
in both axial and lateral directions through all the hierarchical levels. The axial molecular
staggering D (typically ~67 nm in wet condition) reduces to about 64 nm. The lateral spacing
of the molecular packing shrinks to 1.1 nm (typically ~1.5 nm when wet) when water is re-
moved [39, 40]. The influence of water on collagen will be addressed in more detail in chap-

ter 2.

Not only water affects the properties of collagen; collagen fibrils are embedded in a hydro-
philic proteoglycan-rich (PG) matrix [41]. PGs are believed to play an important role in ten-
don and ligament mechanics although they compose only 0.5%-3% of the whole tendon [26].
The PG matrix allows for shearing and gliding of collagen fibrils when stress is applied [9].
Different types and sizes of PGs are found in tendons [42], which serve different functions.
For example, small PGs such as decorin are responsible for transmitting tensile stresses and
maintaining tendon shape, while modulation of compressive stresses are implemented by the
larger PGs/ aggrecans. Their common structural feature is a central link protein that holds one
or more (up to 10-1000’s) glycan chains (anionic glycosaminoglycans or AGAGs). This core
protein is bound at specific sites predominately in the gap region of the collagen fibrils [43].
The PG-collagen interaction is a strong, partly ionic bond, whereas the AGAG-AGAG chain
interactions combine hydrophobic and hydrogen bonding for tissue stability [44].

The hydrated PG-matrix gel has a mesh-like structure that coats and interconnects the col-
lagen fibrils; it plays a significant role for the strain distribution within the hierarchical levels
because the PGs act as a medium to transfer shear stresses between the fibrils. The amorphous
PG matrix is considerably less stiff than the collagenous fibrils. Thus, the collagen fibrillar

strain is always smaller than the macroscopic tendon strain by a factor of 2 to 5 [45]. Moreo-
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ver, as it has been found by several diffraction studies, an applied macroscopic strain on the
fiber level differs from the strains that simultaneously occure at the fascicular €, the fibrillar
€r, and the molecular €y levels (Figure 3) [45-47]. Time-resolved measurements of tendon
strain on the inter-fibrillar and molecular levels revealed that two mechanisms contribute to
the elongation of fibrils, namely the elongation of the triple helical collagen molecule, and
their sliding relative to each other inside the fibril [46]. It was observed that these two pro-
cesses do not take place simultaneously. At the initiation of tissue strain, the increase of the D
period from D=67.0 nm to about 67.6 nm is correlated with the stretching of the triple helices.
The further increase of the D period is due to a continuous increase of the D stagger, which is

directly related to the sliding of helical collagen molecules relative to each other [48].
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Figure 4: Intermolecular structure of collagen. A fibril is structured with regular staggering
of collagen molecules. A collagen molecule is a right handed triple helix of three polypeptide a-
chains A, B and C. Each of the chains is build up by a repeating G—X-Y peptide sequence that is
twisting into a left-handed rope. G represents the smallest amino acid: glysine. In collagen type I,
two of the chains are a1(I) and one is a2(I) chain, whereas typically proline and hydroxyproline
can be found the X and Y positions, respectively. Furthermore, because of the common Gly—Pro—
Hyp sequence in type I collagen, the “helical ratio” responds to the ,,7/2% staggering model. The
chain counts 7 twisting pitches for the same molecular section of 2 axial pitches at the triple helix
level. Adopted from [5].

A helical collagen molecule is composed of three distinct polypeptide a-chains (A, B and C
in Figure 4), which are twisted together in a right-hand triple helix (top view in Figure 4) [5,
49]. In type I collagen, two of the chains (al(I)) are identical and one (a2(1)) has a different
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amino acid sequence. At the (C- and N-) ends of the helix there are short non-helical regions,
the so-called C-terminal and N-terminal telopeptides. As it has been mentioned before, in

these disordered regions, the collagen shows lower packing density.

In collagen type I, each polypeptide a-chain is composed of about 1000 amino acid resi-
dues that have a characteristic repetitive G-X-Y sequences organized into a left-handed helix
(see top view in Figure 4), whereas G (every third amino acid compound) is the small and
compact glycine that fits well into the narrow coiled molecule. Glycine always appears in the
center of the triple helix, and links by hydrogen bonds to the counterpart glycine of the other
two polypeptide chains [5].

Remarkable for fibrillar collagen, known for its high molecular packing density, are the
commonly occurring carboxyl rings of the side chains at the X and Y residues. This structural
feature is characteristic for the glycine — proline (X) — hydroxyproline (Y) formation, which is
characteristic of type I collagen. The side chain rings of proline and hydroxyproline stabilize
the narrow and dense helical formation of the molecule [49, 50]. Proline often appears at the
X position, and has the function of an edge in the narrow packed helices because of its stiff
ring structure. Hydroxyproline can be often found on the Y position of the chain sequence; it

stabilizes the triple helix through the hydrogen bonds between adjacent polypeptide chains.

Another remarkable characteristic of the Gly-Pro-Hyp sequence that is important in the
context of this study (chapter 2), is that the polypeptide a-chains make seven left-handed inte-
ger twists while the axial / helical pitch of the whole triple helix twist two times to meet to-
gether at the next identical winding point. Therefore, the Gly-Pro-Hyp sequence follows the
so called »7/2 staggering model (Figure 4) [51-53]. In other, less fibrillar collagen types, a
,10/3* integer staggering can be adopted instead of “7/2” [51]. In general, for amino acid se-
quences with many side chains composed of aliphatic rings, as it is typical for type I collagen
with its Gly-Pro-Hyp structure, the ,,7/2 staggering model for this structure is valid, and

hence we will be using it in our studies of rat tail tendons.

The structure and stability of collagen is also affected by the water present throughout the
entire hierarchical structure [54]. “Structural water” bound tightly the structure inside the tri-
ple helix, either through a double or a triple hydrogen bond. “Bound water” act as receptors
for CH-O hydrogen bonds building bridges between neighboring polypeptide chains [55].
“Free water” molecules are fixed by one hydrogen bond embedding the triple helix or in the
telopeptide regions at the end of the polypeptide chains. “Transition water” also called the

unperturbed bulk water interacts with the PGs between the fibrils [56, 57]. The first two types
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(structural- and bound water) contribute to the molecular weight approximately with 0.5g/g
[58-60]. The contribution of bulk water comprised by the free and the transition water distrib-

uted in the collagen tissue can vary depending on the osmotic pressure or the RH.

1.3 Collagen in parchment

Parchment is a predominantly collagen based material produced from animal skin. It typi-
cally has a flat and stiff surface for writing purposes, which is a result of its manufacturing

procedure.

Architecture of skin: Skin is a multilayered cell system, which can be roughly grouped in
three major layers: the most outer thin epidermis, the following thicker collagen-rich dermis,

and the underlying subcutaneous tissue (hypodermis) containing fat-producing cells [7].

The epidermis, which can be further subdivided in cell-layers, is rich in protein keratin
highly concentrated in the most outer part. The most outer fully keratinized fused flat cells are
to seal and to protect the skin from the environmental impact such as microorganisms or

chemicals that may damage the body.

The dermis, separated by a basement membrane, follows the epidermis layer. It is mostly
composed by a fibrilous collagen network with thinner fibers close to the epidermis and
thicker fibers in a more dense fiber network further inside the body. Collagen presented in
skin is composed by the main contribution of type I accompanied by type III with a propor-
tion that is very much dependent on the age. In the fetus collagen type III can reach the equal
contribution as type I, later it reduces drastically to 25 — 10% [61]. Differently to type I (see
previous section 1.1, Figure 4) the molecule of type III collagen is composed by tree equal
a1(II1) polypeptide chains winded to a triple helix instead by two al(I) and one a2(I). Type III
collagen molecules are longer than type I molecules and they are usually present in tissues
with elastic requirements at the macroscopic level [62]. The organization of the collagen net-
work provides the skin with the required mechanical properties. Depending on the place on
the body fibers can be predominantly oriented in the direction of higher exertion or be fully
randomly distributed in plane with the skin surface. Fibroblasts within the dermis cells repair
damaged collagen fibers in vivo conditions providing the dermis with new collagen and elas-

tin.

The subcutaneous tissue, also called the hypodermis is unevenly distributed beneath the

dermis providing the body with fat reserves under the skin. The loose connective tissue of the
25
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hypodermis contains lobules of fat and larger blood vessels and nerves than those found in the

dermis.

Principle processes of ancient and modern parchment making procedures: After flay-
ing the animal the hide is usually stored in salt for conservation before next treatments. This is
known as curing of the skin. The basic treatment steps to follow can be roughly comprised to
1) removing almost all non-collagenous material by breaking down the skins configuration, 2)
restoring and stabilizing the remaining collagen matrix and 3) flattening the skin by drying

under tension and preparing it mechanically for the final condition for use.

Typically, farm animals such as cattle, goat, sheep or pig are used for parchment produc-
tion. In Jewish religious context, including the ancient manuscripts found near the Dead Sea,
only pure animals in terms of ritual regulations were used. Breeder, shepherds or other skin
providers are usually different professionals than parchment makers and hence in the most of
the cases, to avoid the putrefaction, the skins stayed cured for a while before being supplied to
the parchment maker and his first actions. Curing the skin can be realized in different ways,
such as drying the skin in air, dry-salting the skin with sodium chloride or wet salting also
known as brining. Already at this stage the moisture content of the skin would ideally be re-
duced to approximately 40%. During the next treatment steps further wetting and subsequent
drying cycles will follow. Therefore, the effect of collagen drying on molecular level belongs

to one of the scopes of this work and will be intensively addressed in chapters 2 and 3.

Before the next step of parchment preparation can be done the hide needs to be washed ex-
tensively to remove dirt, possible dung, blood and a part of non-collagenous proteins etc. but
also the salt from the curing process. It is likely as well that during the parchment preparation
process the proteoglycans, which protein core is bound to fibrilous collagen trough hydrogen
bonds, are partly removed [43, 63, 64]. (for PGs see Figure 3 in chapter section 1.1). Howev-
er, next stage is to remove almost everything but collagen from the hide including hairs, fat
and flesh. Therefore, in order to remove the non-collagenous materials the dermal fiber net-
work needs to be loosened and expanded, which can be achieved with different ways after the

hide has been soaked and gets swollen.

The ancient approach of skin treatment to achieve the expanding of fiber network might
differ from the usual alkaline practice applied today, which is known since the Middle Ages.
The historical methodologies from the times of the Dead Sea Scrolls were more likely con-
ducted with enzymatic approaches using water, flour or other vegetable materials or even ex-

crements [65]. Those approaches, however, were less efficient in fat removal and are more
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time-consuming compared to liming and hence they can cause stronger deterioration of colla-
gen. Nevertheless, modern developments and improvements for environmental issues have
shown advantages in enzymatic de-hairing treatments of skins using a bacterial alkaline pro-
tease [66]. Enzymes are natural catalysts that act by converting starting molecules (substrates)
into different molecules (products). Like all catalysts, enzymes increase the rate of a reaction
by lowering its activation energy. However their difference to the most other catalyst is that
they are highly selective for their substrates and speed up only a few particular reactions from
among many possibilities. So for example carbohydrases are used in the fibre opening pro-
cess. They degrade specifically the PGs whereby the fibre get opened so that water can enter

to cause the swelling.

Liming is still the commonly applied process today also in Jewish religious context as well
as in conventional parchment and leather production. At this stage the skin is soaked in calci-
um hydroxide [Ca(OH);] solution where the dermal fiber network is loosened and expanded
for removing the non-collagenous materials like PGs, hairs, epidermis, subcutaneous fat mus-
cular layer, mucopolysaccharides, lipids, etc.. The same result can be achieved with other al-
kaline agents as well. The swelling of the skin during the liming process results in the splitting
of the fibre bundle sheath, which burst open because they cannot hold the thicker fibres any-

more while diameter is increasing.

Due to the high pH (typically 10-12) in the alkaline lime solution the most amino acid resi-
dues are placed above their pl (isoelectric point), which is typically 4,7 for collagen in lime.
pl is the pH at which the positive and the negative charges are equally numbered or the col-
loidal particle remains stationary in an electrical field. Therefore, at a pH above their pl, the
C-terminus of the proteins carries a net negative charge favoring the strong hydrolysis particu-
larly in some of the amido groups attached to the aspartic and glutamic acid residues in the

material of the soaked and swollen skin.

For more efficient hair removing, in the lime solution can be added sodium- [Na,S] or oth-
er sulfides, which hydrolyze the proteins of the hair bulb and attack the keratinized hair shaft
by cleaving the disulfide bridges found in keratin protein [67]. The hairs and the flesh can
then be removed mechanically very easy by means of scrubbing tools. The remaining cleaved
collagen matrix of the dermis needs subsequently to be washed again by water alternating
with further acidic baths, such as weak solutions of various ammonium salts, in order to re-
move the waste from the liming process and to adjust the pH value to about 8-9 for collagen

stabilization. Nevertheless, residues from the liming process in form of calcium carbonate
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[CaCOs] can always be found in the final product. It is formed from the lime’s calcium hy-

droxide [Ca(OH),] in parchment reacting with the carbon dioxide [CO,] from the air.

Optionally tanning processes can be applied to the skin for the parchment production as it
is obligatory done in leather production today. This step is typically conducted before the pH
is brought down, i.e. when the cleaned collagen fiber network is still swollen and opened up
so that the tanning agents can easily enter the fibrils and approach the collagen molecules.
The tanning agents give the final product more chemical stability by covalently cross-linking

with the collagen.

In the finishing step of the preparation the wet parchment is fixed on a frame under tension
for drying. A that step it can be mechanically treated accordingly to the final use i.e. mechani-
cally thinning, bleaching, scrapping or polishing etc. Subsequently, after the drying under

tension the parchment becomes opaque and non-transparent.

Deterioration of collagen in parchment: Non-reversible deterioration of collagen occurs
from the moment the parchment is produced [7]. The chemical treatment during the parch-
ment production intervenes to a certain degree into the molecular conformation. The deterio-
ration from that moment on is an ongoing process that can only be restricted in its accelerat-
ing progress. The speed of the deterioration progress is influenced by many factors such as the
conservative and stabilizing treatment aspects of the parchment making process like tanning,
where the induced cross-linking of collagen can play a significant role. Environmental factors
or the way how the parchment (e.g. scroll) is used, stored or conserved after its production

influence the speed of molecular deterioration as well.

At the moment of its genesis the molecular and fibrilar structure of the collagen fiber is
poorly cross linked (for collagen molecular structure see chapter section 1.1). With the time
more randomly distributed cross-links between molecules occur and increase the insolubility
and rigidity of the fiber. Whereas, during the fibril formation, at the moment when the helical
structure is freshly generated the neighboring molecules can cross-link only at a few particular
sites due to its staggering arrangement. Thereby, the telopeptide (non-spiral) regions play an
essential role. The freshly generated type I collagen molecule has two particular sites in the
helical domain (at the Hydroxylysine residues 87 and 930), which cross-link covalently with
the counterpart Lysine residues in the non-helical telopeptide region of the neighboring mole-
cule. Once the perfect structure of the triple helix is disturbed new potential cross-link sides

can occur. Beside the stabilization brought by the cross-links, the triple helix is hold together
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by hydrogen bonds within the helix. New cross-links occurring at the disruptions of the poly-
peptide chains can on one hand strengthen and stabilize the fibrilar collagen but on the other
hand absorbed water molecules can enter the helix at these arrested disruption sites and help

to progress the unfolding by hydrolysis. In extreme situations this process can cause cleavage
of the molecular collagen structure unfolding further triple helices until the fragmented poly-
peptide chains loosens their conformation through all the hierarchical levels and transform
into a random coiled configuration of ruptured polypeptide chain sequences. The later stage of
deterioration, also called gelatinization, can be accelerated by high temperature and moisture.
Gelatin can often be found at the very outer layers of parchment, where the collagen fiber
network is exposed directly to the environmental agents such as pollutants, bacteria, UV light

or humidity [68-70].

The main triggering processes for cleavage or disruption of the peptide chains are oxida-

tion and hydrolysis.

Oxidation of collagen can occur when free radicals appear inside the molecular system.
They can be formed by UV light splitting up the hydrogen from a chemical compound such as
water, but also others [71]. Free radicals are capable to break the N-C covalent bonds that
compounds the sequenced amino acid residues, with the consequence of cleavage of the main

chain of the collagen molecule (Figure 5).

Ho HO pno) HO9 00 ol HO 0 0
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Figure 5: An example for an oxidative cleavage of the main chain of collagen is shown in
schematic representation. The ejected ammonium can compound further and progress the dena-
turation of collagen. Schematic adopted from [7].

Beside its occurrence between the amino group of an amino acid residue and its associated
Ca-atom, oxidation of collagen affects also the side chains of individual amino acid residuals.
The later subsequently reduces the number of the basic amino acids such as arginine, hydrox-
ylysine or lysine and increases the number of acidic amino acids such as glutamic acid and
aspartic acid. Therefore measuring the ratio between the basic and the acidic amino acids can

indicate the degree of deterioration caused by the oxidative processes [72].

Hydrolysis, that often accompanies the process of oxidation, can be also initiated by means

of acids from atmospheric pollutants, such as NOx and SO,, which mix with water to form
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nitric and sulphuric acids, respectively. Those are capable to cause cleavage in the main chain
of collagen so that water can enter the helical formation. Water allows the space for the colla-
gen helix to unwind and the hydrogen bonding to be redistributed [73]. When unfolding and

fracturing of the molecular structure progress collagen increases its affinity to water and turns

to gelatin and the collagen/gelatin tissue concomitantly loosens its mechanical strength [74].

It's conceivable that under certain circumstances (Figure 5) traces of some by-products can
appear, which give insights about the denaturation processes. Consequently, further interac-
tion with molecules from the environment forming new products (such as ammonium nitrate
[NH4NO;] for example) witnesses about the circumstances of the parchment’s history either
related to its treatment during the manufacture or to the environmental circumstances to which

it was exposed during the post manufacturing time period.

The later statement is based on the author’s personal considerations animated by an inter-
esting observation done on the Temple Scroll’s collagenous material that we are forestalling
mentioning now. Ammonium nitrate [NH4NO;] has been identified all over the collagen in the
fragments of the ancient manuscript. This has been revealed by means of Raman spectroscopy
and will be discussed in chapter 5. The investigation of the related chemical deterioration pro-
cesses and their possible conclusions on the scroll’s history, however, is not in the scope of

this work, though this discovery could encourage further research.

1.4 Polarized Raman Spectroscopy on Uniaxial Symmetry

The analytical technic known as the Raman Spectroscopy (less popular are also the names:
Smekal-Raman or Mandelstam-Landsberg) received its name from one of its discoverers; the
Indian physicist Sir Chandrasekhara Venkata Raman, in the beginning of last century (1923-
28) [75, 76]. Since then the technique has been established for various branches of material

characterization and the literature on Raman spectroscopy nowadays is quite prodigious [77].

Its principle is based on a weak inelastic scattering effect of incident light after interacting
with matter, whereas some photons of the incident light scatter with a different wavelengths,
which energy changes correspond to the characteristic vibrational (i.e. stretching, rotation,
bending etc.) energies of the molecular compounds (or lattice phonons in crystals). The ener-

gy can either be transferred to or gained from the molecular vibration.

Monochromatic light is used for excitation typically in the visible range but also in the UV

and NIR regions. If the energy of the incident light corresponds to the electronic transition
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energy of the material, fluorescence of huge intensity compared to that of Raman can appear
and make the weak Raman signal undetectable. In such cases excitation with monochromatic
light of bigger wavelength such as NIR is preferable. After its establishment the technique has
been improved on the detection side but also variously developed on the enhancement of the
weak Raman Effect on the interaction side, which meanwhile makes the Raman Spectroscopy

to an analytical technique [78].

The analytical technique of polarized Raman spectroscopy (PRS) has been developed and
applied more often in the last decade. The description of the PRS technique has been present-
ed in detail by Bower et al. [79, 80], Turrell et al. [81-85], Ikeda et al. [86], and others like
Rousseau et al. [87, 88] and Sourisseau et. al. [89, 90], as well. Based on the theoretical de-
scription of these authors a compact guide through the basic concepts of a vibrational system
of uniaxial symmetry will be presented in this chapter section. Scattered Raman spectral in-
tensity of an anisotropic specimen (I;) is dependent on the polarization direction of the inci-
dent laser (I¢) and on the polarizability of the particular vibration centers. The latter is de-

scribed by the polarizability tensor of that particular bond.
I, ~1[e.ae] 0]

Where a is the polarizability tensor in laboratory coordinates, e = directions of the excitation
(¢) and scattered (5) light. We consider the coordinate system as described in Figure 6, where
the linearly polarized laser light can be oriented in the z-x plane (laboratorial coordinates) by
a “polarizer” (M2-plate) before it interacts with the sample, and y is the direction of both the

incoming and scattered laser path in a confocal arrangement.

7
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Figure 6: Definition of the molecular (abc) and the laboratorial (XYZ) coordinates used
in the text and Euler Angles used for the transformation.
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By means of a polarization filter- “analyzer” that is placed in the path of the scattered light,
the intensity can be also analyzed with respect to the orientation of scattered polarization. The
sample, which is in this case a cylindrical fiber, is oriented with its long axis along the z-

direction.

Here is an example of the notation: if the incident light is polarized along the long axis of

the fiber, and we analyze only the scattered intensity with polarization perpendicular to the
long axis of the fiber, the measured intensity would be described by the square of the o,

component of the polarizability tensor in laboratorial coordinates (equation (2)).

2
Oyx Oxy Oxz | (1
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The scattered spectral frequency (1665 1/cm) that is the focus of this study arises from the
C=0 stretching in an amine compound, known as amide I. The C=O0 is oriented along the c
axis in the molecular coordinates as indicated in Figure 6. The polarizability response of this
bond in molecular coordinates is described by a diagonal polarizability tensor of the form in

equation (3) [87]:

00
[0, ]=as|0 a ,witha=a,/a; =a,/a, 3)

Due to the stretching symmetry of the amide I bond, the polarizability properties of the

tensor do not differ in the a or b directions, which means that it is independent of the angle
v . However, the polarizability tensor [ay, ] in the laboratory coordinates of the fiber,

which corresponds to the hierarchically higher molecular and fibrilar assembling symmetry on
the macroscopic level, can be calculated from the transformation of the molecular polarizabil-
ity tensor [a,, . | by means of the Euler transformation (equation (4)) [79, 86].

abc

[0yy, ]1=[T'a,, T]: Transformation of coordinates with Euler angles (i, ®,0) )
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Since the measured Raman scattering intensity (g, ) is a response of a multitude of
vibrational centers, it is expressed by an average <(0Li, i )2> , which is the integration over the
orientation distribution N(y/, @, 8) of the vibrational centers inside the fiber.

1 2n 2n 1

[dy [do [d(cosO) (T'0,, T, ) N(y,¢,0) )

Laman iy ~ <(ai’j)2> "

In the cylindrical uniaxial fiber symmetry the variation of the distribution function depends
only on @, i.e. N(y,p,0) = N(0). The distribution with respect to the angles ¢ and y is con-

stant, and the integrals can be reduced to equation (6).

= ((0;;)*) = [d(cos) (a;;)* N(©O) ©)

An appropriate approach for the representation of the distribution function is given by a series

of even Legendre Polynomials.

even 1

N(cos0) = z (1+ §)<Pl >P, (cos @)

@)
= %[1+ P, %(3cos2 0-1)+P, %(3500s4 0—30cos” 0 +3)+..]

Where, P, (cos 0) are Legendre polynomials and P», P4 are the first two even Legendre coefti-

cients, which can be determined by Raman scattering data. These coefficients are the average

values over the orientation distribution of the Legendre polynomials, and are given as:

T

(p,)= j sin @ P, (cos )N(0)d 8)

The coefficients can be determined experimentally. The relationship between the scattered
Raman intensities and the Legendre coefficients are given by following equations (9)-(12)

[87], by solving the integral in equation (6).
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Where a and o, are the principle components of the polarizability tensor on the molecular
frame as defined in equation (3).
If a high magnification lens (100x) with a wide numerical aperture N4 of 0.95 is used to

collect the Raman scattering spectra, corrections for resulting scattered intensities must be

applied [81, 91]. A wide NA causes a wide cone of a solid angle Q =26 over which the scat-
tered light is collected. The cone angle 6, depends on the reflective index n of the sample

material as follows:

nsin@, = NA (13)

Because of the 180° backscattering geometry the radiation propagating along the outer
parts of the wide cone have additional polarization components. The corrections for the four

significant measured intensities are represented by the following equations (14)-(17) [90]:

Lo ~ (@3 )0A + (02, )B)2C, +C,)+ (02, )a+ (a2, JBJac, )+ (02, )A + (a2, )BC,) (14)
Lo ~ (02, )A+ (a2, )BJ2c, +C,)+ (o2, )a+ (o2, )Bac, )+ (a2, )a + (o, JB)C,) (15)
L, ~ (2, A+ {02, BJ2C, +.C,)+ (02, )A + (a2, )BY4C, )+ (02, )A + (o2, )BJC,) (16)
T~ (2 ) + {02, BJ2C, + )+ (a2, DA+ (o, )BJ4c, )+ (o2, )A + (o2, JB)C,) a7
Where A= nzjj(cosz 9+1)sin9d9 = zz[g —cosé, —%cos3 ecj 18)
and B=2nze£sin39 dg :2n2@—cosec +%cos3ecj (19)
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Since C, and C, are several orders of magnitude lower than C, they can be neglected. If

intensity ratios are considered, C,, also vanishes from the previous equations [88].

Two independent intensity ratios can be calculated by measuring four linearly polarized

spectra:

R,

(20),(21)

The approach of calculating intensity ratios has several advantages. Beside the elimination
of all issues related to the polarization dependent instrument throughputs and other constant
components such as laser incident intensities, it also reduces the problem to solving only three
unknowns: P,, P,and a. However, to solve this system of equations, a further experimental
ratio is needed. It can be provided by the measurement of an isotropic sample, where it is

known that due to a constant distribution function R, =R, =R, and P2=P4=0. Inour

case, disordered collagen (gelatin) can be used as an isotropic sample of a collagen-based ma-
terial. With this data, “a” can be calculated. At this stage, with the knowledge of “a”, only
two unknowns remain: R; and R, The P, and P4 of an anisotropic sample can be determined

by measurements of the two ratios R; and R,.

Solving for P, and P4 leads to a Legendre series expansion truncated at the second even
term (P4), providing a first approximation of the orientation distribution function. However,
this approximation can differ significantly from the real distribution function, and in some
case might take negative values. According to Pottel et al.[92], a more realistic distribution
function can be obtained from any set of P; values maximizing the information entropy of the
distribution, subjected to the constraint that N(&) is always positive and that its integral over

the range [0, x| is equal to 1 (i.e., requiring that N(&) is a probability distribution).

The function satisfying these constraints is called the most probable distribution function

(f(@)mp) that is given by equation (22):
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when the series is limited to the first two polynomials. The Lagrange multipliers A, and A4 can
be calculated numerically, considering that the average values of each Legendre polynomial
weighted with f{0),, must be equal to the corresponding order parameter obtained by the PR

measurements.

Figure 7: Gaussian Is0-6 ,,, and Iso-® curves in P2-P4 space.

Here in our study, we focused on the orientation of the C=0 bonds in collagen molecules.
We considered the Raman tensor of the C=0 vibration as cylindrically symmetric, and we
estimated that the distribution function N(&) follows a Gaussian shape with a particular cen-
tral angle 6 and a width @ (FWHM). Therefore, the first two even Legendre coefficients P,
and P4 can also be calculated for the corresponding Gaussians using equation (8). Doing so,

each of the P, and P, pairs determined through PRS measurements can be linked to a 6_,_and

@ pair, which describes a particular distribution function N(&) of a Gaussian shape (Figure

7).
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2 Influence of Hydration on Molecular Structure and

Mechanical Behaviour of Collagen

This chapter focuses on the structural and mechanical behavior of collagen induced by
moisture changes on different scale levels, from molecule to fibrils. In its native physiological
environment collagen can experiences changes of moisture induced by osmotic pressure and
react to it with volume changes taking influence onto the whole biological system. Hereby,
one has to take into the account that structural and mechanical changes on different scale lev-
els affect differently its biological environment. Therefore, the study of the extent of this in-
fluence, i.e. the strength and the volume changes on different scales is of great importance for

the understanding of the physiological interplay in the tissue.

This topic is also of great importance for studying the materials of ancient manuscripts,
and also affects the methodological developments for collagen preservation that are addressed
by our studies on the TS in chapter 3. The effect of hydration on collagen is important for the
study of parchment, as it is the final product of animal skin, which is a collagen based materi-
al. Animal skin that undergoes different treatment stages involving water and dehydration
while under strain before it gains and maintains its intended shape, and the physical properties
of parchment. Our main attention, therefore, lies on water and its affect on the conformational
and physical features of collagen throughout its hierarchical levels. In this chapter we explore
the use of PRS for studying the conformation of collagen in RTT. These results are accompa-
nied with dehydration experiments using in-situ synchrotron x-rays scattering and video —
microtensometry. The interesting results open new perceptions in parchement and other colla-
gen-related fields such as medicine, and fundamental studies on collagen functionalities in

living tissues.

Hierarchical structuring from molecular to tissue levels (chapter 1.1) allows collagen to
fulfill a variety of mechanical functions. Collagen is a major constituent of tendons and liga-
ments, as well as the periodically organized organic matrix of bone, and the mostly randomly
oriented fibrillar network in skin. In all of these biological materials, the collagen orientation
plays a fundamental role in the overall mechanical properties of the tissue [40, 93, 94]. The
collagen orientation may be altered by various diseases such as skin cancer [95], keratoconus
of the cornea [96], or osteogenesis imperfecta [97]. In parchment, collagen deterioration oc-
curs through oxidation, hydrolysis and gelatinization processes (chapter 1.1), which affect the

molecular and interfibrillar properties. These small-scale molecular and interfibrillar proper-
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ties affect the properties of collagen at higher hierarchical levels of organization, up to the
fiber network on the macroscopic scale. The macroscopic material properties result therefore
from the superposition of the specific molecular features and the behaviors of the fiber net-
work organization. In order to understand the material behavior of a macroscopic collagen
based matrix assembly properly, the physical and chemical features of collagen need to be
distinguished by the level of its hierarchy and macroscopic organization. Therefore in this
chapter we start to focus on the interfibrillar features by means of uniaxial experiments on
fascicles before describing the next step of the bi-dimensional analysis of the fibrillar network

behavior. The later (bi-axial) is not part of this study, but it is planned for the future.

The mechanical properties of different types of collagen-containing tissues have been al-
ready extensively investigated on various hierarchical, structural levels [30, 98-100]. Howev-
er, the important question remains: how do these levels of structure contribute to the macro-
scopic mechanical behavior? In this context, polarized Raman spectroscopic techniques (PRS)
(chapter 1.4) can provide several length scales of information, contributing to an understand-

ing of the role of molecular-level features to tissue behavior.

Polarized-light microscopy was one of the physical techniques to be used to study the mor-
phology of collagen-rich tissues [101]. Recently, second harmonic generation (SHG) micros-
copy, a technique that exploits nonlinear optical properties of molecules for imaging [102],
became one of the main techniques used to analyze morphology and therefore orientation of
collagen in tissues [103]. PRS has an advantage with respect to most of the other advanced
optical methods to evaluate collagen orientation that lies in its reliable chemical fingerprint
that is acquired in real time. Such information allows for the study of molecular- and atomic-
level properties that are fundamental in material behavior. Recently, potential uses of the PRS

approach in measuring collagen orientation within tissue have been reported [12, 104-106].

Rat tail tendon (RTT) is composed entirely of type I collagen fibrils with small amounts of
proteoglycans [107] (Figure 3). Tendons transmit force between muscles and bone, and are
highly ordered tissues. The collagen organization from the molecular to the tissue length
scales shows a high degree of fibril alignment [30]. Using Raman spectroscopy, the orienta-
tion of one molecular unit within each collagenous macromolecule can be derived from Ra-
man band anisotropy measurements, assuming that Raman band tensors of the relevant mo-
lecular unit are already known [108-110]. From the parameters provided by the Raman tensor,
the molecular structure arrangement or orientation with respect to the biological sample can

be determined [87, 111-115] (chapter 1.4). For example, scattering of the amide I band (C=0)



is more intense in the direction which is perpendicular to the collagen fibril orientation [116]
compared to the direction parallel to the fibril because the collagen carbonyl groups are main-

ly oriented perpendicular to the collagen chains.

Water is an important component of collagen in tendons, as it constitutes more than 60 wt
% of the tissue [24] and therefore it may play a significant role in the already mentioned force
transmission. However, the significance of the role of water in collageneous material proper-
ties generally does not attract wide interest, except in the case of collagen dehydration pro-
cesses, such as in the fabrication of leather or parchment [117, 118]. It is well-known that the
mechanical properties of collagen change drastically upon dehydration. It was not clear
whether there is a direct role of water for the function of collagen in the native (hydrated)
state [ 119-122], therefore we combined many experimental approaches to unravel the role of

water in type I collagen structure and mechanical behavior.

A detailed description of collagen was presented in chapter 1.1. Here is a short summary of
the elements that are most relevant for this chapter. Collagen is built in a hierarchical fashion,
with triple-helical collagen molecules assembled in a staggered fashion into fibrils, which are
embedded in a proteoglycan-rich matrix, and further assembled into fascicles and fibers [45,
123-125]. The axial molecular staggering (D) within fibrils is typically 67 nm in water-
saturated type I collagen, and reduces to about 64 nm in dry collagen [120]. Laterally, the
molecules are packed with the lateral spacing in the order of 1.5 nm, which reduces to 1.1 nm
when the sample is dried [39, 40]. When loaded in tension along the fiber orientation, colla-
gen fibrils deform in a complex scale-dependent fashion, where fibrils stretch more than the
helical collagen molecules, and the whole tendon deforms more than fibrils [47, 100, 126,
127]. This has been explained through a side-by-side gliding of molecules and fibrils, enabled
by the multi-scale structure of the tendon, based on /n-Sifu experimentation with synchrotron

radiation [126] and on multi-scale computational modeling [128].

The part “Results and Discussion” is sub divided in two sections as follows:

1) analyzing the fully hydrated (physiological hydration state of collagen) RTT by means
of PRS while stretching and comparing the results with the reported XRD investiga-

tions at different strain stages. (Chapter section 2.2.0)

2) monitoring of mechanical and structural properties during stepwise dehydration of

clamped RT fascicles by means of video — microtensometry, XRD and PRS. For un-
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derstanding the conformational processes during the dehydration, we compared two
experimental strategies: the Iso-Strain and Zero-Stress experiments. In Iso-Strain ex-
periments the fascicle was kept at a fixed pre-stretched length and the rising forces
caused due to the dehydration were measured. In Zero-Stress experiments, exten-
sion/contraction motors were permanently kept in the interactive driving mode in or-
der to maintain the force within the fascicle at almost zero, while the fascicular strain

was measured with changes in dehydration. (Chapter section 2.2.1)

2.1 Materials and methods

Rat tail tendon (collagen) - RTT

Tendons were extracted from the tail of 4 to 12 month-old rats. The sex of the animals was
not known or recorded. Before the tendons were extracted, the tail was kept frozen at -18° C.
For the extraction, a section of 30 mm length was cut from the tail, and thawed in distilled
water to room temperature. The fibers (bundle of three to four fascicles) and the fascicles
were extracted by the use of tweezers. The tendon was pulled intact from one side of the tail
section. With this technique, the tendons slid very smoothly from the tail section without any
significant resistant force, so they kept the crimp. Fascicles were obtained from an extracted
tendon fiber in the same way, after the cortical membrane was removed. Before the experi-
ment, the extracted fibers were stored at 4 °C in PBS solution. For all dehydration experi-
ments the fascicles, of approximately 200 pum in diameter, were washed in distilled water and
exposed to the ambient environmental air humidity for a few minutes while it was clamped

into the tensile machine.

The animal welfare as well as method of sacrifice was approved by the local authority

Landesamt fiir Gesundheit und Soziales. (Berlin, Germany).

The relationship of relative humidity to osmotic pressure

Relative humidity (RH) is related to the osmotic pressure and the chemical potential of wa-
ter. The native environment of the tendon is the humid living body with possible changes of
osmotic pressures due to factors such as pH or salinity changes. In this work, we therefore

refer to the osmotic pressure of water as a measure of its chemical potential with respect to the
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pure liquid water. The chemical potential of water is defined as u = u’+RTIn(a) where a is the
water activity, x’ = is the standard chemical potential of the reference state (the liquid in this
case) so that u - 1’ = RTIn(a) is the partial molar energy difference with respect to the liquid.
For an ideal gas, the activity is defined as the ratio between the actual water vapor pressure
and the saturated vapor pressure at the same temperature. We consider the relative humidity
below 0.95 as a measure of the water activity. The osmotic pressure relates to the chemical

potential by the equation IT = x/V,,, where V,, is the molar volume of the liquid water.

Uni-Axial tensile testing in a controlled environment

Measurement chamber

Samples were tested in a sealed chamber with a volume of about 140 cm’ (Figure 8a). Dur-
ing the experiment, the chamber was kept at a constant temperature of 25° by means of a cir-
culating cooling bath thermostat (Huber). The humidity inside the chamber was controlled by
means of “Wetsys (Setaram)” humidity generator, which was operated with a flow of 200
ml/min. Temperature and humidity were monitored via a SHT75 digital humidity and temper-
ature sensor (SENSIRION) that was placed in the vicinity of the sample. Samples were
clamped at both ends to two aluminum holders. The strain was controlled by one of the hold-
ers which was connected to a PI (Physik-Instrumente) M-126.DG1 linear motor stage, while
the axial tensile forces was measured using a Honeywell R-31E load cell (50 N max. load),

attached to the other holder.

Measuring procedure

In stress—strain experiments, the fascicle was pulled with the speed of 2 um per second in
the wet state. The dehydration tests were performed optionally in a “Zero-Stress” mode, or in
“Iso-Strain” mode. In a typical dehydration test, as the RH in the chamber was changed step-
wise, the length change (Zero-Stress mode) or the arising force (Iso-Strain mode) were meas-
ured. For all measurements, a wet fascicle sample was clamped initially at a length of about
10-15mm, and equilibrated for at least 30 minutes in wet conditions, while the motors were
engaged to maintain a constant force of approximately 50 mN on the fascicle. This force is
less than 2-3% of the typical highest forces measured after a fascicle was completely dried,
while maintained at fixed length). For an Iso-Strain test, after the equilibrium wet length (Lo)

was reached, the motors were stopped and the force was measured during stepwise changes of
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relative humidity. For the Zero-Stress experiments, the motors continued to drive interactive-
ly, modifying the strain to maintain a constant 50 mN force while the RH was changed. At
humidity higher than 20 % RH, for each step, a 2h time was allowed for equilibration, alt-
hough the environmental equilibrium of the chamber was reached already after 30 minutes. At

lower RH values, the time for sample equilibrium was increased to 3-5 h.

In both Zero-Stress and Iso-Strain experiments, the changes in the fiber diameter were de-

termined by means of videoextensometry. For the calculation of strain with the equation
€1=(L-Lo)/Ly, the length L, and thickness in wet condition were measured, whereas for the

stress the fiber diameter in dry state was used. The precise areas of the polygonally shaped
fiber cross sections were measured by means of u-CT (Figure 12a). For the force per mole-
cule calculation, stress was multiplied by the area of a dry molecule 1.0479nm?, which results
from the assumption of a hexagonal equidistant arrangement of molecules in a distance of

I.1nm (1.55nm for wet condition).

Polarized Raman spectroscopy — PRS

For the theoretical background of polarized Raman spectroscopy, please see Chapter 1.4.
For Raman pi-spectroscopy, a continuous laser beam was focused down to a micrometer sized
spot on the sample through a confocal Raman microscope (CRM200, WITec, Ulm, Germany)
equipped with a piezo-scanner (P-500, Physik Instrumente, Karlsruhe, Germany). The diode-
pumped 785 nm near-infrared (NIR) laser excitation (Toptica Photonics AG, Graefelfing,
Germany) was used in combination with a water immersed 60x (Nikon, NA = 1.0) micro-
scope objective. For in situ mechanical tests, a 20x (Nikon, NA = 0.4) objective was used.
The linearly polarized laser light was rotated using a half-wave plate and scattered light was
filtered introducing a further polarizer (analyzer) before the confocal microscope pinhole. The
depolarization caused by the experimental setup is negligible [91]. The spectra were acquired
using a CCD (PI-MAX, Princeton Instruments Inc., Trenton, NJ) behind a grating (300 g
mm-—1) spectrograph (Acton, Princeton Instruments Inc., Trenton, NJ) with a spectral resolu-
tion of ~6 cm™'. Thirty accumulations with integration time of 1 s were used for single spot

analyses.



2.1 Materials and methods

X-Ray diffraction — XRD

Small angle x-ray scattering (SAXS) measurements with synchrotron radiation were per-
formed at the uspot beamline, BESSY II, at the Helmholtz Zentrum Berlin (Berlin, Germany).
X-ray patterns were recorded with a 2D CCD detector (MarMosaic 225, Rayonix Inc., Evans-
ton, U.S.A.) with a pixel size of 73 pm and an array of 3072 x 3072 pixels. For the acquisition
of the 2D pattern, the energy of the X-ray beam (100 um in diameter) was 15 keV, and a sam-
ple-to- detector distance of 652 mm were calibrated using a silver behenate (AgBeh) standard.
In order to obtain the small momentum transfer required to reach the first three meridional
peaks, a smaller beam size of 30 um was used, with an energy of 8 keV and a sample-to-
detector distance of 852 mm that were calibrated with the same standard. All patterns were

corrected for empty beam background and variations in incident beam intensity.

2.2 Results and Discussion

This chapter section is divided in two parts. The first part (1.1.1) presents the spectroscopic
changes related to the recrimping and stretching of the RTT in wet condition. The main scope
was to use Polarized Raman Spectroscopy (PRS) to monitor conformational changes of colla-
gen-based tissue. The second part (1.1.1) analyzes the physical, structural and conformational
properties of collagen in RTT caused by its dehydration, where a multi-technical approach

including mechanical testing, XRD and PRS was used.

Collagen in RTT shows a high degree of alignment from the molecular length scale up to
the macroscopic length scale [30]. Of specific interest to this work are macroscopic crimp
structures that exist at the molecular scale [129, 130]. The crimp corresponds to regions of the
collagen fibrils where molecular kinking occurs. This is due to a realignment of the fibril ori-
entation that maximizes inter-fibrillar interactions and releases intra-fibrillar strains from the
helical arrangement [131]. At the level of the tissue, a sharp change in the orientation of col-
lagen fibrils can be observed even by optical microscopy. In a uniaxial tensile experiment, a
macroscopic crimp is the first structural motif involved in dissipation of applied stress, giving
rise to the “toe” region of the stress—strain curve [132]. At strains beyond ~3%, the stiffness
ofrat tail tendon increases considerably (heel region) with deformation that involves realign-

ment of molecular kinks in the gap region that become straightened with increasing strain
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levels [127, 133, 134]. When tendon is stretched beyond the heel region of the stress/strain
curve, gliding of molecules within the fibril takes place before failure of the tendon occurs

[100, 134].

2.2.1 PRS applied to observe molecular deformation in RTT

while stretching in hydrated condition

To examine changes in the RTT under uniaxial loading, simultaneous uniaxial tensile
stretching and PRS of RTT fascicles were performed in a humidity-controlled environmental
chamber [2]. A schematic sketch of the experimental setup is presented in Figure 8a. The ten-
sile test chamber was placed under the Raman confocal microscope, where the sample was

stretched to the desired strain level.

To spectrometer
a) P

Analyzer

Humidity Generator

| b) X C) XX d) XX, ZZ

Raman intensity (a.u.)

800 1000 1200 1400 1600 1600 1600
Raman shift (1/cm)

Figure 8: a) A schematic drawing of the experimental setup used for the PRS measurements.
b) Raman spectra taken on stretched RTT oriented parallel (red) and perpendicular (blue) to the
polarization of incident laser beam (no analyzer was used). ¢) The same experiment as in b) with
the analyzer inserted in the beam path. Signals from cross-polarized experiments are not shown.
d) The same experiment as in c¢) on thermally denatured RTT. No amide I anisotropy can be
observed. [2]
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In Figure 8b, spectra taken on stretched RTT (5% tissue strain, 95% RH) were collected
with two different laser polarization orientations: parallel (z, red line) and perpendicular (x,
blue line) to the fascicle long axis. The band at 1665 cm ' arises from the amide I collagen
vibration (mainly C=0 stretching of the protein backbone), whereas the other major bands at
~1450 and ~1250 cm ' are assigned to C—H bending and amide III vibrations, respectively.
Prominent differences in intensities of most Raman bands (especially amide I) in the two dif-
ferent laser-to-fiber configurations were found. A second, similar experiment, that included an
analyzer in the optical path to filter the scattered light (see Figure 8a), produced the results
shown in Figure 8c. The anisotropy of Raman bands has its origin in the preferential orienta-
tion of vibrating molecular bonds with respect to the fiber axis and incident light polarization.
The higher intensity of the amide I band in the direction perpendicular to the fiber axis (x) is

in agreement with results reported in the literature [12, 116].

To verify this anisotropic observation, an experiment was undertaken to simulate the deg-
radation of collagen. This was accomplished by denaturing collagen by thermal disruption of
the collagen structure in the RTT sample. The sample was thermally denatured by exposing it
to an elevated temperature of 80 °C for 2 h. The PR results are shown in Figure 8d. No amide
I anisotropy can be observed, confirming a random orientation of C=O groups in the gelatin

sample that is disorganized on a molecular scale.
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Figure 9: In-situ tensile experiment. a) Stress and strain curves versus time registered during
the tensile experiment and b) corresponding engineering stress—strain curve. Time/strain posi-
tions where Raman spectra were collected are indicated with blue dots. The drop down of the
stress at the measurement positions is caused by the relaxation as presented in a). [2]

An opposite effect — increasing the molecular order in collagen - can be accomplished by

straightening the crimp in RTT by applying a tensile load in the direction along the main axis
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of the collagen fiber in tendon [129]. The alignment of collagen fibers is easily monitored by
optical microscopy [96]. In Figure 9, representative stress and strain vs time (a) and corre-

sponding stress—strain curves (b) obtained from tensile experiment are shown. Raman spectra
(indicated by blue dots in Figure 9a,b) were collected after the time required for stress relaxa-

tion (as demonstrated in Figure 9a).

The stress—strain curve in Figure 9b is in agreement with data reported in the literature
[135]. The data demonstrate the four characteristic regions, namely: toe, heel, linear, and
postlinear regions. The tangent modulus ( the slope of the stress-strain curve Ac/Ag) in the
linear deformation region lies between 1 and 2 GPa, in agreement with the values reported in
the literature [136, 137]. In the heel region, the measured values (0.5— 1 GPa) also match
those obtained by atomistic modeling for single wet micro fibrils [138]. These values are both
significantly lower than what estimated for collagen molecules from atomistic models and
Brillouin light scattering (between 4 and 9 GPa), suggesting that the deformation of collagen
fibers is distributed to the different hierarchical levels, and does result from only the stretch-
ing of single collagen molecules. To confirm this hypothesis, we monitored the changes of the

vibrational modes of the collagen molecule through the entire tensile experiment.

Raman isotropic spectra registered within toe, heel, and linear region of the stress—strain

curve (blue dots in Figure 9b) are shown in Figure 10a.

a) Isotropic Raman Spectra b) Legendre parameters P, and Py cal-
culated from PRS measurements
;: sample description | P2 P4
£ RTT post linear | 11 % -0.36 | 0.15
c
[0]
£ RTT linear 8% -0.37 | 0.14
LINEAR
RTT heel 5% -0.37 | 0.13
HEEL
ToE | RTT toe 0% -0.35 | 0.11
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Figure 10: a) Isotropic Raman spectra acquired in three characteristic regions of the
stress—strain curve of RTT (blue dots in Figure 9b). There was no spectral difference caused by
those strains, which indicates no structural change on the molecular level of collagen. b) The
table shows the Legendre parameters, which were derived from PRS (as described in chapter
1.4) measurements at different strains of the RTT: 0, 5, 8 and 11%. [2]



2.2 Results and Discussion

Isotropic spectra were calculated following the procedure reported by Lefévre et al. [139].
These spectra are characterized by identical peak position as well as peak intensities, suggest-
ing that the molecular vibrational units of the backbone of collagen were not perturbed in the
entire range of strains applied. For these strain ranges, significant spectral changes were de-
tected for other macromolecular constituents of natural materials, as for example silk [140] or
cellulose in wood [141]. In cellulose, the peak due to the C—O—C bonding is observed to shift
when the tissue is strained, indicating that the glycosidic backbone is loaded and strained as
well. In silk, several bands associated with the peptide bonds in -sheets undergo changes
when the fiber is stretched. This indicates an alteration in force constants and/or dihedral
changes of the bonds in the polypeptide chains. The fact that the Raman peaks from the colla-
gen molecules did not shift during the tensile test may be due to the low stress level attained
within the collagen fibers in this case (one order of magnitude lower than in the aforemen-
tioned cases). This result also suggests that bonding environment within the triple helix re-

mained unchanged during the tensile test.

From the same PRS spectra sets used to produce isotropic spectra, we calculated P, and Py
order parameters related to the amide I band for different intermediate steps of strain (Table in
Figure 10b). The details of the PRS procedure are reported in Chapter 1.4. Negative values of
P, indicate the transverse orientation of the amide I vibrational unit (mainly stretching of
C=0) with respect to the main axis of the collagen molecule and fiber. Applying the Legendre
addition theorem for nested distributions, these values can be used to calculate P, and P4 order
parameters of the distribution of collagen molecules with respect to the fiber axis in the ana-

lyzed region (Table in Figure 10b).

However, when the applied strain reached the linear region of the curve, a sharpening of
the distribution fm, (eq. (22)) occurred due to the alignment of the collagen molecules com-
pared to the toe and heel regions. The corresponding distribution functions fi,, are plotted in
(Figure 20) together with the determined distributions calculated after collagen dehydration.
This PR results are in good agreement with X-ray scattering results and atomistic simulations
that indicate the collagen molecules are straightened, in the heel strain regime, starting from
the gap region and then extending within the entire fibril [135, 138]. At the tissue level,
straightening of the crimp can be observed optically when passing from the toe to the heel
region. Molecular level reorientation occurs only in the linear part of the curve, indicating

further straightening of collagen molecules with respect to the direction of applied stress.
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In summary, the results presented here are in agreement with common models of the hier-
archical deformation of RTT. Applied strain does not affect the molecular vibrational levels of
the collagen structure, but it is rather distributed via higher levels of hierarchy through reori-
entations and lateral sliding of collagen molecules. However, PRS offers interesting strategy

in obtaining both; structural orientation, and changes in chemical interactions in molecular

units of collagen.

2.2.2 Dehydration of RTT induces high tensile forces and

conformational changes on intermolecular levels

After the investigation of the structural changes of strained fibrillar collagen in hydrated
conditions, the effects of dehydration on the RTT were explored. The scope of the observa-
tions was to monitor changes at several hierarchical levels simultaneously. Therefore, in-situ
Raman and X-Ray diffraction measurements were taken during mechanical testing on RTT in

a fully controlled environmental chamber.
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Figure 11: a) Schematic drawing of different hierarchical levels of collagen, b) experimental
setup, c) a typical Raman spectrum and d) an X-Ray diffractogram of RTT collagen are shown.
The presented x-ray pattern provides information on the pitch and the diameter of the collagen
triple-helix as well as on the axial staggering and lateral spacing.



2.2 Results and Discussion

Figure 11 shows a schematic drawing of the different hierarchical levels of collagen (a),
the experimental setup (b), the typical Raman spectrum (c) and X-Ray diffractogram (d) of
RTT collagen. The schematic drawing includes the important key descriptors with the corre-
sponding X-Ray diffraction patterns of this descriptors: “helix diameter” - diameter of the
collagen molecule, “helix pitch” - molecular length section until the triple helix completes its
turn and starts to repeat the coil, “lateral packing” - lateral distance between individual mole-
cules, “axial staggering” - D-period, along the collagen fibrils, see chapter 1.1. These key-

words are important to the discussion of the results.

Shrinkage is the typical response of collagen to drying, when water is removed from the
different hierarchical levels. The conformational changes due to drying on the molecular level
induce forces that produce work on the macroscopic level. Quantitative characterization of the
arising stresses and the structural changes accompanying the force generation due to drying
was the goal of these experiments. Therefore, two complimentary experimental strategies
were applied: the iso-strain and zero-stress controlled experiments. In iso-stain, the fascicle
was fixed in the wet state at the strain required for the fascicle reach the heal region of the
stress-strain curve. The arising forces due to fascicle drying were monitored. In zero-stress
mode, the motors were interactively moved by the software to maintain a tensile force at low
positive values, and the strains were recorded while the fascicle dried. In both experiments the
changes in fascicle thickness were measured with a high resolution camera. The area strain
was calculated from the thickness strain of the fascicles using a perfect cylindrical fascicle
cross section for calculations. The longitudinal strain was measured by means of the motor
distance. Beforehand, in several dehydration experiments the motor displacements under
force was compared and has been found in absolute agreement with the videotensometric re-
sults when marks on the sample were used (Figure 12a). No slippage of the sample at the

clamping site occurred.

The results are shown in Figure 12b. They show that the cross sectional area was reduced
by up to approximately 30% in both experimental approaches. This means that the applied
stress or strain along the fiber did not affect the lateral macroscopic behavior of collagen fi-
bers during de- and re-hydration. The strain in the longitudinal direction reached -5% Figure

12d.

For the stress calculation (Figure 12c¢), the absolute fascicle cross-sectional area is re-
quired. For this purpose, we measured the cross-sectional area and the force generation of 12

fascicles in iso-strain approach in the very dry state: 3-5 %RH. After the experiment, the

49



Influence of Hydration on Molecular Structure and Mechanical Behaviour of Collagen

50

cross-section of the fascicles was measured by means of a u-CT scan at room temperature and
humidity, and corrected according to the area strain curves to the final dry condition. The es-
timation from room condition to the dry state was required because it was not possible to cre-

ate a very dry ambient inside the p-CT device for the measurement.
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Figure 12: Zero-stress and iso-strain macroscopic video extensometric experiments of RTT in
length and width during humidity changes. a) Optical camera view of the clamped sample dur-
ing the experiment and a post experimental pCT cross section scan of two different fascicles,
demonstrating the irregular shape. b) Cross-sectional area of the fibers was measured and plot-
ted as a function of RH for both zero-stress and iso-strain experiments. In both experiments the
fascicle area was reduced approximately 30% upon drying. The area strain was calculated from
the measured diameter/thickness change. The x-axis is plotted in both relative humidity and
osmotic pressure units. d) In relation to the longitudinal direction in the case of zero-stress ex-
periment, fiber shrinkage was observed and reached approximately 5% of total strain in length
at 5% RH. c¢) In the iso-strain experiment when the fiber is constrained from shrinking, internal
stresses were generated.

Measured stress at 3-5 %RH: 102 (+/-15) MPa, (mean value and standard deviation)




2.2 Results and Discussion

To calculate the force per molecule of drying tendon, the distance between single mole-
cules in dry tendon collagen of 1.1 nm (1.55 in wet condition) was used [39, 40]. The mol-

ecule area of a hexagonal, equidistant arrangement is:

N2 _1.0479 nm> (a is the side length (molecular

Area (dry) of amolecule= a-h=a- 23
distance) and 4 is the height of each triangle inside the hexagon).

Calculated force per molecule: 107 (+/-16) pN (mean value and standard deviation)

To compare the macroscopic strains with the analogous changes on the fibrillar and molec-
ular levels, the data on this scale was obtained by means of 2D X-Ray scattering measure-
ments. To extract the helix parameters (i.e. pitch and radius) from the WAXS measurements,
according to Okuyama [142], the 2D diffraction patterns in the q space can be assigned to
the collagen structural parameter space using the 7/2 model for the collagen triple helix struc-

ture (see chapter 1.1). For every pixel with coordinates (geg, gmer), it holds (Figure 13):
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Figure 13: A typical 2D X-ray diffraction pattern of RTT. The position of helix reflection
peaks (Q space) is converted into the triple helix diameter and pitch (real space) as described in
the text.

max

p=2m and p=s 23)

qmer qeq

where P is the axial period of the collagen molecule, that corresponds to 1/3 of the pitch
length, » is the order of the layer line and J is the position of the first maximum of the n'-

order Bessel function of the first kind. As we considered the 7/2 model for collagen, the re-

flection we studied is the one corresponding to the second layer line, so that n=2 and J ™" 1s 3.
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In Figure 14 the radius and the pitch of the molecular triple helix are discussed. The red
cross in the 2D diffraction patterns in the q space (Figure 14a) is fixed at the central position
of the related peak in the wet state, and visualizes the scattering shift due to drying. Figure
14b shows calculated 2D maps, which depict the relationship between the collagen helix pitch
and radii. Figure 14c shows the corresponding 1D distributions of helix pitches and radii,
which were obtained by projecting the aforementioned 2D maps on the vertical and horizontal

axes, respectively.
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Figure 14: a) 2D x-ray scattering in the wet state and after drying at constant length (iso-
strain) or without load (zero-stress). The cross indicates the position of the scattering maximum
of the collagen triple-helix in the wet state. Note the shift and deformation of the triple helix fea-
ture during drying. b) and ¢) Measured projections of intensities relative to helical radius and
pitch from x-ray diffraction of the collagen molecule in the wet (blue curves) and dry states (red
and black curves for iso-strain and zero-stress measurements, respectively).

Interestingly, similarly to the macroscopic behavior, the helical radius was reduced similar-
ly for the zero-stress and iso-strain approaches. On the other hand, the helical pitch was un-

changed by drying in the iso-strain experiment, but was reduced slightly (1.3%) by the zero-



2.2 Results and Discussion

stress approach. In either case, the scattering distribution in the wet state showed higher varie-
ty for the radius of the triple helix, but not for the pitch. (See the tail distributions in Figure
14b, c.) The axial staggering (the D period) and the lateral packing — the distance between the
individual molecules - is shown in Figure 15 together with the other X-Ray scattering and

macroscopic mechanical results.
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Figure 15: Multi-scale analysis of the mechanical behavior of the RTT collagen during dehy-
dration: mechanical and X-ray scattering results. The starting point was always the fully hy-
drated and prestretched state of the fascicle. a, ¢) represent the dehydration without load (zero-
stress) and b, d) at constant length (iso-strain). a, b) show the distance changes in axial direction,
the macroscopic length of the fascicle (black), the axial staggering period D of the molecules
(blue) and the helix pitch inside the molecule (red). In the case of drying at constant length b) an
example curve for the force per unit molecule is also reported (green curve). c,d) show the
changes in lateral direction, the macroscopic diameter/thickness (black), the lateral spacing be-
tween molecules (blue) and the diameter of the triple-helix (red).

For the evaluation of the first three meridional peaks, the 2D SAXS patterns were integrat-
ed in the equatorial direction using the Projection function of Fit2D software [24]. The 1D
intensities 1(g..-) of meridional peaks were fitted by a Lorenzian curve to find the peak posi-
tions g for the modulus of the scattering wave vector and its integrated intensity. The stag-
gering period D under different hydration conditions was calculated, fitting the intensities of

the 20" reflection. The average values for the triple helical parameters (i.e. pitch and radius)
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were obtained by integrating over the distribution function in Figure 14c, after the background
was removed. The results in Figure 15 are organized in a 2x2 table manner; the experimental

approaches are aligned vertically, and the direction of the strain presented horizontally.

The shrinkage behavior in lateral/ transversal direction is concordant for all the hierarchical
levels, from the molecular radius up to the macroscopic fascicle thickness (Figure 15¢,d). The
relationship between the hierarchical levels is different along the longitudinal direction of the
fibrils. There, the axial staggering shrinkage (-2,5%) was two times less than the macroscopic
strain (-5%) as the sample was dried in zero-stress experiments (Figure 15a). The measured
helical pitch changes (-1,3%) were less than the axial staggering changes. However, both heli-

cal pitch and axial staggering did not change in the iso-strain experiment (Figure 15b).

To address the issue of different longitudinal contractions that appear throughout the hier-
archical levels, we looked also at the changes in the gap to overlap ratios. According to Sasaki
et al [47, 143] the overlap (length O) to staggering period (length D) ratio, that we call Ro/p),

relates to the intensity of the N™ reflection I(N) as follows:

0 (sin(n N-R o, )J 24

7r~N~R(O/D)

From this, the gap to overlap ratio, (1- Romp))/ Rop) can be numerically calculated, for ex-

ample from the intensity of the 2" and 3" reflections I(2) and I(3), and solving numerically:
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Figure 16: The changes of the 2"* and 3™ order intensity ratios correlates with the gap/ over-
lap ratio changes. a) Second and third order reflections from axial staggering, normalized to the
same intensity in the first order. The peaks for the hydrated and the iso-strain dry case overlap
(blue and red), while the peak position and intensities are changed after drying with no load
(black). b) Correlation curve between the intensities I(2)/1(3) and the overlap portion over the
whole staggering period D=0+G.
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Figure 16 demonstrates how I(2) and 1(3) changed due to dehydration. The gap zone re-
duced strongly in the zero-stress while it was unchanged from the wet state in the iso-strain

measurements.

As it can be read from the Figure 16b; in the hydrated condition, the gap is larger than the
overlap (gap>overlap), then: during dehydration I(2) decreases until it disappears
(gap=overlap) and then, at a semi-dry state, it starts to rise again to the same amplitude as
I(3). In a very dry state, it becomes even larger than I(3) (gap<overlap). Of course, since the
curve is a parabola with the vertex located at the point where the gap and overlap are equal,
the ratio points of wet and dry conditions can be mirrored on the parabola. Wess et.al. reports
for the overlap 0.46 of D in a wet state [7, 144], which is in good agreement with our interpre-

tation of the curve in Figure 16b.

We can now develop a model for the changes in gap and overlap in a drying process with-
out load. In wet conditions, the staggering period (the sum of gap G and overlap O) was D=
G+O = 66 nm, as measured by x-rays. The gap to overlap ratio in the wet condition was
0.54:0.46, so the value of G and O can be readily calculated. After dehydration, the D period
was decreased by about 2.5% during zero-stress measurements, while the molecular length L

decreased only by about 1.3% (Figure 15). If a homogeneous shrinkage over all the collagen

molecule is assumed, i.e. ¢, =AG/G and ¢, = AO/O are both -1.3%, this would mean that,

over 5 periods (330 nm), the collagen molecules should glide side by side to account for the
residual 1.2%, i.e. about 4 nm. On the other hand, the same molecular and fibrillar strains can
be attained considering that no interfibrillar gliding occurs, but the gap and overlap regions
undergo different length changes upon drying. In this case the relationships that have to be

satisfied are:

o + G™ =D"(1-0.025) (26)
and
5:0" + 4-G™ =L""(1-0.013) Q27

Solving this set of equations gives:

0" =L""(1-0.013)-4-D" (1-0.025) (28)
and
G =L"(1-0.013)-5-D" (1-0.025) 29)
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The strains for the gap and overlap regions calculated from these equations are -12%
(£5%) and +9% (£5%) respectively. In chapter section 2.3 we will bundle the results to a dry-
ing model of collagen presented in Figure 21, where we approximate the strain for the gap

with -15% and for the overlap with +10%.

In the next step we looked at the spectral changes in Raman, which provide the information
about the molecular bonds and molecular conformational changes. During drying, the water
molecules are removed, and the RTT contracts axially and laterally in space. The spectral in-
tensities rise after drying due to the higher material density in the probing volume of the con-
focal Raman laser interacting with the sample surface. This behavior makes a direct compari-
son between wet and dry Raman spectra difficult, even when the same experimental setups
(i.e. laser power and lens) were used; therefore, a normalization approach was required. From
literature we know that the 8(CH,.3) band at 1460cm™ shows isotropic distribution [12], which
makes it suitable for normalization purposes. However, the conformational properties of this
band or the neighboring (shoulder) peaks could change after the dehydration and influence the
intensity of the 8(CH,3) peak. When the 532 nm laser is used, the CH bond at about 2900 cm
" is quite intense, and can be also used for normalization. However, because of the possible
fluorescence that is usually characteristic for the collagen based materials (i.e. ancient parch-
ments), we choose to work with the NIR laser line at 785 nm. In the NIR region the intensities
at high relative wavenumbers suffer in loss of detection sensitivity. Furthermore, due to ab-
sorption, the depth change of the confocal probing volume affects the intensity distribution in
the Raman spectrum between lower and higher wavenumbers slightly. This makes the rela-
tively small CH peak in the 2900 cm™ region, which is quite far from the fingerprint region,

problematic for the normalization purpose.

Therefore, for the normalization we used the integral (after baseline correction) of the full
range (350-3230cm™) of the isotropic spectra using the argument that the full amount of vi-
brational centers changes linearly with the material density, though they can change their ori-
entation, which do not matter for the isotropic spectrum. However, the influence of the depth
change on to the intensity distribution of the whole spectra can then be neglected. Since the
collagen spectra are highly anisotropic, each measurement consists of four polarized Raman
acquisitions (eq. (14)-(17) in Chapter 1.4), that allows for the calculation the isotropic spectra

as described in the literature [145]. Before the normalization, the spectra were cut (350 cm™ to
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3230 cm™) and baseline corrected (rubber band approach via the 1% order in the interactive

mode in OPUS7.0).
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Figure 17: Raman spectra, 785 nm laser. Calculated isotropic average spectra of RTT in wet
(blue), iso-strain dry (5% RH) (red), and zero-stress dry (black) experiments. The lower spec-
tra with positive and negative values around the zero line are the calculated difference between
the dry and the wet spectra. The difference spectra shows that both iso-strain and zero-stress
do not differ significantly from each other, and are both very different from the wet spectrum.
One of the biggest changes (indicated with Arabic numbers) is located in the amide I region
(3). The inset of the figure is the enlargement of the amide I region. The negative area of the
calculated changes differs to the positive area with less than 10 %, showing that drying causes
only a spectral shift.

The normalized isotropic spectra of both wet and very dry conditions are shown in Figure
17 together with the calculated difference spectra. This normalization approach provided a
reasonable result. The presented spectra were averaged from 5 to 7 measurements in different
sample areas; in the wet and the iso-strain cases, the spectra were taken from 2-3 different
points. The graph shows that the iso-stress and zero-strain spectra differ similarly from the
wet spectrum. The strongest differences were assigned with Arabic numbers: 1. is the mole-
cule backbone [v(C—C)] stretching, 2. is the amide III [vcn) + vicc) + dv-m] and 3. identifies
the amide I [v(c-0)] band [6, 11, 146].
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Our main interest was dedicated to the amide I region because we use its strong anisotropic
features for the PRS analysis. In the inset, a zoom of the amide I region is presented. Compar-
ison of the wet and dry spectra shows the shift of some subpeaks of the amide I band to higher
wavenumbers. The fact that the total area of the integral of the difference spectra is almost
zero (only 10% difference between negative and positive) for both experimental approaches
indicates the major change was shifts of the peaks, and confirms the accuracy of this normali-

zation approach.

The isotropic spectra in Figure 17 should not reflect the changes that are related to the orien-
tation of the molecular bonds. Therefore Figure 18a presents the polarized dependency of the
wet and dry measurements respectively along (0°) and perpendicular (90°) to the fibril. The
calculated difference between 90° and 0° spectra is also shown. The change between wet and
dry of the “difference (90°- 0°)” spectra indicates the change in orientation of the vibrational
bonds. In Figure 18b, some of the striking changes are discussed, whereas the intensities are
maximized in order to illustrate the spectral shifts. The characteristic spectral changes A, B, C
and D that represent different combinations of orientational and spectral changes are dis-

cussed in the caption text.

Most of the orientational changes are accompanied with the spectral shift due to the re-
moval of water molecules. The case of B: (v(C—C) of the backbone) differs from the others. In
the v(C-C) backbone, a strong intensity change, which means changes in orientation was ob-
served, but there was no spectral shift. The removal of water molecules was obviously not
directly involved in this vibration, but in any case, the molecule changed its conformation,

with no significant difference between iso-strain and zero-stress techniques.
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Figure 18: Raman spectra, 785 nm laser. Orientation change (conformational changes) after
dehydration shows; a) three spectral categories, wet and dry conditions in different colors. The
upper spectra were obtained from laser polarization and analyzer orientation at 90° with respect
to the fascicle and the molecule. The middle spectra were measured along the molecule. The low-
er spectra were calculated from the upper spectra, representing the difference between 90° and
0° spectra. Negative values represent the predominant orientation of the vibrational intensities
along the molecule, whereas the positive values represent peaks with the perpendicular orienta-
tion. Four representative areas around the A, B, C and D peaks are enlarged in b), they show
different characteristic behavior of the spectral change due to dehydration. The intensities are
maximized in order to point out the shape changes and peak shifts. A (v (CCQO") of the backbone)
is strongly oriented along the fiber [6] in the wet condition; after drying its intensity gained in
the perpendicular direction, and was reduced along the molecule (see in a). This reduced its dif-
ference, but also a shift to lower wavenumbers can be observed. The orientation change in B
(v(C—C) of the backbone) was even stronger, there is no spectral shift. Contrary to this observa-
tion, C (6(CH;), 6(CHj3) [11]) intensity does not change dramatically [12], but it showed a clear
spectral shift to lower wavenumbers. D (v(C=C) Amide I) peaks do not change with orientation
significantly, but its peak gained a strong shoulder to the higher wavenumbers.
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After we have seen that the spectral shift of the amide I band showed very similar isotropic
features after dehydration, we now can look at the PRS analysis, which we already applied to
study fully hydrated tendon. The results for iso-strain and zero-stress experiments are present-
ed the P2/P4 space in Figure 19. For the calculations of the Legendre parameters, the integral
area of the whole amide I peak was used for the eq. (14)-(17) in Chapter 1.4. At each humidity
step, two measurement points were collected, those are connected by a straight colored line

for clarity. The grids are the related Gaussian-isotherms as they are defined in Figure 7.
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Figure 19: PRS measurements on collagen fascicle of a RTT during the dehydration are pre-
sented in a P2/P4 space. The grid lines in the graph represent the Gaussian parameters 8 and w
as defined in Figure 7. At each hydration level two or more points were measured. For clarity,
the measurements of the same state are connected by straight colored lines. a) Zero-stress exper-
iment -the sample was prestretched to remove the crimp before dehydration. b) Iso-strain exper-
iment - the sample was first measured in the wet condition at a strain of 2.5 %. From that point,
the length was kept constant, and the sample was measured at different dehydration steps.

The spread of the PRS measurements in P2/P4 space (Figure 19) shows that the intention
of quantitative characterization with the difference between iso-strain and zero-stress ap-
proaches has to proceed with caution. No trend was observed inside one dehydration track; all
the points of a particular experimental approach, expect for the wet, are randomly distributed
in a “cloud”. However, a clear difference between the two experimental approaches can be
found. In order to highlight the differences, we calculated the corresponding, most probable
distributions from P2/P4 values. These estimations are presented with Gaussians in Figure 20
together with the results from the previous chapter section where the RTT was aligned me-

chanically in the wet condition.
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Figure 20: Approximation of the probability distribution (eq. (22)) of the amide I band de-
termined by means of PRS approach on RTT collagen fascicles. © depicts the orientation of the
molecule. Amide I band (C=0) is highly oriented perpendicular to the fascicle. The results show
that tensile alignments cause a higher degree of order; on the other hand, drying disordered the
distribution of the C=0 bonds in the zero-stress approach; a condition when the fascicle was
allowed to shrink.

The approximation for the probability distribution of the amide I shift shows a slight trend
to higher alignment when the collagen fiber is prestretched and straightened mechanically.
Drying induces molecular disorder, which is much higher if the fascicle is not uniaxially load-
ed while drying. No discrimination could be made with these PRS results about the hierar-
chical level where the disorder appears; according to this PRS results the disorder could either
be at the intermolecular bond (helix) level, or at the fibrillar level where the whole collagen

molecules change their orientation.

2.3 Structural Model for the interaction of water and col-

lagen

In the first part of the results (1.1.1), the molecular level PR spectroscopic information
from tendon collagen in the wet condition was used to study the mechanical behavior of RTT

under uniaxial tensile deformation. The results demonstrate the remarkable potential of the PR
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analytical technique to obtain orientational information of collagen molecular assembly. The
in situ tensile mechanical tests showed that the orientation distribution function of collagen
molecules changes its shape throughout the stress-strain curve regions (from the heel to the
linear region), indicating an increase in molecular alignment. The externally applied stress,
however, resulted only in the reorientation of the collagen molecules, and did not affect any of

its vibrational molecular properties (Figure 10 and Figure 20).

Water is an important component of collagen in tendons. In the second part of the results
(1.1.1), a multi-scale experimental approach was used to reveal that water is an integral part
of the collagen molecule, and removal of water leads to extensive collagen conformational
changes. The main consequence of drying is shortening of the collagen molecule that trans-
lates into tensile stresses in the range of 100 MPa (Figure 12c¢), largely surpassing tensile

forces of approximately 0.3 MPa generated by contractile muscles [147].

The complete drying of collagen is extremely relevant for technical applications, especially
the fabrication of leather or parchment. The knowledge obtained in this chapter will be of
fundamental importance in the next chapters, where we will explore the preparation method-
ologies of the ancient manuscripts. However, stresses observed in dehydration experiments
are relatively high at very small osmotic pressures (high RH), indicating that collagen con-
traction could occur even in biological, hydrated environments. The relationship of collagen
stress and strain with the osmotic pressure is shown in Figure 12b-d). It is not excluded, there-
fore, that water-generated tensile stresses may play a role in living collagen-based materials
such as tendon or bone. Based on our results, we developed a possible model that describes
changes at molecular and nanoscopic levels related to the dehydration process. From the ex-
periments we conclude that water plays a crucial role in stabilizing the structure of the colla-
gen molecule, and is an essential and active part of the protein unit. The observations by X-
ray and Raman scattering are consistent with the full atomistic MD [138] and lead to the fol-

lowing features of the complete drying process:

(1). the molecule and the fibril shrink by different amounts, 1.3% and 2.5%, respectively.
(Figure 15)

(2). dehydration is accompanied by a reduction of the gap/overlap ratio of the collagen fi-

brils. (Figure 16)

(3). shrinkage of the triple-helix is inhomogeneous, as shown by the distribution of helix
pitches. (Figure 14)
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Moreover, Raman spectroscopy indicates conformational changes of the backbone upon
drying (Figure 18, Figure 19). These observations are translated into a simple model as shown

in Figure 21. A priori, two possibilities exist that would explain (1) and (2).
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Figure 21: Models reflecting the observations. The top and the bottom drawings show two de-
formations of the fibril after drying without applied stress, both compatible with our results. The
molecular arrangement in the hydrated fibril is shown in the center. Molecular segments in the
overlap region of the fibril are depicted in dark. The length of the triple-helix is L and the axial
staggering period (including gap and overlap) is D. In both drying models, L decreases by 1.3%,
D decreases by 2.5% and the gap region decreases relative to the overlap (dashed lines). In the

first model (DRY A), we assume that the triple-helix shrinks homogeneously (¢, = &, =—-1.3%)

with a side-by-side gliding of neighboring molecules, resulting in a relative shift of the dark seg-
ments. In the second model (DRY B), there is no side-by-side gliding but the molecule changes

length inhomogeneously with an increase in the overlap (¢, =+10%) and a shortening in the
gap (¢, =-15%).

Indeed, a homogeneous shrinkage of the triple helix accompanied by a side-by-side gliding
can reproduce all measured length changes, as well as the change in gap/overlap ratio (DRY
A, Figure 21). This type of structural change would just be the inverse of the deformation
found by uniaxial stretching of fully hydrated collagen fibrils [47, 126, 148, 149]. During pas-
sive stretching experiments, side-by-side gliding of neighboring molecules was identified at
higher loads after the removal of an initial kinking of the molecules [126]. The analysis of
MD modeling results on drying collagen [138] provides the insight that the triple-helix
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shrinks substantially in the gap region while it even extends in the overlap region (observation
(3)). These results led us to propose a different model (DRY B, Figure 21) for contraction
induced by dehydration than the model for extension under an applied force. Instead of a side-
by-side gliding of the molecules, the change in gap/overlap ratio is achieved by shrinkage of
the triple-helical molecules in the gap region, partially compensated by an expansion in the
overlap region. This removes the need for the molecules to glide alongside each other to
achieve the observed changes in gap/overlap ratio. In the case of dry tendons, water that may
serve as “lubricant” for a side-by-side gliding is removed, so is comforting that a model that
does not involve molecular gliding to describe the gap/overlap ratio change has another ex-
planation. Some of the results of MD modeling [150] hint that reality could be a compromise
between the two models with (a very small) residual side-by-side gliding accompanying the
inhomogeneous shrinkage and a slightly molecular reorientation as it was indicated by PRS,

possibly in the gap region as it was suggested in literature [7].

Water as an integral part of the collagen molecule

A better understanding of the changes the collagen molecule undergoes when water is re-
moved from the surrounding can be obtained by redrawing the x-ray scattering patterns to
extract the helix parameters at different hydration conditions. In Figure 14 b-c, the distribution
of helix pitches and helix radii for the collagen fiber together with the marginal distributions
obtained by projecting the 2D distributions on the marginal variable axes are reported. Rigor-
ously, these projections are the convolution of the actual helix parameter distributions with the
broadening due to the coherent scattering domain finite size and crystalline imperfection (in
the case of the helix pitch) or with the second order Bessel function (for the radius). Since the
data do not allow us to deconvolute these effects, we can only give a qualitative interpretation

of some of the observations.

The variations of the raise per residue within the collagen molecule was very nicely mod-
eled by Cameron et al. [151], and their results are consistent with our findings, given the limi-
tations of our measurements: the Cameron model predicts a 25% variation in the raise per
residue, while the width of the peak corresponds to 40%. The fact that the measured value is
larger reflects the additional finite-size broadening. Moreover, water molecules are bound to
the triple-helical collagen molecules in the hydrated state and “decorate” it in such a way that
water contributes to the helix diffraction spot. Hence the radius of the helix may appear wider,

in other words, with a larger radius (blue arrow in Figure 14b).
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Furthermore, the distribution of the pitches within the helix widens with dehydration, sug-
gesting that the structure of the collagen triple helix is affected by the presence of water. In
particular, water molecules seem to stabilize the collagen triple helix, as the pitch distribution
is more homogeneous in the wet state. Although these structural changes are substantial, the
average pitch of the helix decreases only by 1.3% from the wet to the dry state, as shown in
Figure 15a. When the tendon was not allowed to strain in the axial direction, the average helix

pitch remained constant, and the pitch distribution was broadened almost symmetrically.

Dehydration induces local conformational changes of the collagen backbone

The effects of water on the collagen molecular structure can also be observed with in-situ
Raman spectroscopy. Significant changes in the shape of the amide and other bands were de-
tected while the sample was dehydrated (Figure 17). These effects, as expected, are very pro-
nounced for the amide bands, as these are very sensitive to the electron density of the collagen
backbone induced by the formation/ disruption of H-bonds with water molecules. Spectral
shifts were observed for many bonds, such as the stretching v(CCO ) of the backbone, the
bending deformation 8(CHz), 6(CH3) (Figure 18) but also the C-H at high wavenumbers
(2950 cm™). Especially the bending of CH, and CH3 and the C-H vibrations are almost unaf-
fected by electronic effects, therefore the shifts in the band positions confirm that the drying
triple helix backbone underwent extensive local conformational changes. Furthermore, com-
parison of polarization Raman data in Figure 18 shows a reorientation of some bonds that are
accompanied with a peak shift, but also others such as the stretching v(C—C) of the backbone

which spectral position did not change while the orientation was changed.

The distribution analysis of the amide I orientation by means of PRS (Chapter 1.4) gener-
ated interesting results. It showed a higher disorder of the bond orientation after drying if the
fascicle was allowed to shrink, but no significant changes were observed if the drying fiber
was constrained to its initial length (Figure 19, Figure 20). This does not necessarily mean a
difference of the conformational change of vibrational bonds on the backbone level of the
helix, these observations could also be caused by an alignment of the whole molecules after
drying under load. Indeed, the concordance of the isotropic Raman spectra of iso-stress and

zero-strain experiments (Figure 17) suggests the latter interpretation to be more plausible.

Even though our PRS results are not sensitive enough to distinguish between the drying
procedures on the molecular level of the backbone, they definitely showed a conformational

change between wet and dry collagen on that level (Figure 17, Figure 18). Furthermore, Ra-
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man analysis suggests that there was an increased disorder of the molecular segments on the
higher hierarchical level of molecular packing if the fascicle was allowed to shrink while dry-

ing.

The conformational changes of the molecular backbone detected with Raman were also
observed by X-Ray scattering measurements. The scattering helical peak related to the colla-
gen helix pitch broadened in the dry state (Figure 14b,c), which indicates more heterogeneity
when water was removed from the surrounding of the triple helix, confirming local conforma-
tional changes. Furthermore, a shortening of the pitch was also observed in the zero-stress

experiment.



3 Deterioration Analysis of Collagen Studied by Far In-

fra-Red Spectroscopy

In this chapter we explore the use of the Far-IR absorption spectroscopy in the 500-50 cm’
(A=20-200um) spectral region for the deterioration analysis of collagen in parchment. The
idea is to provide additional information from the low energy region associated with intermo-
lecular collective vibrations on the triple helical level of the peptide chains, rather than from

the separated bonds in the higher energetic spectral region.

In 1974, Gordon et.al [152] measured collagen and gelatin absorbance in the Far-IR region,
which is relevant for our study. They showed the temperature dependence of the common
peak of collagen and gelatin, which, therefore, can be related to the higher level of the inter-
molecular assembling of the peptide sequences. Far-IR spectroscopy has been applied in sev-
eral fields for material characterization; astronomy, medical applications or crystal characteri-
zation. In the late 80" — beginning of the 90™ C. Thomsen et al.[153, 154] characterized high
temperature superconductors using Far-IR reflectivity. However, only little can be found in
the literature about Far-IR application in the biological field, such as collagen or other pro-

teins, mineralized proteins or gelatin.

Recently, the technical developments of both the source and the detection side, revived the
investigations in that spectral region, allowing its application in the field of biomolecular sys-
tems, analysis of water binding and its dynamics, pharmaceutical applications, trace gases,
security monitoring applications etc. However, it is rarely called the Far-IR spectroscopy an-
ymore. The new name, that sounds innovative and more advanced and that almost everybody
tries to use for that very same spectral region is the Terahertz (THz) or the Terahertz Time
Domain (THz-TD) spectroscopy. Although most of the people restrict the THz-TD to 0.3-3
THz (that corresponds to 10-100cm™ and requires a different technology) others prefer to as-
sign it to a wider range between 0.1 and 15THz, which covers also the region of our investiga-
tion. Mantsch H. and Naumann D describe this development nicely in their short article
“Terahertz spectroscopy: The renaissance of far infrared spectroscopy” [155] with the felici-
tous words: Today, however, the majority of spectroscopists have adopted the increasingly

fashionable term of “terahertz spectroscopy”.
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THz spectroscopy can widely be found in application of biosystems [156]. Among them it
has been applied to study bone in various spectral ranges. Also, the range of 600-70cm™ was
explored for monitoring of senile osteoporosis development [157]. However, this study does
not show a distinct absorption peak of bone in that spectral range. Most of the other THz stud-

ies on bone have been done within the spectral window below 100cm™.

Wide range of carbonate minerals have been characterized by means of Far-IR studies
[158, 159], which showed that remarkable spectral differences occur for different carbonates
in the 650-70cm™ range. The authors concluded that this Far-IR range may serve as finger-
prints for mineral identification and are more useful identifiers of carbonate species than those
in any other IR range. Sulfates have been analyzed with this technique as well [160]. These
studies showed the identification of cinnabar in a high-quartz ore, cuprite and tenorite in a
mixture, calcite and dolomite in a coal refuse sample, dawsonite and dolomite in an oil shale,

thenardite in a boiler deposit, and ferrous sulfate in the surface film on pyrite.

Far-IR analysis of inorganic pigments showed the potential of this technique also for the
cultural heritage domain [161, 162]. Fukunaga et.al. showed its application as a non-invasive
analysis technique [163]. In this context the technique has been explored for art conservation
to reveal the history of the work to determine the proper materials for its restoration [164], it
has been used for character recognition in medieval manuscripts [165] and for imaging analy-

sis of historic paintings and manuscripts [166].

Oriented films of dry and hydrated DNA have been measured in the range between 450-
3cm’ in 1986. Recent studies showed the capability of Far-IR (600-70cm™) technique to de-
tect lattice vibrations in the field of polymer crystallisation [167] as well. They used the ab-
sorptions in the Far-IR region, which is supposed to be more informative than those in the
MIR region, because the bands associated with bending and torsion modes appear in the Far-
IR region [168-170]. Marker bands as specific spectral signature of different phospholipids
and sphingolipids in the Far-IR (600-50cm™) could be distinguished [171].

The influence of the state of degradation, the three-dimensional fibrous structure and the
presence of calcium compounds on terahertz absorption properties of historic parchment have
been studied with terahertz time-domain spectroscopy in transmission mode in the interval
45-85cm’™. The state of degradation, i.e. the shrinkage temperature, does not seem to contrib-
ute to the absorption properties of parchment in this spectral window. However, this spectral
window does not show an outstanding absorption peak of collagen [172]. Nevertheless, also

other studies explored the window below 3THz (100cm™) for skin decease analysis [173-



175]. In this studies water has been identified qualitatively as a major absorber of THz-

radiation in skin.

Therefore dehydration of collagen has been monitored explicitly in this spectral range be-
low 100cm™ [175]. Recent THz studies of collagen have confirmed the earlier identification
[152] of an outstanding absorption peak in the Far-IR spectral range of 600-100cm™ [176],
where they aimed to observe whether change in absorbance spectra of the collagen depends
on the collagen morphology comparing Tilapia skin, bovine skin and rat tail by adding NaCl.
The conclusion of the authors were restricted to the assumption that spectra change caused by
interaction between NaCl and collagen can be observed, which later has been verified by the
same authors [177]. We, however, are very much interested in the effect of moisture and deg-

radation on collagen in this particular spectral range between 500 and 100cm™.

Although the strong synchrotron source was used, the Far-IR experiments need to be con-
ducted in vacuum, which is not the most appropriate condition for biological material, espe-
cially when it comes to the influence of humidity. We, therefore, designed and built a sample
chamber to keep the sample in a controlled environment. The chamber encases the analyzed
sample between two narrow standing windows with transparent features for the Far-IR region
to keep the path of the light trough the atmosphere as short as possible. The atmosphere pa-
rameters such as humidity inside the chamber were monitored and controlled interactively

from outside the experimental chamber.

In the PRS approach as presented in the previous chapter 1.1.1 we used fresh RTT as refer-
ence material for intact collagen, which unfortunately could not be also used for the Far-IR
approach because of its improper thickness (150-300um in diameter). Due to the strong ab-
sorption in collagen and the relatively big spot size of the beam, the collagen based reference
sample on one hand needs to be very thin (around 40pum in thickness), but on the other hand
has to have an area of not less than 4x4mm”. Bone is a nano-composite material consisting of
an organic collagen matrix and inorganic mineral particles of carbonated hydroxyapatite [93,
178]. In vitro demineralization experiments of bone typically employ Ethylenediaminetet-
raacetic acid (EDTA) to dissolve the mineral phase, while leaving the structure of the organic
phase relatively unaltered [179, 180]. Therefore, collagen obtained from thin demineralized
fibrolamellar bone samples fulfils the requirements of our experimental approach, because,

before demineralization, stiff bone slides can be polished to the desired thickness.
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In our Far-IR studies, we used bovine fibrolamellar bone as model system, since this bone
has a well known structure with a preferred orientation of both the collagen matrix and the
mineral particles along the axis of the bone [181]. In order to characterize the influence of the
structural anisotropy on to the spectral features, we performed linear dichroism experiments
with a polarized incident beam. It turned out, that mineral is a strong absorber of Far-IR light
and requires very thin sample compared to the pure collagen. We, therefore, performed a
stepwise demineralization process exposing the bone sample to the EDTA solution for a short

time period and studied the mineral intensity profiles after each demineralization step.

After we have characterized the spectral intensity and orientation-dependent features of the
mineral and collagen, we studied the influence of external stress and humidity on the remain-
ing collagen matrix. The latter characterization is of particular importance for the parchment
deterioration analysis, since the parchment production process involves intensive water treat-
ment and drying under tension. In the previous chapter we already learned that stress aligns
the molecules inside the collagen fiber, however it does not cause any spectral shift in the
fingerprint region of PRS, whereas moisture content changes significantly the spectral peak
positions. This raises the question of whether this finding is also true for the collective vibra-

tions in the Far-IR region.

After we characterized demineralized bone collagen (intact reference) and the fully gelati-
nized material (deteriorated reference), we compared these results with various parchment
specimens that were cut in thin sections to fit the experimental requirements in transmission
approach. Using specific spectral features, we developed a methodology that can be used for
parchment deterioration evaluation. However, the technique has limits and drawbacks, which
require further development, in particular to enable the backscattered approach for nonde-

structive analysis of precious ancient specimens.

In this work multi composite materials like fully mineralized or partly demineralized bone
or parchment were measured. In our bone samples collagen type I, hydroxyappatite plates and
water are the main composites, whose variety in density, distribution and proportion can in-
fluence the properties of reflectivity and absorption. In principal, these effects can be ad-
dressed by means of “Effective medium approximations” [182, 183], but this would go be-
yond the scope of this work. Therefore, for this investigation a simplified linear compound

model for spectral absorption analysis was used.



3.1 Experimental set up and materials measured

3.1 Experimental set up and materials measured

The experiments were conducted at the IRIS beamline of Berlins Synchrotron Radiation
Facility (BESSYII) at Helmholtz-Zentrum Berlin (HZB) [8]. Strong and brilliant IR-
Synchrotron Edge Radiation (ED) was used as a source for the measurements [184]. Edge
radiation appears when a charged relativistic particle passes through the entrance and exit of a
bending magnet. The radiation is generated from both edges of the dipole magnet and is emit-
ted interfering to a narrow cone along the straight path through the magnets with an asymmet-
ric extension in the plane direction of the horizontal particle trajectory. The flux distribution
inside the emitted cone is very much wavelength dependent. Moreover, the total opening an-

gle of the emitted cone is narrower for higher energies [184-186].
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Figure 22: Drawing of the beam path to the FTIR spectrometer (Bruker IFS 66/v) at
the IRIS beamline at BESSYII — HZB. Adopted from [4].

In Figure 22, the pathway of the beam at the IRIS beam line is presented schematically.
The first planer mirror M1, which deflects the light from the edge radiation beam, is placed in
a distance of nine meter from the generating dipole magnet [4]. This mirror is split into two
halves with a 6mm gap. The high energy portion of the beam is passing this gap and hits a
water-cooled absorber. In order to bring the beam out of the storage ring the following two
cylindrical mirrors M2 and M3 focus the beam on the focal plane F1 in vertical and horizontal

direction, respectively. In the F1 plane a narrow wedge PCV diamond window is placed sepa-
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rating the ultra-high vacuum space of the storage ring. However, at the focal point F1 the
beam has an asymmetrically elongated spot shape. In the next sealed section of a pre-vacuum
it passes through further cylindrical mirrors M4 and M5, which arrangement allow correction
of the focus at F2 for more symmetrical shape before the beam is collimated by a toroidal
mirror M6. On its path to the spectrometer and the experimental chamber the beam passes

further mirrors and a KBr window.
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Figure 23: Schematic arrangement and pictures of the FT-IR IFS 66v Bruker Spectrometer
equipped with bolometer and an atmospheric sample chamber moveable in the x-direction by a
micrometer screw from outside the evacuated experimental space. Before the evacuation the
sample fixed inside the environmental chamber is adjusted at the write high in the F3 plane.
The beam is focused by M10 mirror from a 40mm diameter over 180mm focal distance on to
the sample. The polarization filter was placer right before the M10 mirror for the linear dichro-
izm experiments.

For the experiments in the Far-IR range of (30 — 600 cm™) FT-IR IFS 66v Bruker Spec-
trometer was used with 50 and 125 pm Mylar beam splitter. On the detection side the spec-
trometer was equipped with liquid He cooled Si-Bolometer 4.2K (spectral range (cm™) 10-
600, max. BW 1kHz, NEP (w/ Hz) 1e-13) (Figure 23). The sample chamber with controlled

environment contains the sample in the F3 plane facing the incident beam in the Z-direction.
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During the experiment the chamber is enclosed in the evacuated experimental space, but it can
be moved along the x-axis (horizontal) manually via a micrometer screw that is placed outside

the spectrometer.

3.1.1 Focal spot

The focal distance f and the focal spot shape in the F3 plane differ slightly for different
wavelengths. Since the ED source has an asymmetric distribution, the focal spot is supposed
to have a slightly different shape in horizontal and vertical directions, though it has been cor-
rected via the arrangement of cylindrical mirrors M4 and M5. Moreover, as it was already
mentioned, the total opening angle of the emitted edge radiation cone is narrower for higher
energies [184-186]. The different opening angles for different wavelengths play a significant
role for the shifts of the focal point because the beam is very much divergent, when it passes
the high reflective index PCV diamond wedge window in the F1 plane (n = 2.38: reflective
index of a diamond for 30 to 100pum wavelength [187]), hence different wavelengths are bent
differently. The following cylindrical mirrors M4 and M5 are used to compensate the shift and
to shape the beam to a single narrow spot in the F2 plane, which subsequently is further opti-
mized and projected to the F3 plane (sample position) by the mirror system of M6-10. How-
ever, the position and the focal point remain wavelength dependent as it has been character-

ized for the F2 plane by Schade et.al. [8] and shown in Figure 24.

In its focal plane F2 the shape for 50 cm™ depicts the source of the edge radiation, whereas
the shape for 5000 cm™ clearly shows the image of the beam on the first plane mirror M1 with
the split between the two halves. The latter is not in its perfect focal plane; however, the total
spot size is still much less then for 50 cm™ . Consequently the beam has similar focal charac-
teristics in F3 plane, where we put the sample for the measurements. For our measurements
we adjusted the instrument for the Far-IR region of 500 — 80 cm™, the region where bone

shows several absorption bands.

In order to characterize the beam profile in the focal area F3 and subsequently to place the
sample in the optimal z position we performed a series of knife edge scans [188, 189] along
the optical axis z. For each knife edge scan a 50um thin aluminum foil edge was moved along
the x direction ,while the reduction of the transmitted beam was monitored. The optimum was
defined at the narrowest beam position (10-90% of the full transmitted intensity), where the

width was comparable for all wavelengths at about 1-1,5 mm. Although, for higher wave-
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numbers of the spectral region the beam size was not in its narrowest position and it showed
similar profile of two separated maxima as presented in Figure 24c for the F2 plane, it was in
any case, important to place the sample in the defined optimum because then we made sure

that the information we measure originates approximately from the same material area.
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Figure 24: a) Schematic of the optical beam path for horizontal and vertical directions at
IRIS Beamline. b) and c) show the intensity profile in the F2 plane for 50 cm™, which is in its
optimal focal point, and for 5000 cm™ in the same plane, respectively. b) & ¢) adopted from [8]

Nonetheless, this approach made the measurements of small specimens challenging, be-
cause whenever the coherent synchrotron beam came close to an edge or a crack it has caused
interference scattering, where some light gets lost from the detection area. Since the flux pro-
file of the beam is wavelength specific, the presence of an edge or a crack in the beam path
causes a spectral modulation making the measurements inaccurate. In case of wide samples of
a double the size of the focal spot the measurement could be performed successfully. Howev-
er, we solved the problem also for smaller specimens by positioning a pinhole behind the
sample. The pinhole on one hand narrows and sharpens the beam profile significantly, but on
the other hand it causes additional spectral modulation. In any case, this additional modula-
tion could be subtracted from the final spectra after the absorption of pinholes have been

characterized without the sample (eq. (30)).
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The samples were measured in a controlled environment chamber. Therefore, the back-
ground absorbance was determined in a common way next to the sample at the empty side of
the pinhole plate, when the beam is passing through both windows and the atmosphere of the

sample chamber.

3.1.2 Controlled environment sample chamber

A sample chamber (Figure 25) was built with the features to keep the biological sample in
a humidity controlled environment, while the measurement takes place in vacuum. The prin-
ciple idea was to suit the sample between two windows having very small distance between
them in order to minimize the absorbance of the Far-IR beam trough the atmosphere.
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Figure 25: a) Schematic drawing of the controlled environment sample chamber. The cham-
ber cap pulled over the sample holder is fixed on the chamber foot. The air from the narrow in-
terior space can be floated from outside though drilled pipes in the chamber foot. The Far-IR
beam passes through the window flanges on both sides and hits the sample in between. Two dif-
ferent windows were produced; one with diamond windows and the other with bigger hard poly-
ethylene windows, both materials are transparent for the Far-IR region. b) The sample holder
on the left and the removed chamber cap in the back right side. The sample can be fixed with the
clamps, which can stretch the sample by the screw weal on the bottom. In the back of the sample
position a pin hole is adjusted, which narrows the beam spot and allows improvement of the
spectral quality significantly. Digital SENSIiRION SHT75 digital humidity and temperature sen-
sor is suited close to the sample.
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The main requirements for the windows were: (1) to be transparent to a large spectral range
and, in particular, as much as possible to Far-IR range of 50-500 cm™. (2) to be big enough
so that there would be enough space for the beam to hit the sample and to measure the empty
beam near the sample. The light cone of the beam should be able to pass the windows and the

sample in a distance of 2 mm from the edges (sample or window edge).

The sample chamber has been built in a way that the narrow 6 mm thick sample holder
frame was fixed on the chamber-foot. The chamber-cap, which contains the windows on both
sides at a distance of 8 mm, could be pulled over the holder frame and screwed on the cham-
ber-foot, so that the space in the cup slot is sealed from the environment. In this way, the
chamber-cup covers the sample holder so that the sample is suited exactly between the two
windows. The atmosphere inside the chamber can be controlled from outside by conducting

the gas medium via two tubes connected to the holes drilled in to the chamber-foot.

Two different chamber-caps have been built equipped with different materials used as win-

dows:

(1) First chamber-cup windows: CVD Diamond with a good transparency of a wide spec-
tral range of 25,000 — 33 1/cm, but with a relatively small diameter. (CVD Diamond Window,
Diafilm OP; Dimensions: ©15.0 +0.1mm; Thickness: 0.5 to mm +0.05mm; Flatness: <5

fringes @ 632.8nm in reflection; Roughness: <15 nm Ra Measured on 1mm2; wedge: 1°).

(2) The second cup was equipped with big windows of 24mm in diameter made out of high

density Polyethylene, which has a good transparency in the Far-IR region of 600-30 1/cm.

In this work we present only the measurements that were conducted with the big high den-
sity Polyethylene windows. The big windows make the experimental handling easier; the
beam could pass through the sample and the empty space on its side without touching any
edges. Furthermore, the humidity controlled chamber was equipped with a small
SENSORION SHT75 digital humidity and temperature sensor fixed on the inner frame edge
of the sample holder only a few mm away from the sample, Figure 25b. The sensor values

were readout by evaluation kit EK-H4 (fa. Sensorion).

First measurements often showed a strong spectral modulation pattern (as discussed in the
previous chapter section) disrupting the measured spectrum. It was caused when thin samples
had small holes or the sample size was so small that it caused the beam to hit a crack or an
edge of the sample. To avoid this it was necessary to cut down the spot size of the beam.

Therefore, measurements were conducted with an additional pinhole of 2mm in diameter on a
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metal plate which was fixed behind the sample on the upper clamp. The lower clamp was still
moveable by the screw weal at the bottom of the sample holder (Figure 23, Figure 25). Eq.
(30) describes the correction of the measurements from the pinhole induces additional modu-

lated absorbance spectrum.

3.1.1 Materials

Bone collagen: Thin (20 to 100pm) fibrolamellar bone samples were extracted from the
mid-diaphysis of a 12 month old calf, which was provided by a local butcher. The bone was
cut in the radiallongitudinal sections perpendicular to the long axis with an inner-hole saw
(Leica SP1600, Leica Mikrosystem Vertrieb GmbH, Bensheim, Germany). The slides were
then polished by means of an automatic polisher (Logitech PMS5, Logitech Ltd., Glasglow,
UK) with 3um and 1um grit-sized diamond particles (DP-Spray P, Struers A/S, Ballerup,
Denmark) until the sheets achieved the right thickness. Before the measurements the sheets
were cut in 6mm wide and 5-10mm long stripes along the fibrolamellar orientation. For stor-
age the samples were kept at -20°C wrapped by 1% sodium azide in phosphate buffered saline
(PBS) solution soaked gauze.

Bone samples, thicker than 20pum, required demineralization in order to give an unsaturat-
ed Far-IR spectrum because of the strong absorption by mineral particles. The demineraliza-
tion was done by means of Ethylenediaminetetraacetic acid — EDTA (0.5M and 8Ph) solution.
Two edges of the thin slides were first glued on a plastic frame before immersing them into
the EDTA solution. The subsequent fixing in the environmental chamber or optionally further
demineralization was done with the plastic frame as well in order not to harm the thin and

weak demineralized samples.

Gelatine: For the fully gelatinized reference commercial gelatin Type A (fa. ROTH; acidic
treatment/ Hydrochloric acid HCI, Sulfuric acid H2SO4 (<48h)) was used. The measure-

ments were conducted on the clamped and stretched to 20-70um thin gel films.

Parchment: Specimens that were analyzed in this study origin from a modern limed
parchment that was dried under tension. 40-50um thin sections were cut in wet and frozen

state by means of a Cryo-Microtom.
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3.2 Results

The results section is sub-structured in paragraphs that first characterize spectral properties
of bone collagen and gelatin comparing them with the modern parchment spectra in order to
characterize the degree of gelatinization of parchment. Parchment is a collagen based product
made of skin. Depending on the place on the skin the collagen fiber network can be isotropic,
but in some regions also shows a predominant orientation. Furthermore, during the production
parchment undergoes several steps of drying and immersion in water until it is finally dried
under tension. These effects in the Far-IR region need to be understood. The important spec-
tral properties in this context are influences of the molecular orientation, external stresses and

moisture.

Since bone collagen was used as a reference material, we also characterized the spectral
contribution of the mineral related to its magnitude and orientation. The orientation analysis

has been done by means of linear dichroism.

3.2.1 Mineral and collagen contribution in the bone spec-

trum

Bone shows a strong absorption band in the 200 — 400 cm™ region. For sample thicknesses
of more than 20um, the absorbance spectra go into saturation. As it will be shown in this sec-
tion, the bone absorbance band contains collagen and mineral components whereas the contri-
bution of the mineral peak area exceeds that of the collagen by an approximate factor of up to
70. In order to get a pure collagen spectrum, the bone slides were demineralized. Due to the
fragility of a 20um demineralized collagen matrix we could not succeed in obtaining spectra
from the same fully mineralized and fully demineralized bone sample. Exposed to the air such
a thin demineralized bone slide gets very easily cracks, which affect the measurement with

spectral modulation as it has been described above (paragraph 3.1.0).

In order to approximate the magnitude mineral contribution versus collagen in the bone ab-
sorbance spectrum we compared the intact mineral peak of the thin (18um) sample with the
stepwise demineralization series of a thicker (40um) sample, where we could obtain also a

good collagen spectrum after full demineralization (Figure 26).
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Figure 26: Far-IR spectroscopy on bone collagen. a) Demineralization series of bone section
(40pm thick, measurement performed at 20% RH). The time (min) stand for the total time the
sample spent being immersed into the EDTA solution. The sample was removed from EDTA
and washed in distilled water before each of the measurement. b) Same spectral series as in (a)
are shown together with thin bone (18( +/-3)um at 20% RH) spectrum, which could be obtained
without the demineralization. In the graph the 18pm-bone spectrum is stretched (scaled up) so
the peak profile in the 50-200cm™ region overlaps with the not treated (No ADTA) thick sample
at the undemineralized step. All spectra are baseline corrected by a straight line. The graph
shows the proportion of the spectral contribution of mineral and collagen in the bone absorb-
ance.

Figure 26a shows a stepwise demineralization series of a 40um thick sample. The sample
was immersed into EDTA solution for 3-5 minutes before measurement. After the measure-
ment, the sample was immersed again and subsequently washed in distilled water before fur-
ther measurements. The first not saturated spectrum appears after the 3" demineralization
step, which is 15 minutes of total demineralization time in EDTA solution. After 30 minutes
the sample was completely demineralized, where only collagen remained. The flanks in the
50-200cm’ region of the mineralized spectra before the demineralization are not saturated
and can be used for the approximation of the peak size (Figure 26b). The intact mineral peak
of the unsaturated spectra of 18um thin sample was stretched to overlap the flanks of the
40pm sample. Doing so, one has to be aware of possible differences between these two sam-
ples, which give different spectral response to the polarized BESSY light. Therefore, this ap-
proach is not precise, but gives a good estimation to the spectral magnitudes of mineral and
collagen in the bone absorbance spectrum. Additionally, we compared the shape of the miner-
al peaks of different demineralization steps without the collagen contribution. For this pur-
pose, the collagen contribution was subtracted from the measured spectra shown in Figure
26b. The calculated curves are presented in Figure 27a. When the intensity is maximized, the

shape of the mineral peaks of all demineralization steps shows high congruence.
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Figure 27: a) Mineral spectra calculated from different steps of demineralization (after 0, 15,
18 and 24 minutes, Figure 26) reduced by collagen and normalized to its maximum. b) Maxima
of the same mineral peaks and of the extrapolated 18pum sample.

In Figure 27b the maxima of the mineral peaks are plotted. The extrapolated maximum of
the intact bone spectrum in Figure 26b hits a linear fit of the other maxima from demineral-
ized steps. This behavior and the conclusion from Figure 27a confirm the peak extrapolation

done in Figure 26b and the approximation for the mineral contribution area to be some 60—70

times higher compared to the collagen.

3.2.2 Linear dichroism on mineral and collagen in bone

Bone spectrum is a superposition of mineral and collagen contribution, both of which are
expected to show anisotropic behavior. Collagen can be analyzed separately from mineral
after full demineralization. However, the orientation analysis of mineral component is not
straight forward. Using the advantage of the stepwise demineralization we found a way to

extract also the pure mineral spectrum without the collagen contribution.

Peak shape comparison discussed in Figure 27a have shown that the shape of the remain-
ing mineral peaks is congruent between different demineralization steps, which means a ho-
mogeneous mineral loss for the thin bone samples. This shape congruency can be in particular
expected for two successively following demineralization steps. Consequentially, the mineral
that has been removed during a demineralization step, that we call “mineral loss”, has the

same peak shape and also the same properties of anisotropy.

Therefore, the mineral loss can be obtained by subtracting the spectra of two successively

following demineralization steps. The mineral loss represents the pure mineral spectrum
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without the collagen because collagen’s contribution is approximately the same in both meas-
urements and thus eliminated by the subtraction. This approach was used for orientation anal-

ysis of the mineral in the bone spectrum (Figure 28).

The sample was fixed in the chamber in vertical orientation with respect to the fibrolamel-
lar axis. The synchrotron light is mostly polarized in the same vertical direction along the fi-
brolamellar axis, only a small portion of horizontal orientation is contained. For dichroism
analysis a polarization filter was adjusted into the beam path before the M10 mirror (see Fig-
ure 23). We used two polarization directions: the vertical along the lamella and the horizontal

perpendicular to the lamella orientation.
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Figure 28: Far-IR dichroism measurements on mineral from partly demineralized lamellar bone
are presented after two steps of demineralization: a) after 14 and 17 minutes (total time in
EDTA), in parallel (blue) and in perpendicular (red) orientation. b) The calculated spectra of the
mineral loss (difference between Abs(14) and Abs(17)) are shown. The mineral loss spectra do
not contain any contribution of collagen. The analysis shows the anisotropic features of the pure
mineral peak.

Figure 28a shows the parallel measurements of two successively following demineraliza-
tion steps (after 14 and 17 minutes total time in EDTA) in blue color and the perpendicular in
red. As expected, the spectral quality in perpendicular polarization is noisy due to low intensi-
ty of the beam polarization in this direction and the limit of the presaturation state after only
14 minutes of demineralization. In Figure 28b the collagen contribution is removed by sub-
traction and the pure mineral peak is presented by the calculated mineral loss. It shows the

anisotropic behavior of the mineral in the Far-IR region.

In the next step the dichroism analysis were performed on collagen and gelatin. The re-

sults are presented in Figure 29.
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Figure 29: Far-IR dichroizm measurements; the violet spectrum represents the difference be-
tween the parallel - vertical (blue) and the perpendicular - horizontal (red) spectra. a) Collagen
from demineralized lamellar bone is aligned in vertical orientation. b) The same on gelatin. The
sample shows a little anisotropy; this is possibly due to the stretching of gelatin by clamps in ver-
tical direction.

Figure 29a shows for the complete collagen peak a high anisotropy along the lamellar ori-
entation. For gelatin, a complete isotropy is expected, never the less the calculated difference
between the vertical (called parallel) and the horizontal (called perpendicular) polarization
measurements (Figure 29b) shows a little anisotropic behavior. The reason for the difference
could be the way how the viscous gelatin film was fixed on the sample holder. It was clamped
and flattened by stretching along the vertical direction until the sample got the right thickness.
This approach could have caused a realignment of gelatin peptides or helical residues along
the stretching axis. The spectral difference, however, is very small and the flanks at higher
and lower wavenumbers (including the water peak) show the same absorbance and confirm
the ratability of the technique is reliable, so that the conclusion about the highly anisotropy of

both collagen peaks along the lamellar orientation can be confirmed.

3.2.3 Moisture and stress influence on spectral characteris-

tics of collagen

The objective of this section is to understand whether stresses or presence of water would
induce changes in the Far-IR spectrum of collagen. A fully demineralized fibrolamellar bone
slide was fixed between clamps and put under tension using a micrometer screw on the sam-
ple holder (see description of the controlled environment chamber in Figure 23 and Figure

25). The lamellae were oriented along the stretching axis (vertical). The same sample was first
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measured under wet and then in dry conditions. After humidifying the sample it was stretched
for 8-10% of the initial length and measured again in wet and afterwards in dry condition. All

four spectra are shown in Figure 30.
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Figure 30: Far-IR of collagen from fully demineralized bone. a) Comparison of 8-10%
stretched to unstretched in wet and dry state. b) Same spectra but baseline corrected and
zoomed in. Peaks are normalized to maximum. No difference can be observed related to the
externally applied stresses. The dry state increases the intensity of the second/ the smaller peak.

We do not observe a significant collagen peak shifts caused by the applied stresses. How-
ever the moisture content affects the intensity ratio of the two collagen peaks. The smaller
peak increases with respect to the bigger peak. In the next paragraph (3.2.3) of the results sec-
tion this issue will be discussed more in detail by fitting the peaks and comparing with those

from gelatin and parchment.

3.2.4 Spectral comparison between demineralized bone col-

lagen, gelatin and modern parchment

The results from previous paragraph have shown that moisture influences significantly the
spectral features of the collagen double-peak. Therefore, we extensively analyzed collagen in
the full range of RH from very dry (<5%RH) to very wet (>90%RH) state. Due to the limited
beam time at BESSY and the challenges in handling very thin and fragile samples we could
not succeed to measure gelatin and parchment in the full range of RH. However, gelatin spec-
tra could have been measured at very dry and the normal room condition (ca. 30%RH).

Parchments were measured mostly at room RH, which is close to its normal storage condition.

83



Deterioration Analysis of Collagen Studied by Far Infra-Red Spectroscopy

a) b)

0%RH:
collagen
gelatin

gelatin
(dry)

30%RH:
collagen
gelatin

Absorbance
Absorbance

380 360 340 320 300 280

340 320
Wavenumber cm-1 Wavenumber cm-1
¢) d)
<
Parchment ° —— Measurement
— Fit
—— Collagen -
» o
2 = !
S 30%RH >
£ S S
2 &
éj 5 1I
[e]
8 57
<
o
360 240 290 300 280 © 380 360 340 320 300 280
Wavenumber cm-1

Wavenumber cm-1

Figure 31: Far-IR spectra of gelatin versus collagen and parchment samples. After baseline
correction the absorbance of each curve was normalized to the same intensity. a) Gelatin (dry) is
shown together with a collagen curve series of different RH. Gelatin peak shape shows a differ-
ence with respect to collagen. b) Gelatin versus collagen curves at 0% and 30% RH are also pre-
sented. Both, collagen and gelatin show the same behavior regarding the RH; the smaller peak
rises relatively to the big peak in dry condition. In any case, the same principal difference be-
tween collagen and gelatin can be observed for both humidity conditions. ¢) Collagen versus
parchment at 30% RH. Selected spectrum of modern parchment, contrary to gelatin, shoes high
congruence with collagen (demineralized bone). d) The collagen peak can be fitted by two Gauss-

ians: the bigger peak V(I) at 345cm™ and the smaller peak V(II) at 315cm™.

In Figure 31a, normalized spectra of collagen in the full range of RH are presented with
blue colors. The trend in spectral features fits with the results from Figure 30b. A dry gelatin
spectrum in red is presented in the same graph to highlight the principal difference. The most
striking difference is related to the reduction of the smaller peak with respect to the bigger
peak for gelatin. For clarity, in Figure 31b we show, separately, the same peak shape differ-

ence between collagen and gelatin at two RH conditions: 0%RH and 30%RH.

Based on the dichroism analysis we can conclude that this difference is not due to the ori-
entation features, because both collagen peaks show high anisotropy with the same orienta-
tion. Since these peaks have the same orientation, the reorientation of the entire collagen mol-

ecules would cause a proportional absorption reduction of both collagen peaks, rather than a
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change of the absorption peak shape similar to that found for gelatin. This means that a ran-
domly distributed intact collagen in a sample would lose the anisotropic spectral features, but
it’s peak shape would remain the same and hence always differ to that of gelatin independent
on the molecular orientation. Therefore, we can link the shape difference of the double peak
to the gelatinization features only. This is also confirmed by the randomly distributed collagen
fiber network in parchment, which shows a strong spectroscopic congruence with the highly

oriented collagen sample of demineralized bone, as presented in Figure 31c.

For quantitative analysis of this spectral feature we used the Levenberg Maquardt method
in OPUSG to fit the double-peak with two Gaussians, whereas all parameters were kept free to
change. The results for the spectral peak position and the normalized peak areas are presented

in Figure 32.
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Figure 32: Comparison of the fitting results of collagen based materials with two Gaussians.
The fitting procedure has been performed with the Levenberg Maquardt method in OPUS6,
where all fitting parameters (i.e. v, w and Intensity) were left free. a) The spectral positions of the
Gaussians do not shift with humidity change and are the same for collagen, gelatin and parch-
ment. b) Peak area normalized by the full area of the fit is presented. The area, however, of the
big (at 345cm™) and small (at 315cm™) peaks definitely show a moisture related behavior for
collagen. Moreover, the results also show a difference between intact collagen from demineral-
ized bone and gelatin, whereas parchment have similar characteristics to intact collagen.

The fitting procedure revealed no significant spectral peak shift. The intensity and the
width on the other hand are strongly influenced by moisture and gelatinization as well. Both
parameters are included in the peak area and presented in Figure 32b. The results show a trend
related to the moisture content for collagen and indicates a similar behavior for gelatin. The

normalized area of the big and the small peaks can be used for the quantitative characteriza-
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tion of degree of the gelatinization. This will be further elaborated in more details in the fol-

lowing discussion chapter section 3.3.

3.3 Discussion

In this chapter we have explored the use of Far-IR spectroscopy for gelatinization analysis
of collagen to be applied on parchment. For this purpose we first characterized the spectral
properties of intact and fully gelatinized reference materials i.e. collagen matrix from a de-
mineralized fibrolamellar bone and commercial gelatin, respectively. Alongside this study the
spectral properties of bone mineral has been analyzed as well. Mineral and collagen peaks
overlap to form one absorption peak. Using stepwise demineralization it was found that min-
eral contributes to the whole bone absorption peak area approximately up to 60-70 time com-
pared to the collagen peak area (Figure 26). Thin bone sections allowed a linear and homoge-
neous demineralization process in EDTA (Figure 27), a fact that helped to extract the collagen
contribution from the mineral peak and analyze its spectral features independently of collagen

(Figure 28a).

Linear dichroism analysis revealed spectral polarization features of both the mineral and
the collagen peaks. The wide mineral peak is an assembly of multiple speaks that partly show
anisotropic properties (Figure 28b). Collagen absorption is characterized by two peaks, one at
345cm™ and a small one at 315¢cm™ forming a shoulder. Both peaks show a parallel linear
dichroism anisotropy (Figure 29a). The parallelism of these two peaks is very important for
further development of this methodology especially when it comes to evaluation of gelatiniza-
tion in parchment. In gelatin unfolded and fractured collagen molecules are randomly distrib-
uted (Figure 29b), whereas in parchment the intact collagen molecules can either be randomly
distributed or they can show a predominant orientation depending on the place of the skin
origin on the animal body. However, for this analysis it is crucial to be able to distinguish be-

tween isotropic gelatin and randomly distributed intact collagen fibers.

The parallel behavior of both collagen peaks in linear dichroism experiments is a very con-
venient result, because the misalignment of the collagen fiber does not change the peak shape;
it would just cause a proportional reduction of their absorption. This means that the absorption
peak shape is expected to be very much the same for both cases; a highly oriented or a ran-
domly distributed intact collagen fiber matrix. Our methodology for gelatinization quantifica-

tion in parchment is therefore independent from the origin on the body.



3.3 Discussion

Production of parchment involves circles of drying and hydration with a final step of dry-
ing under tension. Therefore, collagen has been measured under tension in wet and dry condi-
tions (Figure 30). It came out that the externally induced stress (caused by up to 10% strain on
demineralized lamella bone sample) in wet condition does not influence the spectral proper-
ties. Moisture content, however, influences the spectral properties of collagen significantly

and needs to be considered when it comes to the deterioration analysis.

In paragraph 1.1.1, we finally gathered all our findings and compared the spectral proper-
ties of all three materials: demineralized bone collagen (called just collagen), gelatin and
modern made parchment. We have found a clear difference between intact collagen and gela-
tin (Figure 31a,b). The spectral congruence of a randomly distributed fiber network in parch-
ment and the oriented collagen matrix in demineralized fibrolamellar bone sample (Figure
31c) confirms the linear dichroism results of parallel anisotropy of the two peaks and proves
the capability of the approach. The variable collagen orientation in parchment does not need

to be considered for deterioration analysis.

However, the gelatin peak was found surprisingly very similar to the double peak shape of
collagen, which is related to the triple helical structure of collagen [152]. Gelatin contains
fractures of triple helical structures as well, whose amount depends on specific conditions
such as pH-value, solvent or temperature [190, 191]. However, Gordon et.al.1974 did similar
measurements in the Far-IR region showing a greater difference between denatured collagen
(gelatin) and intact collagen. The measurements revealed that increase of temperature (much
higher than the normal room condition 23°) causes the disappearance absorption peaks [152].
This was related to the higher degree of the disorder decreasing the amount of triple helical
formation in the gelatin gel at high temperatures. For our experiments we were using either
gelatin Type A, or denaturized bone collagen prepared by humidified heat treatment for longer
time period. Our experiments, however, were conducted at normal room temperature where
reformation of the collagen-like peptide structure is possible, as it has been shown by measur-
ing the optical rotation changes, the viscosity and density product value of the gelatin gel sys-

tem during radiation treatment [73].

For the final quantitative characterization a two Gaussian peak fitting analysis was applied
(Figure 31d), where all the freedom parameters (i.e. spectral position, width and intensity)
were free. The fitting analysis revealed the normalized peak area to be a useful tool for the
gelatinization characterization (Figure 32b). The ratio of the two peak areas i.e. small/big are

plotted in Figure 33a. Since collagen was analyzed for the full range of RH, the area ratios
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could be fitted with a linear fit (A). Gelatin measurements in hydrated state are missing, there-
fore, two scenarios (B) and (C) for the linear fits are proposed. The slope of Fit (B) was calcu-
lated by mean square and it differs from the collagen slope. It is also reasonable to assume
that the slope of gelatin would actually be the same as for collagen (Fit (C)). In any case, both
fits (B) and (C) do not differ much for the room condition RH (about 30%RH), where we
have some statistics for gelatin on one hand and almost all measurements done on parchment

on the other hand.
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Figure 33: Peak area ratios (small / big) comparison between demineralized bone collagen,
gelatin and parchment. Areas were obtained by fitting presented in Figure 32. a) Collagen has
enough points in the full RH range for a precise linear fit. Gelatin peak ratios on the contrary
are presented with two possible fit scenarios that differ in the wet condition because of the meas-
urement lack in that state. The linear Fit(B) was calculated by the fitting software, whereas
Fit(C) is just a parallel shift of the collagen Fit(A). However, both possible gelatin fits intersect
approximately at room condition (in BESSY) where some measurements statistics are available
for gelatin and parchment as well. b) RH room condition (ca. 30% RH) is used for quantitative
comparison of all three materials; demineralized bone collagen: 0.55(+£0.01), gelatin: 0.32(+0.03)
and parchment: 0.52(%0.05). The error bars are the standard deviation calculated in Origin7.
Further gelatinization of parchment is expected to shift the peak area ratios to lower numbers
between 5 and 3 and therefore can be quantitatively characterized.

Room condition (RH) is the natural environment of parchment. We therefore can set our
quantitative characterization for the room condition as follows: demineralized bone collagen:
0.55(%0.01), gelatin: 0.32(%0.03) and parchment: 0.52(£0.05). The state of the analyzed
parchment samples is close to that of collagen, whereas its high error is caused by the low
spectral quality of the most parchments measurements. However, further deterioration would

shift the peak area ratio (small/big) towards gelatin value of 0.3.



3.3 Discussion

We explored a new tool for quantitative deterioration analysis of parchment samples on
macroscopic area. In any case, the transmission approach is not applicable for the parchment
analysis in particularly when it comes to ancient material from cultural heritage because of the
destructive way of the sample preparation. This technique needs to be developed further to be
applied in backscattered geometry where no destructive sample preparation is required. With

this investigation we proved the potential of this methodology for deterioration analysis.
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4 In-situ damage assessment of collagen within the

Temple Scroll on microscopic scale

Ours is not the first material study of the TS. Already in 1980, an X-ray diffraction study of
the DSS collection done by Steve Weiner indicated that the high degree of degradation of the
TS contrasted strongly with the appearance of a good state of preservation [192] (Figure 34).
Later, scientists from the Getty Institute who analyzed the parchment of the scrolls within the
framework of a preservation project arrived at the same conclusion [193]. Therefore, quantita-

tive damage assessment of this scroll seems to be crucial for monitoring its state and for its

further preservation.
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Figure 34: Deterioration analysis of the DSS including TS by means of X-Ray scattering
[192]. The low C:G index stands for strong gelatinization and the higher D/L value (racemization
of aspartic acid) is correlated to a progressed aging process of a biological material. The graph
shows that among the DSS the Temple Scroll is most badly affected in its degradation.

Parchment is a final product of the processing of animal skin and consists mainly of type I
collagen, the most abundant constituent of the dermal matrix. Only in the remains of the thin
outer epidermis layer on the parchments hair side and its appendages the major structural pro-

teins are not collagenous but keratinous, constituting up to 85% of fully differentiated
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keratinocytes [194]. Deterioration of parchment is caused by chemical changes due to gelati-
nization, oxidation and hydrolysis mainly of the collagen chains [7]. Historically, the state of
degradation of collagen within parchments has been studied using several physical and chem-
ical methods. Methods such as shrinkage temperature [195], X-ray scattering [68, 117], ther-
mal analysis [196], AFM [197], and solid state NMR [198] provide qualitative information on
the physical and chemical integrity of collagen at various levels of the hierarchical structure.
However, they are usually invasive, i.e. require small samples of the original material. This
fact, together with the intrinsic heterogeneity of the skin material, explains why none of these
methods can be used to monitor the state of preservation of the ancient parchment. Therefore,
an efficient and non-invasive technique for quantitative damage assessment has great potential
for early warning and monitoring systems [199]. Recent attempts to describe the evolution of
parchment deterioration use NIR [200], and multispectral imaging techniques [201]. It seems,
however, that low spatial resolution and sensitivity result in inaccuracy that outweighs the
advantage of the ease of application. Recently, unilateral and solid state NMR techniques
showed potential for determining the state of conservation of collagen indirectly, through the
relaxation behavior of water molecules involved in the stabilization of the collagen triple helix

[198, 202, 203].

Raman spectroscopy has long been explored as a method for assessing damage to parch-
ments [204-207]. Its non-invasive and nondestructive nature made it an attractive candidate
for both damage assessment and monitoring. However, small changes in spectral features and
the low sensitivity of the method itself prevented the acquisition of sufficiently accurate in-
formation to be routinely applied for damage assessment. Recent technical developments in
polarized Raman spectroscopy (PRS) showed huge potential in structural studies of collagen-
based materials [208, 209]. The possibility of obtaining both chemical (molecular interac-
tions) and structural (orientation) information [2, 12, 115, 210] in a single experiment opens
the way to the use of PRS for studies on orientation changes induced by deterioration. The
methodology is based on the sensitivity of Raman scattering bands (associated with distinct
molecular vibrations) to the polarization direction of the incident laser light. The method can
be applied in order to map fibrous materials within other heterogeneous tissues and, in princi-
ple, it is possible to concurrently map the distribution of other chemical components associat-

ed with it [104, 112].



4.1 Materials and Methods

4.1 Materials and Methods

Materials

Collagen fibers from two regions of interest on several analogue fragments of ca. 5x5mm?
of'the TS were analyzed (TS3 and TS4 from Table 2 in chapter 5). Furthermore, collagen fi-
bers of specifically prepared reference samples have been investigated. As a reference for a
sample with high orientation anisotropy, a rattail tendon (RTT) was stretched by 10% of its
length and analyzed in the dry state. In addition, fibers of recently manufactured new parch-
ment (NP) were studied. As a reference for the isotropic collagen network, gelatin was pre-

pared from RTT and NP by a thermal treatment (80°C) in water for more than 4 hours.

Theoretical background of Polarized Raman Analysis

The PRS approach is a consolidated methodology and has been frequently applied on sys-
tems with uniaxial symmetry in the last decade. A compact guide to the basic concepts that
have been applied in the study of TS is presented in chapter 1.4. The PRS equipment used in
this study is specified in chapter 1.1. The measurements were performed with 785 nm laser
excitation, and a 100x lens (Olympus MPlan IR, NA = 0.95) with ~1 pm lateral and =2 um

depth resolution.

Polarized Raman Data acquisition and processing

In the TS fragments, the collagen fibers are characterized by a diameter in the range of 5 to
10 mm. The size of the focal spot of the used 100x (Olympus MPlan IR, NA = 0.95) lens lies
in the range of 1um? laterally and around 2jum along the optical axis. The confocal setup en-
sures that the measured spectra are representative of a single collagen fiber and not of several

overlapping collagen fibers.

To determine the intensity ratios R1 = Iy_9o/Ip_o and R2 = I9g_¢/Io_90, the analyzer for polari-
zation has been placed in the path of the backscattered light. The analyzer orientation is indi-
cated by the second indices of the intensity (Ip_90; 0°- polarizer and 90°-analyzer regarding the
fiber orientation (z-axis)). Four experiments are needed to calculate the orientation parameters
and one additional control measurement at the 0—0° position is performed on the same spot.
The control measurement is used to check the stability of the spot position on the selected

fiber during the 4 minutes needed for complete measurement. Forty to sixty accumulations
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with an integration time of 1 s were used for each of the four polarization adjustments of a

single spot analysis.

The spectra were acquired with the WITec Program 1.94® and then processed in three
steps with OPUS 6.0®:

1. Cut the region around the amide I band (1517-2000 cm™).
2. Baseline correction (straight line).

3. Integration over the spectral range between 1600 and 1720 cm™.

The laser power at the sample is kept low (less than 4 mW). This is of particular im-
portance when measuring the precious TS fragment, which has to be investigated non-
destructively. The signal-to-noise ratio of the spectra under these conditions is not optimal,
especially for the cross-polarized configuration (0-90 and 90-0), where the intensities are
very close to the spectral noise level. For such spectra, neither accurate peak fitting nor inten-
sity maxima can be obtained and therefore an integral over the whole Amide I region was
used. For the calculation of Legendre polynomials P, and P4 (for details see chapter 1.4) the
ratio Ris, = 0.20 + 0.015 (gelatin) of an isotropic reference material and a refractive index of

n=1.5+0.02 (for 40%RH) [211] were used.

4.2 Results

Good knowledge of the Temple Scroll’s state of deterioration is of great importance for
the preservation methodology and other related studies. The main organic constituent of
parchment is a network of collagen type I fibers. Thus, a quantitative analysis of deterioration
based on the unfolding degree of molecules in the fibers has been done by means of polarized
Raman Spectroscopy (PRS principles in Chapter 1.4). The concept of the methodology and
the quantitative results are presented in this chapter. The methodology is based on the fact that
the orientation of a molecular unit within a biomolecule can be quantified from Raman band
anisotropy measurements, if the Raman band tensor of the relevant molecular unit is known
[108, 110]. In the case of the amide I band, the tensor properties are well documented in the
literature and can be used for this purpose. From parameters provided by the PRS, it is possi-
ble to determine the arrangement or orientation of the C=0 vibrational units with respect to

the fibrous system [111, 112, 114, 212].
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Figure 35: Stereo- and optical microscopy images (top) of two ROIs of the TS3 fragment.
Collagen fibers can be found in both ROIs. The bottom part shows single collagen fibers in both
ROIs.

For this study the TS3 fragment was chosen, because a part of the inorganic layer is de-
tached and the collagen fibers from beneath were exposed (Table 2 in chapter 5.0). Addition-
ally, other TS4 fragments have been measured where exposed fibers could be found in cracks
or at the edges. From the macroscopic morphological observation of the surface of the ana-
lyzed TS fragments, it was possible to distinguish between two regions. The first region of
interest (ROI1), with a clearly visible intact collagen fiber network, was originally covered by
another foreign inorganic layer. The second region (ROI2) is on top of the inorganic layer
where some fibers can be identified on the surface (Figure 35). The Analysis of the inorganic
layer is presented in the results section 1.1 of the previous chapter. The layer is mainly com-
posed by Sodium and Calcium Sulfate particles accompanied by Silicon. The collagen fibers
on the surface layer appear to be more damaged; contrary to the fibers of ROI1, these fibers

have continuously been exposed to the environment since the date of its production.

For damage quantification, we first considered two borderline cases, namely (i) fresh col-
lagen fibers from rat-tail tendon (RTT) and new parchment, and (ii) completely gelatinized

collagen.
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Figure 36: Polarized Raman spectra @785nm of rat tail tendon (RTT) fiber (top), gelatin
(middle) and newly prepared parchment fiber (bottom). The dashed box highlights the amide I
region used for evaluating orientation parameters. Amide I anisotropy is evident (comparing
XX (blue) and ZZ (red) configurations) for RTT and new parchment fibers, but completely van-
ishes in the gelatin sample.

In Figure 36 the polarized Raman spectra of RTT, gelatin and new parchment (NP) fiber
samples are presented. Red spectra are acquired by placing the polarizer and the analyzer par-
allel to the fiber axis (ZZ), whereas blue spectra are acquired with the polarizer and the ana-
lyzer perpendicular (XX) to the fiber axis. Grey and orange spectra are cross-polarized con-
figurations (XZ and ZX) useful for calculating orientation parameters. Longitudinally
stretched RTT was used to obtain perfectly aligned collagen fibers as a calibration standard

(Figure 36, top).

In our PRS analyses we focus on the collagen backbone vibrational modes, and in this con-
text, an intense band centered at 1665 cm™ is observed, corresponding to the amide I vibra-
tion, which is mainly due to C=0 stretching vibration. Further intense bands can be seen at
~1450 and ~1250 cm™', which are assignable to C—H bending and amide III vibrations, respec-
tively. It is a clearly visible band anisotropy (differences in scattered intensities that are relat-
ed only to the orientation of the laser polarization), particularly in the amide I region (high-
lighted with the dashed box in the figure). Because collagen carbonyl groups are oriented

mainly perpendicularly, the amide I band is more intense in the direction that is perpendicular
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to the collagen molecular axis (blue spectra in Figure 36) [2]. Very similar anisotropic behav-
ior is found for collagen fibers within the NP sample, whereas the anisotropy of all bands
completely vanishes in the case of gelatin. The latter result of gelatin is to be expected, con-

sidering the complete loss of the supramolecular organization of collagen molecules.

Here we propose an efficient way of quantifying disorder in collagen fibers. It is possible
to calculate the associated P2 and P4 values for any distribution, by approximating molecular
distribution of vibrational units around the fiber axis by a Gaussian curve. In this way, for any
P2 and P4 there will be a corresponding distribution characterized by a given angular maxi-
mum (Omax) and (o) - a full width at half maximum (FWHM). The angular maximum corre-
sponds to the most likely orientation of collagen units, whereas FWHM is linked to the varia-
bility of the orientation. Plotting the is0- Omax and iso-o lines in the P2—P4 space (Figure 7 and
Figure 37a) enables a simple correlation between the order parameters and the distribution of
the vibrational units and therefore allows the quantification of the order—disorder in a fiber. In
the case of collagen based materials, the C=O distribution is always centered at 90° but can
vary in @ (FWHM). These results can be depicted in the P2—P4 space spread along the Oy, =
90° line. Figure 37b shows such a plot, where P2 and P4 values were obtained for all three
reference samples: Stretched tendon fibers from rat tail with a relatively narrow @ compared
to the fibers from a new parchment, whereas gelatin shows the widest ®. The characterization
of the distribution function of the Amide I bond in collagen and hence of its degree of deterio-

ration can be reduced to one parameter: ® : FWHM the width of the Gaussian.
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Figure 37: Distribution function parameters in P2-P4 space. a) Any Gaussian distribution
parameters 0 : position and ® : FWHM can be expressed by means of Legendre parameters P2-
P4. The corresponding Iso-curves are presented. b) Measured C=0O distribution parameters of
stretched RTC, New Parchment and Gelatin in P2-P4 space show the main orientation follow-
ing the 0, = 90°. They differ in only one parameter: © : FWHM.
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Now this methodology can be implemented to collagen fibers in the Temple Scroll. Figure
38 compares the PR spectra from two characteristic fibers selected from the different areas of
a single TS fragment together with the previous reference spectra; RTC, NP and gelatin. The
PRS approach was applied to suitable fibers that were optically located in both of the afore-
mentioned ROI1 and ROI2. From a simple comparison of the anisotropic responses of the
amide I band, it can clearly be concluded that the fiber from the ROI1 shows a very similar
anisotropic pattern to that found in the new parchment, whereas the fiber from the ROI2

matches better with the gelatin spectral features (Figure 38).
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Figure 38: Polarized Raman spectra @785nm of reference materials (RTT collagen, gelatin
and new parchment) together with two typical TS fibers. One is from ROI-1 with a relatively
high anisotropy and the other from ROI-2, the latter shows very similar properties to gelatin.
The TS spectra contain an additional peak at 1043cm™, which is not related to the PR re-
sponse but to a NO; molecule that could be found in all analyzed fragments.

The TS spectra show an additional specific peak at 1043cm™, it is the NOs peak that could
be measured on collagen of our TS fragments (see Figure 48 in the result section 1.1 of the
previous chapter). The TS material is very fragile and hence requires a sensitive approach.
Although its Raman spectrum shows much less fluorescence compared to most other scrolls
found in Qumran or archaeological material in general, the laser intensity has to be kept as
low as possible. So in our case, we used a 100x magnification lens with ca. 2um’ probing
volume where on one hand the laser energy density in focus is high but on the other hand the
fluorescence from surrounding material could be reduced. The laser power was increased

slowly until a reasonable spectral intensity could be achieved. Never the less, especially in the



4.2 Results

cross polarization geometry (0°-90° or 90°-0°) the spectral noise was very high and lead to a

significant error for the individual measurements.

The P2 and P4 parameters of the TS are shown in Figure 39. The majority of the points are
following the 90° line, which is the expected case since the C=0 bond is mainly oriented per-

pendicular to the collagen backbone axis.
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Figure 39: a) P2—P4 plot of orientation parameters relative to all samples analyzed in this
study. b) Characteristic regions found for different samples indicative of different states of
the preservation of collagen.

In some cases, though, points drift down to higher negative P4 values; this is mostly the
case in ROI2, where due to lower intensity the signal to noise ratio is much lower than in
ROI1 cases. The other reason for this drift could be the internal out of plane reorientation of
the molecule bunch inside the strongly deteriorated fiber, which is not recognizable by the
outer fiber shape. Although these drifted points most probably do not reflect the real distribu-
tion function inside the fiber, they still are part of the overall measurement and hence they
have to be included in the final result. However, even with the increased error the overall

trend can be determined;

Sample P2 P4
RTT -0.38 +0.01 0.14 +0.02
New parchment -0.29 +0.01 0.06 +0.01
TS (S1 and S2) ROI1 -0.2 £0.07 -0.08 +0.09
TS (S1 and S2) ROI2 -0.09 +£0.06 -0.01 +0.07
Gelatin -0.00 £0.01 0.00 +0.01

Table 1: Average Legendre coefficients P2 and P4 for all samples.
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In-situ damage assessment of collagen within the Temple Scroll on microscopic scale

Table 1 shows the calculated averaged values of two main orientation parameters (Legen-
dre polynomials P2 and P4) relative to the amide I band for RTT, NP, gelatin and several fi-
bers within TS samples. The average values of the order parameters vary significantly among
different samples. As expected, values obtained for the RTT and new parchment are in the
range of highly ordered molecular units, whereas the P2 and P4 (close to zero) found for gela-
tin indicate complete disorder. In the case of the TS, the parameter values lie between the two

just discussed limits, with ROI1 apparently more organized than ROI2.

4.3 Discussion

Though a simple visual inspection of the Temple Scroll demonstrates the heterogeneity of
the collagen degradation, its degree cannot be established in a simple way. Furthermore, the
heterogeneous state of degradation leads to a different response of the various parts of the
scroll to conservation treatments and environmental storage conditions (such as humidity and
temperature) and therefore a quantitative estimation of the fibers' integrity is crucial. We
found a suitable sample for this purpose; TS3 (studied TS fragments from different locations
within the scroll are presented in Table 2 chapter 5.0). In the TS3 a part of the inorganic layer
is detached and the collagenous network beneath is directly accessible. These collagen fibers
defined as ROI-1, were protected from the environment over the centuries. On the other hand,
collagen fibers can be recognized being embedded and exposed on the surface of the inorgan-
ic layer as well: ROI-2 (Figure 35). The fiber diameter size in both regions is usually about
Sum, which is larger than the lasers beam probing volume. So, we can address the fibers indi-
vidually by means of Polarized Raman Spectroscopy. In this study a quantitative damage as-
sessment methodology has been established based on the specific polarization response. The
Amide I band corresponds to the C=0 vibration, which is strongly polarization dependent as
it is presented in Figure 36 for three reference materials: stretched rat tail tendons (RTT),
modern made parchment (NP) and gelatin (Figure 36). From four polarization measurements
(excitation vs. scattering pol. direction adjustments) the first Legendre parameters P2 and P4
can be calculated for the distribution function regarding the molecular axis (chapter 1.4). In
the case of a Gaussian — the distribution function can be characterized also by means of the
angle regarding the molecular axis and the width of the Gaussian peak. Hence, any Gaussian
distribution function can be expressed by P2 und P4 parameters and depicted in the P2-P4
space (Figure 7).
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4.3 Discussion

It appears that the main difference between various collagen samples (RTT, new parch-
ment and gelatin) lies in the width of the Gaussian distribution function at 0,,x = 90° (Figure
37). Thus, a well-preserved collagen fiber will have a width of 30—40°, while a strongly gelat-
inized one will have a width larger than 120°. The highly organized collagen of the stretched
RTT was found to have a FWHM of 40°. The Gaussian distribution function of the results of
the NP has a FWHM of 60°. This is supposed to correspond to the best state of preservation of
collagen in a parchment treated with lime, particularly in historical parchments. The broaden-
ing of the distribution function with respect to that of the RTT, indicates a slight disorganiza-
tion of collagen in freshly prepared parchments, probably induced by treatments necessary for

depilating and finishing.

The collagen spectra of the ancient TS show the same polarized characteristics as the
modern collagen materials (Figure 38). The results of the P2 and P4 coefficients for both areas
of'the TS fragments display a wider scattering around the 8max = 90° line than in the case of
NP or RTT (Figure 39). The reason for the stronger variations from the Omax = 90° line is like-
ly to be found in the weak and noisy signal intensity in the spectra of the 2000-year old colla-
gen fibers. Nevertheless a tendency can be recognized along the 6. = 90° distribution curve
in the P2—P4 space. The collagen fibers of the formerly covered ROI1 show P2 values that are
significantly different from those of the ROI2. Spread over a large range from 60°, the
FWHM values found for ROI-1 are equivalent to a well-preserved modern parchment, with
some points going up to 120°, which is very close to strongly disorganized collagen in gelatin.
The FWHM values related to the ROI-2 lie in the range between 80° and 120° of width, indi-
cating a greater degradation of the collagen in this area than in the ROI-1. It is worth repeat-
ing that previous studies on the TS fragments show very high level of gelatinization (Figure
34, [192]). In contrast, we find that several fibers in the ROI1 are relatively well-preserved.
The mentioned previous studies were done by means of XRay diffraction whereby the infor-
mation was gathered from all layers indistinguishably. In the paragraph “Preparation of the
inorganic layer” of the discussion section of the previous chapter 5 arguments and evidences
are discussed for a high probability of a significant presence of gelatin inside the inorganic
layer. It is likely that gelatin made from the TS skin’s dermis was used as a binder. This pres-
ence of gelatin in the inorganic layer would surely shift the X-Ray diffraction measurements

into the spectroscopic features of deteriorated collagen.

This simple experimental evidence is extremely important because it shows that the TS,
commonly considered heavily gelatinized, locally contains collagen fibers that are in a rela-

tively good state of preservation. Furthermore, it shows that some fibers, although lacking any
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In-situ damage assessment of collagen within the Temple Scroll on microscopic scale

order at the molecular level of the structure, can preserve its macroscopic fibrous morphology.
Starting from this spectroscopic evidence, and assuming that deterioration of collagen materi-
al will naturally lead to a general disorder of collagen structural units, we can now design a

new approach for the damage assessment of the collagen fibers.

The methodology described here is based on a single parameter, i.e. FWHM of the distri-
bution function, and results in a reliable and simple way to quantify the amount of degrada-
tion that leads to the disorder of molecular units of collagen in ancient parchments. The disor-
der, however, can be induced by several factors, such as gelatinization, hydrolysis, oxidation,
etc. Orientation parameters defined in this work reflect global structural changes induced by
all of these degradation processes and do not carry any information about the cause of the
disorder. However, through an analysis of the spectral features of the Raman bands, it would
be possible to address these points. We believe that the combination of this latter approach
with the methodology presented here could provide further insights into deterioration path-

ways.
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5 The Temple Scroll analysis

The Temple Scroll passes different types of historical processing information to us: so-
cial/communal interactions, and also technical knowledge. The knowledge can be stored in
the written content of the Temple Scroll, but it also contained in its physical material. Our
goal and responsibility is to understand as much as can be learned from the Temple Scroll as
possible, and to preserve it for the generations to come, which should create more advanced
technologies to continue the work of Temple Scroll analysis. Today’s question is; what infor-
mation can be revealed from the physical material of the Temple Scroll, and how can it be
useful to answer archaeological questions? Reconstruction of the production technique
through analysis of chemical and physical compositions can indicate which materials and
which technologies were used to produce the Temple Scroll. This knowledge can then support

the discussions as to where it could have been produced, and possibly also by whom.

5.1 Materials and Methods

Samples Studied

TS fragments from different locations within the scroll that were studied and described in

chapters 1 and 5 are presented in Table 2.

We analyzed samples that were known to be from the inner (enveloped) part (TS1) of the
scroll, as well as samples that were broken from the edges of the scroll (TS2-TS4). The exact
locations from which these edge pieces came remain unknown. To identify the constituents
found in the TS, diverse salts such as sulfates and nitrates (and mixtures of these salts), sedi-
ments and other materials that could be related to the scroll, the Dead Sea or the Qumran en-
vironment were also analyzed. These reference materials are not listed explicitly in “Materials
and Methods” section, but in the case of positive results, they will be specified and presented

in the results section together with the analysis of the TS material.
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Table 2: The Temple Scroll samples that were analyzed are listed.

Sample Name Description Applied Methods
TS1 This fragment originates from the inner part of the SEM-EDX,
— scroll, near the column LII. Its back side is fixed on a

cellulose support, therefore only the written side of H-XRF,

the fragment is available for analysis. It has an ap- PIXE

proximate size of 1cm?. The fragment belongs to the
Shrine of the Book of the Isracl Museum.

confocal Raman

The exact origin of this fragment on the TS is not
known, it may originate from a scroll edge. This
fragment can be analyzed from both sides. The picture
of the fragment’s back side shows how a part of the
back side layer (B) is missing. Therefore the rear (A*)
of the front text layer is exposed, and can also be
analyzed.

pu-XRF mapping,
XRD,
SEM-EDX mapping,

confocal Raman

Similar to TS2, the exact location of this fragment
from the TS is not known. This fragment is also miss-
ing one part of one layer, but contrary to TS2, this
fragment is missing a part of the front text-layer (A).
The inner side (B*) of the back side layer consists
mostly of distinct collagen fibers. This makes the
sample very useful for the collagen deterioration
analysis by means of polarized Raman (PRS).

PRS

TS4 TS4 comprises three similar samples with no special pu-XRF, XRD, SEM-
features. The exact locations of these samples within EDX, FT-Raman, PRS
the scroll are not known.

TS5 Collagen powder that was scratched from the text side | Confocal PRS

surface on an inner sheet of the TS.

Physics) tandem particle accelerator facility in Catania. The 2 MeV proton beam energy was

Particle Induced X-Ray Emission - PIXE

PIXE measurements were performed at the INFN (Italy's National Institute for Nuclear

reduced to 1.3 MeV by a 75 pm Kapton foil. The samples were irradiated by a 0.6 - 1.2 nA

beam, with a spot size 1-1.5 mm in diameter. The spectra were measured with a Si-drift detec-

tor (160 eV) through a 80 pm? window (beryllium, 25 pm) at a distance of 20-30 cm from the

sample.
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5.1 Materials and Methods

X-Ray diffraction - XRD

XRD measurements were performed in two setups. Salt samples from the Dead Sea “DS
Salt White” and “DS Salts Yellow” were measured at the INFN in Catania with 6.4 keV, 40
kV and 250 pA. All other XRD patterns that are presented in this study were collected at the
Max Planck Institute of Colloids and Interfaces (MPIKG) in Potsdam using a Bruker D8 dif-
fractometer with Cu-Ko radiation (A= 1.54053 A) and Kevex (Sol-X) Detector. Data were
measured over the range of 2@ = 5° to 60°, at a step size of 0.05° and an integration time of 2

sec per step.
Micro X-Ray Fluorescence Spectroscopy - nXRF (Tornado)

A tabletop Bruker 2D p-XRF spectrometer (Tornado M4) was used to obtain detailed, spa-
tially resolved elemental maps from large sample surface areas. The probe contained an air-
cooled, low-power Rh (Ka; = 20.2 keV) X-ray tube, operated at 50 kV and 600 pA, with pol-
ycapillary X-ray optics and an electro-thermally cooled Xflash detector. The spectrometer was
evacuated to enhance detection of the light elements. Major improvements in data collection
included the use of a small measurement spot of 25 um, and a high-speed x-y sample stage.
The fluorescence signal was measured continuously while the stage moved with predefined

step sizes.
Scanning Electron Microscopy with Energy Dispersive X-Ray Detector - SEM-EDX

Near-surface analyses of the scroll fragments were performed with a Tescan Vega Envi-
ronmental Scanning Electron Microscope (ESEM) equipped with a Bruker XFlash 5030 En-
ergy Dispersive Spectrometer (EDS), which is located in the Wyss Institute for Biologically
Inspired Engineering at Harvard University in Cambridge, Massachusetts. Elemental mapping
and compositional analysis for each sample were performed under identical conditions: Eyi, =

20 keV and 12 Pa.
Fourier Transformed Raman Spectroscopy — FI-Raman

In order to obtain Raman measurements with higher spatial average for samples with
strong fluorescence, a Bruker FT Raman spectrophotometer (RFS 100/S) was used. The in-
strument was equipped with Ge-diode detector cooled with liquid nitrogen (77 K), and a near
infrared [YAG:Nd] laser operating at 1064 nm. Measurements were carried out with the laser
output power of 50-100 mW, and spectra collected in the spectral range 100-3600 cm™ with a
spectral resolution of 4 cm™. 4000 scans were co-added per spectrum. The spot size of the

beam on the sample was approximately 400 pm in diameter.

105



The Temple Scroll analysis

Confocal Polarized Raman Spectroscopy — PRS

The PRS equipment used in this study is specified in chapter 1.1. The measurements were
performed with 785 nm laser excitation, and a 100x lens (Olympus MPlan IR, NA = 0.95)

with =1 pum lateral and ~2 um depth resolution.

5.2 Results

The flesh side of the parchment is covered by a thin layer that is enriched with inorganic
materials, henceforth it will be termed the “inorganic layer” (Figure 2). Therefore, the com-
plex material of the TS can roughly be grouped into two layers: an inorganic layer that was
applied on the organic support, which is the skin. Further classification defines two sides of
the scroll; front side (A) and back side (B). By side A we define the surface of the inorganic
layer on which the text is written. The B side of the scroll is composed of skin; the outer sur-
face is the hair-side of the skin. The inner sides of the inorganic and skin layers, which face
each other between the layers, are termed (A*) and (B*), respectively. In summary, we define

two layers and four sides (Figure 40);

g %k . .
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Figure 40: Nomenclature assignment of the layered TS material.

In Figure 41 the optical micrographs of the TS2 fragment are presented. It shows a sand-
wich-like layered system, where on the back side (B) of the fragment, a part of the organic
layer (skin) is missing. This gives us the opportunity to approach the inner side of the inorgan-

ic layer (side A*) directly. The sample can be roughly characterized with two colors; the
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5.2 Results

slightly yellowish sides B and A*, and a very bright ivory-colored layer on the text side A.
The inorganic layer contains some cracks, which also expose the yellowish organic layer
(Figure 41c¢). The B-surface, however, also shows some whitish colored regions, but they are

not very intense nor consistent.

Text side:

| T H
‘II'I hJI‘

Figure 41: TS2 fragment; a) both, front text side (inorganic layer) and back sides (organic
layer). The lower part of the organic backside layer is missing, the side A*(inner side of the inor-
ganic layer) appears instead. The areas P1 and P2 are presented in c¢) and d), respectively,
whereas P2 is the cross section. b) The same fragment, but in transmittance. The thicker section
with two intact layers appears darker.

The cross-sectional image at the edge in Figure 41-d shows the layered system of the
fragment. The full thickness is about 100 um, and this thickness is consistent throughout the
whole length. The darker organic layer, which makes up 60% to 80 % of the full thickness, is
less straight; it winds between the inorganic coatings. On side A, the inorganic layer is contin-
uous, whereas on the back side B the inorganic material is used intermittently to fill topo-
graphic irregularities, creating a final product of uniform thickness from a thin parchment of

uneven thickness.

Before reporting the XRF elemental maps, attention should be directed to three defect loca-
tions on the fragment: two holes (H1 and H2) and a crack in the inorganic layer that expose
different layers that make possible the reconstruction of the elemental depth distribution in-
side the layered system. Figure 42 presents the defect locations on the fragment from both: A
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(transmission light microscopy) and B (scanning electron microscopy (SEM) sides. In the
transmission light microscopy image of the front side A both holes H1 and H2 can be identi-

fied on the thinner section where a part of the organic layer is missing.

Light in transmission

H2 hole on side A

Figure 42: The Sample TS2 is presented from the front A-side with transmission light micros-
copy (left) and from its back B-side with a SEM image. H1 and H2 are two holes in the inorganic
layer. H1 is present only on the inner side A* and H2 can be observed only on the outer side A.
These holes were helpful for reconstruction of elemental depth distribution, shown in Figure 43
and Figure 44. The crack is located on the inorganic outer layer, side A.

In the SEM picture in Figure 42 the H2 hole is not visible on the A* side, indicating that
the lacuna is only on the surface of the inorganic layer on side A. The depth from which sec-
ondary electrons are emitted for SEM topographic images is approximately 20nm in bone
[213], which has a large component of collagen. As this technique is only sensitive to the near
surface depth, and it clearly shows the H1 hole on the A*-side with a typical collagen fiber
structure behind it, it can be assumed that the H1 hole is present only on the sample surface on
the A*-side and not on the A-side. Our Raman measurements confirmed that the fibers inside
the H1 hole are collagen, and that inorganic material covers the fibers on the front side A.
This reveals that the lower part of the fragment is not a pure inorganic layer; some collagen
fibers assumed to be from the organic layer remained embedded in the inorganic material after
the organic layer was detached. These remaining collagen fibers were exposed to the envi-
ronment and hence they gelatinized with the time forming a glossy film on side A* covering
the few other embedded collagen fiber. The crack also seen in the light transmission image in

Figure 42 is located on the surface of the inorganic layer on side A.
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pXRF measurement of the front side
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Figure 43: pXRF mapping of the front side (facing the inorganic layer on which the text is
written) of the TS2 fragment. a) The spectra compare the upper, thicker part (ROI 1) with the
lower, thinner part (ROI 2) of the fragment; a micrograph from Figure 41b is used for clarity. b)
The elemental distribution maps of the 12 most evident elements are presented. For larger imag-
es in grey scale see also S 1 in supplementary materials.
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pXRF measurement of the back side
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Figure 44: pXRF mapping of the back side of TS2 fragment. a) Spectra of three different
ROIs are presented together with b) the elemental distribution maps. The SE micrograph on the
right side of a) is used for clarity.
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SEM EDX - front side

© 800 jim
R

Figure 45: EDX elemental maps of the area with a crack on the front side (inorganic layer) of
the TS2 fragment. It shows particles in the inorganic (carbon-poor) region consisting of Na, S
and Ca. Si is also present in the inorganic layer, but not in the particles. Al and Cl were found
with higher concentration in the organic material, and also between these particles. The arrows
show the presence of some elemental clusters where the particles contain only Na and S but only
little Ca. Other particles with only Ca without Na and S were also identifyied.

SEM EDX - back side

A*

Figure 46: EDX elemental maps of the back side of the TS2 fragment. The maps show that Na
origin from two different sources; 1) in the upper part (B-side); Na correlates with CIl but not
Ca, probably NaCl (dashed circle). 2) in the lower part (A*-side); Na can be found in particles
containing Na, S, Ca and Si. The presence of Si inside the particles here (A*-side) differs from
the particles found on the front side A. It is also noteworthy to highlight that the area with very
high C-concentration on (B) is most probably an adhesive, for example from post discovery
treatment, although topographically it could not be confirmed with optical microscopy.
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We performed a full area scan by pXRF (Tornado, Bruker instrument) on the front and the
back sides of the fragment. The sum spectra of some Regions of Interests (ROI’s) are present-
ed together with the elemental (K-lines) distribution maps in Figure 43 and Figure 44. For
larger images in grey scale see also S 1 in supplementary materials. Elements were excited
through the entire sample thickness. However, elements with lighter atomic masses were de-

tected only from the near surface depth because of the absorption.

Additionally, the sample was measured by means of SEM-EDX. Due to very high lateral
resolution and the relatively short depth penetration of the electrons, this technique allowed
for the collection of elemental identification from only the near surface depth, and also identi-
fied distinct surface particles. The elemental maps of magnified areas of some ROIs are
shown in Figure 45 and Figure 46. Reconstruction of the elemental depth distribution and the

assignment to distinct material layers are done in Table 3 in the discussion of this chapter.

The SEM and XRF studies provide a clear picture of the elemental composition, but do not
provide information about the molecular nature of the compounds on the TS fragments. To
explore the molecular composition of the elements that can be found in the inorganic layer
and in the collagen fibers, vibrational spectroscopy such as Raman and IR can be applied. In
combination with mapping, vibrational spectroscopy methods provide information on both the
molecular composition and distribution on a sample surface. Raman offers the advantage of a
backscattered experimental geometry, and a less invasive approach, since no sampling is re-
quired. These characteristics make Raman spectroscopy the first choice for rare objects of

cultural heritage value.

The drawback with analyzing ancient materials with Raman is the often strong fluores-
cence that appears if Raman scattering is excited near electronic transition. The fluorescence
intensity can be several magnitudes higher than the weak Raman spectrum, making the Ra-
man spectrum impossible to measure. This was the case for almost all materials found in
Qumran, including the scrolls. The origin for the strong fluorescence in the scrolls can be as-
sociated with impurities and material degradation, but also be attributed to agents such as tan-
nins that could have been used for skin treatment during the manufacture. The TS was a sur-
prisingly exception, as it exhibited less fluorescence in the Raman spectra if a lens with high
depth resolution (100x, NA=0.95) was used, thus reducing the spot size of the confocal prob-

ing volume in order to separate from the fluorescing spots in the close vicinity.

However, before focusing and magnifying particular regions of interest on a um scale, we

needed to know the Raman spectrum of the full sample material averaged over the macro-
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scale. Unfortunately, fluorescence became an issue for the TS as well. For that reason we ana-
lyzed a TS fragment by means of FT-Raman, using a 1064 nm excitation wavelength, and a
spot size of 400 um in diameter. The use of such a low excitation energy significantly reduced

the fluorescence but the measurement lacks in spatial resolution (Figure 47).
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Figure 47: FT-Raman@1064 nm spectra of two regions of a TS4 fragment measured on the
front side (text side: A). The spectra are representative of the whole fragment due to the large
spot size (400 pm in diameter) of the laser on the sample. It shows three main components: a
double peak of sulfate at 987cm™ and 1003 cm™', a nitrate peak at 1044 cm™ and the typical pro-
teineous contribution of collagen or gelatin.

The Raman spectrum identifies strong peaks in the sulfate region (at 987 cm™ and 1003
cm™) and nitrates (at 1044 cm™). The rest of the spectra can be assigned to a proteineous tis-

sue, i.e. collagen or gelatin, including the C-H peaks around 3000cm ™.
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Figure 48: Confocal Raman@?785 nm spectra of TS-2. I: Collagen spectrum; collagen fibers
in all TS 2 — 4 fragments always contain a nitrate peak at 1043 cm™. II: Sulfate spectrum of par-
ticles with Na, S and Ca constituents (Figure 45). I1I: Unidentified particles spread in the inor-
ganic surface layer (Figure S0c), its Raman signal is very resonant at 785nm laser excitation. 13
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By means of confocal Raman spectroscopy in the NIR region using a 785 nm laser, we fo-
cused on specific non-fluorescent regions of interest of about 2 pm’ probing volume in the
fragment, and localize the findings of FT-Raman measurements. The main results are present-

ed in three spectra in Figure 48.

Below are further detailed descriptions of the confocal Raman spectra I, II and II of Figure

48.
Spectrum I - Collagen Fibers:

We collected spectra from collagen fibers in the big crack on side A, as well as inside the
HI hole of side A* and at the edges of the TS2 fragment. All measured collagen spectra con-
tained a nitrate peak at 1043cm™, which can be associated with the v1 of NH4(NO3) [214,
215]. A representative collagen graph is presented as spectrum I in Figure 48. Exposed organ-
ic regions were also observed on the B side, but those regions fluoresced in the confocal Ra-
man spectrum, and hence no spectra could be obtained. However, the nitrate peak was identi-
fied in all collagen spectra of TS 2 —4 fragments. Only the collagen powder TS-5 was not
characterized by the nitrate signal. Unfortunately we could not obtain collagen spectra of the
TS-1 fragment from the inner part of the scroll. Hence we cannot say whether it contained
nitrate or not. In any case, nitrate was not detected in the inorganic layer when collagen was

not also present in the Raman spectra.

Spectrum II — Na,S,Ca particles:

Spectrum II is associated to “Na, S, Ca” particles as identified in Figure 45 and Figure 46
of the inorganic layer on sides A and A*. It shows a sulfate (SO4>) spectrum with two main
peaks. The intensity ratio of these peaks varied from case to case throughout the TS fragment,
as did their spectral position by + 3 cm™. Comparison with glauberite (Na,Ca(SOx),) and oth-

er related reference spectra from the database of minerals: www.RRUFF.info, and air dried,

self-prepared, aqueous mixtures of CaSO4 and Nay(SOs), did not provide satisfactory matches
with the TS-“Na, S, Ca” particle spectra. The measured Raman spectra of the pure air dried
aqueous mixture of calcium sulfate can be related to gypsum (CaSO4-2H,0) rather than to
less hydrated bassanite and anhydrite [216]. Hydrated sodium sulfate found as mirabilite
(NaxSO4-10H,0) is metastable and turns easily into thenardite (Nay(SO,)) in dry air.

Particularly the Raman peaks of the air-dried, synthetic Na,(SO4) and CaSO4aqueous mix-

ture located around 450 cm™ and 630 cm™ differ from the TS spectrum II. However, drying
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this synthetic mixture by fast evaporation on a heating plate set to 250°C resulted in different
material formations showing higher variety among the measured Raman spectra (measured at
ambient conditions), some of these Raman spectra were very similar to the TS Raman spec-

trum.

Representative spectra of both dried synthetic samples are presented in Figure 49: [i] Ra-
man spectra from the mixture, which was fast dried by heating and [ii] slow air dried at room
conditions. The Raman and the XRD results, which will be presented next, refer to measure-

ments performed at ambient room conditions (~25°C, ~45% RH).
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Figure 49: Confocal Raman@ 785 nm. Comparison between TS and a mixture of synthetic
Na,(SOy) and CaSO..[i]: the two spectra are from the synthetic mixture after fast drying by
evaporation on a heating plate set to 250°C. They are in agreement with the TS “Na,S,Ca”-
particles. [ii]: three representative spectra are shown from the same synthetic mixture dried
slowly at room temperature. The upper measured spectrum (green) is a superposition of pure
Na,(SOy)-(red) and CaSO,.2H,0-(blue) measured in the same air-dried mixture.

The spectra presented in Figure 48 (I and II) are statistically the most common and repre-
sentative because they are in agreement with the average shown by FT-Raman measurements
in Figure 47. In some rare cases, other spectra were identified on the micron scale. For in-
stance, some Ca particles without Na and S constituents that were identified in SEM-EDX
elemental maps, generated a calcite Raman spectrum. In one other case, a Ca-poor (low Ca
concentration) particle was found between the collagen fibers (marked by an arrow in Figure
45), that produced a Raman spectrum with a high concentration of nitrate with v1 at 1047 cm’
"and v2 at 720 cm™. It is possible that the nitrate was in the vicinity of the Ca-poor particle

with S and Na, and was not part of the particle structure. In the discussion of the TS material
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composition and the possible reconstruction of its manufacturing technology, only the charac-

teristic average spectra will be considered because they represent the most reliable data.

Additionally, various other synthetic mixtures of sulfates and nitrates were prepared and
compared to the TS spectrum by Raman and XRD. These results did not lead to a fully satis-
fying agreement with the Temple Scroll inorganic layer data. To completely identify all the
original compounds present in the TS inorganic layer, we plan further systematic studies of
natural and synthetic materials prepared in the lab. Our preliminary comparison with some
reference and synthetic materials provides a baseline for future investigation with the aim to

precisely reconstruct the manufacturing procedure of the TS.

Spectrum III — Unidentified particles:

Spectrum III (Figure 48) belongs to small particles or clusters of about 5 to 15 pm in diam-
eter that have been found spread over the inorganic layer (accessible from side A or A*).
These particles generated a very resonant Raman behavior to the 785 nm laser, which made it
possible to perform a Raman imaging with a very low laser intensity that would not harm the

TS fragment (Figure 50c).

These particles could not be assigned by a precise elemental composition so far. They are
referred to as “Na,-X” particles because after studying all relevant mineral spectra from the

database www.RRUFF.info, only two spectral examples of sulfates that contained Na (the-

nardite and glauberite) showed the same spectral peaks as presented in Figure 50a. Further-
more, it was identified in one “Na,S” particle (without Ca) on the TS, which is marked by
arrows in Figure 45. This confirms that Na and not Ca is the predominant element that is in-

volved in this Raman vibration.

The ,,Na,-X* spectrum could be found in one example of glauberite (Na,Ca(SOs4),) and in
other example of the thenardite (Na,(SO,)) reference spectra in the RRUFF database. Other
examples for glauberite and thenardite from the RRUFF database do not have the same
“Nay(S04)-X” spectral components. This may be due to differences in particular geological
formation processes, which either forms under specific circumstances and hence can be found
only in particular regions, or may be due to specific impurity in the database samples and the

TS inorganic material.
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Figure 50: a) Raman @ 785 nm, the resonant spectrum of “Na,-X” particles measured in
the TS [i] (compare with spectrum III in Figure 48) could be found in two examples of a sul-
fate spectra from the Raman database “RRUFF”; glauberite [ii] and thenardite [ii], with
common components 2 Na* and (SO4)”. The “Na,-X” spectra could not be matched with any
other sulfate spectra in the database or in the synthetic mixtures including other glauberite
and thenardite spectra from the “RRUFF” database. b) Zoom of the main sulfate peak. The
TS sulfate material differs from the two reference spectra (thenardite and glauberite). ¢) Con-
focal Raman map shows the distribution of the ROI around the 1365 cm™ peak of the “Na,-
X” particle in the inorganic layer.

Figure 50b shows that the v1 sulfate peaks of glauberite and thenardite from the database
do not coincide exactly with the sulfate peaks of the TS. Although “Na,-X"" was not observed
in the average spectra of the FT-Raman measurement (Figure 47), we still can say it is very
much representative and characteristic of all the fragments from the main body of the scroll
(TS1-5) that we measured. Its typical distribution it presented in the measured Raman map in
Figure 50c. The reason why it was not present in the average spectra of FT-Raman but ob-
served clearly with confocal Raman @ 785 nm is that this material is resonant at the 785 nm

excitation, and hence shows a high enhancement in this measurement condition.

It should be noted again that the spectrum [i] in Figure 50a is a mixture of two different
materials that were found also separately in the TS (see also in Figure 48). One material con-
tains sulfate, and the other belongs to the “Na,-X" material. Both of them also appeared inde-

pendently in the sample.

In the next step of the investigation, XRD patterns of TS fragments with similar inorganic

materials and synthetic mixtures as discussed previously (Figure 51) were compared. The
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aqueous mixture of Nay(SO,) and Ca(SO,) that was dried by heating (boiling) [i], offers the
best match with the TS XRD pattern. The air-dried, pure Na,(SO4) was also identified in the
TS diffraction pattern.
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Figure 51: XRD measurements of two different TS samples (TS 2-4) show that they have the
same material composition. Pattern [i] is an aqueous mixture of Na,(SO,) and Ca(SO,) that was
fast dried by heating (boiling). Its diffraction pattern is in agreement with many peaks from the
TS. It is the same material described in Figure 49[i]. Pure, air-dried Na,(SO,4) and Ca(SQ,) are
also presented. The spectrum obtained from the minerals resulting from drying by boiling Dead
Sea water (lowest/orange spectrum). TS peak assignment: (1):9.3°, (2):9.6°, (3):16.1°, (4):18,1°,
(5):19°, (6):19.3°, (7):19.8°, (8):23.1°, (9):25.9°, (10):28.1°, (11):29.2°, (12):30°, (13):30.9°,
(14):31.8°, (15): 32.1°, (16):32.6°, (17):33.5°, (18):33.9°, (19):39.3°, (20):40.4°, (21):48.8°.

Furthermore, minerals produced by evaporation of the water from the Dead Sea (DSS) by
heating (boiling) were analyzed by XRD. The diffraction pattern of DSS shown in Figure 51
does not match well with the TS diffraction pattern. Although some components of the poly
crystalline minerals formed by evaporated Dead Sea water may coincide with some TS peaks,
the coincidence is not substantial enough to make the argument that they match the TS pat-

tern.

Peak matching using the highest intensity powder XRD peak is useful for samples com-

posed of many minerals, as the smaller peaks may not be detected with high background
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noise, and are difficult to distinguish between different minerals. Peak number 11 at 29.2°
(20) is the strongest in the TS diffraction pattern, but it is not the strongest peak in the most
similar, synthetic reference spectrum [i] in Figure 51. While, peak intensity can also be a
function of sample preparation (preferred orientation) and crystal shape (a long crystal along a
particular axis), the strongest peak of the TS pattern could also represent another material ad-
dition. We addressed this question by comparison with other relevant reference spectra that
showed a strong scattering peak in the region of peak number 11 in, Figure 52. A list of the

minerals whose spectra could be relevant (Figure 52):

TS
——
CaSO, (gypsunmy/ Saharonim
AN Mo A Formation) sampled in Negev
\ Modern limed parchment -
WWM\M/MMMM “~__| CaCO;
\ Air dried mixture; sodium
|\ A N —____ |nitrate (NaNO3) with CaSO,
/\ Air dried calcium nitrate
‘}l M trmnnden | Ca(NOs),

10 15 2IO 2I5 ?:0 3I5 40 45 5IO 29:.0 2é.2 2|9.4 2|9.6
20 (Cu-Ka) /° 20 (Cu-Ka) /°

Cnts / a.u.

Figure 52: The strongest XRD diffraction peak of the TS at 20=29.2° (No. [11] in Figure 51) is
compared with other relevant reference spectra that showed a primary (higher intensity com-
pared to the rest of the spectrum) scattering peak in the region of No. (11): 1) CaSO4-2H,0O: gyp-
sum from the natural Saharonim formation that was sampled in the Negev (Israel). 2) CaCO;:
calcite in modern limed parchment. 3) Air dried mixture of mainly sodium nitrate NaNQ; with
CaSO0, addition. 4) Air dried calcium nitrate Ca(NQO3),. The right graph (zoom) shows that TS
peak No. (11) can be assigned to this naturally formed gypsum (CaSO,4-2H,0).

1) CaSO42H,0 gypsum from the natural Saharonim formation that was sampled in the

Negev.
2) CaCOj; calcite in modern parchment that was treated with lime.
3) Air dried mixture of mainly sodium nitrate - NaNO3 with CaSO4enH,0 addition.

4) Air dried calcium nitrate Ca(NO3),.
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Given the detection of nitrate from Raman measurements, its presence in the diffraction
pattern of the TS would be expected. However, the primary TS No. (11) peak matches with
naturally formed gypsum (Figure 52 -right graph). In conclusion, in the XRD results as pre-
sented in Figure 51 and Figure 52 sodium and calcium sulfates can be identified individually

as well as in a specific form of a conjoined formation.

5.3 Discussion

2000 years is a significant age, especially for an organic, biological material such as an-
cient parchment. In such a time period, several molecular changes can take place such as: de-
terioration of polymer network, other chemical transformations, and/or uptake of foreign ele-
ments from the environment. The remaining traces of the production process evident in the
Scroll, the influences from the Scroll usage, and the storage time in the caves are all very im-
portant aspects to be distinguished from the post discovery treatment and all of these aspects
need to be considered in the analysis. The post discovery treatments are not always well-
documented, but can sometimes be confounded with the historical information available with-
in the material or even destroy it. When we study these ancient materials, we need to be aware
of all the variety of possible influences when the results are interpreted. Moreover, another
important aspect to consider is how much a point measurement represents the whole sample/
fragment of the scroll, how many fragments are required to represent the whole scroll? Only a
combination of results from several experimental methodologies allows for a proper interpre-
tation of the analytical results. During our investigations, we were frequently forced to review
our previous conclusions according to newer results. In other cases, some of our material evi-
dence did not confirm previous findings by archaeologists or scholars, which are not less im-
portant than analytical, measured values. The reconstruction of historical processes has to
consider aspects from all scientific fields. This research is comparable to detective work, re-

quiring sophisticated judgment of all evidences.

It therefore was essential for the investigation to apply several complementary noninvasive
techniques, which could reveal the information of elemental distribution and its molecular
arrangement on a pointwise microscopic but also on a higher average macroscopic scale. We

started with important fragments from the inner part of the Scroll, which have written letters
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on its surface; TS1 (Table 2, Figure 2). The first observation of the TS parchment by means of
light microscopy, SEM and XRF measurements revealed a layered system of at least two lay-
ers; one is organic and the other consists mostly of foreign inorganic components, the most
prominent of them being S and Ca (Figure 2). In those few single spot measurements we iden-
tified Al and K as well. Hence our first assumption was that the inorganic layer could consist
of gypsum and K-alum. It is known that K-alum has been used in parchment treatment since
the Middle Ages. The Raman measurements revealed the presence of sulfates with two v1

peaks that nearly coincide with those of gypsum and K-alum.

This Raman result confirmed our first assumptions, which were presented at the ICOM-CC
(Roma) in 2010 [217]. However, these conclusions, which were based on a few single spot
measurements, needed to be tested on other parts of the scroll. For example, further analyses
that provide information of higher material average and distribution, such as elemental map-
pings, were required. These further analyses are presented in the results section, and will be
discussed further down. In summary, these results disproved the first assumptions about the

presence of K-alum in the inorganic layer.

The identification of nitrates that were identified on TS fragments from the outer part/edge
of the scroll (TS 2-4) but not on those of inner part (TS-1 and TS-5) also needed verification
with further analysis. Because we found it only on fragments from the outer parts our first
assumption was that the origin of the nitrates could be the environment where the TS was
stored: the cave Nol1, which is inhabited by bats. The new results expanded the possibilities
of possible nitrate signal interpretations and sources, and will also be discussed in a proceed-

ing section.

A further important observation was that the text was written on the inorganic layer of the
scroll, which covers the collagen fibers of the flesh side of the skin. The normal thickness of
parchments found at the Dead Sea measure 200 to 300 wm, but the TS is abnormally thin;
only 100 um including both layers (Figure 41d). This TS thickness is an indication of a split
parchment. With the current results, we will address with more detail the question arising
from the uncommon observation of writing on the flesh side of the scroll, and the question of

a split parchment.

The strategy of comparing results from different methods is required in order to reconstruct
the material composition of the layered parchment. In another technique, we applied PIXE in
an atmospheric environment. This technique provides simultaneous information of heavy and

light elements. The applied beam spot was up to 1.5 mm in diameter, and hence a good spatial
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average could be achieved. PIXE measurements that were obtained from the TS1 fragments
(spectra are not presented here), confirmed the presence of S and Ca as it was evident from
XRF measurements. However, this technique also identified the presence of the lighter ele-
ments Na, Mg, Al, Si, and P. Furthermore, Cl, Fe and Br were also identified in the PIXE

spectra.

Recently the CI/Br concentration ratio inside ancient parchments was used in order to ad-
dress the question of provenance of the parchment used for the DSS [218]. The production of
parchment involves intense treatment with water at different steps. The high concentration of
Br in the DS water leads to an approximately 7 times lower CI/Br ratio compared to normal
seawater [219, 220]. These elemental traces remain in parchment and reveal information of its
potential processing origins. The PIXE analysis, however, was not quantitative, and not ap-
propriate for determination of the CI/Br ratio. Moreover, the Cl and Br were differently pre-
sented within the complex, layered TS, and hence they could have different sources of origin

within the scroll.

For further analyses, we used the less “precious” fragment TS2 (Figure 41) from the edge
without letters in order to address the question of elemental distribution (including light ele-
ments) by means of SEM-EDX and XRF mapping in a low pressure environment (Figure 43 —
Figure 46). For larger images in grey scale see also S 1 in supplementary materials. A low
pressure environment allowed for the study the lighter elements, but could also induce high

stress on the collagen through dehydration as shown in Chapter 2.

For the reconstruction of the elemental depth distribution, some marks (holes and cracks)
were identified on the layers (Figure 42). The detailed discussion of all the individual ele-
mental distributions is presented in Table 3. In the conclusion we will consider some of the
elemental distributions that assisted us with building a reconstruction model of the TS manu-
facturing procedure. The elemental maps revealed that the main source of Cl appears to be
accompanied by an even Na distribution (Figure 43 and Figure 46-circle), which most proba-
bly originates from a treatment involving a NaCl (halite) solution. However, the Na distribu-
tion also appeared independently from Cl in distinct particles in the inorganic layer. The inor-
ganic layer contains mainly “Na-S-Ca” particles (Figure 45) on the outer side A, and “Na-Si-
S-Ca” particles (Figure 46) on the inner side A* that is in direct contact with the organic

parchment (skin) layer.
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Table 3: Notes about the elemental distribution in the TS2 fragment as revealed by means of
pXRF - and EDX mapping in Figure 43 - Figure 46 and S 1 in supplementary materials.

Na: Sodium was identified on all the sides of the layers that are accessible on this fragment;
A, A* and B. It appears in two forms; both strongly pronounced and distinct particles found
in the inorganic front layer accessible from sides A and A*. On side A these particles contain
S and Ca (Figure 45) but on A* they contain Si as well (Figure 46). Beside the distinct parti-
cles, Na shows also a smooth distribution that correlates to the Cl distribution, especially on
B (Figure 46, dashed circle). The latter is an indication for NaCl salt solution that was used
for a treatment independent from the inorganic material.

Mg: Magnesium cannot be assigned to a distinct layer. On one hand its XRF elemental map
in Figure 43 (S 1 in supplementary materials) clearly shows much less magnesium in the H2
hole on side A, which means it is present in the front inorganic layer. On the other hand, the
map does not depict the crack in the inorganic layer on the upper part of the fragment.

Al:  Aluminum can hardly be assigned to one specific layer as well. It was more present
among the gelatinized collagen on side A* than inside the inorganic materials on side A, be-
cause the intensity inside the crack is definitely stronger, and the H2 hole is not recognizable
in the XRF elemental map (Figure 43 or S 1 in supplementary materials). The only region
where aluminum is not detected is the ROI 1 in Figure 44, which is a carbon-rich region on
the back side B. The high C-concentration in this region is shown by means of SEM-EDX in
Figure 46. Aluminum is a light element, and hence it can be observed only from near surface
layer. It is possible that in this region, a foreign adhesion (additional layer) that covers the
surface of the original fragment (post discovery?) is present, although topographically it
could not be confirmed via optical microscope. Furthermore, with low statistics, the alumi-
num K-line cannot be easily distinguished from the L-line of bromine. Therefore a mixture
of both Al and Br could be presented in the Al map.

Si:  Silicon provided a strong signal from the inorganic layer on side A. The crack and the
H2 hole clearly lacked Si-emissions in the Si-elemental map in Figure 43 (S 1 in supplemen-
tary materials). The SEM-EDX elemental distribution of side A shows that Si never coincid-
ed with the distinct Na-S-Ca particles (Figure 45). However, contrary to side A, Si was defi-
nitely also a component of the Na-S-Ca particles on the A* side, as can be seen in Figure 46.
This was confirmed by the appearance of the hole H1 on the back side in Figure 44, which
means that the source of the Na-Si-S-Ca particles signal lies mostly inside or very close to
the gelatinized collagen on side A*, whereas Na-S-Ca particles can be found on side A dis-
tinct from the Si particles surrounding them.

P:  Phosphorus was measured most on the organic inner sides A* and B*, as it was clearly
detected through holes and cracks on side A in Figure 43 (S 1 in supplementary mat.). Figure
44 confirms this from the back side, where P is present on side A*, and not on side B. Inter-
estingly, H2 exhibited no P-signal, although A* should be exposed there. A possible explana-
tion is that organic surfaces that were not directly exposed to the environment for a long time
contain more phosphorus than the surfaces exposed to the environment (outer sides A and B).
Somehow, environmental exposure could have reduced the P-content. This would suggest
that the material in the H2 hole was exposed to the environment a very long time ago.

S:  Sulfur was co-located with the same layers as silicon, especially in the inorganic layer
on side A but also on side B. On side A it was present in the Na-S-Ca particles, and on A* it
was present in Na-Si-S-Ca particles. On side B, sulfur does not show a consistent association
with Ca in all regions, but it is sometimes associated with it.
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Cl:  Chlorine was co-located with the gelatinized collagen on side A*, it results from the
pronounced H1 hole that appears on the front side. ClI transmits through the inorganic layer
(Figure 43 or S 1 in supplementary materials) without depicting the structure of the inorganic
mixture. It is generally accompanied by the even distribution of Na as indicated by the
dashed circle in Figure 46 (see discussion for Na). The even distribution indicates a treatment
of the skin in a NaCl salt solution, which penetrates into the collagen on both sides of the
skin. No NaCl was identified in the inorganic mixture.

K: The presence of potassium is inhomogeneous; it appears also in clusters of high con-
centration (Figure 43 or S 1 in supplementary materials). However, on the back side B
(Figure 44), one could find it in all regions. The exception is again the area with the assumed
foreign adhesion. Since the H1 hole was also evident from both sides, but not the H2 hole, K
was associated with the organic material.

Ca: Calcium was present in all layers. On sides A and A*, it appeared mostly within parti-
cles consisting of Na-S-Ca and Na-Si-S-Ca, respectively (Figure 45, Figure 46). Some re-
gions that showed calcium separately from Na, S or Si could be identified mostly on side B.
In any case, side B did not reveal a consistent and homogeneous inorganic material distribu-
tion. The inorganic material on side B did not show common origin with the inorganic front
layer.

Mn: Manganese distribution can hardly be assigned to a particular layer or depth; It’s XRF
distribution map depicted both wholes, which means that Mn is present in both layers The
intensity in the thicker upper part that consists of all layers was higher than in the thin lower
part (Figure 43 or S 1 in supplementary materials and Figure 44), which consists mostly of
the inorganic layer and some residual of collagen. The contrast in the map between the two
parts, however, seems to be disproportionately high compared to the thickness difference.
This suggests a higher Mn-concentration in the organic part rather than in the inorganic.
However, it is not possible to estimate the material density and the exact thickness of these
two regions that would be needed for quantitative conclusion. The other indication for its
presence in the organic part rather than in the inorganic was the missing structural border
between ROI-1 and ROI-3 on surface B (Figure 44). Since the inorganic material on the B
surface was very inconsistent and inhomogeneous regarding its elemental composition (see
Figure 44 and Figure 46), the border line should be clearly pronounced. The Mn- distribution
is however, very even and homogeneous. Furthermore, the only pronounced structural inten-
sity contrasts are caused by the cracks in the organic (skin) layer. (Figure 43, Figure 44). In
any case, the intensity contrast pattern coincides very much with those of Fe and Br.

Fe: The presence of iron has two sources; one is regularly distributed and corresponds with
Mn and Br throughout the entire fragment, with higher concentration in the organic parts.
The other source are the distinct Fe-particles, mostly located on side B.

Br: Bromine distribution follows the same pattern as Mn and the even distribution of Fe
that were mostly present in the organic skin layer as described above (see: Mn). These ele-
ments are present in higher concentrations in Dead Sea water compared to normal sea or
ground waters [221-225]. The smooth NaCl distribution was also co-located with the organic
skin. This could suggest a skin treatment with the Dead Sea water before the inorganic layer
on the front side (text side) was applied.
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FT-Raman measurements deliver the information of molecular composition on a macro-
scopic scale, which provides a representative average (Figure 47) of the fragments. Beside
collagen, the spectra also showed the presence of two sulfate peaks and a nitrate peak. Using
the confocal Raman with a 785 nm laser with a probing volume of only few microns, the sul-
fate and nitrate were localized inside the material, as shown in Figure 48 — II and I, respec-
tively. The spectral position of the nitrate peak in collagen fibers corresponds to the v1 of
ammonia nitrate /NH4(NO3) [214, 215]. Nitrate was never detected in the inorganic layer
without collagen, and collagen was never measured without the nitrate peak in the fragments
TS2-4. We did not measure either nitrate or collagen by means of Raman on the TS-1 frag-
ment, and hence we cannot comment on the presence of a nitrate peak with collagen in that
sample. TS-1 is the fragment from the inner part of the scroll. Raman spectra of collagen
powder that was scraped from some of the inner TS sheets (TS-5, see Table 2) exhibited no

nitrate peak.

Both Raman sulfate peaks belong to the spectra of the “Na-S-Ca”-particles on the inorgan-
ic layer. In the inorganic layer, additional unidentified yet small (ca. 3-5 um in diameter) ma-
terial clusters or particles were localized. These particles showed a resonant behavior for Ra-
man shifts generated with a 785 nm laser (Figure 48-111), leading to very strong visible signal
which was not present in spectra of the FT-Raman generated with a 1064 nm laser. These are
called the “Na,-X” particles, because their spectrum could also be found in some of the
Nay(SO,4) and Na,Ca(SOs), measurements from the RRUFF (online minerals Raman data-
base), where the common components between both materials are 2Na” and (SO4)” (Figure
50). Nevertheless the “Na,-X" spectrum appeared independently and without the sulfate com-
ponent in the TS. It might arise from an impurity related to this minerals, or play a role as an
analytical characteristic that future investigations could use to identify the material, its origin

or its possible treatment.

In order to identify the materials in the inorganic layer, some laboratory self-made aqueous
mixtures of reasonable components were tested in different proportions, and with different
drying methods. A mixture of sodium sulfate and calcium sulfate (gypsum) in water could
partially match the TS sulfate Raman spectra only if the aqueous mixture was fast dried using
a heating plate at 250°C while stirring the mixture, but not by slow evaporation at ambient
room conditions (Figure 49). In a fast drying process such as heating, different polycrystalline
forms can appear together. Each of these phases would probably require different conditions
and circumstances for the individual formation if dried slowly in an ambient environment.

The self-made reference mixtures and evaporates from the DS water were compared with the
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TS by means of XRD. The XRD pattern comparison shows the best match with the sodium
sulfate and calcium sulfate mixture after fast drying by heating while stirring(Figure 51). Pure
sodium sulfate was also identified in the XRD pattern of the TS. Therefore, one could expect
to find pure calcium sulfate such as gypsum in the TS XRD pattern as well, at least some little

indication in the noise.

The strongest diffraction peak (No.11) in the XRD pattern of the TS shows an outstanding
behavior (Figure 51). Due to the fact that the compared reference materials do not show the
same spectral features of an strong peak at that position (including pure calcium sulfate that
was prepared in the lab), can indicate the presence of an additional component. We addressed
this issue by comparison with additional related materials that showed similar spectral fea-
tures of an outstanding diffraction peak at this position (Figure 52). We looked for materials,
where all other peaks are small enough that they could possibly vanish in the spectral noise if

this material is represented in the TS XRD pattern in small amounts.

The TS peak No.11 matches the gypsum XRD pattern (Ca[SO4] * xH,0O) of the Saharonim
formation that was sampled in the Negev (Israel). The XRD pattern of this gypsum sample
showed a characteristic of an outstanding peak at the same position as peak No.11 of the TS.
It can be concluded that most of the TS XRD pattern can be assigned to the presence of sodi-
um- and calcium sulfates as thenardite and gypsum, but also in a combined molecular for-
mation. A combined molecular formation could be glauberite, however, its XRD pattern (from
http://rruff.info/glauberite/R070322) could not be identified in the TS. More samples of natu-
ral formed glauberite, thenardite and gypsum from different places in Israel and the surround-
ing regions are needed for further comparison, including the effect of different temperature

treatment on the crystal structures.

The identification of the source and possible treatment processes of the inorganic material,
which we have characterized here, is an ongoing project. Hence, in order to reconstruct a
manufacturing model of the TS, the presented results should be considered as a guideline for
further investigations. In the discussion further down we will develop a preliminary model

based on our findings at this stage of the investigation progress.

One important remark needs to be said about the TS2 fragment, the sample that we used
the most for elemental and molecular analysis (Figure 41). This sample was suitable for our
measurements because of the missing part of the layer on the back side of the fragment which
is mostly organic. The back surface side of this partly detached organic layer also contains

inorganic regions. This could not be confirmed for all the fragments. However, this inorganic
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material is not homogeneous and not consistent with regard to thickness and elemental distri-
bution. It shows regions of high homogeneous Na and Cl correlation indicating halite and
surprisingly only little presence of Ca (circle in Figure 46). It differs very much from the con-
sistent inorganic material from the front layer of the scroll that we have characterized and
discussed above. Therefore, one cannot conclude that parts of the front side inorganic layer of
the opposite sheets, have become detached and transferred to the back side of this fragment.
Moreover, the consistent thickness of the whole fragment indicates that this possible assump-
tion of the detachment is less likely (cross section in Figure 41-d). The side view clearly
shows that sometimes the organic skin layer is curved between the inorganic layers, which
form straight surface lines. These observations lead to the conclusion that the back side inor-
ganics on the fragment TS2 originate from the manufacturing procedure rather than being
transferred from the opposite surface layer. The inorganic material on the back side could pos-
sibly represent residues from an intermediate step involving salts treatment during the parch-
ment manufacturing process. Regarding the presence of the inorganics on the back side, no

further conclusions for the entire scroll can be made at this stage of the investigation.

These are the main findings as presented in the results chapter section 1.1. Further discus-
sion on these findings will be structured according to topics that are relevant to the creation a
possible model of an antique manufacturing technique for parchment, which could have been

applied to the TS. These are the topics that will be discussed in the next chapter (chapter 6):

“Split and unstretched parchment”,

“Treatment with DS water”,

“Presence of nitrates”,

“Text written on the inorganic layer on the skin’s flesh side” and finally

“Preparation of the inorganic layer”.
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Parchment preparation

Figure 53: Proposed splitting procedure: A wet skin is soaked
in a very high saturated salty bath for a short time. The salt in-
duces high osmotic pressure and causes a high humidity gradi-
ent throughout the skin’s cross section whereby the skin’s outer
layers become dry and stiff. The skin is then susceptible to rup-
ture exactly along the wet core between the outer layers.

Picture © Rimma Schuetz.
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6 Reconstruction of an Unknown Ancient Manufacture

Practice

Split and unstretched parchment in the Temple Scroll

The main observation that indicates a split parchment in the TS is the abnormally thin
thickness (100 um) of the scroll, whereby approximately 70 to 90 um of the TS is composed

of the actual organic material, the skin (Figure 41d).

Skin splitting needs to be undertaken when the skin is wet. As we have shown in Chapter
2, collagen develops very high forces in dry conditions, and its Young's modulus rises signifi-
cantly [138]. In a dry state, collagen is very resistant. The optimum frame condition for skin
splitting would be when the skin is dry on both of the outer surfaces, but still wet inside the
skin. In this case, splitting would favour a rupture along the inner wet collagen, leaving the
less ductile outer layers intact. To achieve the state of dry outer surfaces with a hydrated core,
fast drying that induces a high humidity gradient is required. Drying in the air is a slow pro-
cess, whereby the humidity gradient throughout the depth of the skin is not very large. There-
fore another drying process is suggested, where the skin is soaked in a strongly saturated salty

solution (Figure 53, page 128).

Due to the high osmotic pressure induced by the salt, both of the outer layers of the skin
will dehydrate in a relatively short time, becoming stiff and dense (see Chapter 2). During
this process, the core of the skin tissue remains humid and ductile, therefore amenable to tear-
ing. In collagen-based materials of higher density, the humidity gradient caused by soaking in
a saline bath would be even larger, because the shrinking induced by the drying in the outer
layers will render them less permeable. There would be a larger resistance for the moisture in
the core of the skin to migrate to the surface, and therefore remain trapped within the skin for

a longer time.

This leads us to the question of whether or not the TS parchment was stretched while dry-
ing before finishing. For clarity reason it should be pointed out that this drying step while the
treated skin is stretched is one of the finalizing steps of parchment manufacturing process and
it is to distinguish from the splitting procedure by pulling the two dehydrated outer layers as

proposed above. When the parchment is not stretched it becomes transparent after drying. The
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dense packed collagen fibers form a single gel-like layer. While after stretching, due to the
strong decrease in its material density, the parchment becomes whitish and not transparent
after drying. Stretching separates the fibers in the collagen network; when light passes
through the stretched network, it refracts several times on individual fibers. This refraction

causes photon diffusion, which makes the material opaque.

However, the usual procedure of parchment preparation involves the drying when the skin
is under tension fixed on a frame but the hypothesis that the TS was possibly split leads to
some interesting questions. If the TS parchment was stretched, was it done before or after the
splitting? As the wet stretching reduces the material density in disrupting the collagen net-
work, it would be better to avoid stretching the skin before splitting it, in order to maintain a
large humidity gradient to favour splitting, as discussed above. On the other hand, stretching
the skin after it is split and therefore became very thin and fragile poses a larger risk for dam-
aging the large sheets. Furthermore, thin stretched skin would be less resistant for usage due
to the reduced material density. It therefore may be most favorable not to stretch the split
parchment at all, even though it would then remain transparent. In such a case a very thin and
transparent scroll would be undesirable for writing purposes. In further sections we will dis-
cuss how this processing dilemma could nonetheless fit with the manufacturing concept of the

Temple Scroll.

Treatment with DS water

Since the Temple Scroll was found near the Dead Sea, the potential usage of DS water in
its production process receives particular attention. When considering the use of saline solu-
tions for the splitting procedure as discussed in the previous paragraph, DS water shows suit-
able criteria. A quantitative Cl/Br ratio could possibly give an indication if DS water was in-
fused in the skin, but we could not succeed in measuring this ratio in this work. Nevertheless,
our measurements reveal the higher concentrations of Br in the organic part of the TS materi-
al. Its even elemental distribution in the organic material corresponds with the even distribu-
tions of Fe and Mn (Table 3 in chapter 1.1); all of them are present in the DS water with rela-
tively high concentration [221-225]. Na, S and Ca are also present in DS water in high
concentrations, but these elements are not helpful for elucidating the use of DS water in
parchment processing because these elements are also components of the distinct particles

from the inorganic layer of the TS.
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The observed homogeneous distribution of Br, Fe and Mn indicates an aqueous treatment
that would evenly infiltrate the skin. In contrast, the K distribution and additional Fe particles
(see discussion in Table 3 in chapter 1.1) were identified within distinct solids in the parch-
ment. Furthermore, the fact that Br, Fe and Mn were found mostly in the organic layer, and
not in the inorganic layer, testifies to the possibility of two different water sources that could

have been used to produce these two layers.

The XRD and Raman measurements of the material in the inorganic layer show nothing in
common with the mineral salts from DS water. The DS salts were examined in three different
states: 1) salt formations gathered at the shore, which consists mostly of NaCl (halite), 2) res-
idues from evaporated DS water through heating, and 3) solids precipitated through slow
evaporation of DS water at room conditions. The precipitates produced by the two latter pro-
cesses were notably hygroscopic. Hence even the precipitates from the boiling process re-
turned to a moist and viscous state after exposure to ambient environmental conditions (Chap-

ter 5).

Following these arguments, it is possible that DS water was involved in the treatment of
the skin, particularly in the splitting procedure. However, its mineral salts are not part of the
inorganic layer. To explore the possibility of a salt immersion process being used to split
skins, a few preliminary tests on a modern parchment on a small scale of 10 x 30 mm * using
DS water were undertaken. In one case, the two layers of un unstretched parchment could be
separated easily after being immersed for 15 min in DS water. Another fragment was kept in
DS water overnight; this process completely changed its physical properties. The soaked skin
became fragile and rotten, and took a very long time to dry. The potential use of DS water to
partially dehydrate and aid in the skin splitting procedure requires further systematic investi-

gation that was not undertaken for this thesis.

However, in order to split the skin by means of the soaking procedure described above, any
other salty saturated solutions could probably achieve the same result; however, this also
needs to be proved. If this is the case, there is no need to use exclusively DS water to split
skins. Indeed, there are substantial arguments that speak against its use. In the introduction
chapter 1.1 “Content of TS”, a passage of the TS is presented where it speaks about the purifi-
cation regulations for skins that are allowed to be used inside the city of the Temple (Jerusa-

lem?).
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“_.. No skin of a clean animal that has been slaughtered in other cities is to enter My
city. Certain in other cities they may use "them for their work, whatever the need may
be, but such skins are not to be brought into My city. '*The reason: their degree of purity
corresponds with that of the animals flesh. ...” TS-11Q19, Col.47:4-18 [13]

According to the material analysis; the Temple Scroll reveals a very unique and elaborate
procedure of manufacture among all the scrolls found in Qumran, whereas, its content is 50 %
dedicated to the construction of the Temple. If the same scroll, which demands such a high
degree of purification for any skins that are allowed to be used in the city of the Temple (“The
city *that I shall sanctify by establishing My name and temp[le] there must be holy and “pure
from anything that is in any way unclean, by which one might be defiled.” Col.47:4-5), cer-
tainly this scroll itself would be produced with the highest possible effort of purification.

Since this scroll, which might be a copy, is dated to the Second Temple period, it is possi-
ble that not only the animals of this skins but also the ingredients including water used to pro-
cess it could have a relation to the city of the Temple (Jerusalem) or at least fulfill the purity
requirements. Water plays an especially important role in the religious purification rituals.
Surely, it was not possible that a tannery would be inside the city of the Temple, but it could
be located in close proximity. Ezekiel of all prophets, the one who describes the architecture
of the Temple of God in the Hebrew Bible (Old Testament) speaks about pure and living wa-
ter coming out of the Temple Mount and bringing life to everything it touches, including Dead
Sea water that then becomes “healed” or “fresh”. This might speak against the use of DS wa-

ter for the TS treatment.

“_..Then he said to me, These waters issue forth toward the eastern region, and shall go
down into the Arabah (the Jordan Valley); and they shall go toward the sea (Dead Sea);
into the sea [shall the waters go] which were made to issue forth; and the waters shall be

healed. ...” World English Bible, Ezekiel 47:1-12.

There is another archaeological argument that questions the relationship of the TS to the
DS area where it has been found. As currently understood, the TS was not a regular scroll, it is
likely that for the makers it supposed to be like a “Scroll of the Scrolls”; very precious and
very unique amongst all other scrolls found in Qumran. The largest collection of DS scrolls

has been found directly in the vicinity of the Qumran’s ruins, deposited in caves, which were
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sometimes difficult to approach. The TS was deposited in Cave 11, about 1.5 km north of the
ruins. Cave 11 is an exposed cave, which at least in the last centuries, has been protected only
by the presence of foul smelling inhabitants, namely bats. Such an unceremonious deposition
of the scroll, some distance away from the Qumran center, does not correspond to the honored
attention which it received during its manufacture. It gives rise to the possibility that the TS
did not belong to the Qumran collection, but it was hastily deposited in Cave 11 due to a great
distress or emergency. As bats usually inhabit caves for very long time periods (several thou-
sands of years and even more), it is possible that the people who placed the TS in Cave 11
were unfamiliar with Qumran area, which means that the scroll could have been used and

manufactured elsewhere.

In summary, we identified material evidence for the TS discovered at the DS that suggests
the use of DS water in the skin treatment. On the other hand, we also present here strong ar-
guments suggesting another geographical origin of the TS, and against the use of DS water in
the manufacturing process. A possible solution for the contradicting arguments that brings the
puzzle pieces together at this stage of our understanding involves a hasty deposition of the
Temple Scroll in the DS area, but its production and use was elsewhere; possibly close to Je-
rusalem, a 1-2 days walk. The DS water was not directly involved in the treatment of the skin,
but appears on the TS as crystallized salts from the DS shore, a region that was the main salt
source in the region that could have been transported elsewhere for use. The DS salt contains
elemental traces of DS water. DS water could have been used for the skin splitting procedure
as explained in ((Figure 53), or for temporary conservation after the flying. However, there is
no further evidence for the DS salt or the DS water being involved in the production of the TS

inorganic layer.

Presence of nitrates

The v1 nitrate peak (1043 — 1045 cm™ Raman and FT-Raman measurements at room con-
dition) can be assigned to the ammonia nitrate (phase IV) NH4(NOs3). In our measurements of
the TS, the v1 nitrate peak always appeared with collagen spectra, except for one measure-
ment with v1: 1048 cm™ (one of about 50 or more measurements). In that particular case, ni-
trate was found in high concentration as a particle or a cluster among collagen fibers within

the inorganic layer.
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The reasons for the predominant location of nitrate being only in the organic component of
the parchment are either a result of the parchment production, or introduction into the scroll
post-production, for example, during the sojourn in the cave. The latter could have happened
through a direct contact with soil, where we have also detected nitrate with FT-Raman.
Parchment nitrates could also be produced by the uptake of NO, from the atmosphere, fol-
lowed by the formation of NOs within the collagen molecule [226, 227]. As was already
mentioned earlier, bats also inhabited Cave 11, where TS was deposited for two millennia.
Whether their excrements (urea / dung) could have been the source of ammonium nitrate lo-
cated inside the parchment is not yet confirmed, however it is a possible nitrate source. This
nitrate source would more likely contaminate the parchment at the scrolls edges than the

parchment within the rolled scroll, which was more protected over the centuries.

We addressed the question of the effect of parchment protection within the rolled scroll by
comparing some deteriorated samples from the outer sheets with the TS-1 fragments with
samples from the inner part of the scroll. The surface of the outer fragments was free from the
inorganic layer and the collagen was gelatinized because they were exposed to the environ-
ment and therefore strongly damaged. These exterior samples as well as the TS 2-4 fragments
demonstrated clear nitrate peaks in the Raman spectra, whereas the surface of the TS-1 frag-
ment did not generate a nitrate Raman shift. Based on these results, we attributed the nitrate to
the cave sojourn, and proposed the activity of bats as the source of the nitrate contamination
[217]. Unfortunately at the time this conclusion was made, we did not identify the correlation

of the nitrate peak appearing only with the collagen Raman spectrum.

The surface of the measured TS-1 fragment is composed predominantly of inorganic layer;
therefore we do not have any collagen Raman spectra from the inner part of the scroll at this
moment that could confirm our first conclusion concerning the nitrate source. However, there
are other interesting findings that could support the hypothesis of bats as the source of the
nitrate Raman peak. By means of FT-Raman we also identified the nitrate peak in the textile
in which the scroll was wrapped. Furthermore, the Raman measurements of the TS-5 sample
show mainly pure collagen with some of the characteristic inorganic material, but no indica-
tion of the nitrate peak. TS-5 sample is a yellowish powder that was scraped from the surface
in the inner part of the scroll by the conservators. However, extended investigations on more
samples from the inner part of the scroll are needed in order to clarify the question of the
origin of the nitrate Raman shift. If other inner scroll samples demonstrated same nitrate peak,

and the nitrate peak identification was independent of the location of the sample inside the
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scrolls, then the nitrate peak may have originated from the chemistry of the skin processing

process, before the inorganic layer was added.

Text written on the inorganic layer on the skin’s flesh side

In Jewish law scriptures, the text is usually written on the hair side of the skin. The flesh
side is less smooth and hence less suitable for writing purposes. This also includes those
scrolls found in Qumran, including another copy of the Temple scroll, which curiously
enough, was also found in Cave 11. No other distinct copies of the TS scroll were found in
Qumran. However, as it is often the case in Jewish tradition, details pertaining to rituals and
their objects are stipulated by intricate regulations and such is the case for the making of law

scriptures.

As an example, the Talmud, which was written about 400-500 years after the TS, discusses
the exact procedures for parchment manufacture for the writing of texts used for different rit-
ual purposes. It deals with the question of the side on which to write if the skin is split or if it
is not split. Apparently this subject is a matter of disagreement in rabbinic literature due to
contradicting definition of the hair side and flesh side if the skin is split; the two terms used
are qlaf and dukhsustos. Furthermore, the Talmudic regulation also requires treatment of the
parchment surface with tannin (oak gall) before writing on it. Tannin treatment gives the
scroll a brownish color, and also causes a very strong fluorescence signal in the Raman spec-

trum, even in the NIR region at 785 nm excitation.

The TS scroll, however, is different. It has a whitish color, and in most cases a Raman
spectrum without fluorescence is generated if a high magnification lens (100x) is used. There-
fore it is hypothesized that this scroll was most probably not treated with tannins. Moreover,
as was seen in the archive photographs made by Zuckerman (unfortunately a direct access to
the backside of the scroll was not available at the time of our investigation), hair follicles can
be recognized on the back of the scroll in all of its sheets. In Figure 1d, hair follicles are very
pronounced, and this confirms identification of the hair side of the sheet. This observation

indicates that the TS text is written on the flesh side of the skin.

The elemental distribution generated by uXRF maps and presented in Figure 43 (S 1 in
supplementary materials) and Figure 44 shows the presence of phosphorus in much higher
concentration on the inner flesh side of the scroll’s skin. This observation was made with the

help of the cracks in the inorganic layer, on the text side of the scroll. In literature it is report-
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ed that the P concentration is up to 20 times higher in the inner layer of the epidermis (stra-
tum germinativum) compared to the outer hair layer of skin (stratum corneum) [228]. The
main proteinous component of stratum corneum is keratin (80-90%) and not collagen [229],
which results in different physical properties of the different skin layers. The phosphorus dis-
tribution can be partly attributed to the epidermal phospholipids [230, 231]. Depending on
the original parchment treatment processing, phosphorus concentration could be a distinguish-
ing marker between the hair and flesh side of small fragments. Both features of the two layers
of the epidermis, the keratin-rich layer of the stratum corneum and the increased concentra-
tion of phospholipids in the stratum germinativum, could play a role in the skin splitting pro-

cess by means of the dehydration effect as discussed previously ((Figure 53).

Skin splitting generates a rough surface on the flesh side of the skin. Before writing was
applied to the TS, this rough surface was first covered by an inorganic white layer. This inor-
ganic layer was embedded within the collagen fiber matrix, and made the surface of the thin
skin smooth and hard for writing purposes. The question for the possible reason for such a

preparation technique is addressed in the next section “Preparation of the inorganic layer”.

Preparation of the inorganic layer

Before we reconstruct how the inorganic layer could have been prepared, the possible pur-
poses of the inorganic layer should be discussed. What reasons could explain the preparation
of the scroll with text written on the flesh side of the skin covered with an inorganic layer, and
not on the hair side, which is the more practical and common way to do? A simplified skin
treatment procedure for ancient scrolls involves rubbing the skin with salt after flying to arrest
rotting while storage or transportation. Before the further treatment, the hide was washed and
cleaned again. After this process the flesh and the hairs were removed typically by an enzy-
matic bath, and by subsequent physical rubbing with special tools. The processed skin was
stretched in all directions with the use of a frame, and then dried in air. After drying, the rela-
tively thick and stable skin remained expanded and opaque. The stretched and dried skin
could then be further processed with some finishing agents such as tannins. One would then

write on the relatively smooth surface of the hair side of the skin.

The Temple Scroll underwent a different and more complicated treatment. Here we sum-
marize our understanding as described in previous subsections of the discussion. After salting

and depilation, the thickness of the skin was reduced to the minimum size of the epidermis
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layer. This very thin hair side layer was very transparent at this processing step. It is possible
that the size reduction was performed with the splitting procedure, by means of dehydration of
the outer skin layers. After drying without stretching the remaining thin and transparent hair
split was stabilized and smoothened by the application of a layer of opaque inorganic materi-

al. The text was then written on the inorganic layer on the skins flesh side.

The extra effort and complicated process for producing the TS parchment could indicate its
unique value for the people who used it. They saw in the TS a very unique and sacred scrip-
ture, where God himself (in the first person singular) describes the architecture of the Temple
— the place of his presence. This Temple Scroll, which was surely prepared with a very puri-
fied and honorific process, should present a unique and most beautiful appearance. After two
millennia, its organic part has experienced deterioration in terms of material- and appearance
changes, yet TS remains one of the most beautiful scrolls. Given its age, it can be imagined in
that the appearance of the TS during its time of use would have been amazingly beautiful. We
can only imagine the impression of text written on a very white smooth surface, where the
bright whiteness is transmitted on to the back side of the scroll through the transparent thin

parchment.

The aesthetic beauty that results from the special TS production effort may also have a
practical motivation. As we have learned from the content about the purity regulations for
skins allowed to be used in the city of the temple, this scroll had probably to be prepared only
from highly purified animals, which may have been raised and slaughtered in in a special
place like Jerusalem. As a very precious material, its use would not be wasteful. As the TS is
more than 8 m length, it is the longest scroll that has been found in Qumran. For economical
purposes, it would make sense to split the purified skin, and create two writing surfaces from
one skin. However, but splitting the skin, the flesh side of the split skin would have two rough

surfaces, both of which are not as suitable for writing as the hair side.

To allow for writing, at least one of the rough surfaces of the flesh side split layer should
be stabilized and smoothened with the application of an inorganic gel layer. For reasons of
consistency, the split sheet with the hair side should also be written on a similar inorganic
layer. This inorganic layer could have been applied to the rough inner surface, opposite to the
hair-side surface, where there would be improved adhesion provided by the residues of the
collagenous fiber network. This processing would result in the hair follicles being located on

the back side of the scroll on some of the sheets and some without. This processing option
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would results in the back sides of some TS sheets being the skin hair side, and others the skin

flesh side.

The question of inorganic material adhesion to skin is a key question for understanding the
possible preparation method of the inorganic layer. This will be addressed further in the dis-
cussion. However, the photographs of the back side of the intact larger part of the scroll re-
vealed the skins hair side throughout the whole scroll by appearance of the hair follicle pattern
as it can be seen in Figure 1b. The hair follicles were also observed on the back side of the
scroll fragments from the damaged outer sheets. The presence of hair follicles on the back of
the TS throughout the entire scroll, with no evidence of flesh side on the back side of the TS
does not support the hypothesis that economical use of prepared skins was a motivation for
splitting the skins before writing on them. Unfortunately, today the scroll is fixed on a paper
support, and closed in an exhibition frame, so the hypothesis cannot be tested further. For

conservation reasons, at the time of our investigation, access was not granted to the back side

of the TS.

A third perspective on the purpose of the inorganic layer approaches our understanding

of'a “scroll” as a general term from an unconventional direction.

“Once on the mountain of Sinai, God wrote the law and the commandments on two
plates of stone with His finger and gave the two tables of the Testimony to Moses”

(Rephrased and composed from Exodus 24:12 and 31:18, Bible).

When God wrote the law, He did this on stone. As it is described in the introduction (chap-
ter 1.1), the text of the Temple Scroll addresses Moses directly from the first person singular.
God himself is supposed to be the author of this conceptualized text. Consequently, the mate-
rial on which his words can be written cannot be less “everlasting” than stone. Considering
this perspective, the inorganic layer of the TS could have been produced to mimic a white
stone plate that was produced in the useful form of a flexible, 8 m long, beautiful scroll. The
organic skin layer of the TS would act as the flexible supporting material for the primary

‘building block’ of the Temple — “Stone” — Scroll.

The proposed perspective is just a speculation and it is based on considerations done by Dr.
Ira Rabin, the head of the Qumran research project at the Federal Institute for Materials Re-
search and Testing (Berlin) and by Dr. Adilfo Roitman, the director of the Shrine of the Book
(Jerusalem) — “the cave” that is the current dwelling of the TS. They investigated how far the
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commandment that “the law has to be written on a white wall” can be related to the white
inorganic layer of the Temple Scroll, where the text, which contains some law command-

ments, is written on.

Whatever the motivation was for the application of the inorganic layer, be it for unique es-
thetic beauty, or as a “stone” or “white wall” substitute, or maybe both, the inorganic material
had to be fixed on the thin skin by means of a suitable binder. This binder adhered what may
have originally been powdered inorganic materials on the skin surface, and maintained the
integrity of the inorganic layer to modern times. The binder and its preparation procedure

would require a consequent continuation in the purification concept.

Materials known to be used as a binder could be resins such as gum arabic, it could also be
egg white or gelatin. Resins would change the color to darker brownish and the Raman spec-
tra are usually strongly fluorescent, both are not the cases for the TS. An important difference
between egg white and gelatin is the temperature used during the binder application. If egg
white was used as a binder, the powdered inorganic material would have been mixed and ap-
plied to the scroll at room temperature. Dove eggs could have been used for their egg whites,
because doves are the only poultry that were allowed for sacrificial rituals in the Temple, as
required by the Torah (Lev 1, 14 and 15). The use of chicken egg white as a binding material
is less likely if one considers the TS with the other Qumran literature and the Qumran settle-
ment. There is an ongoing discussion amongst archaeologists and scholars regarding the puri-
ty of chickens for use in Jerusalem among priests during the Second Temple period. Although
according to the Torah chicken is a kosher animal, priests avoided their use. Furthermore, no
evidence of chickens was found at the Qumran excavation side [232], whereas bones of other

animals that were used for food have been discovered in a big amount.

We don’t want to participate in this debate about the cultural importance of eggs but for our
context the use of egg white as a binder versus gelatin includes practical considerations. Egg
white would be a new raw material, whereas gelatin can be produced from the same skin ma-
terial from which the parchment is produced. However, gelatin has to be treated at high tem-
peratures. To produce gelatin, the collagen-rich part of the skin, for example the inner dermis
layer of a split skin must be boiled in water until it completely dissolves as gelatinous “bul-
lion”. Upon continued boiling, the water is evaporating, and the gelatin forms a gel that re-
mains viscous for parchment treatment as long as the gelatin paste is still hot. The boiled gel-

atin becomes hard and glossy at room temperature.
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Mixing the inorganic phase with gelatin would be difficult once the gelatin has cooled. It
would be advantageous to mix the inorganic powder with the boiling gelatin “bullion” before
it is gelatinized, and to keep it on a high fire until the water evaporated by boiling. At a suita-
ble consistency the mixture of gelatin and inorganic material could then be spread on the inner
side of the transparent split skin, with the hair side on the back side. This gelatin-inorganic
material mix would embed within the exposed collagenous fiber network. This mix could
form a smooth and stable surface layer, which is suitable for writing. As it was already dis-
cussed, our Raman and XRD results from reference mixtures indicate a possible heat treat-
ment of the inorganic material (Figure 49 and Figure 51). This data supports the hypothesis
that gelatin was used as a binding material. However, of course it is also possible that these
Raman and XRD spectral features could also be caused by a particular natural formation of

the inorganic minerals.

This work elaborates a model for an unknown till our days antique manufacturing tech-
nique, as it has been applied for the TS production, by suggesting some motivations for why
the skin for the TS was split, why only the thin outer skin side of the skin was used as a sup-
porting parchment, and why and how the inorganic material was applied on the flesh side of
this transparent mostly epidermis layer. For the development of this model, deeper under-
standing of collagen as a biological building stone and other material evidences found inside
the TS as well as archaeological and cultural background were considered. With our work we
contributed in several scientific subjects. If summarizing them in two major they would be:
the one is the basic understanding of the biological material collagen in its physiological func-
tionality, which opens new understanding of collagen in its medical context, and the other is

the study of the heartrending DSS in the context of cultural heritage.
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7 Conclusion

In this work, the molecular structure and mechanical behavior of the collagen-water system
was investigated on different length scales. Application of a wide range of characterization
techniques showed how dehydration changed the collagen fiber structure throughout most of
the hierarchical levels. The drying collagen molecule shrank and developed surprisingly high
stresses of up to 100 MPa, which is much larger than the stresses generated by muscles. These
stresses were so large that even slight changes of osmotic pressure within totally hydrated
collagen produced significant forces. This result suggests a possible role of extracellular
matrix collagen in fundamental, biologically relevant processes such as signaling, tissue
prestress and tissue biomechanics. It can be concluded that water plays a crucial role in stabi-
lizing the structure of the collagen molecule, and is an essential and active part of the protein
unit. The observations by X-ray and Raman scattering are consistent and lead to the following

conclusions:

(1) the drying collagen molecule and the fibril shrink by different amounts, 1.3% and
2.5%, respectively;

(i1) dehydration is accompanied by a reduction of the collagen fibril gap/overlap ratio;

(ii1) triple-helix shrinkage is inhomogeneous, as shown by the distribution of helical pitch-

Cs.

These observations were translated into a simple model that is characterized by heteroge-
neous dimensional changes that involve shrinkage of the triple-helical molecules in the gap
region that is partially compensated by an expansion of the overlap region. Moreover, Raman
spectroscopy indicated reversible conformational changes of the collagen backbone upon dry-

ing, whereas stretching collagen fibers did not induce any peak shifts in the Raman spectra.

Complementary to the Raman and X-rays scattering approaches, conformational and con-
dition-related collagen structural changes were also investigated using far-IR spectroscopy
(80-500cm™) at the synchrotron radiation facility BESSY. Absorption in this spectral range
involves collective skeletal vibration of the triple helical structure of collagen. For the far-IR
measurements, a special environmental sample holder was designed with the requirement of

controlling the humidity while protecting the collagen sample from the vacuum while the
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beam path through the atmosphere was as short as possible. Via stepwise demineralization of
thin fibrolamellar bone samples, the overlapping peaks bundles of collagen (around 345 cm™)
and mineral (100-400 cm™) were distinguished. The fully demineralized collagen samples
were used for further analysis. In agreement with the Raman results, far-IR analysis showed
no significant spectral changes due to collagen stretching, but the influence of dehydration
was very clear in the spectra. Based on this effect, far-IR spectral parameters were developed
for collagen damage assessment, and the study of the gelatinization process in parchments. In
the framework of these investigations, the spectral properties of mineral and collagen orienta-

tion inside a longitudinal fibrolamellar bone were also studied.

In this doctoral work, a special effort was directed towards the development of the confocal
PRS approach to assessing damage of individual collagen fibrils. Useful parameters were de-
fined through the analysis of highly ordered fresh collagen from rat tail tendon and fully de-
graded gelatin. Considering its non-invasive and non-destructive nature, we showed the po-
tential of PRS for application in cultural heritage studies. In particular we used the technique
to study conservation of ancient manuscripts, and developed a methodology for quantitative

assessment of collagen damage within the Dead Sea Scrolls.

In the last part of the work we focused on the characterization of materials associated with
the Temple Scroll with two main goals: (i) to assess the collagen damage and (ii) to explore an
unknown ancient parchment production technology. PRS analysis allowed non-invasive col-
lagen damage assessment and showed the presence of collagen fibers in a relatively good state
of preservation, mainly due to the fact that they were protected by an inorganic surface layer.
Fibers on the outer inorganic layer were more exposed to the environment, and as a conse-

quence, showed extensive levels of damage/gelatinization.

To further investigate the material properties of the TS, a set of complementary and non-
invasive techniques that includes confocal p-Raman, FT-Raman, PIXE, uXRF, ESEM and
XRD were applied. Samples from the outer parts of the TS and their collagen fibers were ac-
companied by traces of ammonium nitrate. This contamination could originate from the envi-
ronmental, as the cave where the TS dwelt for 2000 years was inhabited by bats. It could also
be a result of the treatment associated with the parchment production procedure. More
investigations are needed in order to exclude some of the above-mentioned hypothesis. The
surface inorganic layer contained sodium and calcium sulfate particles that could be
reproduced in the lab. Additionally, p-particles with a high resonance in Raman at 785 nm

excitation wavelength were found dispersed within the inorganic layer. These Raman-resonant
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particles have been associated with some naturally-occuring minerals that were also found in

TS surface layer.

With this interdisciplinary analysis approach that considered physical material
characteristics, textual notes, and also reflections over the functionalities or possible purposes
of the identified scroll components, a model for the unknown parchment manufacturing
technique was proposed and discussed in the last chapter of this thesis. The proposed model
suggests that the skin was split in order to produce gelatin from the inner (flesh) side of the
skin, and was used as a binding material for the inorganic layer. The splitting procedure is
discussed in the last chapter, and suggests the possible use of sodium chloride as a dehydrat-
ing agent, as it was identified with a smooth distribution inside the organic parchment layer.
However, the presence of sodium chloride in the skin is not surprising, since it was commonly
used for skin conservation after flaying. The hot, viscous gel-like mixture composed of whit-
ish minerals and gelatin was distributed on the surfaces of the velvet-like flesh side of the thin
and transparent skin surface. After cooling, the whitish inorganic layer was shone through the
skin, and the text was written on the glossy, hard surface of the inorganic layer. The beautiful
appearance of the Temple Scroll must have been breathtaking to the people who produced and

used it in antiquity.

The findings of this work open new questions related to archeological aspects of the TS,
and about the functionalities of collagen in physiological conditions, especially with respect
to the effect of osmotic pressure. This research provides useful tools for assessment of colla-
gen fiber conformational changes in collagen fibers, which can be related to the deterioration

progress in parchments.
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List of Abbreviations

TS

DSS

PRS
Far-IR, IR
ED
FT-Raman
THz-TD
PIXE
XRD

PGs

AGAGs
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Polarized Raman Spectroscopy

Far Infrared, Infrared Spectroscopy

Edge Radiation

Fourier Transformed Raman Spectroscopy
Terahertz Time Domain Spectroscopy
Particle Induced X-Ray Emission

X-Ray Diffraction
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