Structure and Stability of Biological
Materials — Characterisation at the
Nanoscale

Dissertation
der Fakultit fir Geowissenschaften
der Ludwig-Maximilians-Universitét

Miinchen

vorgelegt von
Marek Janko

Miinchen, 17.10.2011



Erstgutachter: Prof. Dr. Robert Stark
Zweitgutachter:  PD Dr. Albert Zink
Disputation: 07.02.2012



Table of Contents

TABLE OF CONTENTS

TADIE Of COMLEILS ..ceeeeeeerrrrrreeeeeeeccecssssneeeeeeceesssssssssssssessssssssssssssssessssssssssssssssssssssssensanases I
ADSITACE aeeeeeeeeeeeerrrrsseneeeeeccesssssssseseeeeessssssssssssssesssssssssssassssssssssssssssssssssssssssssssssssssssssss 111
1. INEPOAUCLION «oueeeeeeiciiiiicicieccreccsereseresesesesssesssesssssesssssssssssssssssssssssssssssssssssssssssssssssssene 1
1.1 Decay and PreServation..........cooceiieiiiriiiiieieeieesee sttt ettt st eneee 1
1.2 ThE TCEIMAN. .. .ciiiiiiiieeee et e ettt e e e e e et aa e e e s eeesasaaeseseeaaees 3

2. Experimental Methods.......uuicccineiiccscsnnicssssnneccsssssessssssssscsssssssssssssssssssssssssssssassass 5
2.1 AtomiC FOrce MICIOSCOPY ..uveeteeniieniiiniiiiieitteteesiee st st ettt ettt sbe e st st steeeeenae e 5
2.1.1 Microscope Principle and Imaging Modes ............ceceerieniinienienneeneenieneeeeae 5
2.1.2 Local FOrce MEaSUIEIMENTS .........ceuviveeiiiiiiiiiieeeeieeeeeeeeeeeeersesssesesesrersessseseseeere———... 10
2.1.3  Contact IMECIANICS. ....uuueeeiiieiiieeeeee ettt e e et e e e e e e eeaaasaesaeaaees 12

2.2 RAMAN SPECLIOSCOPY -..euveeureetieriteritteteeteenteenttesitesteeteebeesbtesstesmeesateebeesbeesbeesaeesasesane 17
2.2.1 Scattering of Light in Matter .........ccccovviiiiiiiiiiiieiiieeie ettt 17
2.2.2  Raman Spectroscopy and Raman Effect........c..ccocccociriiiiinniniinniiciccens 19
2.2.3  The Confocal MiCroSCOPE SELUP.......cevveiriiirrieeriieeiieeetee ettt e st 21

3. Ancient TiSSUE PreServation ... eeeeeeeeeeeccessssseeeeeeeccessssssssssesescsssssssssssssssssssssons 23
301 COIAZRN .ttt st ettt ettt st 23
3.1.1 Collagen-based Tissues and Properties.........ccoceevueriersiiieeneenienienieeieeieeieene 23
3.1.2 Formation and Stabilisation of Collagen ...........cccceevvieriiiiniiieniieiieeieeeieeeen 24

3.1.3 Characterisation of Recent Collagen ...........ccceeveeriiniiniiniiineenicnecnecnceeeene 26
3.1.4 Preservation of Ancient Collagen ..........cccoceeviieiiiniiniiiniieniieieeceneenee e 29

3.2 REA BIOOA CEIIS ..ottt e e ettt e e e e e et 33
3.2.1 The Coagulation of BlOOd..........cocoutiriiiiiiiiiieieeeeec et 33
3.2.2 RBC Preservation in ICEmMEN TISSUE ..........evvviiiiiiiiiiiiiiiiiiieeeieieeeeeeeeeeeeeseeeeeeeaeeane. 34
3.2.3 Secondary Conclusions from Iceman RBCS.........cccceoviiiiiiiiniiniiiiciiccieeeee 37

Q. SUININATY eeeeerrreeesssreossssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssases 39
ST 3 10] 04 ) 1) 11 N 41
6. LiSt Of ADDIEVALIONS...cvvceeeeeeeeeeecsrsssneeeeeeecessssssssaseesesesssssssssasssssssssssssssssssssssssssssene 50
7. LiSt Of FIGUI'ES .uvvierrruiessnicssnicssnicssanesssanesssasessasesssnssssssssssssssssssssssssssssssssssssssssssses 51
8. PUDIICATIONS .uueeeeeeeeeeecrrrrsrreneeeeeececssssnseseeeeessssssssssassssesesssssssssssssssssssssssssssssssssssssssene 54
8.1 Anisotropic Raman scattering in collagen bundles.........ccc.ccccceveiniicricnicnninneeneennee. 55

8.2 Nanostructure and mechanics of mummified type I collagen from the 5300-year-

0ld Tyrolean ICemaN .......ccccocuirviiiiiiiiiiniciccccccee e e 58
8.3 Preservation of 5300 year old Red Blood Cells in the Iceman ........c...ccccceveeueennennee. 70
8.4 Blood platelt adhesion to printed von Willebrand factor........c..cceceeevieicinienceneennen. 81
8.5 Raman spectroscopy of laser-induced oxidation of titanomagnetites..........c...cc......... 88



Table of Contents

0. APPENAIX cecovrnricrranenssanessssnesssnsessasssssasssssasssssasssssasessssssssssssssssssssssssssssssssasssssasssssasssss 94
9.1 Evidence of Dyschondrosteosis and Dicrocoeliasis in a Bog Body from
the Netherlands ...........coooiiiiiiiiiiii et 95
ACKNOWIEAZEMENLS ....ccvueierrariessancossanesssanesssancssssessassessassossasssssasssssasssssasssssasssssassssnns 119
CUrriculum Vitae ......eceeceeenennensennnnnnennninsinsenssnsscsssssssssssssssssssssssassssssssssssssssssses 120

II



Abstract

ABSTRACT

Mummies are witnesses of the past harbouring information about the lives and fates of our

ancestors. By examining them, the conditions of living, dietary, lifestyle and cultural habits as
well as maladies in ancient times can be revealed. Knowledge of these maladies can be used
to ascertain the evolution of diseases and may be helpful in characterising and treating them
today.

Uncovering information from mummies, however, depends on the preservation of the
mummy tissue. Once degradation sets in, the molecular structure of the tissue is changed, and
much information is lost. Favourable environmental conditions can slow down the process of
decay and, hence, preserve organic material for long periods of time. As discussed in this
work, biological tissue, which has substructural arrangements that are advantageous for
withstanding mechanical load, might also be particularly favourable for preservation after the
organism’s death.

To address the question concerning the degree of preservation and to retrieve additional
information from ancient tissue, two quasi-non-invasive analysis techniques, atomic force
microscopy and Raman spectroscopy, were used. With these methods, the submicron
structure, chemical composition, and nanomechanical properties of small mummified tissue
samples were determined. In preliminary tests on recent collagen, the main connective tissue
protein of vertebrates, results showed that in addition to imaging by atomic force microscopy,
Raman spectroscopy is able to verify the alignment of this protein. Based on this knowledge,
the arrangement and degree of collagen preservation in mummified human skin was
investigated. Samples extracted from a 5300-year-old glacier mummy, the Iceman, were
analysed. Extremely well-preserved collagen fibrils, in which the micro, ultra, and molecular
structure were largely unaltered, were found. These results were in contrast, to the collagen
fibrils found in the dermis of the Zweeloo mummy, a bog body of a female dating to the
Roman period (78-233 AD). The Zweeloo mummy collagen fibrils showed moderate
decomposition likely due to the acidic environment in the bog. Therefore, mummification due
to freeze-drying, as in the Iceman, seems to be particularly beneficial for tissue preservation.
The Iceman collagen, moreover, was found to be slightly stiffer than recent collagen,
indicating that dehydration due to freeze-drying changed the mechanical properties of the
tissue. This change likely improves the resilience of the freeze-dried collagen, stiffens the
skin, and in turn maintains the skin’s protective function that prevents the underlying tissue
from decomposing.

Finally, also the preservation of red blood cells in wound tissue samples from the Iceman was
observed. Single and clustered red blood cells were found whose morphological and
molecular characteristics were similar to those of recent red blood cells. The ancient
corpuscles moreover featured the typical red blood cell structure that indicates the
preservation of healthy cells in Iceman tissue. Because fibrin, a protein formed during blood
coagulation, was also detected, it appears that the clustered cells resembled remnants of a
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blood clot. The structure of the blood clot, stabilised by fibrin, may have been a protective
envelope, which prevented the red blood cells from decomposing. Nonetheless, Raman
spectra of the cells provided first indications of slight red blood cell degradation.

These investigations emphasise the fundamental importance of the substructure and molecular
arrangement of tissues, indicating that a tissue’s overall function and stability correlate with
its molecular properties, in particular, the degree of cross-linking and the arrangement of the
tissue molecular constituents. Last but not least the results show that ancient tissue can be
preserved and its molecular properties probed and addressed even after millennia.

v



Introduction

1. INTRODUCTION

1.1 DECAY AND PRESERVATION

The process of fragmentation into molecular building blocks, defined as decay or

decomposition, is common for biologic soft tissue. While anorganic materials of vertebrates
such as hydroxyapatite in bone or tooth enamel are more resistant, organic compounds such
as the proteins of the cytoskeleton or the phospholipid membrane of vertebrate cells are
usually prone to decay because organic intra- and inter-molecular bonds are weaker than those
in anorganic structures. The weaker bonding facilitates the decomposition of biological soft
tissue, which is important because the disassembly of complex biological structures liberates
their molecules and makes them available to be recycled in new living tissue [1].

Decay first and foremost arises from enzymatic activity. Usually, the enzymes involved in the
decay of organic tissue emanate from the body’s own cells. They originally catalyse various
processes such as the digestion of nucleic acids, proteins, carbohydrates, and lipids. Once an
organism dies, the cells are no longer supplied with nutrients and oxygen. Hence, also the
cells perish, lose their capacity to regulate their enzymes, and are subsequently themselves
digested or autolysed. In the later stages of decomposition, enzymes may also be secreted
from bacteria that infest the dead. Additionally, non-enzymatic mechanisms such as
environmental influences; the action of insects or other scavengers; or chemical changes, e.g.,
oxidation, hydrolysis, or esterification, can cause biomolecular degradation [1].

Nonetheless, fortunate circumstances may prolong the process of decay. If the enzymatic and
non-enzymatic activities are slowed down or hindered by rapid desiccation, changes in the
pH, low temperatures, or a protective environment, decomposition is decelerated [1].
Protective environments seem to be particularly beneficial for preserving biomolecules in
fossil samples. Fragile organic substances can be protected in sandy lagerstitten from
degradation by ultraviolet (UV) irradiation, oxidation, or changes in temperature and pH [2].
When additionally encapsulated within anorganic matrixes such as the mineral phase of bone
or mineralised soft tissue [2; 3], organic biomolecules have been preserved in prehistoric
samples as old as 80 million years. For example, protein fragments were found in fossilised
bones of Brachylophosaurus canadensis [4], Tyrannosaurus rex, Triceratops horridus [5; 6],
and Mastodon, and their peptide sequences have been identified [4; 7].

Contrary to fossilised tissue, in which anorganic minerals replace the majority of organic
molecules, soft organic tissue can be found in considerable quantities in younger samples.
Mummified tissue, dead organic tissue that was transferred into a state of arrested decay
resembling the morphology of the living [1], is particularly rich in biomolecules. The process
of mummification may thereby be the reason why biomolecules are so well preserved in some
samples. The most common mechanism that causes mummification is desiccation, i.e., drying
by the removal of water. Desiccation can occur spontaneously under suitable climatic
conditions such as in dry, hot, or cold regions, which are typical of highlands [8] or deserts
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[9]. Additionally, mummification can be induced by ventilation [10], i.e., a continuous or
frequent airflow, as found in caves, crypts, or at high altitudes. Dehydration of the tissue may
also occur spontaneously or artificially if the tissue encounters alcohol or salt (natron), which
withdraws the water from it.

Revealing preserved prehistoric or ancient biomolecules is of utmost interest because
uncovering their genetic code provides insight into evolutionary adaptation processes,
evolutionary relationships between species [6; 11; 12], and the evolution of diseases [13; 14;
15]. For example, the characterisation of prehistoric collagen samples supported the bird-
dinosaur clade [4], the analysis of ancient Neanderthal deoxyribonucleic acid (DNA) revealed
that modern humans and Neanderthals diverged approximately 500,000 years ago [12], and
preserved mammoth DNA revealed that mammoths were more closely related to Asian than
to African elephants [16]. In addition, analysing preserved organic molecules can reveal the
health status of an individual and aid in reconstructing living conditions millennia ago.
Finally, uncovering ancient soft tissue can offer insights in the resistance to degradation of
certain biomolecules, and investigating their composition or mechanical properties may
provide insight on tissue preservation.

Although finding, identifying, and analysing ancient biomolecules is still challenging, this
work addresses these issues and provides lessons learned from biomolecules found in the
5300-year-old tissue of the glacier mummy, the Iceman.
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1.2 THE ICEMAN

In late summer of 1991, the melting snow and ice and retreating glaciers in the Alps

uncovered a human corpse at an altitude of 3210 meters above sea level at the Tisenjoch in
South Tyrol, Italy. The naturally mummified body of a man, the so-called Iceman, and several
artefacts were found, lying distributed in an approximately 40-m long, 5- to 8-m wide and 2-
to 3-m flat hollow in which they were presumably protected from being dragged and crushed
by the glacier ice that slowly flowed across them. After recovery, radiocarbon dating (C-14)
revealed that the man and the objects were witnesses of an era roughly 5300 years ago [17].
Thus, this mummy is one of the oldest human mummies worldwide. In addition to its historic
age, the quantity and type of associated finds are unique.

The artefacts found with the mummy from the Tisenjoch appear to be ordinary equipment for
daily use in late Neolithic times. The finds included the clothes that the mummy was dressed
in (fur coat, leather leggings, leather belt, leather loincloth, fur moccasins, fur hat) [18] and
several pieces of equipment such as a back-carrier frame, a bow, a quiver with arrows, and a
hatchet with a copper blade, to name a few.

Moreover, the mummy itself attracts great interest because the corpse was extremely well
preserved over the millennia. All body parts [19] as well as the skeletal and some nervous
tissue components were found intact [20]. Analysis of tissue fatty acid profiles revealed that
the Iceman was better preserved than much younger corpses buried in neighbouring glaciers
[21]. Also, the gross structure of the mummy skin was intact, exhibiting the distinct layers of
stratum corneum and the dermal skin layer, although the epidermis was missing [22]. While
these results shed light onto the degree of preservation, several questions such as the process
of mummification and the events leading to Iceman’s death, still remain. In the cases of other
freeze-dried mummies, for example, the crew members of the Franklin expedition found in
the ice of the Canadian Arctic [23], the mummies of Scythian chiefs that were naturally
preserved in ice lenses that arose within their kurgans (tombs) [24], and the mummified
bodies of mammoths found in permafrost soil [25; 26], low temperatures coupled with tissue
desiccation promoted mummification, preserving mummified tissue for up to some 10,000
years [27]. In the case of the Iceman, the situation seems to be slightly more complex. The
Iceman is a wet mummy, with the body tissue being still moist. Thus, the mummy did not
completely desiccate. Some theories account for this suggesting that the corpse was rapidly
desiccated by wind, covered by a protecting layer of snow shortly afterward and subsequently
enclosed in ice. Before or during the mummification, however, the body may have been
exposed to water [21; 28]. Another theory suggests that the mummy was freeze dried and that
most of the water in the frozen tissue was sublimated into air bubbles, which are commonly
present in ice [1]. Both scenarios are conceivable, and even a combination of them is possible.
Nonetheless, these theories are still under debate and remain to be clarified.

Finally, the obscure circumstances leading to the death of the man have to be addressed.
Shortly after the Iceman’s recovery, it was proposed that the man might have been in a state
of exhaustion, had laid down, fallen asleep and froze to death with subsequent mummification
as a consequence of adverse weather conditions [19]. Later, radiological analyses revealed a
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series of fractures and fissures of the skull and ribs, which were interpreted as resulting from a
violent conflict or an accident that the man suffered prior to his death [29]. This hypothesis
was extended to a disaster theory proposing that the Iceman sustained physical injuries and
the loss of or damage to parts of his equipment in unusual violent events [30]. Nowadays, it
seems clear that the man died a violent death. Although some of the bone fractures may have
been caused while the mummy was encased in or removed from the glacier ice, further X-ray
examinations disclosed a hole in the left shoulder blade and an arrowhead in the mummy’s
thorax [31]. The arrowhead was surrounded by dense tissue interpreted as a haematoma.
Pathologic investigations also revealed a fresh skin wound, presumably the arrowhead point
of entry, on the Iceman’s left back leading to a tunnel through the shoulder blade hole [31].
Further re-examinations of the mummy revealed another wound on the right hand [32].
Histological and histochemical analyses showed that the Iceman may have sustained this stab
wound a few days before his death [32; 33]. The arrow wound and a small suffusion lesion on
the back, however, seem to be fresh injuries that were not survived for long [33]. Although
there was no direct determination of blood or its residuals in the wound tissue, which could
clarify the chronological suffering of the injuries, the Iceman’s cause of death was
presumably the injury of the brachial artery by the arrowhead, which caused acute inner
bleeding [33; 34].

These circumstances and discoveries make the Iceman an extremely valuable and interesting
mummy for scientific investigations. In this work, the analysis of the Iceman’s tissue is
described. Molecular properties of preserved biomolecules were analysed and used to draw
insights into their resistance to degradation. Moreover, some of the results confirm the
Iceman’s final trauma theory and provide an explanation for the overall tissue preservation. In
the following chapter, the experimental methods used, atomic force microscopy (AFM) for
high-resolution imaging and mechanical property investigations on the nanoscale as well as
Raman spectroscopy for molecular composition testing, are explained. In chapters 3 and 4, the
unique structural arrangements of the main structural proteins and the major blood corpuscle
of vertebrates, collagen and red blood cells, are given. Subsequently, clear evidence for their
preservation is shown. Finally, the experimental results are followed by a summary,
references, and the referring articles.
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2. EXPERIMENTAL METHODS

To study ancient tissue, scientific techniques customary in medicine, molecular biology or

genetics are being used. Optical microscopy or radiographic methods such as two-
dimensional X-ray imaging [35] and three-dimensional visualisation by computerised X-ray
Tomography (CT) [36; 37; 38] are common. Also, newer imaging and analysis techniques
such as nuclear magnetic resonance imaging (NMR) [39; 40; 41; 42] scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) are being used more
frequently. Moreover, genetic sequencing of minute quantities of ancient DNA can be
achieved after the DNA fragments are amplified by the polymerase chain reaction (PCR) [43].

In the following sections, AFM and Raman spectroscopy, two quasi-non-invasive
measurement techniques used for imaging, testing the mechanical properties, and molecular
characterising of rare and valuable ancient samples, are introduced.

2.1 ATOMIC FORCE MICROSCOPY

Since its invention in 1986 [44], atomic force microscopy (AFM) has become an invaluable

technique in surface science. Its popularity is due to its versatility [45]. Among other
applications, the microscope combines imaging at atomic resolution [46; 47; 48; 49], probing
mechanical properties [50; 51; 52; 53; 54], and nanoscale structuring of surfaces [55; 56; 57].
It can be operated at ambient conditions, in liquids or in vacuum, and there are no restrictions
on the sample material analysed. Inorganic, organic, conductive and isolating samples can be
probed. Images are obtained with nanometre or even angstrom resolution that can facilitate
single-molecule spectroscopy and the determination of molecular structures [58; 59; 60; 61].
In addition, the nanomechanical properties, such as elasticity, hardness, adhesion, or surface
charge, of a material or a thin surface layer can be examined by nanoindentation, or force
spectroscopy measurements.

2.1.1 Microscope Principle and Imaging Modes

As the name implies, atomic force microscopy probes the forces acting between the atoms of

two separated surfaces, those of a sample and those of the AFM tip. The tip (typical radius of
curvature 10-20 nm) is thereby an integral part of a flexible cantilever (figure 2). The tip and
the cantilever are usually microfabricated from silicon or silicon nitride [62]. The forces
acting between the atoms of the tip and the atoms of the sample surface are either attractive,
repulsive, or both and scale by the tip-sample distance. Long-range surface forces such as
magnetic, electrostatic and van der Waals interactions can impair the cantilever up to
distances of microns. In contrast, short-range forces, such as Pauli repulsion, dominate near
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the surface. The Pauli repulsion and van der Waals attraction are often combined in the
Lennard-Jones potential V;;(d) (figure 1) as approximated by

V() =4e (%j —(%) : Eq. (1)

where the factor ¢ correlates with the depth of the potential energy minimum; o is the distance
at which the tip-sample potential equals zero, and d represents the instantaneous tip-sample
distance. The negative term in equation 1 accounts for the attractive van der Waals forces.
These intermolecular dipole interactions arise from temporary charge fluctuations in the
atoms of the tip or the sample, e.g., changes in the electron density of the atomic orbitals [63;
64]. The positive term indicates the short range Pauli repulsion, which occurs when the
electron orbitals of the tip atoms and sample atoms overlap, as is the case in the AFM contact
mode.

Potential Energy V

A
Short range Paulirepulsion
o Long range van der Waals attraction
% Lennard-Jones potential
5 -
[
@
nd
A
T M v i (4
° Tip-sample
% distance d
£
E -
Figure (1): Lennard-Jones potential describing the distance dependence of the interaction forces

between the tip and sample. The red curve accounts for the attractive van der
Waals forces; the black curve indicates the Pauli repulsion. The addition of these
two terms, corresponding to the Lennard-Jones potential, is shown in blue.

In this basic operation mode, the tip is brought into mechanical contact with a sample surface
and scanned over it. Such surface scans are actuated by piezo-electric elements that are
capable of accurate movements with angstrom precision. By measuring the tip-sample
interaction forces on consecutive positions, a topographic map of the surface is created. The
tip-sample interaction forces are thereby converted to a cantilever deflection. Using the
optical lever method [65], in which a laser beam is focused on the back side of the cantilever
and reflected to a position-sensitive quadrant photodetector, the sample topography can be
reconstructed from the cantilever deflection (figure 2).
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Laser

Photodiode

Cantilever

Figure (2): Centrepieces of an AFM setup. A microfabricated tip, the integral part of the
cantilever, is in close proximity to the sample surface. While scanning across the
surface, the cantilever deflects depending on the sample topography. The
deflection is detected by a laser-photodiode system (Drawing courtesy of S. Kloft).

At the resting position, i.e., when the cantilever is far away from the sample and there are no
tip-sample interaction forces, the reflected laser beam is centred on the photodiode. As a
result, the current induced in each segment is equal, and the difference between the signal
from the top and bottom or the left and right detector segments compensates each other. As
the cantilever approaches the sample, the tip-sample interactions increase, causing the
cantilever to deflect and the photocurrent signal to change.

In contact mode, the differential signal between the top and bottom photodiode segments is a
function of the vertical bending of the cantilever and thus the sample topography. The
differential signal between the left and right segments corresponds to the horizontal deflection
of the cantilever and is attributed to frictional forces acting between the tip and the sample
[66]. In constant force mode, a feedback system adjusts the cantilever-sample distance and
hence the force, F, applied by the tip on the sample. Using Hook’s law, the loading force can
be calculated as follows:

F =—kd..
= ~hede Eq. )

Here, d. corresponds to the cantilever deflection, and k. is the cantilever spring constant. For a
rectangular cantilever, the spring constant is given by

_ Ewt’

k, S
ar Eq. (3)

where E is the cantilever’s Young’s modulus, and w, ¢, and L are its width, thickness, and
length, respectively [67]. However, the thickness is rarely accessible and determining the
Young’s modulus is difficult because cantilevers are often made of several materials.
Therefore, calculating the cantilever spring constant based on its geometry is problematic.
Currently, the thermal noise method [68; 69] is used to define the cantilever spring constant.
The calibration is based on the Brownian motion of molecules in a fluid (e.g., air) that hits the
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cantilever and excites it to freely oscillate. The Hamiltonian of a harmonic oscillator driven
by this thermal noise is

2
H=2"Lnora
2m 2

, Eq. (4)
with p being the momentum of the oscillator, m its mass, and [y its angular resonant
frequency. Concerning the equipartition theorem, in which the average energy of each
quadratic Hamiltonian term and thus each degree of freedom equals kz7/2, one obtains [68]

1 1
<Emaf§df> :EkBT

Eq. (5)
where kg is the Boltzmann constant and 7 the temperature of the system. Considering small
cantilever deflections and neglecting other elastic modes due to their much higher spring
constants, the AFM cantilever can be modelled as a simple harmonic oscillator with one

degree of freedom [68]. With an angular resonant frequency of @, =k./m, equation 5 yields

Co{a) Eq. (6)

Hence, the spring constant can be derived from the mean-square cantilever deflection <df>

due to thermal fluctuations. These assumptions are adequate, although some corrections are
necessary to compensate for higher modes of vibration [70].

In addition to the static contact mode, AFM can also be conducted in dynamic modes. These
modes facilitate less sample and tip wear, result in higher resolution, and can allow for
chemical identification of surface atoms and measure of short-range forces.

In the so-called tapping or amplitude modulated (AM) mode, the cantilever is externally
driven, oscillating close to or at its first flexural resonant frequency [71]. Rather than the
static deflection of the cantilever in the contact mode, the value of the cantilever oscillation
amplitude is used as the feedback signal. The AM mode was originally established to measure
surface forces without tip-sample contact [72]. The cantilever was operated far away from the
surface in the attractive van der Waals force interaction regime [72]. Performing the AM
mode in the repulsive force regime [71] established the use of tapping mode AFM for high
resolution sample imaging [73]. In the tapping mode, the AM feedback system controls the
cantilever-sample distance so that, at the lower turning point of an oscillation, the AFM tip
shortly “touches” or “taps” the sample [74]. This temporary contact eliminates lateral shear
forces and enables the imaging of soft and delicate materials. The force acting between the tip
and the sample is proportional to the difference between the amplitude of the freely oscillating
cantilever and the surface-damped cantilever oscillation [71; 75]. Thus, the feedback system
also indirectly regulates the applied force while imaging. Due to the relatively large
oscillation amplitude, usually 20 nm to 100 nm [71], repulsive and attractive tip-sample
interaction forces affect the cantilever. During one oscillation cycle, the tip passes the upper
oscillation turning point, i.e., the point at which the tip-sample distance is at its maximum and

8
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van der Waals attraction prevails, and the lower oscillation turning point, i.e., the point at
which the tip touches the sample and the force interaction is dominated by the Pauli repulsion.
Near the surface, short-range Pauli repulsion forces induce changes in the oscillation
amplitude due to damping and energy dissipation [76; 77]. The feedback system detects this
perturbation and readjusts the amplitude setpoint value by changing the cantilever-sample
distance. However, changes in the oscillation amplitude are a consequence of a shift in the
cantilever resonance frequency. As elucidated in figure 3 [78], a shift in the cantilever
resonance frequency, e.g., due to energy dissipation, causes a phase shift 4¢ between the
cantilever resonant frequency and the excitation frequency and, as a result, changes the
oscillation amplitude [76; 79].

-

Steady State Amplitude (A)

Figure (3): Effect of frequency and amplitude shift in amplitude-modulated AFM imaging.
“Reprint with permission from T. R. Albrecht, Journal of Applied Physics, 69, 2,
(1991). Copyright 1991, American Institute of Physics” [78].

The angular resonant frequency of the cantilever is given by @, =k./m, where k. is the

effective spring constant and m the effective mass of the cantilever. The effective spring
constant is the sum of the cantilever spring constant k. and the force gradient dF /dz acting
on it [78].

k, =k +0F /dz Eq. (7)

The effect of a phase shift, which can provide information about adhesion forces between the
tip and sample surface [80; 81] and illustrate the energy dissipation of the sample [74; 76], is
utilised in phase imaging.

Compared to amplitude modulation AFM, in frequency modulation AFM (FM-AFM), also
called non-contact mode AFM (NC-AFM), the cantilever is excited to oscillate with a
constant amplitude, Ay [78; 82]. Although the AFM tip is oscillating in proximity to the
surface, the amplitude is kept small so that the tip never touches the surface. The cantilever-
sample distance is in the attractive regime of the surface potential. Raster scanning the tip
over the surface creates an image of the force gradient variations above the surface. In the
non-contact mode, two feedback loops, an amplitude-controlled and a distance-controlled
loop, are used [66; 78]. To maintain constant amplitude, the cantilever deflection signal is
measured, filtered through a bandpass and fed into a so-called rms-dc converter [82]. Here,

9
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the rms value of the cantilever oscillation amplitude is converted to a dc signal output. This dc
signal is added to the inverted value of a rms setpoint amplitude [82]. This yields the
amplitude error, which is subsequently processed in a controller, multiplied with a 772 phase
shifted cantilever oscillation and finally fed back to drive the cantilever actuator [82]. Such a
setup adjusts itself, i.e., the positive feedback actuates the cantilever oscillation and drives it
solely at the actual resonance frequency. The second feedback loop is used to control the
cantilever-sample distance. Once the cantilever deflection signal is filtered, it is fed into an
analogue frequency-voltage converter, a digital frequency counter or a phase-lock-loop (PLL)
detector to measure the oscillation frequency [78]. The shift in resonance frequency 4f due to
detuning of the oscillation by a force gradient dF /dz is detected and used as feedback to
control the cantilever-sample distance [78; 82]. This signal corresponds to the topography of
the surface. In FM-AFM, true atomic resolution of sample surfaces is feasible [47; 83].
Besides, single atom manipulation [84] and single atom chemical identification [85] are now
routinely performed.

2.1.2 Local Force Measurements

Apart from high-resolution imaging, AFM can be used to determine the local mechanical

properties of a material by performing AFM force measurements. A defined tip geometry and
size enables direct observation of the force interactions between nanoscale objects such as
single molecules [59]. In force measurements, the force F' acting between the tip and the
sample is plotted as a function of the vertical tip-sample distance d [86; 87]. The so-called F-d
curve is obtained by approaching and retracting the AFM tip perpendicularly (z-piezo
approach) towards the sample and simultaneously recording the z-piezo displacement z and
the cantilever deflection d, [88; 89]. These values are later converted to the applied force and
tip-sample distance.

a b C
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Figure (4): Basic F-d curves obtained on an ideally elastic (a), ideally plastic (b), and an elasto-

plastic (c) material.

By analysing the approach and withdraw segments of F-d curves, three different material
responses can be observed [90; 91]. If the approach and withdraw curve coincide, then the
elastic behaviour of a sample is measured (figure 4a). Here, the sample elasticity causes the
specimen to regain its original shape. The force that drives shape recovery is as large as the
penetration force of the tip and acts against it.

If the force in the unloading curve drops instantaneously to zero (figure 4b), then the sample
is an ideal plastic. Here, the specimen undergoes an irreversible deformation during the
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loading and does not regain its shape after unloading. The plastic deformation will then equal
the maximal penetration depth [88; 91].

The most common case is a combination of the two behaviours, elastic and plastic, described
above [88; 91]. In the elasto-plastic behaviour, the sample first responds elastically to a load.
As soon as the acting force exceeds a sample-specific value, the material deforms plastically.
The reset force of the unloading curve will be less than the force of the loading curve
(figure 4c).

F A

F - Approach curve
Al === Withdraw curve
contact
region
) '\ zero-force region
FO b mgsssooioiio :
| non-contact |
} region i
Figure (5): Basic Force vs. distance curve for an ideally elastic sample with marked interaction

regions. The approach and withdraw curves are coloured in blue and red,
respectively. The line at F, defines the zero-force, the non-contact and the contact
region.

A basic F-d curve of an ideally elastic sample is shown in figure 5. In general, F-d curves can
be divided into three interaction regions [86; 92]. The zero force region is where the tip is far
away from the sample and only long-range electrostatic or magnetic forces prevail. The non-
contact region describes where attractive interaction forces between the tip and sample,
mainly van der Waals and capillary forces, begin to pull the AFM tip towards the surface [86;
93] and bend the cantilever downwards. Finally, the contact region is where the tip is in
contact with the surface and further approach causes the cantilever to deflect upwards and the
F-d curve to become sloped. The slope of the curve thereby represents a qualitative value of
the stiffness of a sample [53; 89].

As soon as the maximum force or setpoint cantilever deflection is reached, the tip is
withdrawn from the surface. The unloading force then continuously decreases, and the three
F-d curve regions are run in reverse order. In the beginning of the non-contact region, the tip
is separated from the sample. This separation occurs when the pull-off force equals the
adhesive tip-sample interaction forces. Finally, the cantilever returns to the zero force region,
the quasi-equilibrium position far away from the surface [89].
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2.1.3 Contact Mechanics

Analysing F-d curves can reveal a large number of surface features such as the chemical,

mechanical and adhesive properties of a material. Contact mechanic theories are applied to
extract information on the elastic properties of a material from the F-d curves. These theories
relate the load applied, to the deformation and Young’s modulus of the sample [89]. The basic
contact mechanic model is the Hertz theory, which describes the deformation of two elastic
spheres pressed against one another [94]. This model can be easily applied to the flat punch
between a tip and a sample. However, the Hertz model is only suitable if adhesion forces are
neglectable or are much smaller than the maximum load applied. If adhesion occurs [87], then
the Derjaguin-Muller-Toporov (DMT) model, which considers adhesive forces acting outside
the contact area, or the Johnson-Kendall-Roberts (JKR) model, which considers adhesive
forces acting inside the contact area, can be used. The most general theory, however, is the
Maugis-Dugdale model, which combines the Hertz, DMT and JKR models and describes the
elastic deformation of all samples in the presence of adhesion (figure 6). In all models, the
samples are assumed to be solid, continuous elastic media, i.e., plastic deformations are
ignored [88].

a)

Figure (6): Hertz (a), DMT (b), JKR (c), and Maugis-Dugdale (d) model of an elastic sphere
with radius R indenting a rigid flat sample. The contact radius, a, between the
sphere and the sample surface depends on the loading force, . The Hertz theory
neglects surface forces and adhesion between the two bodies. In the DMT model,
adhesion is only considered outside the contact area. The JKR theory considers
adhesion inside the contact region. The Maugis-Dugdale model covers the
interaction of surface forces around and within the contact region of the bodies.

The crucial parameter in each model is the contact radius a. In the Hertz theory, a can be
derived from geometrical considerations and the reduced Young’s modulus. Assuming a
limiting case of the Hertz model (the radius of one sphere tends to infinity) in which a smooth
elastic sphere (indenter) with radius R is pressed against a flat rigid surface (sample) with an
external force F (figure 6a), the contact radius a is [88] given by

(RF)lB
a = -
EJ Eq. (8)
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in which the reduced Young’s modulus £ *, a combination of the Young’s moduli and Poisson
ratios of the sample (E;, vs) and the indenter (E;, vi) [90; 95; 96] is given by

13 l—varl—vl.2
E 4\ E, E,

S 1

Eq. (9)

The deformation, d;, of the spherical indenter can then be calculated by

: B 1/3
RET) Eq. (10)

Transferring the Hertz model to a rigid AFM tip pressed against an elastic surface (figure 7)
requires extending the model [95] because indentations may not be shallow and the
deformation of the sample and tip must be taken into account [97].

F

|

Figure (7): Deformation of a sample surface due to an indenting tip with radius R. The surface
is indented by the distance d;.

For a spherical indenter, the surface deformation, d,, of the sample [97] is given by

2 \R-a Eq. (11)
The force, F, exerted by the tip on the surface results to
E. R+a
F, =———2 |(@+R 1n(—j—2a/?}. Eq. (12)
phere 2(1—v§){( ) R-a 1

The force, F, applied by other rotationally symmetric indenters such as a conical tip or a
parabolic shaped indenter [54; 95; 96], is defined as

E‘one :z E 2 déz tana
2\1-v

4( E
FParaboloid = 5( j\/ﬁdf "

1-v?

: Eq. (13)

: Eq. (14)
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and the contact radii a are given by

B 2tan0d

cone ~ s

T, Eq. (15)

Rd

apamboloid = s , Eq (16)

with 6 being the half cone angle of the conical indenter. The cone approximation is suitable
when soft samples are analysed, whereas a spherical or paraboloid approximation is
appropriate for harder samples [98] because at the same loading force, the indentation into a
soft sample is larger compared to the radius of curvature of the tip. Thus, the contact area
becomes more conically shaped. For rigid surfaces, the indentation is small; hence, only the
spherical apex of the tip penetrates the sample.

If surface forces between the tip and the sample cannot be ignored, the Hertz theory has to be
modified.

In the DMT model [99], not only the applied loading force, F, but also the forces acting
outside the contact region between the sphere and the rigid flat surface are considered
(figure 6b). The deformation of the elastic sphere is described in accordance to the Hertz
theory, but additional van der Waals forces that increase the contact radius a between the
sphere and the solid plane surface are introduced. The increase in the contact radius a [88] is
given by

*

2 1/3
e (RF 2R WJ

E-E Eq. (17)
The first term accounts for the contact radius following the Hertz theory. The second term
represents the adhesive surface forces around the contact area with W being the adhesion
work at contact. The latter can be calculated from the jump-off-contact region in the F-d
curve. The deformation of the spherical tip [89] is given by

) 1/3
g @ _| (F+27RW)
"R R(E)

Eq. (18)

Upon withdrawing the tip from the sample, the contact area decreases until, at zero loading
force, the pull-off or adhesion force reaches its maximum. The corresponding contact radius

ap is
2 1/3
()
. Eq. (19)

In the non-adhesive case, the contact radius is confined to the radius given by the Hertz
model. The DMT model is applicable for rigid surfaces with low adhesion and for small
indenter radii [88]. In the case of highly adhesive soft samples and AFM tips with large radii,
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the Hertz equation is modified, as in the JKR model [100]. In this theory, long-range forces
outside the contact area are neglected, and only short range forces inside the contact region
are considered (figure 6¢) [88]. In contrast to the DMT model, the surface deformation of the
sample due to adhesion forces is taken into account. The contact radius a is given by

1/3
- (RF +3AR*W +6TRWF +97°R'W? J
E*
Eq. (20)

Again, in the non-adhesive case, i.e., when W equals zero, the JKR model coincides with the
Hertz model. The sample deformation [88] is

P [6TRW
"R 3V E Eq. 1)

When unloading the sample, a neck between the tip and the surface is formed, which abruptly
ruptures once the pull-off force exceeds the adhesion force. The contact radius of the finite
contact area between the tip and sample at zero load equals

2 1/3
(6%R Wj
a, = -

E Eq. (22)
The JKR theory accurately predicts the force-deformation relation for high-surface energy
materials and large tip radii. The DMT model more precisely describes stiff bodies with small
surface energies and small tip radii. Both theories, however, lack the scope of elastic
deformations between these limiting cases. The Maugis-Dugdale model [101] (figure 6d) is
the most complete theory describing the elastic deformation of materials with the

dimensionless parameter # given by
1/3
- 2.06{ RW? ]
= Ty
o \=e'f) Eq. (23)
where Dy is a typical atomic dimension [89]. For soft, large and adhesive materials, the
parameter # becomes large, whereas hard, small, and low surface energy materials have a

small 7. The Maugis-Dugdale model treats adhesion as it were a steady stress acting circularly
around the contact region [88]. The dimensionless contact radius y is given by

" 1/3
4 aWR?

and the dimensionless penetration depth ¢ is calculated from

«\2 1/3
aEeay
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The penetration depth can also be written as a function of the dimensionless contact radius y
[88] yielding

4
S=y =3 my; =1
, Eq. (26)

where my, is the ratio between an circular adhesion region around the contact area, and the
contact radius a. For # -0 or for # — o, the corresponding DMT or JKR sample
deformations, respectively, are revealed [88].

The F-d curves analysed in this study were evaluated using the Hertz model because sample
indentations were small and sample deformations were within the elastic regime. Due to the
small sample indentation, the area of contact was smaller than the radius of the tip and the
sample. In addition, adhesion forces are negligible in mummified, dried, ancient tissue
samples.
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2.2 RAMAN SPECTROSCOPY

Based on the assumptions of Compton, which explain X-ray (high energy photons)

scattering in matter (Compton effect), C. V. Raman and K. S. Krishnan examined the
scattering of monochromatic light (lower energy photons) in liquids and gases. Similar to the
Compton effect, they discovered that two types of photons scattered on the molecules of the
media. The scattered light predominantly had the same wavelength as the incident light;
however, a small amount of the scattered photons had a lower frequency and thus larger
wavelength (Raman effect) [102; 103; 104]. Because this energetic shift in the photons
depends on the scattering partners involved, the frequency shift of the scattered photons
provides a molecular fingerprint of the analysed sample. As for AFM, there are nearly no
limitations on the material examined by Raman spectroscopy. The Raman effect, however,
may not be observed in all samples. For example, the autofluorescence of certain materials
may superimpose the Raman spectrum. The process of light scattering that determines Raman
spectroscopy is discussed in more detail in the following sections.

2.2.1 Scattering of Light in Matter

The propagation of electromagnetic waves is significantly influenced by the medium they

travel through. Interactions between electromagnetic radiation, such as light, and the
molecules or atoms of a sample, result in reflection, diffraction, absorption, or scattering of
the incident photons (figure 8).
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Figure (8): Possible interaction processes between light and matter. Amongst others, the

incident photons may experience reflection, diffraction, absorption or scattering.

Absorption and scattering are usually accompanied by a transfer of energy. In general, as
stated by Bohr’s frequency condition, the energy transfer from an electromagnetic field to an
atom or molecule can only appear if
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AE=hf =h<
A Eq. 27)

is satisfied [105]. Here, /4 is Planck’s constant; f'is the frequency of the electromagnetic wave;
A is its wavelength, and c is the velocity of light. Once the energy of the incident photons
matches the energy difference, 4E, between two energy states of an atom or a molecule,
absorption can occur. As a result, the atom or molecule is excited into a higher electronic or
vibrational state. While relaxing, the absorbed energy, AE, is released via non-radiative (heat)
or radiative (fluorescence) transitions [106].

Scattering occurs when the incident photon energy does not match AE between two real
energy states. In this case, the electromagnetic wave stimulates oscillations in the atoms or
molecules, inducing dipoles, which themselves emit electromagnetic radiation in diverse
spatial directions. The scattering can be either coherent or incoherent. Coherent scattering
occurs when the excited sample atoms oscillate in phase and emit electromagnetic radiation in
designated spatial directions. Although every atom can emit energy isotropically, the total
direction of the radiation is given by the constructive interference of the waves of all the
dipoles. Thus, irradiating a crystal with regularly arranged atoms, in which the distance
between the atoms is small compared to the wavelength of the incident light, the propagation
of the overall electromagnetic wave front will be in the direction of the incident plane-
polarised electromagnetic wave. This process does not occur for irregularly arranged or
thermally fluctuating atoms. The incident radiation induces or boosts the oscillations of the
atoms, which oscillate without any phase coherence, leading to a statistically distributed
emission of electromagnetic waves and incoherent scattering [107].

Scattering is also classified in terms of energy. Elastic scattering can be described as a
particular case of an elastic collision between an incident photon and matter. It is considered
as the absorption of the incident photon by the matter and, thus, an excitation of the matter
followed by an immediate relaxation by emission of heat or reemission of a photon [106].
Because no energy transfer occurs in elastic scattering, the wavelength and frequency of the
reemitted photon is equal to that of the incident photon.

In contrast, the energy of an inelastic scattered photon is different than the energy of the
incident photon. Inelastic collisions between photons and matter cause a partial transfer of
energy from the photons to the matter, e.g., the excitation of phonons in a crystal lattice or the
induction of molecular vibrations (energy transfer to the matter). Depending on the excitation
state of the matter, both a loss and a gain in the energy of the scattered photons are feasible
(energy transfer to the photon). As a consequence, the photon energy is different from the
energy of the incident photon.

A mathematical description of Raman spectroscopy and the Raman effect is given in the
following section. The elucidations are based on the book “Introductory Raman
Spectroscopy” by Ferraro et al. [105].
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2.2.2 Raman Spectroscopy and Raman Effect

In Raman spectroscopy, the elastically scattered (Rayleigh) and inelastically scattered

(Raman) photons, induced by the Raman effect, are analysed to address the molecular
composition of a sample. The sample is irradiated with intense monochromatic light, usually
from a laser beam in the UV, visible, or near-infrared spectral range, and the backscattered
light is detected. Intense excitation beams must be used because Raman scattering is a rare
process. Only a small amount of the incident photons are scattered inelastically and spectrally
shifted. The shift of the incident photon frequency, fy, depends on the vibrational frequency,
fm, of the sample molecules. The Raman spectrum thus represents the shift in frequency
relative to the excitation frequency. Describing the electric field strength (@) of the incident
photon as

D =P, cos 27t ’ Eq. (28)
where @ is the vibrational amplitude of the wave and ¢ the time of the fluctuation, the process
of Raman scattering can be explained classically. Upon irradiating a diatomic molecule with a
laser, an electric dipole moment, P, is induced, which is given by

P=a® =a®P,cos2aft . Eq. (29)
The proportionality constant a therein denotes the affinity of the charge distribution of the
molecule, i.e., the electron cloud of the molecule, to be distorted by the electric field of the
photons. This affinity is called polarisability and is typically dependent on the orientation of
the molecular axis relative to the incident electric field. Given that the diatomic molecule

vibrates with the frequency f,, and the vibrational amplitude gy, its nuclear displacement, ¢,
can be written as

q = q, cos2f,t Eq. (30)

If the vibrational amplitude is small, then the polarisability a is a function of the nuclear
displacement, g, with

5
a=o,+ a— q+...
1/ : Eq. (31)

Here, the polarisability at the equilibrium position is oy and (g—aj gives the change in
q )9

polarisability as a function of the charge, g. Combining equations 29, 30, and 31, the electric
dipole moment, P, can be rewritten as

P =a,®, cos 27f,1 + @—“j @, c08 27,1 o8 27f 1
1/ Eq. (32)

and with cosxcos y =1/2(cos(x — y)+cos(x + y)), we obtain
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P =a,®, cos 27t + 1(3_05} q,®@,[cos2z(f, — £, ) }+ cos{2z(f + £, )]

2\9g ), Eq. (33)
The first term in equation 33 represents the oscillation of the induced dipole, which emits
light with the same frequency, fo, as the incident photons (elastic scattering). The second term
describes the Raman scattered photons, which are frequency shifted by fy - f,, and fp + f,,. The
shift fy - f,, is called the Stokes shift and corresponds to the loss of energy due to the transfer
of energy from the photon to the matter. This transfer occurs when the incident photons excite
the matter into a virtual intermediate state, and the matter subsequently relaxes to a
vibrational state above the ground state via the emission of photons with reduced frequency

[106].
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Figure (9): Jablonski diagrams showing possible transitions between electronic states in

association with a schematic Raman spectrum. The Jablonski diagrams describe
the excitation of a molecule from the vibrational ground state, Sg, to a virtual state
below a real excited electronic state, S;. In elastic scattering (Rayleigh scattering),
the molecule is excited by an incident photon from the ground state into a virtual
state and subsequently relaxes to the ground state. The released energy is emitted
as a photon with the same energy, and thus frequency (fy), as the incident photon.
Inelastically scattered photons are slightly detuned compared to the incident
photons. Their frequency is either shifted to lower (Stokes shift) or to higher (anti-
Stokes shift) frequencies.

If the matter is already in an exited vibrational state, then the scattered photons may gain
energy from the excited matter [108]. This will increase the frequency of the scattered
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photons and thus their energy. In equation 33, a gain in energy is indicated by the frequency
shift fy + f,,, denoted the anti-Stokes shift. Inelastic scattering occurs if oscillations or
vibrations of chemical bonds, or in case of a crystal, of phonons, are excitable. However,

da

when the polarisability is constant, and thus the change of polarisability (aq ]O equals zero,

only Rayleigh scattering occurs, and the molecule vibration is not Raman active.

A generic Raman spectrum, in combination with a Jablonski diagram, illustrating the
transitions between the electronic states of a molecule, is shown in figure 9. As shown, the
Stokes and anti-Stokes shifts provide the same spectroscopic information, and it is thus only
necessary to record one of them. In accordance with the Maxwell-Boltzmann distribution law,
the Stokes lines are stronger, and therefore, usually only the Stokes photons are recorded.

2.2.3 The Confocal Microscope Setup

According to the Rayleigh criterion, the diffraction limited spatial resolution of a

conventional optical microscope depends on the wavelength of the excitation source and the
numerical aperture of the objective. The resolution can be enhanced by reducing the
wavelength of the incident light or increasing the numerical aperture of the optical
components. Practically, however, aberrations or the sample analysed can also restrict the
resolution. To remedy these shortcomings, a confocal microscope setup can be used.
Compared to a standard light microscope, in which a wide area of the sample is illuminated
and imaged instantaneously, in confocal microscopy only a small focal spot on the sample is
irradiated and examined. By raster scanning the sample or the illumination spot and recording
the intensity of the light emitted from each sample point, an image of the specimen can be
created point-by-point or pixel-by-pixel. The restriction on the analysed sample volume
reduces interfering background signals from outside the focal area and improves the
microscopic lateral and vertical resolution [106]. Confocal microscopy, therefore, also enables
thin sample sections to be imaged, facilitating three-dimensional sample reconstructions. One
crucial element in a confocal microscope is the pinhole, which is located in the image plane of
the optical beam path before the spectroscopic detection unit. The size of the pinhole restricts
the focal depth from which the light is collected (figure 10).

For the measurements presented in this work, a commercial confocal Raman microscope
(WiTec alpha 300 R, Ulm, Germany) equipped with an frequency doubled Nd:YAG laser
(laser wavelength 4 = 532 nm) with an maximum laser power P,,,, of 22.5 mW was used. The
light scattered from the sample was detected in backscattering geometry with a vacuum
sealed, high-sensitivity, back-illuminated CCD camera cooled to -65°C (www.witec.de). To
obtain either full Raman spectra or high-resolution spectra, the CCD spectrometer was
operated with a 600 1/mm or an 1800 I/mm grating, respectively. Spectral resolutions of
approximately 3 cm” (0-3600cm™) or lcm™ (0—1200cm™) per CCD-pixel, were
achieved. A multimode optical fibre with a 50-um core diameter representing the pinhole and
a standard air object lens with 100x magnification and a numerical aperture NA of 0.90
complete the microscope setup. Therewith Raman spectra from a sample volume of roughly
1 um in focal depth and a spot diameter of approximately 400 nm were recorded.
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Figure (10): Schematic setup of the confocal Raman microscope. The excitation wavelength is
coloured in green, the backscattered light is indicated in orange.
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3. ANCIENT TISSUE PRESERVATION

3.1 COLLAGEN

Collagen is the most abundant and versatile biomechanical scaffold protein in the connective

tissue of animals [109]. In mammals, it is present in the skin, vessel walls, tendons, ligaments,
and as the organic component of bones and teeth. It promotes the resilience of those tissues,
maintaining their structure and geometry, and provides them with the required stiffness,
strength, and toughness. In humans, there are approximately 28 different collagens, which are
subdivided depending on their function and occurrence [110]. Of those, collagen I may be the
most important. Besides the above mentioned appearance, collagen I is also common in scar
tissue, the end product when tissues heal by repair, and in the cornea, where it accounts for
the optical power of the eye.

3.1.1 Collagen-based Tissues and Properties

As its presence in joints or other load-bearing tissues already implies, collagen is a structural

protein, important for maintaining the mechanical properties of connective tissues. While
minerals and other organic molecules are also involved, the diverse mechanical requirements
of the connective tissue are generally met by the arrangement of the collagen fibrils [110].

Tendons and ligaments are fibrous collagen-rich tissues that are crucial in facilitating the
locomotion of animals. In both tissues, collagen implements high stiffness and tensile strength
[111]. In tendons, these characteristics allow for the transmission of forces from contracting
muscles to the skeleton, whereas in ligaments, they connect bones and support the joints to
prevent abnormal movements [112]. In tendons, the collagen fibrils are densely packed and
primarily aligned parallel to the longitudinal tendon axis and thus in the direction of the
prevalent load. On the micrometer scale, the collagen assembly in tendons moreover shows
some interweaving, which improves the tendon flexibility and elasticity [111; 113; 114]. This
interweaving enables the tendon to uptake and release energy of motion with little losses,
which saves muscular energy [115] and is why tendons are regarded as biological springs
[116; 117]. Ligaments, in contrast, are more subject to multidirectional load. Therefore, the
collagen fibrils are less ordered, and the mechanical properties of ligaments are slightly more
isotropic than those of tendons [112].

Collagen is also an integral component of skin, confined to the second primary skin layer, the
dermis. The dermis is streaked by blood vessels, harbours the roots of hairs, multiple glands,
and is responsible for the skin’s resilience. Close to the epidermis, the topmost layer of skin,
the collagen fibrils in the dermis are arranged in sheet-like structures that run parallel to the
skin surface. In deeper regions of the dermis, the collagen is less regularly arranged, is
frequently interwoven, and forms loosely organised networks [118]. The overall fibril
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direction remains parallel to the skin surface. The collagen networks strengthen the dermis,
provide support for the epidermis, and thus maintain the skin’s structure.

Collagen not only improves the mechanical properties of tissues but also provides unique
optical properties, which is why the cornea, which is the front part of the eye, is composed of
collagen [119]. In the cornea, the collagen fibrils are aligned with a high degree of lateral
order [120] in parallel, lamellar structures and preferentially oriented horizontal and vertical
to the eye surface [121]. This regular arrangement promotes destructive interference of
scattered light and the transparency of the cornea [120]. Ultimately, however, collagen also
conditions the cornea’s strength to withstand the pressure within the eye and the pulling of the
eye muscles [110].

Apart from collagen’s high tensile strength, elasticity and optical properties, its stability is
exceptional.

3.1.2 Formation and Stabilisation of Collagen

As discussed, due to the specific tissue needs, collagen is assembled into either ordered or

random structures. The mechanical properties of collagens are, however, predominantly
determined on the molecular level. The collagen composition, in general, and the degree of
collagen cross-linking, in particular, are thereby crucial factors.

Collagen is produced and secreted by several cells of the connective tissue such as fibroblasts,
chondroblasts, and osteoblasts. Its biosynthesis takes place on ribosomes where single
polypeptide a-chains (procollagens) become compounded and subsequently transferred into
the endoplasmic reticulum [122]. These procollagen chains are composed of a repeating
amino acid sequence, Gly-X-Y, in which every third position is a glycine [123; 124; 125].
The residues X and Y can be any other amino acid, but in roughly 20 % of cases, proline is
located at the X-position, and hydroxyproline is at position Y [110; 126; 127].

In the endoplasmic reticulum, the procollagen chains undergo enzymatic modifications that
convert specific proline and lysine residues to hydroxyprolines and hydroxylysines,
respectively. The collagen is formed once three modified procollagen chains associate [110;
122]. The collagen monomer, also called tropocollagen [128; 129], is a roughly 300-nm long
and 1.5-nm thick, twisted, right-handed triple helix formed by the folding of three left-handed
helical polypeptide a-chains [130]. It is the basic structure of all types of collagen. In
tropocollagen, the glycine residues face towards the core of the fibril, whereas the residues at
X and Y are oriented towards the chain surface [110; 131]. This triple helix structure is
stabilised by one inter-chain hydrogen bond per sequence between the amide (N-H) group of
a glycine with the carbonyl (C=0) group of a proline at the X-position in an adjacent chain
[125; 132]. Moreover, an extensive hydration network of water molecules stabilises the
structure by forming additional hydrogen bonds within the same chain or between adjacent
chains within the bonding distance of the water bridges (figure 11) [133; 134; 135]. The water
thereby saturates the available carbonyl and hydroxyl groups of hydroxyproline and maintains
the intermolecular spacing between neighbouring polypeptide chains [133; 134].
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(a) Direct H-bonding (b) Water mediated H-bonding linking (c) Water mediated H-bonding linking
carbonyl groups Hyp-OH groups and carbonyl groups
(Gly)NH - CO(Pro) CO(Hyp) - W -~ CO(Gly} OHMHyp) '+ W --- CO{Gly)
OH(Hyp) -+ W -~ CO{Hyp)
interchain intrachain interchain intrachain and interchain

Figure (11): Possible interchain and intrachain hydrogen networks in the triple helix of a collagen
molecule. “Reprint from Matrix Biology, 15, 8, B. Brodsky and J. A. M. Ramshaw,
The collagen triple-helix structure, 545-554, Copyright (1997), with permission
from Elsevier” [135].

The final step of the collagen fibril assembly is initiated by the release of the collagen
monomers into the extracellular space. Here, the monomers form insoluble collagen fibrils by
forming covalent cross-links between each other. Five, or a multiple of five, collagen
monomers arrange themselves in a parallel stack, slightly shifted to one another by 67 nm
[136]. Thus, the offset between the neighbouring, staggered, 300-nm long tropocollagens
creates a region where all five fibrils overlap and a gap region where only four of them are
side by side [137]. This arrangement gives the collagen fibril a characteristic 67-nm banding
pattern, the so-called D-period. Further monomers then attach head to tail and extend these
structures. The process of cross-linking the monomers is mainly enzymatically driven,
primarily catalysed by lysyl oxidase (LOX), a copper-based amine oxidase [110].

NH;‘ 1y
CH, ol CH
CH, + 0, + HO —=  CH, +NH} + H0,
C.Hz (;Hz
&h, (.:Hz

-NH-CH-CO- -NH-CH-CO-

Peptidyl Lysine Peptidyl AAS
Figure (12): The deamination and oxidation of lysine by the enzymatic activity of lysyl oxidase.

“Copyright Birkhduser Verlag, Basel, Cellular and Molecular Life Science, 63, 19-
20, (2006), 2304-2316, Lysyl oxidase: an oxidative enzyme and effector of cell
function, H. A. Lucero and H. M. Kagan, figure 1. With kind permission from
Springer Science+Business Media” [138].
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LOX oxidises and deaminates amino groups at specific hydroxylysine and lysine sites,
creating reactive aldehyde residues (figure 12) [139; 140]. These aldehydes react with
neighbouring amino groups of unmodified hydroxylysine or lysine, creating a Schiff base and
thus an intermolecular covalent cross-link between adjacent collagen monomers [138].
Without these stabilising cross-links, the fibrils have little or no strength. Collagen fibrils are
finally packed and organised into bundles or meshwork.

3.1.3 Characterisation of Recent Collagen

Prior to ancient tissue investigations, recent reference collagen samples were characterised.

To this end, bovine Achilles tendon and recent human skin were processed to two-
micrometer-thick histological sections following standard protocols. The specimens were
fixed, embedded in paraffin wax, cut and transferred onto glass slides. Before analysis, the
paraffin was dissolved in xylene. Subsequently, the sections were rehydrated with a
descending alcohol series, rinsed with ultra pure water, and dried under ambient conditions.
After drying, collagen-rich areas were identified by AFM.

High-resolution AFM images revealed the orientation and banding pattern of the fibrils. In
bovine Achilles tendon, collagen fibrils were found in parallel, highly ordered structures with
a distinct uniaxial orientation (figure 13c). The structures featured the typical D-periodic
banding pattern of roughly 67 nm. Fibrils were tightly packed, and single fibrils were hardly
distinguishable.

ngOnm

Figure (13): AFM images of (a), (b) human skin collagen (2x2 um) and (c) bovine Achilles
tendon collagen (2x2 pm). The fibrils in the skin are either arranged in parallel (a)
or meshwork (b) structures. Collagen fibrils in tendons are more densely packed
and aligned in highly ordered parallel structures. The characteristic D-period
banding pattern is prevalent in all fibrils.

As in tendons, also human skin contained well-aligned collagen fibrils stacked in sheet-like
structures. These structures, however, were less densely packed, slightly more random in
orientation and sometimes overlapping. The D-period was 65.2 nm + 2.0 nm, which is
consistent with the banding pattern of tendons and literature values [126; 137; 141]. As is
characteristic of the skin, additional networks of unsorted, often overlapping single collagen
fibrils were observed (figure 13b). The collagen assemblies identified thus matched the
collagen fibril arrangements typical of tendons and skin.
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The molecular composition of the reference samples was quantified spectroscopically.
Characteristic Raman spectra of collagen were obtained. The spectra featured the amide I
(C=0 stretching vibration mode) [142] and amide III (C-N stretching and N-H in-plane
deformation mode) [142] bands, which represent peptide bonds within proteins such as
collagen. These bands indicate the helical conformation of the collagen molecules and thus
the intact collagen substructures within the tissues [128; 129; 142]. Also, the protein-typical
vibration of methyl (CH3) and methylene (CH;) groups [143] were observed. Nevertheless,
highly ordered collagen arrangements also showed anisotropic scattering properties. On fibrils
aligned in parallel to one another, intensity variations in several Raman bands with respect to
the polarisation of the incident laser were observed [144]. The amide I and amide III bands
are among these, as shown in figure 14.
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Figure (14): Normalised Raman spectra of collagen bundles in human skin (a) and in bovine
Achilles tendon (b). Depending on the orientation of the collagen fibril to the
incident laser beam, the intensity of specific bands changes. The grey squares mark
the bands with the strongest anisotropic Raman scattering [144].

Other collagen bands exhibiting anisotropic Raman scattering were observed at approximately
766 cm™, 780 cm™ (CCO) [145], 939 cm™ (C-C stretch), and 3321 cm™, which corresponds to
another N-H vibration mode of the amides in the protein backbone [146]. This anisotropic
scattering is also shown in polar diagrams (figure 15). The intensity of the bands at 766 cm ™,
1246 cm'l, 1271 cm'l, 1451 cm'l, 1668 cm™ and 3321 cm™ as a function of the collagen
orientation is shown. The bands at 1246 cm'l, assigned to the deformation vibration of N-H
groups in a disordered phase [145], and 1451 cm’, the deformation vibrations of methyl
(CH3) and methylene (CH;) [142; 143], are included for comparison. These bands are not
affected by the alignment of the collagen fibrils or the polarisation of the incident laser light.
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Figure (15): Polar diagrams of the intensity of selected Raman bands as a function of the

collagen fibril orientation [144].

Both bands correspond to the Raman scattering of molecules that are equally distributed
across the collagen amino acid sequence and thus show homogeneous Raman scattering.

In summary, the arrangement, conformation and orientation of collagen-rich reference
samples were characterised by AFM and Raman spectroscopy. AFM imaging revealed
collagen assemblies typical of tendons and skin. The molecular conformation of the
biopolymer was determined by Raman spectroscopy. Characteristic collagen spectra were
obtained. A collagen alignment-dependent anisotropic Raman scattering was observed,
indicating that the orientation of Raman-active subunits of an ordered macromolecular protein
can be determined by Raman spectroscopy. The orientation-dependent scattering enables the
optical characterisation of the alignment of collagen fibrils and must be considered in the
analysis of sample spectra.
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3.1.4 Preservation of Ancient Collagen

To draw conclusions on the macroscopic preservation of tissue, it is necessary to analyse the

individual subunits of the tissue because stabilisation of the material is determined on the
molecular level. Ancient, collagen-based tissues show high stability and resistance to decay
[20; 22; 147; 148; 149; 150; 151]. Thereby the collagen composition may affect the overall
material properties and facilitate preservation. Skin is the anatomic outer shielding of the
body, and even when mummified, it guards the underlying tissue from external influences and
degradation. To quantify this protective function and to determine the degree of preservation,
the structural and molecular integrity of mummy skin collagen must be investigated. Samples
were drawn from the naturally mummified Tyrolean Iceman and measurements on the skin
collagen of a bog body were conducted for comparison.

As for the reference skin samples, morphologically intact single collagen fibrils in meshwork
and sheet-like structures were observed in the Iceman skin (figure 16) [152]. Single collagen
fibrils in networks were unsorted and partly overlapped. Their D-period was roughly 67 nm.
Fibrils were well preserved without any breaks or evidence of fragmentation. Excellent
structural preservation was also observed for fibrils in stacked sheet-like structures
(figures 16b and c).

Figure (16): AFM images of collagen structures found in mummified human skin. In (a) single
collagen fibrils in a meshwork are shown (1x1 pm). Images (b) and (c) show
collagen fibrils arranged in parallel well-ordered sheet-like structures. All fibrils
show the characteristic D-period banding pattern of 67 nm [152].

As in the AFM results, the Raman measurements also indicated that the ancient Iceman
collagen is intact. The Raman spectra feature the characteristic amide I and amide III bands,
suggesting the helical collagen conformation. Moreover, the positions of the Iceman Raman
bands are similar to those of recent collagen (figure 17). Therefore, molecular degradation of
the collagen can be excluded.

Based on these observations, it can be concluded that the ultrastructure of the collagen fibrils
was not altered and that no decomposition of the fibril structure occurred.
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Figure (17): Average Raman spectrum (600-3600 cm'l) of recent human skin collagen (dashed
black line) and of Iceman skin collagen (solid orange line). The spectrum of the
mummy collagen is similar to the recent collagen spectrum. The inset shows a
close-up from 840 to 1900 cm™ wavenumbers. The spectra were normalised to the
1448 cm™! peak.

Additionally, the elasticity of the single Iceman collagen fibrils was tested by nanoindentation
measurements. The obtained F-d curves were analysed using the Hertz model. Although AFM
images and Raman spectroscopy showed that the collagen was molecularly and structurally
intact, differences in the mechanical behaviour of recent and ancient fibrils were revealed.
The Young’s modulus of the Iceman collagen was 4.1 + 1.1 GPa, whereas the modulus of
recent skin collagen was 3.2 + 1.0 GPa [152], indicating that the ancient collagen was slightly
stiffer. Dehydration, and thus the removal of the interstitial water, could have brought the
collagen subfibrils closer together, enabling the formation of additional interpeptide H-bonds
or covalent cross-links [153] between the collagen molecules, which would lead to this
increase in fibril stiffness [154]. Such a reinforcement of the collagen structures by
supplementary cross-linking could have increased the collagen stability and resistance to
decay. This result demonstrates the importance of dehydration for the mummification of
connective tissue and presumes that the dehydrated skin maintained its protective function
and prevented the underlying tissue from decomposition. Last but not least, this result
supports the theory that the Iceman was covered by snow and ice immediately after his death
[28; 155] and that periodic freeze-thaw cycles likely caused advanced desiccation by the
sublimation of the majority of the water in the frozen tissue [1].

For comparison, the preservation of collagen in the skin of a mummified human bog body
was examined. Investigations were carried out on the skin of an adult female, the so-called
Zweeloo Woman, which was found in 1951 by peat cutters in a bog in Damsel, Netherlands.
The female bog body was radiocarbon dated to the Roman period (78-233 AD). The woman’s
cause of death is unknown. Like the reference skin and the Iceman skin samples, the collagen
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fibrils in the Zweeloo Woman skin were arranged in networks or sheet-like structures and
featured a periodic banding pattern (figure 18 and 19). However, compared to the Iceman
collagen or to collagen bundles found in the dermis of other bog bodies [147], the Zweeloo
mummy collagen indicates moderate decomposition. The fibrils show considerable
differences in fibril contour and size compared to the collagen found in recent human skin or
in other mummies. The contour of the fibril structure is very faint, and the banding pattern of
62.8 + 4.2 nm is smaller than that reported in the literature.

Figure (18): Optical (a) and AFM amplitude images (b), (c), and (d) of collagen structures found
in the mummified skin of a bog body. The optical image of the histological section
was taken with 100x magnification. Figures (b) to (d) show the AFM amplitude
images of the areas outlined. In (d), unsorted and overlapping fibrils in a network-
like structure are shown. Each fibril features a periodic substructure.

The reduction in the fibril dimensions may be caused by the decomposition of the collagen
fibrils as observed in previous AFM studies [156; 157] that show the degradation of type 1
collagen by enzymatic activity, e.g., by collagenase or papain-gel. The enzymes seem to
decompose the entire fibrillar structure in a non-specific manner causing the fibrils to become
shorter and thinner.

An analogous effect may have occurred in the bog, causing the mummy collagen to slightly
degrade and thus decrease in size. The degree of degradation is likely a function of the bog
composition, e.g., its acidity.
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While the acidity likely leads to degradation of collagen tissues, it is on the other hand also
essential for the development of bog bodies. The acidic milieu decelerates the decay of
organic tissue in a bog and promotes preservation. In particular, tannin, a polyphenolic
compound in the plant cells of the peat bog moss sphagnum, is responsible for the bog acidity.
As the plant dies, its phenolic compounds are released. The hydroxyl and carboxylic groups
of tannins bind to proteins and form strong complexes [1], which may have enhanced the
cross-links in the skin collagen of the Zweeloo Woman, thus stabilising and preserving it.

The molecular composition of the Zweeloo woman collagen could, however, not be
determined by Raman spectroscopy due to strong fluorescence of the sample.

e

»

Figure (19): High-resolution AFM topography (a) and amplitude image (b) of collagen structures
found in the histological skin sample of the Zweeloo Woman. In figure (a),
(2x2 pm) collagen fibrils with a characteristic banding pattern are revealed. The
fibrils form a network-like structure and sometimes overlap. The contours of the
fibrils are faint. The amplitude image (b) shows the fibril contours in more detail.

In conclusion, the data demonstrate the outstanding resilience of collagen to decay and the
excellent degree of preservation of the naturally mummified Iceman skin collagen.
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3.2 RED BLOOD CELLS

Blood is a suspension of a liquid, known as plasma, and cellular corpuscles such as platelets,

white blood cells and red blood cells. It regulates the body temperature, supplies cells with
nutrients, is involved in immune defence, and regulates the process of haemostasis, wherein a
damaged blood vessel is sealed by a blood clot and repaired. Red blood cells (RBCs) are the
commonest blood corpuscle in the blood. They transport oxygen from the lungs to the cells
and in return carry carbon dioxide to the lung. While flowing in the cardiovascular system,
they are subject to deformation. The cells feature an elastic biconcave-shaped membrane
[158] with a diameter of 6 to 8 um and a height of approximately 2.0 um. This structure
makes them highly deformable and enables them to pass through capillaries as thin as 4 um to
reach tissues [159; 160; 161].

The main biomolecule in RBCs is haemoglobin, a tetrameric protein made of four pyrroline
chains, each of which carries an iron atom. The pyrroline subunits are interconnected via
methine bridges (=CH-). A dried RBC consists of approximately 97 % haemoglobin. In vivo
haemoglobin composes 34 % of the red blood cell content, water represents 65 %, and
approximately 1 % of the RBC volume consists of enzymes and other proteins. RBCs are a
fine indicator for diseases because their shape, molecular structure, and elasticity are prone to
disease-specific alterations. The discovery of blood elements in ancient mummified human
bodies, therefore, could help determine the immune status of an individual and explore the
evolution of diseases.

3.2.1 The Coagulation of Blood

Blood coagulation leads to the formation of a solid blood clot. In vertebrates, this

mechanism is the most complex part of haemostasis, in which damaged endothelial cells of
blood vessels are identified, sealed, and finally repaired or dissolved and replaced. The
complexity of coagulation is due to different pathways related to diverse injuries and several
safety mechanisms that prevent unwanted blood clotting [162]. In general, the process of
blood coagulation is a cascade of gradually activated clotting factors obliged to stop blood
loss by creating a solid thrombus that forms immediately after an injury and covers the region
of vascular damage [163].

The formation of a thrombus involves a cellular blood clotting mechanism, known as primary
haemostasis, in which platelets, activated by glycoproteins that bind to their membrane,
adhere to subendothelial collagen or von Willebrand factor (vWF) and form a platelet clot at
the site of the vessel injury. Simultaneously, the plasmatic blood clotting or secondary
haemostasis mechanism takes place. In this secondary mechanism, plasma proteins, called
coagulation factors, are activated and form fibrin fibres, which provide the framework of the
clot. Secondary haemostasis is divided into an intrinsic and extrinsic pathway, although both
pathways presumably operate in parallel [164].
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The initial point of coagulation is always an endothelial defect. Coagulation may result from
several different events such as mechanical trauma, electrical trauma, vessel legation or
inflammation. Inflammation can be schematically modelled by a laser injury, inducing a heat
impact that affects only a finite region and does not cause degradation of the vessel wall. In
contrast, a model akin to mechanical trauma can be created by inducing oxidative endothelial
damage with e.g. ferric chloride. Here, the endothelium becomes ablated, and the
subendothelial matrix, consisting of collagen and bound vWF, is laid open [165].

Regardless of the cause of injury, blood passes through the injured blood vascular, and
platelets interact with tissue factor (TF), collagen or vWF in the endothelium. The vWF
therein initiates the connection of the platelets with the injured vessel wall through specific
receptor interactions, resulting in the adhesion and aggregation of the platelets (primary
haemostasis). The release and production of further coagulation factors activates and
mobilises further platelets and causes them to become involved in the thrombus formation
[165]. In addition, actin and myosin filaments rise from the activated platelet surface, creating
a dense network between the platelets.

Co-instantaneous to platelet adhesion and aggregation, secondary haemostasis takes place. In
this process, several other factors are released, activated, or generated [162; 163; 166], which,
together with phospholipids of platelets or tissue and calcium ions Ca®™, leads to the
production of thrombin. Thrombin is the activated form of the enzymatically cleaved, inactive
prothrombin [166; 167] and is crucial for secondary haemostasis because it converts soluble
fibrinogen to the insoluble fibrous protein fibrin. Thrombin activates a fibrin-stabilising
enzyme that cross-links fibrin monomers, resulting in a network that stabilises the platelet clot
[168]. Dependent on the size of an injury, the fibrin thrombus may also contain RBCs. Due to
their structure, blood clots are highly resilient. In combination with desiccation, they may
provide a protective environment for blood residues embedded therein and preserve these
residues for a long time.

3.2.2 RBC Preservation in Icemen Tissue

This postulation is particularly meaningful when examining the oldest human glacier

mummy, the Iceman, who sustained a lethal arrow wound immediately before his death [33].
X-ray and CT images of the arrow wound gave the first hints of the presence of blood
residues. Inhomogeneous tissue areas were found and interpreted as a dehydrated haematoma
[31; 169] associated with the lesion of the left subclavian artery that could have led to severe
inner bleeding, a haemorrhagic shock, and the Iceman’s death [34]. Additionally,
haemoglobin was detected in the skin of the Iceman’s right hand by a Guajac-based test [32],
also suggesting a wound. However, in contrast to the good overall preservation of the tissue,
no blood cells had been found.

To study the presence of human red blood cells in the tissue of the 5300-year-old Iceman,
samples were extracted from the right hand stab trauma and from the arrowhead entry wound
at the Iceman’s back and examined by AFM. Some isolated single corpuscles with the
approximate size and shape of normal RBCs [170] were identified (table 1).
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The corpuscles featured the typical discoidal and concave shape of RBCs, which arises during
the early stages of RBC development in the bone marrow when the cell nucleus is discarded,
leaving an impressed membrane behind. Moreover, their morphology was without any
evidence of degradation or damage. In addition to the single corpuscle, an agglomeration of
several randomly distributed particles was found in the arrowhead wound (figure 20f).

Figure (20): AFM images of RBCs. Images (a) and (b) show single RBCs from recent human
tissue. Image (c) displays an assembly of RBCs. In images (d) and (e), single
corpuscle, found in the Iceman right hand wound and arrowhead wound, are
shown. Also an assembly of several randomly distributed corpuscles, similar to
those in the recent sample (c), was found in the Iceman arrowhead wound (f). The
imaged corpuscle (d-f) have the characteristic discoidic and concave surface of
RBCs.

Table 1: Dimensions of recent RBCs and ancient corpuscle

Sample Quantity Height (um) Diameter (um) Area (pmz) Volume (f1)
Recent RBCs 19 20+0.5 63+04 31.0+£3.7 40.0 £ 12.2
Ancient corpuscle 3 25+0.2 6.0+0.3 28.8 +3.2 42.1+ 4.1

To verify the presence of RBCs, Raman spectra were taken from the Iceman samples and
compared to reference whole blood and RBC spectra. The chemical composition and
molecular conformation of the ancient corpuscle was revealed, showing the stretching
vibration modes V37, V20/v29, V21, and vis of porphyrin, the characteristic building unit of the
RBC protein haemoglobin [171; 172; 173]. These data suggest that the ancient particles are
RBCs. Nonetheless, it was also observed that the specific Raman bands were an order of
magnitude weaker in the Iceman RBC spectra than in the reference RBC spectra (figure 21).
This result indicates that the molecular conformation of the Iceman’s RBCs had changed and
that the majority of the haemoglobin had disappeared over time. The altered molecular
structure may be due to degradation of the haemoglobin.

Furthermore, bands typical of other protein components, such as the twisting deformation
mode of methylene, the deformation vibration of methyl molecules, the vibration mode of
phenylalanine, and the amide III band, which represents peptide bonds [108; 142; 145], were
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identified. These bands indicate that the Raman spectra of the Iceman corpuscle are composed
of haemoglobin and other proteinaceous components. The proteinaceous compounds may
originate from residues of proteins that were components of a former blood clot. This
hypothesis is consistent with measurements on recent dried blood, which showed that the
Raman spectrum of dried whole blood is a combination of the two main Raman-active
components, namely, haemoglobin and fibrin [174].

This last assumption was validated by the Raman spectra obtained from the mummy
corpuscle of the agglomerate. The spectra lacked the above-mentioned porphyrin modes and
showed mainly bands characteristic of the blood protein fibrin (figure 21). As described,
fibrin is the end product of a complex cascade of coagulation reactions that are initiated at the
moment of a vascular injury. Fibrin is produced when thrombin cleaves fibrinogen and
catalyses the polymerisation of fibrin, which subsequently generates a meshwork around a
platelet plug and reinforces it [175].
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Figure (21): Raman spectra of air-dried whole blood (a), a single red blood cell (b), and a single

corpuscle found in the Iceman tissue (c and d). All spectra show peaks at 1586cm™,
1395 cm’l, 1308 cm™!, and 747 cm™', which are characteristic of porphyrin. With
the exception of a few bands, the spectra show considerable similarities. Also
shown are Raman spectra of a fibrin meshwork (e), and the agglomerated
corpuscles found in the Iceman arrowhead wound (f). The spectrum obtained from
the agglomerated corpuscles differs from that of the single Iceman corpuscle. It has
features that are considerably similar to the spectrum of fibrin.

The Raman spectra and AFM images thus indicate that the single particles and the
agglomerate of corpuscles (figure 22) in the wound tissue are the remnants of a haemostatic
plug that formed after the Iceman was wounded. It can also be inferred that the fibrin
surrounding the haemostatic clot decomposed over the millennia leaving only RBCs and
possibly some fibrin fragments behind because neither a meshwork nor single fibrin fibrils
were detected by AFM. The decrease in the specific haemoglobin Raman peak intensities
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suggests that the majority of the ancient RBC haeme groups were altered or disappeared over
the years.

, Intensity / a.u.

600 800 1000 1200 1400 1600

Figure (22): (a) Raman scan (35x35 um) and AFM image (30x30 um) of the RBC agglomerate.
Recalculation of the Raman scan for selected Raman bands (b) gives the intensity
distribution of the selected bands. (c-e) Raman map for fibrin-characteristic bands
at approximately 1000 cm™, 1450 cm™, and 1660 cm™. Red pixels define an area
with high band intensity; blue and violet pixels represent a sample area with the
lowest Raman band intensity. The highest band intensities are found at the sites of
RBCs, indicating the presence of fibrin residues.

3.2.3 Secondary Conclusions from Iceman RBCs

The mechanical properties of RBCs are an indicator for disease and can provide insight into

their molecular preservation. Reduced mechanical deformability, together with increased
RBC membrane stiffness, has been reported in infections with the malaria parasite [176; 177;
178]. A similar phenotype appears in blood disorders such as sickle-cell disease, hereditary
elliptocytosis, and hereditary spherocytosis, in which the deformability of the RBC membrane
is reduced due to a strongly altered cell shape [178; 179; 180].

Although pre-processing the tissue samples does not allow one to draw conclusions on
disease-specific mechanical changes in the RBC membrane, a relative comparison of the
recent RBCs and the equally processed mummy RBCs should indicate the degree of tissue
preservation over the past millennia. By performing nanoindentation measurements and
analysing the obtained F-d curves with the Hertz model, the elasticity of the ancient
corpuscles was assessed (figure 23).
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Figure (23): The distribution of the Young’s moduli from the corpuscle of Iceman sample B and

contemporary single RBCs. The Young’s modulus of the mummy particles (grey)
is significantly lower than that of the recent RBCs (black).

Mummy RBCs were slightly softer than recent RBCs, which may indicate a degradation of
the RBC membrane framework. As observed in the Raman spectra, where the mummy RBCs
showed a decrease in the RBC-specific porphyrin vibrations, these mechanical changes could
originate from external influences, including damage to the RBC scaffold by crystallisation of
ice during freezing, irradiation by UV light or wound healing-specific transformation
processes that occur during the stages of blood clot degradation [181].

In conclusion, the structural, molecular and mechanical analyses of ancient corpuscles
verified the preservation of RBCs in the 5300-year-old mummy tissue. Moreover, the
structure and Raman spectra of some corpuscles point to remnants of a haemostatic clot.
These data confirm that the Iceman sustained several injuries before his death. The samples
contained RBCs with normal morphology. Blood disorders caused by red blood cell
membrane defects, such as sickle-cell disease, elliptocytosis, and spherocytosis, can thus be
excluded.
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4. SUMMARY

It has recently been established that soft tissue or its fragments can be preserved in fossilised

biological structures such as shells or bones. Likewise, it was experimentally verified that
collagen and haeme-containing compounds can resist decay and that small round
microstructures similar in size and shape to RBCs can be preserved in vessels from the
demineralised bone of dinosaurs. In fossilised samples, the organic material is most likely
preserved due to its encapsulation within the anorganic matrix or mineralised soft tissue.

In this work, it was postulated that if biological tissues have substructural arrangements that
are advantageous to withstand mechanical loads, i.e., high elasticity and resilience, they might
also have a favourable structure to become preserved in mummified tissue. Using the non-
invasive analysis techniques AFM and Raman spectroscopy, the structural and molecular
arrangement and the degree of tissue preservation were determined. Raman spectroscopy was
utilised to reveal the tissue’s molecular composition, and AFM was used to show the tissue’s
ultrastructure and mechanics. Both techniques were initially applied to characterise reference
samples. The Raman spectra of the reference collagen contain bands whose intensities are
specific for the conformation and alignment of the collagen fibrils. These observations were
subsequently used to characterise ancient samples.

By analysing mummified skin collagen in samples drawn from the Iceman, exceptionally
well-preserved collagen was found. The observed fibrils featured the typical collagen
arrangement, either in parallel ordered sheet-like structures or in a random meshwork.
Additionally, a collagen-specific banding pattern was observed. In addition to their
morphology, the characteristic molecular structure of collagen, an intact triple helical fibril
conformation, was ascertained. However, considerable differences were observed between the
Iceman skin and samples drawn from a bog mummy. Although the skin collagen of the bog
body was without any evidence of breaks or fragmentation and it exhibited the typical
arrangements of skin, the fibrils appeared slightly degraded, indicating poorer preservation.
The collagen showed only faint banding patterns and fibrils of inferior size. The acidic
environment of the bog probably caused the collagen to degrade and thus altered its
morphology and reduced its size. The mummification process of the Iceman, in contrast,
seems to have a superior effect on preservation. Nanoindentation measurements revealed a
higher elasticity of the Iceman collagen compared to recent collagen. Dehydration, i.e., the
loss of interstitial water between the collagen molecules, may have compressed the ancient
fibrils, thus enabling the generation of additional cross-links and causing an additional
stiffening of the mummy skin. This stiffening may have improved the skin’s protective
function and its resistance to degradation by UV irradiation, freeze-thaw cycles, and the
action of microorganisms.

Outstanding structural and molecular preservation was also obtained for mummified red
blood cells. In the living organism, these blood corpuscles circulate throughout the
cardiovascular system, passing diverse blood vessels, and are subject to deformation. To
withstand this mechanical load, the cells have an elastic biconcave-shaped membrane.
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Summary

Structural, molecular, and mechanical examinations verify the preservation of red blood cells
in the 5300-year-old mummy tissue. Moreover, the structure and Raman spectra of some
corpuscles pointed to remnants of a haemostatic clot. This result confirmed that the Iceman
sustained several injuries before his death and provided evidence for the preservation of red
blood cells in particular. The Raman spectra, however, also showed that haemoglobin-specific
molecular vibrations of the ancient RBCs were weaker than those of recent RBCs. This
finding suggests that the haemoglobin content of the RBCs changed due to the
mummification or due to blood clot degradation processes. Thus, the first insights into the
degradation of blood compounds in mummy tissue were obtained. Finally, the red blood cells
showed normal morphologies. Blood disorders caused by red blood cell membrane defects,
such as sickle-cell disease, elliptocytosis, and spherocytosis, could therefore be excluded.

In conclusion, the preservation of collagen and red blood cells in mummy tissue was
confirmed and the degree of preservation specified. The investigations on collagen revealed
that both the favourable environment conditions as well as the stiffening of the ancient
collagen had a major influence on the extraordinary overall preservation of the Iceman.
Additionally, the morphology of the detected red blood cells testifies that the Iceman did not
suffer any red blood cell membrane-specific diseases. These results indicate that several types
of information can still be drawn from mummified tissue and that biological tissues with
advantageous structures can become preserved in mummified tissue as old as 5300 years.
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ADP Adenosine Diphosphate

AFM Atomic Force Microscope

AGC automatic gain control

AM Amplitude Modulation

CCD Charge-Coupled Device

CT Computerized X-ray Tomography
dc direct current

DMT Derjaguin-Muller-Toporov model
DNA Deoxyribonucleic Acid

M Frequency Modulation

JKR Johnson-Kendall-Roberts model
LOX Lysyl Oxidase

Nd:YAG Neodymium doped Yttrium Aluminium Garnet
NMR Nuclear Magnetic Resonance
PCR Polymerisation Chain Reaction
PLL Phase Locked Loop

RBC Red Blood Cell

rms root mean square

SEM Scanning Electron Microscope
TEM Transmission Electron Microscope
TF Tissue Factor

Uv ultraviolet

vWF von Willebrand Factor
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Anisotropic Raman scattering in collagen bundles

Marek Janko,'** Polina Davydovskaya,' Michael Bauer,'* Albert Zink,*® and Robert W. Stark®**
‘Department of Earth and Environmental Sciences, Ludwig-Maximilians-Universitdt Miinchen,
Theresienstrafse 41, 80333 Munich, Germany
“Center for NanoSciences, Ludwig-Maximilians-Universitdt Mitnchen, Schellingstrafie 4, 80799 Munich, Germany
‘European Academy-Institute for Mummies and the Iceman, Viale Druso 1, 39100 Bolzano, Italy
*FB Material- und Geowissenschaften, Technische Universitdt Darinstadt, Petersenstrafie 32, 64287 Darinstadt, Germany
*Center of Smart Interfaces, Technische Universitit Darmstadt, Petersenstrafle 32, 64287 Darmstadt, Germany
*Corresponding author: marek janko@lrz.uni-muenchen.de

Received May 26, 2010; revised July 7, 2010; accepted July 15, 2010;
posted July 21, 2010 (Doc. D 129058); published August 12, 2010

Collagen is the main connective tissue protein of vertebrates and shows exceptional mechanical and optical proper-
ties. The alignment of collagen fibrils correlates to the function of a specific tissue and leads to optical anisotropy.
The effect of the molecular alignment on Raman scattering, however, has barely been investigated. We found that the
peak intensities of the C—C, (=0, and N—H vibrational modes, which are typical for the Raman bands of the protein
backbone, change with the orientation of the collagen fibrils. These observations demonstrate that Raman spectra

contain specific information regarding molecular and fiber alignment.

© 2010 Optical Society of America

OCIS codes:  300.6450, 170.1470, 170.6510, 170.6935, 190.4710.

Collagen is the most abundant structural protein of
vertebrates and features unique properties. It is known
for its exceptional durability [1] and tensile strength, both
of which result from the hierarchical structure [2-4] and
fibril alignment. According to its specific function, it is
organized in bundles or in a random meshwork, deter-
mining the tensile stress, elasticity, and geometry of skin,
tendons, ligaments, and artery walls, or the organic ma-
trix of bones. In tissue that is subject to unidirectional
forces, such as tendons, single collagen fibrils are equally
oriented and organized in bundles. The bundles are
aligned with the direction of the load, thereby, leading
to anisotropic mechanical properties.

Collagen also features remarkable optical properties.
Optical anisotropy, such as birefringence or differences
in light scattering and propagation [5,6], reflects the
structure and alignment of the fibrils. Therefore, the col-
lagen fibril orientation is an exceptional indicator of the
properties of a biological tissue. For example, in the cor-
nea, the regularly arranged collagen bundles are trans-
parent [7,8]. In diseased tissue, however, the molecular
alignment can be disturbed, impairing the eye’s optical
power [9,10].

Optical methods such as second-harmonic-generation
microscopy [11-13] can help to characterize the ori-
entation of the biopolymer. To this end, confocal Raman
microscopy is also a promising high-resolution technique
because the conformation and molecular order of (bio)
polymers can be characterized spectroscopically [1,14-
16]. Here, we show that there is a strong dependency
between the intensity of certain Raman bands (e.g.,
the amide bands around 1271 and 1668 cm™1) and the
orientation of aligned collagen fibrils with respect to
the polarization of the incident laser light.

We investigated 2-um-thick transverse sections of bo-
vine Achilles tendon (Sigma-Aldrich) and human skin.
The sections were processed following standard proto-
cols [1]. The samples were imaged with an atomic force
microscope {AFM) to identify collagen-rich areas and to
verify the orientation and the banding pattern of the fi-
brils (Veeco Dimension 3100, Cantilever; BS Tap 300

0146-9592/10/162765-03$15.00/0

Budget Sensors, D ~ 40 N/m, f . ~ 300 kHz). Type I col-
lagen has a characteristic D-periodic banding pattern of
67 nm. The measured values of 65.2 + 2.0 nm in human
skin or 65.7 + 2.0 nm for the bovine tendon match the
literature value. Both samples show highly ordered col-
lagen structures with well-defined, uniaxial, parallel-
aligned collagen fibrils (Fig. 1). Raman spectra were
taken with a confocal Raman microscope (WITec alpha
300 R, 532 nm, 600 I/mm grating). The laser power was
set to 1.0 mW to avoid denaturation. The confocal
setup resulted in a focal depth of approximately 1 pm
with a diffraction-limited spot diameter of about 400 nm.
Although the laser had a polarization ratio of 100: 1, all
measurements can be regarded as unpolarized because
no analyzer was used. Three single spectra were re-
corded, each with 180 s of integration time. The samples

10 ym

500 nm

Fig. 1. (Color online) AFM images of (a) human skin collagen
{(2pumx2pm) and (b) bovine Achilles tendon collagen
{3 pym x 3 gm). Fibrils in a parallel alignment with their charac-
teristic banding pattern prevail. The insets display (a) a bundle
of skin collagen and (b) a profile of the banding pattern of
Achilles tendon collagen. Raman spectra were taken at the
position marked by the crosshair.

© 2010 Optical Society of America
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Fig. 2. (Color online) Normalized Raman spectra taken on col-
lagen fibrils oriented parallel and perpendicular to the incident
laser beam. The gray squares indicate the bands that show the
strongest anisotropic Raman scattering. The inset outlines the
fingerprint region of collagen.

were rotated in steps of 15°, and the measurements were
repeated for each step.

The spectra shown in Fig. 2 were obtained on fibrils
whose long fibril axes were aligned in parallel and per-
pendicular with respect to the polarization of the incident
laser. The spectra were normalized to the most intense
Raman band at around 2939 cm™, which features a
steady intensity and peak center position throughout
the measurements and is far away from the fingerprint
region of collagen (700 to 1800 cm™'; inset in Fig. 2). The
spectra are consistent and feature the characteristic col-
lagen bands [1]. The first peaks exhibiting an orientation-
dependent intensity are found at about 766 and 780 em™!
v(CCO) [15]. Their intensity nearly vanishes when rotat-
ing the sample by 90°. Such behavior could also be ob-
served for the band at about 939 ecm™ (C—C stretch)
that is typical for the protein backbone [16,17]. The de-
formation band of the amide III &(NH) [15-17] at
1271 em™ also features anisotropic Raman scattering.
However, the 1271 cm™! band shows behavior that is in-
verse to that at 766, 780, and 939 em™L. It is less intense
when the collagen fibrils are oriented in parallel and
shows enhanced Raman scattering in the perpen-
dicular configuration. The strongest polarization de-
pendence appears in the range of 1580 to 1720 cm™,
specifically at 1668 cm™!, with the shoulder at about
1641 em™! corresponding to the C—=0 stretching vibra-
tion of amide 1 v(CO) [15-17]. Likewise, at about
3321 em™, a peak appears that is located near the broad
background peak of water. Leikin et al. [18] reported that
this band corresponds to the N—H vibration mode of
amides in protein backbones.

The polar diagram in Fig. 3 outlines the peak intensities
for a total rotation of 360°, illustrating the intensity as a
function of the collagen orientation. The bands at about
766, 1246, 1271, 1451, 1668, and 3321 cm™! are displayed.
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Fig. 3. (Color online) Polar diagrams of selected Raman bands
displayed for a full sample rotation.

The intensities were determined by fitting a second-order
polynomial to a narrow range (40 to 100 em™") around
the peak centers. The respective fitting ranges were
maintained for all sample orientations. From the asym-
metric intensity distribution, the alignment of the col-
lagen fibrils in the specimen can be derived. The
shape of the intensity distribution indicates strong aniso-
tropic Raman scattering. The amide I and amide III
bands, which represent the peptide bonds within pro-
teins and in the collagen, indicate the stabilization of
the subfibrillar triple helical structure by the formation
of interchain hydrogen bonds between the N—H groups
of glycines and the C=0 groups of prolines in neighbor-
ing chains [19,20]. The anisotropic Raman scattering at
these amide groups indicates that they are oriented in
the direction of the fibril backbone (long axis). The inten-
sity distribution of the 766 cm™! band is turned by 90°
compared to those of the amide bands. This observation
implies that the preferential polarizability of the molecu-
lar subunit CCO that is responsible for the 766 cm™! peak
could be perpendicular compared to those of the bands
at 1271, 1668, and 3321 cm™!. The polarizability typically
varies if the electrical field is applied parallel or perpen-
dicular to the molecular axis or in different directions
relative to the molecule. This causes a variation in the
induced dipole moment (P — eoyF — eqyFEelitir-=itily,
Hence, the Raman scattering in the collagen fibers
depends on the fiber alignment and the orientation of
the polarized laser. The anisotropy is expressed by the



nonzero elements ({dy/de;)y = # = 0) of the Taylor ex-
panded susceptibility tensor (y = y© + E ;((I}Qj +..)

J
for Raman scattering. Therefore, a rotation of aligned col-
lagen fibrils with respect to the incident laser causes in-
tensity variations in several Raman bands. Thus, the
orientation of the intensity distribution pattern in the po-
lar diagrams characterizes the uniaxial orientation of the
collagen bundles. The shape of these isointensities can
act as an indicator for the fibril structure of bundles.
For comparison, two bands (1246 and 1451 em™!) that
are not affected by the rotation are also shown in Fig. 3.
The 1246 cm™! peak is related to the amide Il band and is
assigned to the 8{NH) vibration of the N—H groups. Com-
pared to the amide III band at 1271 cm™!, however, the
Raman active N—H groups at 1246 cm™ are in a disor-
dered phase [15]. The other isotropic Raman band at
1451 em™! is assigned to methyl $(CH;) and methylene
8(CH,) deformation vibrations [16,17]. Similar to the
N—H groups at 1246 cm™!, the CH; and CH, groups do
not show a preferential orientation. Both bands corre-
spond to the Raman scattering of molecules that are
equally distributed across the collagen amino acid
sequence and, thus, homogeneous Raman scattering
occurred.

In summary, the conformation and orientation of hier-
archical molecules can be characterized by Raman spec-
troscopy. Intensity variations of several Raman bands
were observed while rotating aligned collagen fibrils with
respect to the polarization of the incident laser beam. This
result implies that the orientation of Raman active subu-
nits of an ordered macromolecular protein in a tissue can
be determined by Raman scattering. The orientation-
dependent scattering not only enables the optical charac-
terization of the alignment of collagen fibrils, but also has
to be considered in the analysis of the spectra.
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Skin protects the body from pathogens and degradation. Mummified skin in particular is extremely resist-
ant to decomposition. External influences or the action of micro-organisms, however, can degrade the
connective tissue and lay the subjacent tissue open. To determine the degree of tissue preservation in
mummified human skin and, in particular, the reason for its durability, we investigated the structural
integrity of its main protein, type I collagen. We extracted samples from the Neolithic glacier mummy
known as ‘the Iceman’. Atomic force microscopy (AFM) revealed collagen fibrils that had characteristic
bhanding patterns of 69 + 5 nm periodicity. Both the microstructure and the ultrastructure of dermal col-
lagen bundles and fibrils were largely unaltered and extremely well preserved by the natural conservation
process. Raman spectra of the ancient collagen indicated that there were no significant modifications in
the molecular structure. However, AFM nanoindentation measurements showed slight changes in the
mechanical behaviour of the fibrils. Young’ modulus of single mummified fibrils was 4.1 + 1.1 GPa,
whereas the elasticity of recent collagen averages 3.2 + 1.0 GPa. The excellent preservation of the
collagen indicates that dehydration owing to freeze-drying of the collagen is the main process in
mummification and that the influence of the degradation processes can be addressed, even after 5300 vears.

Keywords: ancient collagen; degradation; atomic force microscopy; nanoindentation;
Raman spectroscopy; Iceman

1. INTRODUCTION

Skin is the anatomical outer shielding of the body. Even
when mummified, it guards the underlying tissue from
external influences and degradation. Its function, how-
ever, persists only so long as the skin is intact.
Temperature variations, ultraviolet (UV) irradiation and
the actions of insects, bacteria and fungi can all cause
abrasion and degradation of the skin, enabling biclogical
agents to cross this barrier and causing further tissue
decay. The main biomolecular scaffold of skin is type I
collagen. It is the most abundant collagen of the human
body, and it is also present in scar tissue, interstitial
tissue, tendons, arterial walls, fibrocartilage and as an
organic constituent of bone (Van der Rest & Garrone
1991). Apart from its high tensile strength and elas-
ticity, type I collagen is known for its exceptional
durability. Remnants have even been found in prehistoric
samples, such as in the fossilized bones of Tjrannosaurits
rex (Schweitzer er al. 20074) or the fossilized skin of
Psittacosaurus (Lingham-Soliar 2008). In these specimens,
the preservation of collagen is facilitated by its

* Author for correspondence (stark(@lmu.de).
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1098/rspb.2010.0377 or via htup:/rspb.royalsocietypublishing org.
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sequestration within the bone or by the mineralization of
the soft organic tissue (Schweitzer er al. 20075}

Excellent preservation of collagen has been reported
for mummified human tissue. Optical and scanning elec-
tron microscopy (transmission electron microscopy
(TEM)/scanning electron microscopy (SEM)) investi-
gations have revealed single fibrils and bundles of type
I collagen in naturally mummified bodies (Williams
et al. 1995; Hess er al. 1998; Stiicker er af. 2001; Shin
er al. 2003; Chang er al. 2006} and in artificially
embalmed mummies (Hino er al. 1982; Montes er al.
1985). However, the reason for the durability of mum-
mified collagen is unclear. In this paper, we have
investigated the structural integrity of mummified col-
lagen in the oldest known glacier mummy, i.e. the ca
5300-year-old Tyrolean Iceman. This will help to deter-
mine the cause for the stability of mummified collagen
and yield a clearer understanding of the mummification
process.

The Iceman is a remarkably well-preserved wet mummy
and was mummified naturally by a form of freeze-drying.
The body was found at 3200 m above sea level, partly
embedded in glacier ice. SEM studies of the mummy
tissue showed that the collagen fibrils in the skin were struc-
turally preserved (Williams er al. 1995; Hess ¢r al. 1998).
Nonetheless, neither the degree of tissue preservation nor

This journal is © 2010 The Royal Society
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Figure 1. (@) The Neolithic glacier mummy, the Iceman. (&) Detail of a stab trauma on the right hand of the mummy
(sample A). Samples B and C were taken from a haematoma close to the vertebral column and from a wound under the

left shoulder blade {spina scapulae), at the Iceman’s back (c).

Archaeology, Bolzano, Italy.

the reason for the preservation of the ultrastructure and
molecular structure of the mummified connective tissue
is known. The molecular process that led to the outstand-
ing preservation of the Iceman remains unclear.

In this study, we performed atomic force microscope
(AFM) measurements and observed typical collagen
fibril assemblies in the skin of the Iceman. Complemen-
tary confocal Raman spectroscopy measurements
support the observation that collagen is preserved by
the freeze-drying mummification process. Because
nanoindentation measurements by AFM provide access
to the nanomechanical properties of collagen at the mol-
ecular level (Fratzl er af. 1998; Strasser er af. 2007; Yang
er al. 2008), we conducted such experiments on mummi-
fied and recent collagen. The resulting data show that
Young’s modulus of ancient type I collagen is slightly
different from thart of a recent sample.

2. MATERIAL AND METHODS

(a) Collagen preparation

Three 5 x 53 mm skin samples were taken from the mummy
by punch biopsies. For this purpose, the mummified body

Proc. R. Soc. B (2010)
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Photos courtesy of M. Samadelli, South Tyrol Museum of

(which is stored in a cooling chamber at —6°C and a relative
humidity of 98%) was thawed slightly. One specimen was
derived from a stab trauma on the right hand (sample A;
Nerlich er al. 2003). A second sample was taken from
the back of the muwmmy close to the vertebral column
(sample B) and the third sample was drawn from a wound
under the left spina scapulae, at the back of the Iceman
(sample C; figure 1). This skin wound is assummed to be the
intravital point of an arrowhead entry (Gostner & Vigl
2002; Pernter er al. 2007). After extraction, the samples
were slowly rehydrated and then fixed and embedded in
paraffin wax {Nerlich ez al. 2003). To obtain histological
specimens, 2—4 um-thick transverse sections were cut and
transferred onto glass slides. Before AFM analysis, the paraf-
fin was dissolved in xylene. Subsequently, the sections were
rehydrated with a descending alcohol series, rinsed with
ultrapure water and dried under ambient conditions. As a
reference, we used a comparable recent human skin sample
that was taken from a volunteer. To prepare the histological
section, the recent skin sample was subjected to the same
processes as the mummified tissue, except that the rehydra-
tion step before fixation was omitted. After processing, all
samples were stored at room temperature in coverslip boxes.
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(b) AFM measurements

The dssue contents and arrangemernts were inspected using
an inverted optical microscope (Axiovert 135, Zeiss, Oberko-
chen, Germany), and the appropriate sample areas for AFM
imaging were defined. The AFM measurements were per-
formed using a NanoWizard-IT (JPK Instruments, Berlin,
Germany). The AFM was operated under ambient con-
ditions in the intermittent contact mode. Silicon cantilevers
(BS Tap 300, Budget Sensors, Redding, USA) with typical
spring constants of 40 N m™! and nominal resonance fre-
quencies of 300 kHz were used. The nominal tip radius
was smaller than 10 nm. The images were analysed using
SPIP (SPIP 4.5.2, Image Metrology, Hersholm, Denmark).
In addition, we examined the mechanical properties of
single collagen fibrils using AFM nanoindentation measure-
ments. The Young’s moduli of the ancient and the recent
collagen samples were determined by a fitting procedure.
Both datasets were analysed with the independent two-
sample Student’s z-test. Differences were considered as stat-
istically significant for p < 0.01. A detailed description of
the measurements and the calculation of Young’s modulus
are given in appendix A.

(¢) Raman spectroscopy

Confocal Raman spectroscopic measurements were per-
formed using a WITec alpha 300 R microscope (WITee
GmbH, Ulm, Germany). The excitation wavelength was
532 nm. The laser power was limited to 1.0 mW to avoid
tissue damage. The spectrometer was operated with 600
and 1800 gmm ' gratings. We analysed the wavenumber
range from 600 to 3600 em™ ! or from 840 to 1900 em™'.
The spectral resolution was 3 em ™' per CCD-pixel for the
survey spectra and 1 em™! per CCD-pixel for the high-
resolution spectra. For each sample, three different positions
were analysed, and at least three single spectra were taken at
each position to exclude external effects. The spectra were
integrated for 240 s each.

3. RESULTS

(ay AFM imaging—structural preservvation

of collagen

We observed single collagen fibrils and fibrils stacked 1o
sheet-like structures within all histological tissue samples.
Networks of extremely well-preserved collagen were
found, and single fibrils were unsorted and partly overlap-
ping at some sites (figure 2)}. The fibrils were without any
evidence of breaks or fragmentation. Higher magnifi-
cation also revealed periodic banding patterns
(fiure 3). For sample A (fisure 3a,b), the topographic
analysis along the longitudinal axis of several fibrils indi-
cates a mean banding pattern of 68.3 nm (+5.9 nm
s.d.}. Measuring the dimensions perpendicular to the
longitidinal axis yielded a fibril width of 89.5 + 5.7 nm
and a height of 32.3 + 5.0 nm. The AFM images of
samples B and C showed similar collagen structures. We
observed both single collagen fibrils arranged in a mesh-
work and stacked structures of collagen that formed
sheet-like structures (figure 3¢,d). For sample B, the
average D-period derived from the banding patterns of
more than 60 different fibrils was 69.2 + 4.9 nm. The
fibrils from sample C showed a mean banding patiern
of 68.9 +4.5nm. Additional AFM data has been
represented as electronic supplementary material.
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150 nm

Figure 2. An AFM topography image with a scan size of
4 x4 pm. A meshwork of randomly oriented single collagen
fibrils within sample A can be seen in the figure. Scale bar,
1 purm.

(b) Raman spectroscopy—molecular preservation
of collagen

Raman spectroscopy is sensitive to both the chemical
structure and the conformation of molecules. Spectra
were acquired from all three Iceman samples by confocal
Raman spectroscopy. The spectra are compared in the
region from 1170 to 1870 cm™ ! in figure 4. The strong
line at 1448cm™' is the deformation vibration of
methyl 8(CHs) and methylene 3(CH,) molecules that
are present in proteins ((Gniadecka er al. 1998; Jastrzebska
et al. 2005). All of the spectra were normalized to this
peak. At approximately 1240 and 1270 em™!, defor-
mation bands of amide III groups appear. They are
related to the C-N stretching v(CN) and N-H
in-plane deformation &(NH) modes (Frushour &
Koenig 1975}. From 1300 to 1400 cm™ Y, the prominent
bands that occur arise from vibrational modes of methyl-
ene. In this region, the samples show peaks at 1315, 1339
and 1396 cm™'. These correspond to the twisting
vi{CH,), wagging v.{(CH;) and deformation 3(CHj}
modes of methylene, respectively (Frushour & Koenig
1975; Edwards er al. 1997). The Iceman samples feature
a shoulder at 1421 cm™ !, which is associated with a
stretching mode of COO™ (Frushour & Koenig 1975).
The shoulders at 1583 and 1604 cm ™! can be assigned to
the aromatic ring stretch modes v(CCH) of the amino
acids proline/hydroxyproline and tyrosine/phenylalanine,
respectively (Frushour & Koenig 1975; Edwards er al
1997}. At approximately 1640 cm™ ! a shoulder is present,
and at 1664 cm™! a strong band occurs. These correspond
to the C=C stretching vibration v{(CC) and the C=0
stretching vibration v(CO) of amide I groups (Frushour &
Koenig 1975). The spectra are consistent except in their
intensities and noise levels.

Comparison of the ancient and the recent spectra of
type I collagen samples reveals similar features. Represen-
tative Raman spectra (600-3600 cmfl) for sample C and
the recent collagen are shown in figure 5. The strongest
band occurs in the range from 2800 1o 3050 cm ™!, This
band is associated with the C-H vibrational modes
v(CH,) and v(CHs) (Edwards er al. 1997). The spectra
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Figure 3. High-resolution images of individual collagen fibrils within Iceman sample A (a), showing fibrils stacked in sheet-like
structures as observed for [ceman samples B and C {¢,d). Each fibril shows the periodic banding patterni. For sample A, typical
fibril profiles that were measured along line AB, perpendicular to the fibril axes (line CD), are shown in (6). The distance
between sequential bands {e.g. from [ to II) was approximately 68 nm. The height (IIf and IV) averaged to 32 nm and the
fibril width (VVand V1) was approximately 90 nm. Scale bars, (a,c,d) 250 nm.

were normalized to this band. From 3000 to 3800 cmfl,
the characteristic O-H vibrations of water appear
(Jastrzebska et af. 2005). The fingerprint region of col-
lagen, showing the amide I and amide III peaks, is
presented as the inset in figure 5. No spectral differences
were observed.

(c) AFM nanoindentation—mechanical properties
of munwvmified collagen

To assess the elasticity of the collagen fibrils, we
conducted AFM nanoindentation experiments. The
numerical value for Young’s modulus was obtained as
described in appendix A. Force curves that were obtained
from the samples of mummified collagen featured a
steeper loading-slope than that of the recent collagen.

Proc. R. Soc. B (2010)
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Loading forces of 25 nN caused a 0.7 nm fibril indenta-
tion in the recent collagen. By contrast, the mummified
collagen was indented by only 0.5 nm using the same
forces. As shown in figure 6, Young’s modulus of the
mummified collagen from Iceman sample A (grey
columns) exceeded Young’s modulus of the reference
sample (black columns). A Gaussian distribution was
fitted to each histogram. The upper inset in figure 6
shows the scope of the analysed collagen fibrils, as distrib-
uted in the recent skin sample. Single fibrils are oriented
randomly and sometimes overlap in multifibril structures.
The lower inset displays similar entangled fibril assem-
blies that were analysed from the Iceman sample. For
the ancient collagen that was extracted from the stab
wound on the right hand of the mummy, we analysed
a total number of 150 force—distance curves. The
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Figure 4. Raman spectra (1170-1870cm™") of type I
collagen acquired on Iceman samples A—C. Each spectrum
is averaged from at least three single spectra, taken with
integration times of 240 s at three different sample positions.
The spectra are normalized to the intensity of the 1448 em™!
band, which was assigned to methyl {CH;) and methylene
3{CH,} groups. Apart from minor differences in the intensi-
ties of the bands and the noise level, the spectra are similar.
Orange line, Iceman sample A, blue line, Iceman sample B,
brown line, Iceman sample C.
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Figure 5. Average Raman spectrum (600-3600 cm™Y) of
recent human skin collagen (dashed line} and of Iceman
sample C {solid line}. The spectrum of the mummy collagen
is similar to the recent collagen spectrum. The inset shows a
close-up from 840 to 1900 em” ! wavenumbers, and the
spectra have been normalized to the 1448 cm™ ' peak.

measurements yielded a mean value of 4.1 + 1.1 GPa,
and the distribution maximum was 4 GPa. For the
recent collagen sample, we evaluated 213 curves. The
elasticity of the fibrils averaged 3.2 + 1.0 GPa. The distri-
bution maximum was 3.5 GPa, and 55.4 per cent of the
measured data were between 3.0 and 4.0 GPa. The differ-
ence between the mean Young’s modulus of the ancient
and the recent collagen was statistically significant. The
scatter of the measured elasticity values can be attributed
10 anisotropies in the collagen fibril structure. Nanoin-
dentation experiments by Wenger er al. (2007} showed
that the anisotropic mechanical properties of the fibrils
are owing to the tropocollagen subfibrils and their lateral
displacement along the fibril axes.
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4. DISCUSSION

The structure of the tropocollagen triple helix is stabilized
by the formation of one interchain hydrogen bond per
sequence between the N-H groups of glycines and the
C=0 groups of prolines on the neighbouring chain
(Rich & Crick 1955; Fraser et af. 1979). Staggered, paral-
lel tropocollagen molecules covalently cross-link with each
other through their aldehyde and amino groups, forming
collagen fibrils (Buehler 2006). These self-assembled
fibrils feature a characteristic 67 nm, D-periodic banding
pattern (Williams et al. 1978; Orgel et al. 2006). Collagen
self~organizes to form bundles or a meshwork that deter-
mines the tensile strength, the elasticity and the
geometry of the tissue. Enzymes such as collagenase
cleave the collagen and are used by micro-organisms to
invade the host by degrading the native collagen in the
connective tissue (Lecroisey & Keil 1979). By unfolding
the triple helical conformation of collagen, the protein is
denarured (Davis er af. 2000}. Subsequently, putrefaction
metabolizes the connective tissue into gases, liquids and
protein debris. This degradation, caused by the attack of
bacteria and fungi, is also a major factor opposing the
preservation of mummified tissue.

In our study, morphologically intact type [ collagen was
identified by topographic analysis for all samples that were
extracted from the mummy. The cellagen was arranged as
single fibrils in a meshwork or stacked in sheet-like struc-
tures, as is characteristic for recent skin collagen. The
fibrils were undamaged and without any evidence of
degradation. The D-period wvalues agree with those
found in the literature, i.e. a 67 nm axial repeat (Van der
Rest & Garrone 1991; Holmes et al. 2001; Orgel ot al.
2006). Measurements on recent human collagen type 1
revealed similar values, excluding an effect of the tissue
type on variations of the D-period. The mean fibril
height (32 nm) corresponds to the wvalue reported for
type I collagen (Holmes er af. 2001). The width of the
fibrils was affected by the dilation of the cylindrical
shape of the fibril and the geometry of the AFM tip.
Aqueous media possibly influence the fibril diameter, as
discussed, for example, by Kato er a/. (2001) and Stiicker
er al. (2001}, but this does not affect the comparison
between the ancient and recent tissue, because all histo-
logical samples were processed following the same
protocol and stored under the same conditions.

Our results indicate that the type I collagen fibrils were
preserved through the ages in the mummified skin of
the Iceman. This observation is supported by earlier
SEM studies, where the preservation of collagen has
been documented for other mummies. In SEM studies
of 1600 to 2300-year-old bog bodies, dense collagen
bundles were observed. Within the bundles, single fibrils
with a banding periodicity of 64 + 3 nm were found
(Sticker et af. 2001). Chang er al. (2006} found similar his-
tological patterns in a well-preserved medieval mummy
that was dated from AD 1418 to AD 1450. Good struc-
tural preservation of collagen was alse indicated in SEM
data obtained using a specimen taken from the Iceman.
Hess eral. (1998) imaged collagen fibrils within the straznon
fibrosiem of the rib bone of the Iceman by TEM and found
that structures which were distant from the sites of
enzymatic activity were not affected by autolysis. They
identified collagen that had an ultrastructural periodicity
of 64-67nm. Williams er af. (1995) showed that the
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Figure 6. The distribution of Young’s moduli measured from murmmified and contemporary single human collagen fibrils. A
total nurnber of » > 150 force—distance curves were evaluated for each sample. The nanoindentation measurement indicates a
higher Young’s modulus for the mummified human collagen (solid line) compared with the contemporary collagen (dashed
line). The upper (recent) and lower {(ancient) insets are AFM images showing typical fibrils. Force—distance curves were

only recorded from well-separated single fibrils.

distinet skin layers of the dermis, the nucleate epidermis
and the outermost skin layer—the strangn corneigin—of
the Iceman persisted over 5300 years.

By investigating collagen from wound tissue, we go a
step further. Although some samples were drawn from
wounds where the tissue is typically prone to degradation,
the submicron structure of skin from the Iceman revealed
the same features as those observed in undamaged speci-
mens. We did not detect fibril debris or residues from
degradation. From the AFM measurements, we conclude
that the ultrastructure of the collagen fibrils was not
altered. Based on these observations, we can exclude the
decomposition and alteration of the fibril structure by
insect or micro-organism infestation.

This conclusion is also confirmed by Raman measure-
ments. Within the spectra taken from the Iceman
samples, we detected bands that are characteristic of type
I collagen. The presence of the amide I (1667 cm ™ ') and
amide III (1245-1270 cm™ ") bands, which represent the
peptide bonds within proteins, points to a helical confor-
mation of the collagen molecules and, hence, an intact
collagen structure (Gross er al. 1954; Gross 1956;
Frushour & Koenig 1975). In addition, we can assume
that there were no molecular alterations in the collagen,
because the positions of the Raman bands in the Iceman
samples were similar to those found in the recent samples.
Furthermore, the spectra of the Iceman samples were as
distinct as the spectra of recent samples. The spectrum
of sample A taken from the Iceman was slightly noisier
than the spectra of samples B and C (figure 4). This is
because the peak intensities in the Raman spectra of
samples B and C were higher, yielding a lower signal to
noise ratio for sample A. These variations in intensity
may arise from different thicknesses of the samples and a
different adjustment of the laser focus. A superposition
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of the Raman signal of collagen with the Raman signal of
the underlying glass substrate does not affect the spectral
region between 1170 and 870 cm ™. Similarly, a compari-
son of the Raman spectra at higher wavenumbers shows
that the protein molecules are preserved. The bands
assigned to the C-H wibrational modes between 2800
and 3050 cm™ ' and the O-H vibrational modes from
3000 to 3800 cm ! are identical for ancient collagen and
the spectrum from recent human skin.

Nanoindentation measurements, however, revealed
small changes in the mechanical behaviour of the fibrils.
Young’s modulus of the mummified collagen was 4.1 +
1.1 GPa, whereas the collagen of the contemporary skin
sample was 3.2 + 1.0 GPa. This observation indicates
that some of the collagen was altered slightly. Changes in
the mechanical properties of the ancient collagen may
have occurred owing to freeze—thaw cycles, irradiation by
UV light, or dehydration of the tissue. Freeze—thaw
damage can change the molecular structure of collagen,
as the crystallization of the ice can disrupt and break the
fibrils. This would result in an altered Young’s modulus
and a distortion or fragmentation of the collagen. Never-
theless, no distortion, fragmentation or changes in the
molecular structure of the collagen were observed.

The effect of UV irradiation on collagen molecules is
still under debate. The impact of UV irradiation depends
mainly on the time, dose and wavelength of the irradiation
and on the environmental conditions. Short irradiation of
collagen stored in water, or under nitrogen atmosphere
increases its stability (Weadock er al. 1995; Sionkowska
2005). However, under ambient conditions and for
longer irradiation times, the stability decreases and the
mechanical stiffness is reduced. The loss of stability can
be attributed to scission, fragmentation and denaturation
of the collagen polypeptide chains (Miyata er af. 1971,
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Weadock er al. 1995; Ohan er al. 2002; Sionkowska 2005}.
Nonetheless, the impact of UV irradiation on the mum-
mified collagen has to be extrapolated from the level of
tissue preservation, because the environmental exposure
of the Iceman over the past 5300 years is unknown.
Our nanoindentation measurements suggest that there
have been only short periods of UV irradiation of the
body because Young’s modulus for the ancient collagen
was increased slightly.

Dehydration and the formation of additional cross-
links appear to be the major factor responsible for
alterations of the mechanical properties. Removal of the
interstitial water can bring the collagen subfibrils closer
together, enabling the formation of additional cross-
links. Kato er al. (2001} have shown that this leads 1o
an increase in fibril stiffness. This effect was also observed
in molecular dynamics simulations, where the absence of
water in collagen-like peptides caused a distortion of the
molecular conformation and, simultaneously, induced
additional intra-molecular hydrogen bonds (Mogilner
er al. 2002). Recent proliferation experiments suggest
that dehydrated collagen fibrils become mechanically stif-
fer than fully hydrated fibrils, indicating that the level of
H-bonding is increased (McDaniel er af. 2007). Our
experimental data shows an increase of the stiffness
from 3.2 GPa for the recent collagen to 4.1 GPa for the
mummy collagen. We suggest that the strong dehvdration
of the mummy tissue led to the formation of additional
interpeptide H-bonds or covalent cross-links (Buehler
2008) between the tropocollagen subfibrils.

Additional cress-linking owing to the advanced glyca-
tion endproduct {(AGE) formation (Cerami et al. 1997,
Singh er @l 2001; Ulrich & Cerami 2001}, or genetic
variations affecting the amino acid sequence and thus
changing the quantity of hydrogen bonds within the
collagen molecules (Uzel & Buehler 2009) can also
contribute to the variation of the Young's modulus. At
the present stage of investigation we cannot exclude
these factors. However, we suppose that the increase in
collagen stiffness caused by the formation of AGEs with
bhiological age is small because the reference sample was
drawn from a volunteer of a similar biological age as the
Iceman. Furthermore genetic level differences seem to
be rather unlikely, because evolutionary changes occur
over considerably longer time frames.

Our nanoindentation measurements in concert with
Raman spectroscopy help to relate the mechanical prop-
erties and the molecular preservation of the collagen
with the mummification process. This demonstrates the
potential of non-invasive methods to access the mechan-
ical properties and the structural preservation of ancient
tissue. We presume that supplementary cross-links
between the tropocollagen subfibrils reinforce their struc-
ture, making lateral displacement of the subfibrils more
unlikely, thus increasing Young’s modulus and the stab-
ility of the mummified collagen. Our data also picture
the excellent degree of preservation of the Tyrolean
Iceman and may be used as a reference to monitor the
conservation of the mummy on a molecular level.

5. CONCLUSIONS
Skin tissue samples were extracted from three sites of the
Iceman to examine the structural preservation of
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mummified type I collagen. The samples were processed
to thin sections and analysed using AFM and Raman
spectroscopy. Both methods indicate that the ultrastruc-
ture and molecular structure of the mummified collagen
were preserved extremely well. Raman spectroscopy
revealed spectra that were characteristic of type I collagen,
and the amide I (1667 cm™!) and amide III (1245-
1270 cm™?) bands indicate that the collagen molecules
retained their helical conformation.

Examining single fibrils by nanoindentation demon-
strated that Young’s modulus of the mummified collagen
was increased slightly over a recent sample. Although this stif-
fening might be supported by the effects of AGEs, genetic
differences, or a very short period of UV irradiation of the
fibrils, the most probable cause is dehiydration. The loss of
interstitial water resulted in a more densely packed structure
of the fibrils and the generation of additional cross-links
within the collagen. No evidence for collagen degradarion
was found that could have been caused by freeze—thaw
cycles, micro-organisms or other biological influences.

Our results further show that the ultrastructure of the
collagen fibrils remained unchanged for millennia owing
1o mummification by freeze-drying, and the enclosure of
the body in glacier ice. Because of its low nutritional
value, the dehydrated skin has maintained its protective
function and prevented the connective tissue from
decomposition. This result also shows the importance of
dehydration for the mummification of connective tissue
and supports the theory that the Iceman was covered by
snow and ice immediately after his death (Bereuter er al.
1997; Rollo er al. 2000). Most probably, he was exposed
to periodical cycles of thawing and freezing later on,
which has resulted in advanced desiceation of the body.

We thank the Deutsche Forschungsgemeinschaft (DFG)
cluster of excellence “Nanosystems Initiadve Munich’ for
financial support and are indebted to Prof. Dr Andreas
Nerlich (Munich) for providing the histological specimens.

APPENDIX A

(a) AFM nanoindentation

The measurement of the mechanical properties of col-
lagen provides insight into its molecular preservation.
To assess the tensile mechanical properties of these
protein fibrils, optical tweezers (Sun er af. 2002), the
AFM (Graham er al. 2004} or dedicated microelectrome-
chanical systems (Shen er al. 2008) can be used. A
compressive test by nanoindentation is reguired to
measure the mechanical properties of fibrils that comple-
tely adhere to the substrate. The mechanical properties of
collagen were examined using the NanoWizard-1T AFM,
operated with rectangular, aluminium-coated silicon can-
tilevers (NSC35-B, MikroMasch, Tallinn, Estonia}. The
nominal spring constant, k., of the cantilevers was
14 N m™". Before recording force—distance curves, topo-
graphic images of the samples were acquired to define
adequate measurement regions. For imaging, we operated
the AFM in intermittent contact mode. Subsequently, 10
force—distance curves were recorded at the centre region
of the elevated banding structure of a single collagen fibril
to avoid measurement errors arising from the topography
(Domke & Radmacher 1998). Limiting the loading force
to a maximum of 50 nN resulted in fibril indentations that
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were smaller than 2 nm. This corresponds to an indenta-
tion smaller than 6 per cent of the fibril height. Blunt tips
that had radii 50 nm < R << 100 nm were favoured for the
measurements. Each indentation curve was taken at a rate
of 0.5 s for both the tip-approach and the tip-retraction
(1024 data points). After a series of measurements, the
samples were rescanned to assess plastic deformation of
the fibrils. For further analysis, only force—distance
curves that had been measured within the elastic regime
were considered. More than six single fibrils and » > 150
force—distance curves were analysed for the Iceman sample
A and the recent sample. Young’s modulus was determined
from the curves using a Hertzian model (Hertz 1881). A
spherical indenter geometry was assumed, because the
indentation depth was restricted to less than 2 nm.

(b) Young’s modulus calculation
When modelling the collagen fibril as a cylinder with
radius Ry (Tan & Lim 2005; Heim et al. 2006}, penetrated
by a spherical indenter with radius R, Young’s modulus
(E) can be calculated as:
F(1-1%)

R.5

3

E==
4

(A1)
where F is the applied force, 8§ is the indentation depth
and v is the Poisson ratio of the material. R, is the equiv-
alent radius for the spherical indenter in contact with the
cylinder. This equivalent radius is defined as:

(A2)

The radius of the collagen fibril was measured as half
the height of its highest point above the substrate.
According to Hooke’s law, the applied force is the product
of the cantilever deflection (d) and its spring constant, k.

3 ked(l - %)
4 VRE

The indentation depth in equation (A 3) can be substi-
tuted by the difference of the z-piezo displacement (2)
and the cantilever deflection, generating equation (A 4),
where dy and z, are the zero deflection of the cantilever
and the displacement of the z-piezo at the contact point
(i.e. the point at which the tip begins to interact with
the sample repulsively), respectively.

3 keld — do)(1 — %)
E=-x .
bR 20— (@ do)]

For the calculations, the Poisson ratio was set to 0.5,
assuming an incompressible material. The actual cantilever
spring constant was determined using the quality factor
calibration as described by Sader er af. (1999), and the
tip radius was measured by imaging a calibration grating
(I'GT01, MikroMasch, Tallinn, Estonia). All measure-
ments were performed in air at room temperature.
Young’s moduli were determined by fitting equation (A
4} to each force—distance curve (Stark er af. 1998). The
data analysis was carried out using SPM Image Processing
software (JPK, JPK Instruments, Berlin, Germany).

E (A3)

(Ad)

Proc. R. Soc. B (2010)

67

REFERENCES

Bereuter, T. L., Mikenda, W. & Reiter, C. 1997 Iceman’s
murnmification: implications from infrared spectroscopi-
cal and histological smdies. Chem.-Eur ¥ 3, 1032—
1038. {doi:10.1002/chem.19970030708)

Buehler, M. J. 2006 Nature designs tough collagen: explaining
the nanostructure of collagen fibrils. Proc. Na# Acad. Sci.
USA 103, 1228512 290. (doi:10.1073/pnas.0603216103)

Buehler, M. J. 2008 Nanomechanics of collagen fibrils under
varying cross-link densides: atomistic and continuum
studies. ¥ Mech. Behav. Biomed. Mar. 1, 59-67.
(doi:10.1016/).jmbbm.2007.04.001)

Cerami, C. er al. 1997 Tobacco smoke is a source of roxic
reactive glycation products. Proc. Natl Acad. Sei. USA
94, 13915-13920. (doi:10.1073/pnas.94.25.13915)

Chang, B. S. er al. 2006 Preserved skin structure of a recently
found fifteenth-century mummy in Daejeon, Korea.
¥ Anat. 209, 671-680. {doi:10.1111/.1469-7580.2006.
00607.x)

Davis, G. E., Bayless, K. J., Davis, M. J. & Meininger, G. A.
2000 Regulation of tissue injury responses by the
exposure of matricryptic sites within extracellular matrix
molecules. Am. ¥ Pathol. 156, 1489-1498.

Donke, J. & Radmacher, M. 1998 Measuring the elastic prop-
erties of thin polymer films with the atomic force microscope.
Langmuir 14, 3320-3325. (doi:10.1021/1a9713006)

Edwards, H. G., Farwell, D. W.,, Holder, J. M. & Lawson,
E. E. 1997 Fourier-transform Raman spectra of ivory.
III. Identification of mammalian specimens. Spectrochint.
Acta A Mol Biomol Spectrose. 53A, 2403-2409.
(doi:10.1016/51386-1425(97)00180-7)

Fraser, R. D. B., Macrae, T. P. & Suzuki, E. 1979 Chain
conformation in the collagen molecule. ¥ Mol Biol
129, 463—-481. (doi:10.1016/0022-2836(79)90507-2)

Fratzl, P, Misof, K., Zizak, L., Rapp, G., Amenitsch, H. &
Bernstorff, S. 1998 Fibrillar structure and mechanical
properties of collagen. ¥ Struct. Biel 122, 119-122.
(doi:10.1006/jsb1.1998.3966)

Frushour, B. G. & Koenig, J. L. 1975 Raman scattering of
collagen, gelatin, and elastin. Biopolvmers 14, 379-391.
(doi:10.1002/bip.1975.360140211)

Gniadecka, M., Nielsen, O. E, Christensen, D. H. & Wulf,
H. C. 1998 Structure of water, proteins, and lipids in
intact human skin, hair, and nail. ¥ Invesz. Dermatol.
110, 393-398. (doi:10.1046/j.1523-1747.1998.00146.x)

Gostner, P & Vigl, E. E. 2002 INSIGHT: report of radio-
logical-forensic findings on the Iceman. ¥ Archaeol Sci.
29, 323-326. (doi:10.1006/jasc.2002.0824)

Graham, J. S., Vomund, A. N., Phillips, C. L. & Grandbois,
M. 2004 Structural changes in human type I collagen
fibrils investigated by force spectroscopy. Exp. Cell Res.
299, 335-342. (doi:10.1016/j.yexcr.2004.05.022)

Gross, J. 1956 The behavior of collagen units as a model in
morphogenesis. § Biophys. Biochem. Cyrol. 2, 261-274.

Gross, J., Highberger, ]. H. & Schmitt, F. 0. 1954 Collagen
structures considered as states of aggregation of a kinetic
unit: the tropocollagen particle. Proc. Natl Acad. Sci. USA
40, 679-688. (doi:10.1073/pnas.40.8.679)

Heim, A. J., Matthews, W. G. & Koob, T. J. 2006 Determi-
nation of the elastic modulus of natve collagen fibrils via
radial indentation. Appl. Phys. Leit. 89, 181 902—181 903.
(doi:10.1063/1.2367660)

Hertz, H. 1881 Ueber die Beriihrung fester elastischer
Kérper. ¥ Reine angewandte Mathemarik 92, 156-171.
Hess, M. W., Klima, G., Pfaller, K., Kunzel, K. H. & Gaber,
Q. 1998 Histological investigations on the Tyrolean
Iceman. Am. J. Phys. Anthropol. 106, 521-532. (doi:10.
1002/(SICT)1096-8644(199808)106:4<<521:: AID-AJPAT >

3.0.CO52-L)



Publications

Downloaded from rspb.royalsocietypublishing.org on October 7, 2010

Nanostructure of ysmmnified collagen M. Janko er al.

2309

Hino, H., Ammitzboll, T., Moller, R. & Asboehansen, G.
1982 Ulmastructure of skin and hair of an Egyptian
mummy: transmission and scanning electron-microscopic
observations. § Cutan. Pathel. 9, 25-32. (doi:10.1111/j.
1600-0560.1982.tb01038.x)

Holmes, D. F., Gilpin, C. J., Baldock, C., Ziese, U., Koster,
A. J. & Kadler, K. E. 2001 Corneal collagen fibril struc-
ture in three dimensions: structural insights into fibril
assernbly, mechanical properties, and tissue organization.
Proe. Natl Acad. Sei. USA 98, 73077312, (doi:10.1073/
pnas.111150598)

Jastrzebska, M., Zalewska-Rejdak, J., Wrzalik, R., Kocot, A.,
Barwinski, B., Mroz, [. & Cwalina, B. 2005 Dimethyl sub-
erimidate cross-linked pericardium tissue: Raman
spectroscopic and atomic force microscopy investigations.
3 Mol Soucr. 744-747, 789-795. {doi:10.1016/j.mol-
struc.2004.11.040)

Kato, K., Bar, G. & Cantow, H. J. 2001 The interplay
between surface micro-topography and -mechanics of
type I collagen fibrils in air and aqueous media: an
atomic force microscopy study. Eur Phys. ¥ E 6, 7-14.
(doi:10.1007/s101890170022)

Lecroisey, A. & Keil, B. 1979 Differences in the degradation
of native collagen by two microbial collagenases. Biochem.
¥ 179, 33-58.

Lingham-Soliar, T. 2008 A unique cross section through the
skin of the dinosaur Psirfacosaurus from China showing a
complex fibre architecture. Proc. R. Soc. B 275, T75-
780. (doi:10.1098/rspb.2007.1342)

MceDaniel, D. P, Shaw, G. A., Elliott, J. T., Bhadriraju, K.,
Meuse, C., Chung, K. H. & Plant, A. L. 2007 The stiff-
ness of collagen fibrils influences vascular smooth muscle
cell phenotype. Biophys. ¥ 92, 1759-1769. (doi:10.1529/
biophysj.106.089003)

Miyata, T., Sohde, T., Rubin, A. L. & Stenzel, K. H. 1971
Effects of ultraviolet irradiation on native and telopep-
tide-poor collagen. Biochim. Biophvs. Acta 229, 672—-680.

Mogilner, I. G., Ruderman, G. & Grigera, J. R. 2002 Collagen
stability, hydration and native state. . Mol Graph. Model
21, 209-213. (doi:10.1016/51093-3263{02300145-6)

Montes, G. S., Krisztan, R. M. & Junqueira, L. C. U. 1985
Preservation of elastic system fibers and of collagen molecu-
lar arrangement and stainability in an Egyptian mummy.
Histochemistry 83, 117-119. {doi:10.1007/BF00495140)

Nerlich, A. G., Bachmeier, B., Zink, A., Thalhammer, S. &
Egarter-Vigi, E. 2003 Otzi had a wound on his right hand.
Lancer 362, 334. (doi:10.1016/80140-6736{03)13992-X)

QOhan, M. P,, Weadock, K. S. & Dunn, M. G. 2002 Synergis-
tic effects of glucose and ultravioler irradiation on the
physical properties of collagen. ¥ Biomed. Mar. Res. 60,
384-391. {doi:10.1002/jbm. 10111}

Orgel, J. P. R. O, Irving, T. C., Miller, A. & Wess, T. J. 2006
Microfibrillar structure of type I collagen in situ. Proc.
Natl Aecad. Sci. USA 103, 9001-9005. {(doi:10.1073/
pnas.0502718103)

Pernter, P, Gostner, P., Vigl, E. E. & Ruhli, E ]J. 2007 Radi-
ologic proof for the [ceman’s cause of death (ca 5300 BP).
5 Archacol. Sci. 34, 1784-1786. (doi:10.1016/j.jas.2006.
12.019)

Rich, A. & Crick, E H. C. 1955 Structure of collagen. Naizure
176, 915-916. {doi:10.1038/176915a0)

Rollo, F., Luciani, S., Canapa, A. & Marota, [. 2000 Analysis
of bacterial DNA in skin and muscle of the Tyrolean
[ceman offers new insight into the mummification pro-
cess. Am. ¥ Phys. Anthropel. 111, 211-219. (doi:10.
1002/(SICT)1096-8644(200002)111:2<C211 :AID-AJPAT >
3.0.CO;2-M)

Sader, J. E., Chon, J. W. M. & Mulvaney, P. 1999 Calibration
of rectangular atomic force microscope cantilevers. Rew.
Sci. Instr. 70, 3967-3969. (doi:10.1063/1.1150021)

Proc. R. Soc. B (2010)

68

Schweitzer, M. H., Suo, Z., Avci, R, Asara, J. M., Allen, M. A,
Arce, F. T. & Horner, J. R. 20074 Analyses of soft tissue
from Frannosaurus rex suggest the presence of protein.
Science 316, 277-280. {doi:10.1126/science. 1138709)

Schweitzer, M. H., Wittmeyer, J. L. & Horner, J. R. 20075
Soft tissue and cellular preservation in vertebrate skeletal
elements from the Cretaceous to the present. Proc. R, Soc.
B 274, 183-197. {(doi:10.1098/rspb.2006.3705)

Shen, Z. L., Dodge, M. R., Kahn, H., Ballarini, R. & Eppell,
S. J. 2008 Stress—strain experiments on individual col-
lagen fibrils. Biophys. F 95, 3956-3963. (doi:10.1529/
biophysj.107.124602)

Shin, D. H., Youn, M. & Chang, B. §. 2003 Histological analy-
sis on the medieval mummy in Korea. Forensic Sci. Int. 137,
172-182. {doi:10.1016/50379-0738(03)00335-9)

Singh, R., Barden, A., Mori, T. & Beilin, L. 2001 Advanced
glycation end-products: a review. Diabetologia 44, 129—
146. (do1:10.1007/s001250051591)

Sionkowska, A. 2005 Thermal denaturation of UV-irradiated
wet rat tail tendon collagen. Int. ¥ Biol. Macromol. 35,
145-149. (doi:10.1016/j.1jbiomac.2005.01.009)

Stark, R. W, Drobek, T., Weth, M., Fricke, J. & Heckl,
W. M. 1998 Determination of elastic properties of single
aerogel powder particles with the AFM. Ulramicroscopy
75, 161-169. {doi:10.1016/50304-3991(98)00061-8)

Strasser, S., Zink, A., Janko, M., Heckl, W. M. & Thalham-
mer, S. 2007 Structural investigations on native collagen
type [ fibrils using AFM. Biochem. Biophyvs. Res.
Commun. 354, 27-32. (do1:10.1016/j.bbrc.2006.12.114)

Stiicker, M., Bechara, F.-G., Bacharach-Buhles, M., Pieper,
P & Altmayer, P. 2001 What happens to skin after 2000
years in a bog? Hautarzt 52, 316-321.

Sun, Y. L., Luo, Z. P, Fertala, A. & An, K. N. 2002 Direct
quantification of the flexibility of type I collagen mono-
mer. Biochem. Biophys. Res. Comwmun. 295, 382-386.
(doi:10.1016/50006-291X(02)00685-X)

Tan, E. P. S. & Lim, C. T. 2005 Nanoindentation study of
nanofibers. Appl. Phys. Lert. 87, 123 103-123106.
(do1:10.1063/1.2051802)

Ulrich, P. & Cerami, A. 2001 Protein glycation, diabetes, and
aging. Recent Prog. Horm. Res. 56, 1-21. {doi:10.1210/rp.
56.1.1)

Uzel, S. G. M. & Buehler, M. J. 2009 Nanomechanical
sequencing of collagen: tropocollagen features hetero-
geneous elastic properties at the nanoscale. Integr Biol
1, 452-459. {(doi:10.1039/b906864c)

Van der Rest, M. & Garrone, R. 1991 Collagen family of pro-
teins. F4SEB ¥ 5, 28142823,

Weadock, K. S., Miller, E. J., Bellincampi, L. D., Zawadsky,
J. B & Dunn, M. G. 1995 Physical cross-linking of
collagen-fibers: comparison of ultraviolet-irradiation and
dehydrothermal treatment. ¥ Biomed. Mar. Res. 29,
1373-1379. {doi:10.1002/jbm.820291108)

Wenger, M. P. E., Bozeg, L., Horton, M. A. & Mescuida, P.
2007 Mechanical properties of collagen fibrils. Biephvs. F.
93, 1255-1263. (doi:10.1529/biophys]. 106.103192)

Williams, B. R., Gelman, R. A., Poppke, . C. & Piez, K. A.
1978 Collagen fibril formation. Optimal #n vitre con-
ditions and preliminary kinetic results. ¥ Biol Chem.
253, 6578-6585.

Williams, A. C., Edwards, H. G. M. & Barry, B. W. 1995
The Iceman: molecular structure of 5200-vear-old skin
characterized by Raman spectroscopy and electron
microscopy. Biochim. Biophys. Acta-Protein Struct. Mol
Enzymol. 124e, 98-105. (do1:10.1016/0167-
4838{94300189-N)

Yang, L., Van der Werf, K. O., Fitie, C. F. C., Bennink, M. L.,
Dijkstra, P2 J. & Feijen, J. 2008 Mechanical properties of
native and cross-linked type I collagen fibrils. Biophys.
3. 94, 2204-2211. (doi:10.1529/biophysj. 107.111013)



Publications

Supplementary Data

Supplementary Figure 1: Collagen structures found in the Iceman sample B. Image (a) shows individual fibrils
in a randomly oriented meshwork (scan size 5x5 pm). The high resolution images (b) and (c) clearly
reveal the collagen’s banding pattern. (size 2x2 pm).

500 nm
I

Supplementary Figure 2: Single collagen fibrils as observed for the Iceman sample C. The images with a scan
size of (a) 5x5 um and (b, ¢} 2x2 pm show individual fibrils in a randomly oriented meshwork, The
uniform D-period pattern was measured along the single fibrils by analyzing the topographic
profiles.
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Preservation of 5300 year old red
blood cells in the Iceman
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Changes in elasticity and structures of red blood cells (RBCs) are important indicators of
disease, and this makes them interesting for medical studies. In forensics, blood analyses rep-
resent a crucial part of crime scene investigations. For these reasons, the recovery and
analysis of blood cells from ancient tissues is of major interest. In this study, we show that
RBCs were preserved in Iceman tissue samples for more than 5000 years. The morphological
and molecular composition of the blood corpuscle is verified by atomic force microscope and
Raman spectroscopy measurements. The cell size and shape approximated those of healthy,
dried, recent RBCs. Raman spectra of the ancient corpuscle revealed bands that are character-
istic of haemoglobin. Additional vibrational modes typical for other proteinaceous fragments,
possibly fibrin, suggested the formation of a blood clot. The band intensities, however, were
approximately an order of magnitude weaker than those of recent RBCs. This fact points to
a decrease in the RBC-specific metalloprotein haemoglobin and, thus, to a degradation of the
cells. Together, the results show the preservation of RBCs in the 5000 year old mummy
tissue and give the first insights into their degradation.

Keywords: ancient erythrocytes; haemoglobin; protein degradation; Iceman;
atomic force microscope; Raman spectroscopy

1. INTRODUCTION

Examining mummies with sensitive analytic tools
enables the reconstruction of their ancestry and genetic
relationships [1,2], diet, diseases [2], living conditions,
state of preservation and the mummification processes
[3]. While many studies provided molecular evidence
for the presence of infectious diseases in ancient popu-
lations, leading to deep insights into the evolution of
such diseases [4,5], only a few reports on the recovery
of blood from mummified bodies are available. Previous
investigations, based on optical or electron microscopy
data, postulated that blood remains or fragments
could be preserved in mummies as old as 2000 years
[6-10]. Although molecular verification of blood
findings was not performed, detection of blood com-
ponents was of major interest hecause it could give
new perspectives on the lives and fates of our ancestors.
Blood can indicate the general health status of an
individual and it can be analysed to detect patholo-
gical conditions or to provide valuahle information in
forensic crime scene investigations.
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One of the oldest forensic puzzles encompasses the
death of the Tyrolean Ieeman. This wet-mummy, com-
monly known as ‘Otzi’, was presumably killed by an
arrow. The corpse was found ca 5300 years later [11] in
1991 [12]. The mummy was exceptionally well preserved,
and it still had intact connective tissue [13,14] and ner-
vous system components [13]. However, in contrast to
the good overall preservation of its tissue, no blood has
been found so far. Thus, it was initially assumed that
the blood had disintegrated owing to autolysis within
the corpse [13]. Later, X-ray and computed tomography
images of the Iceman body gave the first hints of blood
residues. A prehistoric arrowhead that was surrounded
by inhomogeneous soft-tissue areas was located between
the rib cage and the left scapula. The areas were inter-
preted as being dehydrated haematomas [15,16] and
associated with a lesion in the left subclavian artery
that could have led to haemorrhagic shock and the
Iceman’s death [17]. Haemoglobin, a common blood
protein, was detected in a skin wound on the Iceman’s
right hand using a guaiac-based test. However, it did
not provide evidence for intact blood cells [18]. Recently,
a microscopic analysis of immunochemically stai-
ned histological tissue samples indicated the possible
presence of blood residues [19].

This journal is © 2012 The Royal Society
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Here, we report the direct detection of red blood cells
(RBCs) in tissue samples from the Iceman with an
atomic force microscope (AFM) and Raman spec-
troscopy. Single and clustered RBCs were found, and
their characteristic Raman spectra were obtained. The
spectra contained Raman bands of proteinaceous rem-
nants, most likely fibrin, which indicates the formation
of a blood clot. The Raman spectra, however, also docu-
ment a degradation of the cells. Their spectral intensity
was approximately an order of magnitude weaker than
that of recent RBCs. Additional elasticity measurements
on the cells imply a loss in RBC stability—which also
points to degradation.

2, MATERIAL AND METHODS

Iceman tissue was obtained by punch biopsies from the
stab trauma to the right hand (sample A) [18] and from
the wound under the left spina scapulae on the leceman’s
back (sample B) [15]. The extracted tissue was rehy-
drated for 48 h in a 9.5 parts formaldehyde (2%) and
0.5 parts Brij 35 solution, and subsequently fixed with
4 per cent formaldehyde {formalin) for 2 h, dehydra-
ted in an ascending alcohol series and embedded into
paraffin wax. Histological specimens were obtained by
cutting 2—4 pm thick transverse sections and transfer-
ring them onto glass slides. Before AFM analysis, the
paraffin was dissolved in xylene. Finally, the sections
were rehydrated with a descending aleohol series,
rinsed with ultrapure water and dried under ambient
conditions [14]. As a reference, a recent human tissue
sample, taken from a volunteer and processed in the
same manner as the Iceman samples, was used.
Additionally, fresh capillary whole blood was drawn
from the fingertip of a volunteer, applied to a glass
slide and left to dry for 6 h. Furthermore, a glass slide
was coated with a meshwork of fibrin, an essential
protein formed during the blood clotiing process.
The preparation of fibrin was carried out following
the protocol of Riedel et al. [20].

Particles with the approximate size and shape of
RBCs were identified with an inverted optical micro-
scope {Axiovert 135; Zeiss, Oberkochen, Germany).
Then, high-resolution images were taken with a Nano-
Wizard-II AFM {JPK Instruments, Berlin, Germany).
The AFM was operated in the Intermittent contact
mode. Silicon cantilevers {BS Tap 300; Budget Sensors,
Redding, CA, USA) with nominal spring constants of
40 Nm I, resonance frequencies of 300 kHz and tip
radil of 10 nm were used.

Additionally, within the fixed samples, individual
putative RBCs were analysed by AFM nanocindenta-
tion so as to assess elasticity. Force curves of recent
(n=1363) and mummified (n=213) samples were
obtained by indenting an AFM tip with a defined
radius of 300 nm (LRCH 250; Team Nanotec, Villingen-
Schwenningen, Germany) into the corpuscle surface.
The nominal spring constant, k., of the cantilever was
40 Nm ', and the loading force for each measurement
was limited to 500 nN. Four recent RBCs and two cor-
puscles extracted from the arrowhead entry wound on
the back of the mummy (sample B) were tested. Only
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{ putative) RBCs that were lying flat on the glass sub-
strate were analysed to ensure good mechanical contact
with the suhstrate. The numerical value for Young’s
modulus £ was obtained from fitting a Hertzian model
[21] on the force curves. Sneddon’s extension [22,23| of
the Hertzian model was used to calculate the deformation
8 of the flat elastic sample surface penetrated hy a rigid
spherical indenter (AFM tip) of radius R. The spherical
indenter geometry was assumed because the indentation
depth of the AFM tip into the sample was small com-
pared with the tip radius. The samples’ Young’s
modulus was caleulated from
F(l1—v%)

E:(a-‘rRQ/a)@—aR’ (21)

with the sample deformation given by

5<% (R + a)’
2 R—ua
with 7' the applied force, a the radius of the contact area,
between the tip and the sample, and v the Poisson ratio of
the material analysed. The Poisson ratio was set to 0.5,
assuming an incompressible material.

For the molecular analysis, a confocal Raman
spectroscope (WITec alpha 300R; WITec GmbH,
Ulm, Germany; excitation wavelength 532nm) was
used. To avoid photodegradation, laser power was limited
to 1.0 mW. The spectrometer was operated with an
1800 gmm ' grating. The spectral resolution was
lem ' per CCD-pixel. Three different positions were
analysed for each sample, and at least three single spectra,
with 180 sof integration time, were taken at each position.
Owing to the confocal set-up of the microscope, Raman
spectra were collected from a sample area with 300 nm
diameter and a focal depth of approximately 1 pum.

(2.2)

3. RESULTS

One corpuscle with a structure likely to be a RBC [24]
was found in the hand wound tissue of the Iceman
{figure 1d), and two single corpuscles were detected
within the arrowhead wound sample. Sample B further-
more showed an agglomeration of several randomly
distributed particles (figure 1f). The selected corpuscles
exhibit a discoidal, concave surface with a diameter
between 5.8 and 6.4 pm (figure 1d,e). The concave
shape is typical for RBCs and arises during the early
stages of development in the bone marrow when the
cell nuclei are discarded, leaving behind an impression
on the membrane. The dip in the membrane of the cor-
puscle was 0.7-1.1 pm deep. For comparison, RBCs
from a recent human tissue sample, similar in structure
and appearance to those found in the Iceman samples,
are shown in figure la—ec. The mean cell diameter of the
recent RBCs was 6.3 + 0.4 pum, which matches the aver-
age diameter of the ancient corpuscle. The cells are also
gimilar when comparing the mean area and volume of
the RBCs {table 1). The measured height of the recent
cells and of the mummy particles differ more; however,
the variation is still within the error margin.

To assess the chemical composition and structural
conformation of the ancient corpuscles, Raman
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Figure 1. AFM images of RBCs. (g,b) Single RBCs from recent human tissue. {c¢) An assembly of RBCs. (d,e) Single corpuscles
found in Iceman sample A and sample B are shown. An assembly of several randomly distributed corpuscles, similar to those
found within the recent sample (c), are displayed in image ( f). The imaged corpuscles {d—f) feature the characteristic discoid
and concave surface of RBCs.

Table 1. Dimensions of recent RBCs and ancient corpuscles.

sample quantity height {pm) diameter {pm) area {pum?) volume {f1)
recent RBCs 19 2.04+05 6.3+04 31.04+ 3.7 40.0 4+ 12.2
ancient corpuscle 3 25 02 G0 L0 28.8 £+ 3.2 42.1 + 4.1

measurements were performed. The spectral fingerprint
region of the particle in Iceman sample A was compared
with that of an air-dried recent whole blood sample
and with that of recent single RBCs. The recent single
RBCs were subjected to the same sample preparation
as that of the mummy tissue before examination. All
Raman spectra shown in figure 2 exhibit distinet bands
at 1586, 1395, 1308 and 747 em %, which are assigned
to the stretching vibration modes vay, vog/vag, Vo1 and
w15 of porphyrin. Porphyrin is the characteristic building
unit of the major RBC protein haemoglobin [25-27].
Furthermore, bands that are typical for other protein
components, such as the twisting deformation mode
of methylene at approximately 1230 em 1, were present.
The spectrum of ITceman sample A additionally shows
two small peaks at approximately 1665 and 1248 ¢m +
and two prominent bands at 1446 and 1002 em . The
latter are assigned to the proteinaceous deformation
vibration of methyl 8(CHz) and methylene 8(CHj;) mol-
ecules and to the vibration mode of phenylalanine
[14,28]. The two small peaks at 1665 and 1248 em ' are
assigned to the amide I (C=O stretching) and the
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amide III (C—N stretching and N—H in plane
deformation modes) groups [29]. A detailed band assign-
ment is shown in table 2. Comparing the intensities of
the spectra, a strong decrease in scattering efficiency
can be observed for the ancient particle. The intensity
of the Raman spectrum of Iceman sample A is approxi-
mately an order of magnitude weaker than that of the
recent blood samples, although the ratio between
the band intensities within the spectrum remained
largely unchanged.

When the fingerprint region from 700 to 1720 em *in
the particles found in Iceman sample B was analysed,
hardly any Raman bands indicated the presence of
RBCs {figure 3). A characteristic spectrum of the corpus-
cles in sample B is shown in figure 3c. The first strong
Raman band observed is the amide [ peak at approxi-
mately 1656 em ', corresponding to the C=0
stretching vibration v{CO) typical for proteins, Further
prominent bands appear hetween 1620 and 1600 cm ',
originating from the C=C vibrational stretch mode
v(CC) of the amino acids tyrosine or phenylalanine. Simi-
lar to Iceman sample A the corpuscles in sample B feature



Publications

Downloaded from rsif.royalsocietypublishing.org on May 14, 2012

4 Ieeman red blood cells M. Janko ef al.

1600 1400 1200 1000 800

—

intensity (arb. units) &

T % T L T ¥ T Y T

3000

2000

1000

—1000 &

—
s
S

4000

2000

intensity (arb. nnits)

—
o
LA

600

400

200

intensity (arb. nnits)

200 L 1 . ] . ] L 1 L ]
1600 1400 1200 1000 800

wavenumber (cm)

Figure 2. Raman spectra of air-dried whole blood {a), a single
red blood eell {5}, and the corpuscle found in the [ceman tissue
sample A {¢). All spectra show peaks at 1586, 1395, 1308 and
747 em™ ', which are characteristic of porphyrin. Apart from
some bands, the spectra show considerable similarities.

strong methyl 8(CH;) and methylene 8{CH,) bands
at approximately 1449 cm * and a distinct peak at
1002 em ', which represents the vibration mode of
phenylalanine. There were also bands assigned to the
deformation of methylene 3(CHs) molecules between
1380 and 1300 cm * [30,31]. Finally, the peak appearing
at approximately 758 em ! ¢an be attributed to the aro-
matic ring hreathing of tryptophan [30]. As shown in
figure 3, the Raman bands observed in Iceman sample B
(figure 3¢) exhibit similarities to those observed
when examining pure fibrin (figure 35). The intensities
of the spectra were largely similar; however, the
amount of sample material analysed has to be taken
into account. The reference fibrin spectrum was obtained
from a thin fibrin layer a few hundred nanometres thick,
and the average particle spectrum shown in figure 3¢ was
recorded on a 2 pm thick particle. Table 3 also indicates
that Raman bands from sample B imply the presence of
fibrin instead of RBCs. Nonetheless, some correlations
between porphyrin vibration modes and the location of
the ancient particles can be drawn from two-dimensional
Raman scans. The data displayed in figure 4a associate
the colour-coded Rayleigh scattering intensity of a
Raman scan to an AFM topography image. Figure 4b—g
shows the Raman data filtered for selected molecule
vibrations. Red indicates sample regions with strong
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Raman scattering. Areas with low intensity are in blue.
Specific molecule vibrations are predominant in areas
that correlate with the position of the ancient particles.
Figure 4cpe,f illustrates the intensity distribution
around the bands at 1586, 1395 and 1308 em 1, which
are associated with the porphyrin vibration modes vs7,
Vvop/v2e and vpr. In the wavenumber range 1370-—
1410 em ', no Raman scattering occurred (figure 4e).
The molecule vibrations vgy and va;, however, show a
moderate signal at the position of the ancient particles.
The highest Raman signals are observed in the wave-
number range of the protein-specific bands, e.g. the
amide T peak around 1656 cm ' {figure 43), the methyl
3(CH;) and methylene 8(CH,) band at approximately
1449 em ' (figure 4d) and the C-N stretch mode
around 1125 em ! (figure 44).

An analysis of the mechanical properties of RBCs
can give further insights into their structural integrity.
In the circulatory and cardiovascular system, they are
subject to deformation owing to varying flow con-
ditions. To withstand wear, the cells feature an elastic
discoidal membrane. This structure, constituting a
minimum energy configuration [32], and the dynamic
remodelling of their spectrin eytoskeleton [33], enables
them to pass through thin capillaries and reach tissues.
Because changes in the mechanical properties of RBCs
are an indicator of disease and can provide an insight
into their molecular preservation, nancindentation
measurements were carried out to assess the elasticity of
the fixed, ancient corpuscles. A histogram with Young’s
modulus of the mummy corpuscles {grey) and the refer-
ence RBCs (black) is shown in figure 5. By way of
illustration, a Lorentzian distribution is additionally
fitted. For the fixed mummy samples, a mean Young’s
modulus of 2.0 + 1.0 GPa with a distribution maximum
of 1.7 GPa was determined. The measurements con-
ducted on fixed, recent RBCs yielded a mean value of
2.5+ 1.2 GPa, and the distribution maximum was
2.3 GPa. The difference between the mean Young’s
moduli is statistically significant and was analysed with
the independent two-sample Student’s ttest.

4. DISCUSSION

To study the presence of human RBCUs in the tissue of
the 5300 year old Tceman, tissue samples extracted
from two Iceman wounds were examined. Performing
AFM measurements, isolated single corpuscles with
the approximate size and shape of normal RBCs were
1dentified in Iceman samples A and B. The corpuscles
featured a discoidal and concave shape, which is typical
for RBCs, and their morphology did not demonstrate
any evidence of degradation, damage or disorder.
Moreover, the dimensions of these ancient corpuscles
matched those of the similarly prepared reference
RBCs. Additionally, a cluster of several randomly
agglomerated particles was revealed in sample B.
In this sample, all particles greater than approxima-
tely 5um showed artificial interfaces, which are
presumably cutting edges that arose from the prep-
aration of the histological specimens, i.e. slicing of the
tissue with a microtome. Apart from these sectioned
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Table 2. Raman peak assignment of Iceman sample A.

whole blood red blood cell

Iceman sample A

wavenumber (cm™ 1) wavenumber {cm™ ') wavenumber (em” ') assignment mode literature
1665 amide [ »(CO) [301]

1636 1639 1633 Vvig WCollmas [25]

1584 1586 1588 var W{CCaas [26,27]

1562 1563 1565 vy w{CpCy) [25,26]

- - 1512 Ve (26]

= s 1491 Vs LNy V- [25]

1468 — —

1453 1459 - CH,/CH, 27]

1434 1441 1445 8(=CyHo)syun [25-27]

1392 1395 1397 Vag, Vog v{pyr quarter-ring) [25]

1361 1362 1360

1338 1340 1343 Va v{pyr half-ring)eym [25-27)

3(=Cp HoJgpm

1308 1312 1314 Vo 5(CluH) [25,27]

1274 1275 1279

— — 1248 amide I w(CN) 20.,31]

1225 1229 1233 prop 8(CH,) twisting [25]

1170 1166 — Vi v{pyr half-ring),. [25,26]

— — 1157

1150 = e Vi W{CeCreym [25,26]

1129 1129 1129

1083 1079 — B(=CrHz)ss [25]

— — 1063

901 997 1002 Vs W{CpCllas 28]

— — 973 w{Ce—Cd) [25]

924 — 926 Y(=CoHy)eym (26]

— 896 901

- — 823 Yio V(CwuH) [28]

747 746 47 Vis v{pyr breathing) [25,26]

areas, the particles showed typical RBC morphology.
These first results indicate that RBCs have been pre-
served for more than 5000 years in the wound tissue of
the mummy.

To further confirm the presence of RBCs, Raman
spectra were taken from the Iceman samples and com-
pared with reference whole blood and reference RBC
spectra. The stretching vibration modes vsz, vap/vag,
g1 and vy, which are characteristic of haemoglobin
[25—27|, dominated the spectrum of the corpuscle in
Iceman sample A. This suggested that the ancient par-
ticle is a RBC. However, the scattering intensity of the
ancient spectrum was approximately an order of magni-
tude weaker than that of the recent blood samples. The
intensity I of a Raman band depends on

a2
T oc NIpf* (a—) ;
g

where N is the number of scattering molecules within a
sample, I, is the intensity of the excitation laser, da/dg
18 the change in polarizability of the exited molecules
and [ is the frequency of the excitation laser. Because
the intensity and the frequency of the laser were kept
constant during the measurements, and because the
bands in the ancient particle spectrum can be clearly
assigned to molecule vibrations with defined polariz-
ability, the change in the scattering intensity was
most probably caused hy the reduced number of

(41)
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scattering molecules within the ancient particle. This
fact indicates decomposition of the Iceman RBC, in
association with the degradation of the majority of
the RBC-specific haem compounds and hence the
reduction in scattering molecules. RBC degradation is
mainly caused by the action of reactive oxygen species
(ROS) such as superoxide O, radicals that are released
during the autoxidation of oxygen-loaded haemoglobin
(oxyHDb) [34]. During the dismutation of superoxide,
hydrogen peroxide (HzOs) can also be generated [35].
Both ROS cause oxidative stress within the RBC,
which eventually leads to the decomposition of proteins
due to fragmentation of their peptide chains. The effec-
tiveness of ROS is governed by the oxyHb autoxidation
rate of approximately 0.5—-3% per day [35,36] and the
vast amount of molecular oxygen that can be bound
within a single RBC. Besides the action of ROS,
damage of the RBC can also be induced by freezing
and thawing, as observed in cryopreservation pro-
cedures. Thereby RBC injury can be attributed to
events such as intracellular and extracellular ice for-
mation, excessive cell shrinkage, osmotic stress or
dehydration [37]. Such mechanisms affect the RBC on
the macroscopic scale but have less influence on the
microscopic scale, i.e. the protein content and the
molecular composition.

The ancient RBC spectrum also showed bands at
1665, 1446, 1248 and 1002 cm ', These were assigned
to the amide I hand typical for proteins, the
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Figure 3. Raman spectra of the corpuscle in Iceman sample A
(a), a fibrin meshwork (&), and the corpuscles found in the
Iceman tissue sample B (¢). The spectrum obtained from
sample B strongly differs from that of sample A. It has features
with considerable similarities to the spectrum of fibrin.

deformation vibration of methyl 8(CHj) and methylene
8({CH,), the amide III band that represents peptide
bonds and the vibration mode of phenylalanine. All
these bands are common in proteins such as collagen
or fibrin [30,31,38,39|, and the amide III band is also
occagionally observed in the spectra of air-dried RBCs
and met-RBCs, as discussed by Asghari-Khiavi ef al.
[25]. Compared with reference protein spectra and those
of the particle found in Iceman sample B (figure 3),
the protein band at 1665cm ' is very faint in the
ancient RBC spectrum, whereas the other protein
bands are more pronounced. Thus, the Raman spec-
trum of Iceman sample A is a complex composition of
haemoglobin and other protein spectra.

In summary, the altered spectral signature and
intensity in comparison with data of recent RBCs
were most probably caused by a modification of the
haemoglobin and, consequently, the porphyrin. The
proteinacecus compounds may have been less strongly
affected. Some molecule vibrations could have also
been impaired by the effect of blood clotting and the
formation of proteins such as fibrin.

Changes in molecular structure owing to protein
compounds are even more evident in the corpuscle from
Ieceman sample B. Although the corpuscle morphology
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resembles the structure of regular RBCs, the Raman
spectra significantly differed from the reference RBC
spectra. The corpuscles mostly lacked the previously
mentioned porphyrin modes and predominantly
showed bands characteristic of fibrin or other proteins
such as collagen (see the electronic supplementary
material). Fibrin is the end product of a complex cas-
cade of coagulation reactions that are initiated at the
moment of vascular injury. In the first step, platelets
become activated and then become adherent to the
damaged vessel wall. They form a primary haemostatic
plug. Meanwhile, the enzyme thrombin is produced.
Thrombin then cleaves fibrinogen and catalyses the
polymerization of fibrin, which subsequently generates
a meshwork around the platelet plug and reinforces
it [20,40]. The Raman spectra and AFM images thus
indicate that the single particles and the agglomerate of
corpuscles in the tissue of sample B are the remnants
of a haemostatic plug that formed around the Iceman’s
arrowhead wound. Nonetheless, it is surprising that,
although the Raman spectra of the Iceman’s RBCs are
dominated by bands characteristic for fibrin, neither a
meshwork nor single fibrin fibrils were detected in our
AFM images. We therefore infer that the fibrin surround-
ing the haemostatic clot decomposed over time, leaving
behind only RBUs and possibly some fibrin fragments.

Although our results show more complex RBC spec-
tra, they are in agreement with measurements on recent
dried human blood spots conducted by Virkler et al.
[41], who showed that dried whole blood is chemically
heterogeneous, and its Raman spectrum could be a
linear combination composed mainly of the two
Raman active components: haemoglobin and fibrin.
The clotting process that occurs while blood dries
explains the spectral combination. One hypothesis was
that fibrin was formed during the clotting, and that it
was therefore found in a large concentration in the
dried blood spots.

Finally, when analysing the Raman spectra of the
pre-processed tissue, the effect of the sample prep-
aration must be taken into account. The ancient and
the recent RBC samples were processed into histological
sections, i.e. the tissue was fixed with formaldehyde,
embedded into paraffin and cut with a microtome.
The paraffin was then dissolved with xylene, and the
sample was subsequently rehydrated in a descending
alcohol series. The dehydration effects of alcohol were
found to cause degradation of RBCUs because it weakens
the membrane—water interactions of the cell membrane
[42]. This can lead to the loss of some cellular
components and can therefore cause changes in the
Raman spectra. Dehydration and the effect of fixatives,
such as formaldehyde and glutaraldehyde, on RBC
Raman spectra were also reported by Asghari-Khiavi
et al. [25]. In their study, they showed that the
Raman spectra of RBCs, which were fixed in a formal-
dehyde—glutaraldehyde mixture and embedded into
paraffin, were very similar to the spectra of air-
dried RBCs. This indicates that the processing of dried
RBCs into histological tissue sections does not cause
additional alterations of the RBC Raman spectra.
Furthermore, because the reference RBCs and Iceman
samples were processed equally, preparation-induced
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Table 3. Raman peaks assigned for Iceman sample B.

RBC wavenumber fibrin wavenumber Tceman sample B

fem™) fem™ 1) wavenumber (cm ) assignment mode literature
1666 1656 amide [ v(CO) [30]
1639 110 ¥Culalam [25]
1617 1605 »(C=C) Phe, Tyr (29,30]
1586 Var v(CoChas [26,27]
1581 1583 v(CCH) Pro, Hypro [29]
1563 vy v{CpCp) [25,26]
1441 1447 1449 8(CHs, CH) 29]
1402 1399 5(CH.) 3]
1395 Vg, Vag v{pyr quarter-ring) [25]
1340 1339 1340 vy v(pyr half-ring)gm [25-27]
B(ZCbHZ)sym
1312 1317 1315 - 8(CH), 8(CHs) [25,27,31]
— 1252 1248 amide Il »{CN) (29,31]
1229 prop &8(CH,) twisting [25]
1208 1208  (CH,) 31]
1174 1173 C-H bend Tyr [30]
1166 Vg v(pyr half-ring),. [25,26]
— 1156 1157 C-C/C-N str [30]
1389 1125 1125 C-N str [30]
— 1101 1102
1079 1075 1084 8(=CpHs),s [25]
— 1031 1032 C-H in-plane Phe [30]
997 1004 1002 Va5 V(CpCy)ae, ¥(CC) [28,30,31]
aromatic ring Phe
— 956 957 v{Ce—Cd) [25]
— 937 H=CpHa)em (26]
896 896 898
— 854 855 Yo Y(CuH), ¥{(CC) aromatic
ring Tyr [28,30]
829 827 v(CC) aromatic ring Tyr  [30]
758 758 aromatic ring breath [30]
746 Vis v(pyr breathing) [25,26]

differences are rather unlikely. Therefore, we conclude
that the processing of the tissue had little influence on
the comparative spectroscopic examination.
Deformation and failure phenomena of hierarchical
protein materials are observed in physiologically
extreme conditions and in the progression of disease
[43]. The structural proteins and thus the shape,
molecular structure and the elasticity of RBCs are
also prone to disease-specific alterations [44]. Reduced
mechanical deformability, together with increased
RBC membrane stiffness, are reported in infection
with the malaria parasite [45—47]. A similar phenotype
appears in blood disorders such ag sickle-cell disease,
hereditary elliptocytosis or hereditary spherocytosis,
in which the deformability of the RBC membrane is
reduced and the cell shape is strongly altered [47-49)].
Owing to the pre-processing of the tissue samples,
however, we cannot draw conclugions on any disease-
specific mechanical changes of the RBCs. Nevertheless,
a relative comparison between equally processed recent
and mummy RBCs helps us to assess the degree of
tissue preservation. AFM nanoindentation measurements
revealed changes in the mechanical behaviour of the
RBCs. Young’s modulus of the ancient RBCs in sample
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B was 2.0 4 1.0 GPa, whereas the modulus of the equally
processed recent RBCUs averaged 2.5 4 1.2 GPa.

Cross-linking owing to fixation with formaldehyde
[60], age [b1] or disease-specific influences would lead
to an increased membrane stiffness of RBCs and,
thus, to an increase in Young’s modulus. Qur measure-
ments on ancient RBCs, however, show a decrease in
Young’s modulus associated with a lower stiffness of
the ancient RBCs. Together with the reduced Raman
scattering intensity, the softening indicates a degra-
dation of the RBCs. Possible degradation processes
include scaffold damage due to crystallization of ice
during freezing, irradiation with UV light or wound
healing-specific transformation processes that oceur
during the stages of blood clot degradation [52].

The fragmentation of the RBC cytoskeleton proteins
such as the spectrin and actin filaments will cause a
destabilization of the cell membrane. In addition to
the aforementioned mechanisms, cleavage of memhrane
proteins and degradation of the cytoskeleton by the
fragmentation of their protein peptide chaing can
algo be induced by the action of ROS. The various
degradation processes would ultimately lead to the
softening of the RBC membrane.
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intensity (arb. nnits)

Figure 4. Raman scan and AFM image (30 % 30 um) of the agglomerated corpuscle in Iceman sample B. The scan in (@) rep-
resents the intensity distribution of the Rayleigh scattered light. For comparison the corresponding AFM topography image is
shown. (b—g) The datasets of the Raman scan filtered for porphyrin or proteln-specific Raman bands around 1656, 1586,
1449, 1395, 1308 and 1125 em ! wavenumbers. Red indicates regions with strong Raman intensity, and blue indicates low
Raman intensities. The examined molecule vibrations largely oceurred at the positions of the ancient particles.

The elasticity values determined are given for fixed
recent and ancient RBCs, which were prepared following
the same protocol. Obviously, the preparation comprises
the mechanical properties of a tissue by the formation of
methylene bridges that cross-link polypeptide chains.
Thus, no conclusions on health status can he drawn
from the elasticity measurements. However, comparing
the elasticity values of both specimens, it is clear that
the ancient samples were softer. This is in line with the
observation that less Raman scattering occurred in
the ancient RBCs. Both effects can be explained by a
degradation of the proteinaceous content of the RBCUs.
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In summary, the morphology and the Raman finger-
print of some corpuscles point to remnants of a
haemostatic clot. This observation confirms that the
Iceman sustained several injuries before his death. AFM
imaging revealed RBCs with normal morphology.
Blood disorders caused by RBC membrane defects,
such as sickle-cell disease, elliptocytosis or spherocytosis,
can thus be excluded. Nanoindentation measurements
show that the elasticity of the ancient RBCs is sligh-
tly reduced, which suggests that they suffered from
degradation. Complementary Raman spectroscopy also
indicates a degradation of the blood cells. Nevertheless,
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distribution

100 7

80

Young’s modulus (GPa)

Figure 5. The distribution of Young’s moduli from the corpus-

cle

of Ieeman sample B and contemporary single RBCs. Young's

modulus for the mummy particles (grey) is significantly lower
than Young's modulus for the recent RBCs (black).

our examinations show an unambiguous identification of
RBCs in a 5300 year old mummy.

‘We gratefully acknowledge the Deutsche Forschungsgemeinschaft
(DFG) clusters of excellence Nanosystems Initiative Munich,
the Stiftung Stdtiroler Sparkasse and the Center of Smart
Interfaces Darmstadt for financial support.
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Abstract: Von Willebrand factor (vVWF), a glycoprotein in
blood, mediates the adhesion of blood platelets and thus
plays a crucial role in hemostasis and thrombosis. Functional
coating of surfaces with vWF allows the investigation of
in vitro adhesion of blood platelet. We used soft lithography
to create a functional patterned substrate. vWF was printed
on plasma-treated glass and mica surfaces, producing elon-
gated network-like fibril structures. A minimum layer thick-
ness of 3 nm was observed, corresponding to the height of a
monolayer of vWF. The stability of the patterns was verified

in a laminar fluid flow, and the bioactivity of the structures
was tested with platelet adhesion experiments. Platelets
adhered to and spread on printed vWF. These results indicate
that printed vWF substrates are stable and functional in typi-
cal perfusion experiments, and thus provide a useful tool for
studying thrombus formation in vitro. ©® 2011 Wiley Periodicals,
Inc. J Biomed Mater Res Part A: 00A: 000-000, 2011.

Key Words: von Willebrand factor, atomic force microscope,
micro contact printing, blood platelet adhesion, lab on a chip
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INTRODUCTION
Surfaces that are functionalized with blood proteins allow
investigation into the complex processes that lead to throm-
bosis in vitro. One of the most important blood plasma pro-
teins in hemostasis and thrombosis is von Willebrand Factor
(vWF), a large glycoprotein consisting of several subunits,
which is produced in the Weibel-Palade bodies of the endo-
thelium, in subendothelial connective tissue, and in mature
megakaryocytes.! This factor occurs in two shear rate
dependent conformations. Below a critical shear rate of
5000 s ', vWF takes on a globular shape.” At higher shear
rates, vWF changes in conformation to an extended fibrous
structure.” In this stretched conformation, vWF promotes
the adhesion and aggregation of blood platelets."‘5 To study
thrombus formation in vitro, it is thus essential to pattern
surfaces with vWF in a conformation that is accessible to
blood platelets. Soft lithographic methods show great prom-
ise for producing the well-defined patterns required for
such applications.

Microcontact printing in particular is a cost-effective and
time-saving method,®” which is widely used because it
makes patterns with feature sizes anywhere between tens

of micrometers and a few nanometers feasible. Various
proteins can be printed, creating biofunctional patterns”
without loss of those proteins’ biological au:l"u.'ity.ln

To study cell adhesion, small length scale biofunctionalized
structures are needed. To this end, various protein surface pat-
terning approaches have been established over the years.'™!?
Polylysine layers have been fabricated on both glass and poly-
ethylene glycol surfaces.'*'™ Bernard et al.'’® fabricated
polyclonal chicken IgG monolayers on silicon wafers. Schma-
lenberg et al. printed laminin on polymethylmethacrylate
(PMMA) surfaces.'® Basabe-Desmonts et al. patterned surfaces
with vWF to study platelet function using a lab-on-a-chip
device for platelet cytometry."® However, the functionality and
quality of microcontact printed vWF structures, as well as
their stability in microfluidic applications, need to be verified.

In this study, we show that microcontact printing is suit-
able for functionalizing surfaces with the blood protein
vWE Atomic force microscopy (AFM) reveals that it is possi-
ble to create monolayers of the protein, and perfusion tests
show that their adhesion to the surface is sufficient for
microfluidic applications. Platelet adhesion experiments in
static assays confirm the biofunctionality of the vWF

Additional Supporting Information may be found in the online version of this article.
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structures. Using these patterned structures, the activation
state of platelets on distinct surfaces can be determined.

MATERIALS AND METHODS

Protein

Von Willebrand factor (lyophilized powder) from human
plasma was purchased from Calbiochem (Cat no. 681300,
Lot no. D0O001309) and diluted in phosphate-buffered saline
(PBS) to a concentration of 0.01 mg/mL, which corresponds
to the concentration found in blood.* The protein solution
was stored in a freezer at —18°C prior to use.

Substrates

vWF was printed on mica and standard glass slides. The
mica was cleaved and used immediately without further
treatment. Prior to printing, the glass slides (Menzel,
Braunschweig, Germany; chemical composition see Ref, 17)
were rinsed with acetone, isopropanol, and ultra pure water
and dried with nitrogen. The slides were then treated with
oxygen plasma for 1 min at 50 W and 0.4 mbar (Femto
Standard, Diener, Ebhausen, Germany) to improve the
wettability.

Atomic force microscopy

The printed structures were characterized with an AFM.
The AFM measurements were carried out on a Dimension
3100 AFM with a Nanoscope IV controller (Bruker, Santa-
Barbara, CA) in ambient conditions. The measurements
were performed in tapping mode, to minimize abrasion of
the molecule layer by the AFM tip. Silicon cantilevers (NSC
35 AIBS C, Mikromasch, Estonia) with a nominal resonance
frequency of 150 kHz, spring constant of 4.5 N m~Y, and tip
diameter of less than 10 nm were used. All images were
taken at a resolution of 512 x 512 pixelz. Image analysis
was performed with SPIP 4.7.2.0 software (Image Metrology,
Denmark). A plane correction procedure was used to com-
pensate for the sample tilt. Structure heights were meas-
ured by averaging 11 adjacent height profiles,

Microfabrication

Stamps and microfluidic channels were made of polydime-
thylsiloxane (PDMS) (Sylgard® 184, Dow Corning GmbH),
which provides a sufficient degree of hemocompatibility for
medical devices which are in contact with blood.'® The
structures were cast from a mold and placed in a desiccator
to remove gas bubbles. The casting mold was then placed in
an oven for 24 h at a temperature of 60°C to allow for
curing.

The master wafers for the microcontact printing and
microfluidic systems were structured and processed by con-
tact photolithography. For the fabrication, 4-inch silicon
wafers were spin-coated with negative photoresist SU-8,
exposed to UV through a chromium mask in a mask aligner,
and finally developed. The master wafers with inverted
microstructures were used for multiple PDMS replica cast-
ings. To improve the release of the elastomer; the master was
coated with plasma-deposited PTFE. The master structure
consisted of circles and squares 20 pm in diameter or width
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and 8 pm in height and checkerboard patterns 30 pm in
width and 2 pm in height. Microfluidic masters consisted of
channels 500 pm wide and 150 pm high. The circles and
squares on the replicated PDMS stamps were smaller than
those on the master structures and averaged 17 pm in width.

Microcontact printing

Before printing, the stamps were cut out of the structured
PDMS (diameter ~5 mm), cleaned for 10 min in 70% etha-
nol in an ultrasonic bath and then dried under a flow of dry
nitrogen. A 20 pL droplet of vWF solution was pipetted
onto the stamp. During the 2 h of incubation, the vWF-cov-
ered stamp was kept in a box covered with aluminum foil
to avoid light irradiation and dehydration. Subsequently, the
stamp was carefully dried under a dry nitrogen stream until
the remaining solution had evaporated. For microcontact
printing, the stamp was placed on the substrate and loaded
with a mass of 20 g. After 10 min, the sample substrate was
removed and the printed area was marked and analyzed
with the AFM.

Perfusion

Microfluidic systems with channels 500 pum wide and
150 pm deep were used to perfuse the substrate with PBS.
The microfluidic system was placed on the protein function-
alized substrate and connected to a syringe pump. The flow
rate and flow volume were regulated by a Labview program.
The perfusion was observed using an optical microscope
(Axiovert 200, Zeiss, Oberkochen, Germany) equipped with
a CCD camera (Zeiss Axiocam).

Platelet adhesion assay

Five milliliters of human whole blood was collected from
healthy donors into syringes containing 750 pL acid citrated
extrose. Then, 5 mL of modified Tyrode’s buffer (10 mM
HEPES, 1.4M NaCl, 26 mM KCI, 121 mM NaHCOs, 0.1% BSA,
0.1% glucose, and pH 6.5) was added, and the samples
were centrifuged for 20 min at 80g. The supernatant con-
taining platelet-rich plasma was carefully removed, washed
in 10 mL Tyrodes buffer, and pelleted for 10 min at 1277g
in the presence of PGIZ (2 pg/mL). The majority of the
plasma was removed by washing the platelets thus also pre-
venting the degradation of large vWF polymers by plasma
ADAMTS-13 activity.'” Subsequently, the cells were resus-
pended in Tyrode's buffer (pH 7.4) and adjusted to a final
concentration of 10 x 107 platelets per L. A total of 2.5 x
105 platelets were layered onto vWF-printed glass slides
and subsequently activated with 10 uM U46619 (Enzo Life
Sciences GmbH) and 10 pM ADP (Sigma-Aldrich). After incu-
bation (37°C, 5% CO.) for 60 min, the supernatant was
removed and adherent platelets were fixed with 4% PFA
for 10 min. Then the samples were carefully rinsed with
distilled water and dried under a low nitrogen stream and
immediately analyzed with the AFM.

Statistical analysis

A platelet adhesion assay was performed on a 30 x 30 yum?
checkerboard pattern of vWFE. To quantify platelet adhesion,

BLOOD PLATELET ADHESION TO PRINTED VWF
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FIGURE 1. Topographic AFM images of a square vWF pattern printed on a plasma-treated glass slide. (a) Overview image of a pattern 17 um in
width (image size: 30 x 30 pm?). The line between | and |l indicates the location where 11 parallel height profiles were taken to obtain an aver-
aged height profile. The black squares indicate the regions of interest detailed in (c) and (d). (b) Averaged height profile with an average height
between 5 and 10 nm. (c) Detail image of the edge of the printed structure (image size: 5 x 5 pm?) (d) Detail image of the central region (image
size: 5 » 5 ym?) (e} AFM image of a circular pattern on the same substrate (image size: 30 » 30 pm?). (f] Detail image (5 x 5 ym?®) of a netwaork-
like vWF structure. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

17 AFM images were taken at different sample areas. The
image size was 90 x 90 pmz with a resolution of 512 x
512 pixelz. For image analysis, regions of interest were
defined that contained four squares of the printed structure,
two coated and two uncoated. Platelets in all four squares
were counted manually. Platelets that had spread onto both
a coated and uncoated square were counted as half a plate-
let for each. The number of platelets was normalized by the
coated and uncoated surface areas, respectively. The surface
area of the platelets was evaluated using SPIP 5.1.32.0 soft-
ware (Image Metrology, Denmark). Each area of interest
was marked using the “Add polygon AOI” function. The pla-
telets were detected using the “Grain and Pore analysis”
function. The “Particles threshold level” and “minimum
detection area” controls were adjusted separately for each
image section to reduce errors because of sample waviness,
The surface area of the coating and the surface area of pla-
telets were detected using the “detect particles” function.

RESULTS

Von Willebrand factor with a concentration of 0.01 mg/mL
was printed on plasma activated glass slides. The AFM
revealed printed 17-pum-structures [Fig. 1(a)]. This size cor-
responds to the dimension of the structures on the PDMS
stamps after the fabrication process. As shown in Figure
1(ae), the areas within the printed patterns were densely
covered with vWEF. The overall topography of the structures

was between 4 and 13 nm high. Occasionally, deposits of
50 nm height were found. Magnifying AFM images to a
dimension of 5 x 5 umz showed spherical particles and
predominantly network-like fibril structures [Fig. 1(c,d,f)].

The stability of the printed layers was tested by perfu-
sion experiments. PBS was pumped through a microfluidic
system that was placed onto the functionalized substrate.
The perfusion was performed for 10 s at a flow rate of
10 pL/s and followed by a second perfusion for 60 s at the
same flow rate. Figure 2(ab) represent a printed structure
before and after the perfusion experiments. The liquid flow
did not affect the structure, and the height remained the
same (average 3.5 nm).

Structures were also printed on freshly cleaved mica
surfaces at a concentration of 0.01 mg/mL. The structures
had a width of 18 pm and an average height of 4.5 nm with
the exception of some round particles in the middle of the
area [Fig. 3(a)]. Network-like fibrils were formed [Fig. 3(b)].
Valid perfusion experiments could not be conducted
because liquid seeped in between mica layers through sur-
face defects during perfusion, which repeatedly lead to
delamination of the topmost layer. Because the experiments
on mica were not reliable, no statistical analysis was carried
out for those specimens.

The biofunctionality of the printed 30 pm wide checker-
board patterns [Fig. 4(a)] was tested by platelet adhesion
experiments using static assays with preactivated platelets.
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FIGURE 2. AFM images of a circular pattern on plasma activated glass (a) before and (b) after two perfusion experiments. The lines indicate the
positions of the corresponding averaged profiles. The averaged profiles were calculated from 11 adjacent profiles. Both height profiles show a
similar average height of 3 nm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

The platelets preferentially spread on the coated areas.
Although, platelet adhesion was also observed on the
uncoated those platelets showed a different
morphology. On the uncoated substrate, platelets featured
only an early state of shape change; that is, they took on a
slightly flattened shape showing a spread dendritic state
with some short filopodia and limited lamellipodium forma-

areas,

8 1z 16 20 24
tion [um]

tion. The bodies of the platelets were still hemispherically
shaped, rising above the substrate (c.f. Ref. 20). [n contrast,
platelets on coated surfaces were round, fully spread, and
had developed flat lamellipodia, mostly without filopodia
(i.e., pancake shaped).”” The morphology of the platelets in
the border region between the coated and uncoated surfa-
ces is highlighted in Figure 4(b). The figure, a 12 x 12 yum®

FIGURE 3. AFM image of a printed pattern on a mica surface. (a) Overview image of the vWF coated surface. The line indicates the position of
the height profile. Inset shows the averaged height profile. (b) Detail image showing the connected structures developed by the vWF. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 4. AFM topography taken after a static platelet adhesion assay. (a) The overview image shows repeating quadratic checkerboard areas
30 pum in width (image size: 95 x 95 um?). The platelets preferentially adhere to vWF coated areas. On vWF the platelets are well spread, exhibit-
ing the typical shape of activated platelets. On bare glass the platelets are less spread. (b) The detail image shows a corner of the printed struc-
ture {image size: 12 x 12 um?). Platelet spreading is limited by the functionalized surface. (c) Three-dimensional view of the topography in (a).
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

ZRange: 631.7 nm I Range: 631.7 nm

¥ Range: 90 ym
¥ Range: 90 ym
-563

0 L]
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FIGURE 5. Image processing procedure for the statistical evaluation. (a) The coated area is marked with the “Add polygon AOI” function, and
its area is detected and calculated using the “Grain and Pore analysis” dialog. (b) The platelets inside the marked area in (a) are detected using
the "Grain and Pore analysis” dialog and their area is calculated. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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image, shows the edge of a printed square with activated
spread platelets and their typical network-like structure,
It is observed that the spread platelets in the border region
exhibit flat fronts towards the bare uncoated substrate and
thus that the spreading of the platelets is limited to the
coated surface area [Fig. 4(b)]. The small spherical particles
on the uncoated areas are most likely PFA clots remaining
from the fixation process.

The image processing procedures are summarized in
Figure 5, where the amount and state of spreading of the
platelets are related to the functionalization of the substrate,
As shown in Figure 6(a), the average platelet density was
0.005/um® on the uncoated glass and 0.012/pm? on the
coated. Thus, more than two-thirds of the adherent platelets
were found on the coated surface. The surface coverage of
platelets on glass was about 14%, whereas the surface cover-
age of the platelets on the coated surface was 46% [Fig. 6(c)].

DISCUSSION

Atomic force measurements of vWF printed on plasma
treated glass and mica surfaces revealed printed structures
with thicknesses of 3-13 nm. Similar structures were
observed by Raghavachari et al, who studied surface de-
pendent adsorption of vWF under aqueous conditions at
physiological pH and ionic strength using an AFM.*' AFM
measurements on mica revealed vVWF multimer chains with
globular domains and rod-like interconnecting sections of
(3.2 = 09) nm and (2.0 %= 0.5) nm in height.*" Marchant
et al. imaged dried vWF on mica using an AFM in constant
force mode and detected structures 3-5 nm in height.** The
heights of our printed vWF monolayers are consistent with
these values, which correspond to one monolayer (or very
few layers) of vWF molecules. This result shows that con-
trolled microcontact printing is feasible for patterning viWF
onto a substrate. Reference printing experiments performed
solely with PBS on plasma treated glass surfaces did not
yield structures, thus confirming surface purity after the
printing process (data not shown).

Our AFM images [Figs. 1(c,df) and 3(b)] revealed net-
work-like structures on the printed areas as described by
Raghavacharet et al’’ We infer that the network-like fibrils
are vVWF molecules in their extended conformation. Shear-
induced stretching of vWF fibers and their adsorption onto
collagen surfaces was studied by Schneider et al.” and Barg
et al."” Below critical shear, globular vWF molecules on col-
lagen surfaces were observed. Above critical shear, vWF mol-
ecules formed network-like structures.'? We observed simi-
lar networks confined to the regions defined by the stamp.
Occasional spherical particles were also observed, which can
be assumed to originate from globular vWF molecules. For
instance, Slayter et al. demonstrated that the diameters of
globular vWF molecules can reach 60-200 nm.?

We verified the stability of printed vWF structures on
glass substrates with microfluidic perfusion experiments.
The adhesion of the protein to glass at a flow rate of
10 pL/s, corresponding to a shear rate of 6900 s in the
500 pm channel, was sufficient for a perfusion time of
at least 70 s. The incubation experiments support the
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FIGURE 6. Statistical analysis of platelet adhesion. Seventeen ran-
domly chosen AFM images were evaluated. (a) Number of platelets
that adhered to 1 um? of the coated and uncoated surfaces. On
average 0.005 platelets settled on 1 ym? of uncoated surface, whereas
0.012 platelets on average settled on 1 pm? of coated surface.
(b} Platelet density. (c} Relative surface area coated with platelets.
Platelets covered 14% of the glass and 46% of the vWF coated sur-
face. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

assumption that the printed patterns consist of stretched
vWF because platelet adhesion was confined to the coated
surfaces.

As shown in Figure 6, approximately two-thirds of the
total number of adherent platelets attached to the surface
coated with vWF. One-third of the platelets settled on the
uncoated surface. Platelet morphology on the coated areas
differed from that on the unstamped areas. Platelets on the
vWF coating showed advanced spreading and an increased
area”’ as compared to platelets on the uncoated glass sur-
face (Fig. 6). The height of the platelets on the coated sub-
strate areas was lower than on the uncoated, indicating
advanced spreading of those platelets. The contact activation

BLOOD PLATELET ADHESION TO PRINTED VWF
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of platelets by the functionalized surface leads to an initial
shape change, the formation of filopodia, and ultimately to
lamellipodia protrusion and full spreading.?* The spontane-
ous abruption of platelet spreading at the boundary
between coated and uncoated areas clearly demonstrates
the biological importance of immobilized vVWF as a matrix
for platelet spreading.

CONCLUSION

Microcontact printing is suitable for creating patterned
structures of the blood protein vWE. Monolayers of vWF
were produced on glass and mica substrates. Printed vVWF
featured network-like structures. The firm adhesion of these
protein layers to a glass surface was verified by perfusion
experiments, which confirmed the stability of the printed
pattern even at high shear rates. The bioactivity of printed
VWF layers was experimentally verified in platelet adhesion
assays. The concentration of platelets on the vWF-coated
surface was approximately two and a half times higher than
on uncoated glass, and the platelets that adhered to vWF
were in an advanced spreading state. Those platelets cov-
ered an area three times that of the platelets adhering to
glass. According to these results, microcontact printing of
VWF can be used to design and pattern surfaces that mimic
those in patients with cardiovascular diseases for testing
platelet function with lab-on-a-chip devices.
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Raman spectroscopy of laser-induced
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Titanomagnetites areimportant carriers of magneticremanence in nature and cantrackredox conditions in magma. The titanium
concentration in magnetite bears heavily on its magnetic properties, such as saturation moment and Curie temperature. On
land and in the deep ocean, however, these minerals are prone to alteration which can mask the primary magnetic signals
they once recorded. Thus, it is essential to characterize the cation composition and oxidation state of titanomagnetites that
record the paleomagnetic field. Raman spectroscopy provides a unique tool for both purposes. Nonethel the heatg d
by the excitation laser can itself induce oxidation. We show that the laser power threshold to produce oxidation decreases
with increasing titanium content. With confocal Raman spectroscopy and magnetic force microscopy (MFM) on natural and
synthetic titanomagnetites, a non-destructive Raman imaging protocol was established. We applied this protocol to map out
the composition and magnetization state within a single ex-solved titanomagnetite grain in a deep-sea basalt. Copyright (€
2011 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.
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Introduction creased by oxidation and subsequent annealing in vacuum.!'?
Natural titanomagnetite often intergrows with ilmenite (FeTiO3).
Atoms in the titanomagnetite lattice can also be replaced by other
atoms, such as magnesium, aluminium, nickel, zinc, chromium, and
vanadium.!"! Confocal Raman microscopy has the potential to pro-
vide compositional information with high spatial resolution and
to reveal the key properties of titanomagnetite grains in rocks. To
avoid laser-induced alteration processes, we determined the laser
power threshold for the oxidation of minerals from the titanomag-
netite solid solution series. With the optimized settings, we have
characterized single titanomagnetite grains in deep-sea basalts.

The composition of magnetic minerals provides information on
the conditions of rock genesis and alteration.!"’ Minerals from the
titanomagnetite solid solution series (Fe;_,Ti,04, 0 < x < 1) are
of particular relevance because they carry the remanent magneti-
zation of oceanic basalts.|>*) The composition of titanomagnetite
is close to x = 0.6 with a Curie temperature of 140°C when
formed at a spreading ridge.!"’ Their equilibrium oxygen fugacity
is on the order of 1077 atm, implying a strong tendency to oxidize
under sea-floor conditions.”) Raman imaging techniques are
valuable tools in characterizing the composition and oxidation
state of titanomagnetite.l! Raman spectroscopic characterization
an- compositional -analysu of rock-formilng mllr;‘a;]rals will -also Materials and Methods
e important tools in future planetary missions."*’! Iron oxides,

however, are poor Raman scatterers and strongly absorb in the 14 determine the laser power threshold, we investigated syn-
range thhe WaveleAngths of WF{‘“' excitation Ia§ers, andhighlaser e magnetite (TM0O) and titanomagnetites produced using the
intensities are required to obtain an adequate signal.!"® Thus, the floating zone technique.ll The titanium concentration of the
heatgenerated by the strongly focused excitation laser may lead to
alteration of the sample. To obtain reliable Raman data on titano-
magnetite, the measurement conditions need to be optimized to
reduce the measurement time without altering the specimen.
Stoichiometric titanomagnetites (Fez xTixOa) can be synthe-
sized in a wide range ofcompositions.[g] Magnetite, i.e.x = 0, also Department of Earth and Environmental Sciences, Ludwig-Maximilians-
referred to as TMQO, is a special case of a ferrite with the gen- Universitéit Miinchen, 80333 Munich, Germany
eral formula Fe?*Fe, 0, corresponding to FeO-Fe;0; (simplified
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Fez04) with an inverse spinel structure.1® TM60 (x — 0.6) repre- b Center for NanoScience (CeNS), 80799 Munich, Germany

sents an idealized natural titanomagnetite with the composition ¢ Mineralogical State Collection, LMU, 80333 Munich, Germany

Fez 4Tins04. The long-range order in synthetic TM60 single crys- . )

tals is a function of nonstoichiometry, with higher cation vacancy ! g‘immemf'”"d Gegwissenschalten;; TU Darmstadt,+ 64207 Darmatads,
concentrations producing a more random cation distribution.'"! Y
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synthetic samples ranged from 0 to 86%. Their titanium concen-
tration was verified by thermomagnetic analysis.!” To demonstrate
compositional mapping, we studied titanomagnetites in late Cre-
taceous sea-floor basalt, drilled in the middle South Atlantic Ocean
during the deep-sea drilling project 73 (DSDP/ODP Leg 73, hole
524, core 33) at a water depth of 4796 m, 330 m below the sea
floor.

Raman spectra were measured with a confocal Raman micro-
scope (alpha 300 R; WITecGmbH, Ulm, Germany). For excitation, we
used the second harmonicgeneration (532 nm, Pya = 22.5 mW)
of a Nd:YAG laser, focused with a 100 objective (Nikon NA
= 0.90, 0.26 mm working distance). The objective was also used
for collection of the backscattered light. The light was guided
through a multimode optical fibre to the spectrometer, using the
50-um diameter fibre core as a pinhole for the confocal setup. The
diffraction-limited focus resulted in a lateral resolution of about
400 nm, and a focal depth of about 1 um. The power distribution
within the laser beam profile was Gaussian due to the TEMg, laser
mode. Therefore, the energy input in the central region was higher
than at the rim of the laser spot.

A sharp edge filter rejected the elastically scattered photons
(Rayleigh scattering). Raman spectra were acquired with a lens-
based spectrometer with a CCD camera (1024 x 128 pixel, cooled
to —65 °C) on each point with a spectral resolution of 3.51 cm™'
per CCD pixel for the 600 lines/mm grating. The compositional
maps were generated either by integrating the counts in the range
of wavenumbers (sum filter) of characteristic Raman peaks or by
using peak centre and peak width obtained by a Lorentzian fit.

The magnetic force microscope (MFM) was equipped with
ManoScope IV controller (Veeco Metrology Inc., Santa Barbara, CA)
using force sensors with a thin magnetic coating at the tip of
the cantilever (Multi75M-G, BudgetSensors, Sofia, Bulgaria). The
sensors were magnetized shortly before use by placing them on
one pole of a strong permanent magnet. For magnetic imaging,
an atomic force microscope (AFM) was operated in the tapping
mode. The phase shift was recorded in the lift mode after each
topographic line scan (interleave mode).

An electron microprobe (Cameca SX100) was used to measure
the elemental composition of a similar titanomagnetite grain in
the same thin section located a few millimetres away from the
grain analysed by Raman spectroscopy. The operating parameters
were 15 kV accelerating voltage and 20 nA beam current with a
beam diameter of 1 um. Counting rates of 30 s were used for Al,
Ni, and Ca; 100 s for Ti; and 20 s for all other elements. Synthetic
minerals and oxides were taken into account for calibration and
a Pouchou and Pichoir (PAP) correction was applied to the raw
data."?
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Figure 1. Raman spectra of synthetic titanomagnetite normalized to the
Ag peak.

Results
Laser-induced oxidation

Reference spectra of the different titanomagnetites were obtained
at a laser power of 1.5 mW. The Raman spectra were normalized
to the Ay peak and are shown in Fig. 1. The Raman spectra did
not depend on the orientation of the samples TM0O to TM86 (data
not shown). Table 1 summarizes the Raman peak centres of the
synthetic specimen as obtained by a Lorentzian fit.

Confocal Raman microscopy on titanomagnetite is affected by
laser absorption, which leads to local heating. One can quantify
the onset of oxidation with a series of Raman spectra measured
with different laser intensities (Fig. 2). Shown are the spectra
for the natural titanomagnetite and the synthetic magnetite
(x = 0, TM0O, Fe;0,). Each spectrum was integrated for 30s.
A progressive oxidation of titanomagnetite occurred as a function
of the laser power. In an intermediate laser power range, the
measured Raman spectra show features of both titanomagnetite
and haematite. Both signatures were observed in the Raman
spectra of the geological titanomagnetite sample measured at a
laser power of 14.9 mW (~1.1 MW/cm?). Figure S1 (see Supporting
Information) gives the spectra for the synthetic samples with a
titanium content of x = 20 (TM20, Fe; gTip204) to 86% titanium
(TM86, Fez.1aTio.260a).

The threshold for initiating oxidation as a function of the
titanium concentration was explored as illustrated in Fig.3. A
series of Raman spectra were taken by increasing step-wise the
laser power (Figs. 2 and 51). All spectra were recorded with 30s
integration time. To detect the spectral changes, the spectra were
normalized to the A4 peak, and then the spectrum taken at the
previous power step was subtracted. Variations were considered

Table 1. Raman peak centres of the synthetic specimen as obtained by a Lorentzian fit, together with literature values for magnetite

1
Ti/(Fe + Ti) Raman peak centre (cm™")
Mode Tag(1) Eq Tag(3) T2} Ag
TMoQ? 192 306 - 538 668
TMOO 197.8 3044 - 536.8 664.9
TM20 193.2 309.0 - 540.7 664.1
TM40 155.8 309.2 455.1 549.7 647.5
TME0 155.7 318.2 464.2 - 647.5
TM86 154.4 - 477.7 - 654.3
2 A.Wang et al., Am. Miner. 2004, 89, 665.
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Figure 2, Laser-induced oxidation of natural titanomagnetite and syn-
thetic magnetite. Above a certain laser power threshold, the Raman
spectra of haematite signature occurred. Each spectrum was integrated
for 30 s, Additional spectra for synthetic samples with a titanium content
of x = 20 (TM20) to 86% titanium (TM86) are shown in Fig. S1.
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Figure 3. Laser power threshold for the oxidation of titanomagnetite. The
inset shows the spectral differences.

significant if the differences exceeded 10% of the intensity in the
range from 100 to 3600 cm™' (Fig. 3 inset).

Another important parameter is the irradiation time. To
investigate the time dependence of the oxidation, a series of
Raman spectrawere recorded atthe same position forthe synthetic
TM60 sample. The laser power was set at 2.2 mW (0.183 MW/cm?),
which is slightly below the threshold for oxidation at 30 sirradiation
time. Spectra were recorded continuously with an integration
time of 30 s and normalized to the Rayleigh peak. After 2 min
of irradiation, the spectrum began to show signs of alteration
(Fig. 4). Peaks at about 220 and 290 can! developed, which
correspond to the spectral signature of haematite (A1 and £,
respectively).

AFM and MFM measurements were made after the laser
irradiation to inspect whether the titanomagnetite surface was
altered. Figure 5 shows the topography and the magnetic image
of a locally oxidized surface of the natural titanomagnetite. The
surface was irradiated for 5 s with laser powers of 5, 10, 15, and

normalised
Raman Intensity

(2]
a3
3:
5

2 min

min
100 200 300 400 500 600 700 800 900
Wavenumbers / cm™
Figure 4. Time dependence of the laser-induced oxidation of TM&0. The

spectra were taken with a laser power of 2.2 mW. After 2 min of irradiation,
haematite peaks occurred at 220 cm ™' (A4) and 290 cm ™ ().

20 mW, respectively. Circular oxidation craters with diameters of
a few micrometres were generated (Fig. 5(c)). Oxidation leads to
a progressively deformed surface (Fig. 5(a)). The same circular
structure prevails in the MFM phase image (Fig. 5(b)). Figure 5(d)
and (e) show an oxidation crater directly after a laser irradiation
with 20 mW. After 26 days, further changes of the deformed surface
could be observed (Fig 5(f) and (g)). The small depression that was
formed directly after laser irradiation in the centre (Fig. 5(d)) likely
underwent a process akin to an isostatic rebound 26 days later
(Fig. 5(f).

Compositional mapping

Composition and structural characteristics of a titanomagnetite
grain from ocean-floor basalt were determined using the Raman
imaging procedure explained above. The optical micrograph
revealed a striped pattern with varying reflectivity (Fig. 6(a)). The
blue rectangle marks an area of 7 x 5 um? (60 x 80 points), which
was analysed with Raman spectroscopy using 10 sintegration time
at a laser power of 2mW. The compositional map Fig. 6(b) was
calculated with a sum filter that integrates the counts from 210 to
260 em . Sum filtering from 500 to 580 cm ' (Fig. 6(d)) results in
an inverted contrast. Two distinct materials were found, as seen in
the average spectra for the individual stripes (Fig. 6(c)). The filter
ranges for sum filtering are indicated by the light and dark grey
regions within the spectrum. The A,y peak was also taken into
account for a more detailed analysis regarding peak position and
peak width.

Lamellae with a width of a few micrometres in parallel with two
large cracks were observed in the optical micrograph (Fig. 6(a)). In
the following, we will refer to the material as ‘bright lamella’ (red
curve) and ‘dark lamella’ (black curve) as they appear in Fig. 6(b).
Average spectra of both regions were compared with the reference
spectra obtained on the synthetic samples (Fig. 6(c)). All spectra
show the characteristic A4 peak; other peaks change in position
[T2q(1), from ~190 to ~150 cm~'], appear [T54(3), 480 cm™~"], or
vanish [Eg, 310 cm™; Tog(2), 540 cm ™" and the peak at 850 cm ']
with increasing titanium content.

Figure 7 correlates the chemical information of the Raman
spectra with information obtained by AFM and MFM measure-
ments on the geological sample. The topographical image in
Fig. 7(a) also reveals a striped pattern, which implies differences

J. Raman Spectrosc. 2011, 42, 1413-1418
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Figure 5. MFM and AFM images of a laser-irradiated natural titanomagnetite surface. Oxidation was achieved by means of 5-s laser irradiation with 5,
10, 15, and 20 mW (top to bottom). (a) Topography, (b) the corresponding MFM phase image (lift height 100 nm), and (c) the optical micrograph. (d,e)
Topography and MFM images of the oxidation spot generated with 20 mW were measured directly after the laser irradiation (lift height 40 nm). (f,g) The
same spot after 26 days of storage at ambient laboratory conditions. The inset at the lower left shows the topographic cross section of (d) and (f). The

central depression disappeared after 26 days.

in material hardness. The magnetic image in Fig.7(b) shows
a clear stripe pattern alternating between magnetic and non-
magnetic phases. The Raman map in Fig. 7(c) was obtained from
the peak centre position of a Lorentz fit on the Ayg peak and
also shows these stripes. The inset outlines the variation of
the A;, Raman peak at about 660 cm~', which is characteris-
tic of titanomagnetite. The Lorentz fit results in better contrast
with decreased noise level as compared to the images calcu-
lated with the simple sum filter (Fig. 6). All images clearly show
the identical lamellar pattern. The structures in the MFM image
correlate with the same structures as visible in the titanomag-
netite distribution determined with Raman spectroscopy. An
elemental microprobe analysis of a similar natural titanomag-
netite revealed a slight exchange of magnesium against iron and
titanium, and an aluminium content that fluctuated (data not
shown).

Discussion

Laser power

The alteration threshold decreases rapidly between titanium
concentrations of TM0O to TM20; thereafter, the threshold
decreases more slowly, yet linearly, above TM20. This variation
in laser power threshold of TM20 corresponds to changes in the
Fe?* and Fe®* cation distribution in tetrahedral and octahedral

sites.''¥! Depending on the laser power, a partial oxidation could be
observed within a certain range. Local temperatures towards the
centre of the laser spot induced alteration, whereas oxidation did
not occur near the rim. In the spectrometer, however, scattered
light from the centre and the surrounding region is averaged.
When analysing titanomagnetites of unknown composition, the
laser power should be limited to 7.5 mW (0.08 MW/cm?) with
integration times of several minutes. At laser powers <1.5mW, a
safe mode of operation could be verified for the geological and
synthetic samples. Only spectra taken at laser powers below this
threshold should be used for an uncompromised compositional
analysis.

The results clearly show that laser-induced oxidation should
be taken into account for any spectroscopic characterization of
(titano-)magnetites. In addition, one also might adjust the oxygen
fugacity during the measurement. Magnetite and titanomagnetite
oxidize above ~240°C in a normal atmosphere.®>¢l Raman
measurements in an oxygen-free atmosphere might help to
reduce the tendency to oxidize. It should be mentioned, however,
that noble gases can diffuse into synthetic magnetite above
500°C during growth.['’! At about 600°C, a phase transition
from magnetite to other iron oxides can occur.'” ! Such high
temperatures may be achieved at high laser powers or strong
focusing. For practical measurements under ambient conditions,
one has to balance the measurement time and laser power to
avoid alteration.
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Figure 6. Compaositional mapping of a natural titanomagnetite grain from a mid-oceanic ridge basalt. (a) Optical micrograph. The region of the Raman
maps was located close to a shrinkage crack and is marked with a blue rectangle. (b) Compositional map calculated with a sum filter from 210 to 260 cm ™'
(c) Average spectra obtained from both types of stripes. The red curve is an average over the bright lamella in (b), the black curve over the dark ones. For
comparison, reference spectra of synthetic titanomagnetites are also shown (normalized to the intensity of A;4). (d) Compositional map calculated with
sum filter from 500 to 580 cm~'. Both sum filter regions are marked in light and dark grey.

Figure 7. AFM, MFM, and Raman maps of a titanomagnetite from a sea-floor basalt. (a) Topographic overview. (b) The MFM phase shift with 50 nm lift
height taken in the region of interest indicated in (a). (c) Raman map acquired in the region indicated in (b). The Raman image was derived from the peak

centre position of the A, peak determined with a Lorentz fit. The inset shows the variation of the A,4 peak as given in Fig. 6(c).

Deep-sea basalt

With these optimized settings, the composition of a natural
titanomagnetite was mapped spectroscopically, and two distinct
phases was observed. A comparison with the reference spectra
obtained on the synthetic specimen revealed only subtle
differences, which made the identification of the mineral phases
difficult. The peaks in the Raman spectra of the dark lamella (black
curve) match best to the TM20 reference spectrum (Fig. 6(c)). The
peak centre (665 cm™') of the Ay, also better agrees with that
of TM20 (664 cm ™). The peak width (74 cm "), however, better
matches that of TM40 (76 cm™"). The MFM measurements show
that the dark lamella is a magnetic phase. Thus, it is reasonable
to assume that the dark lamellae correspond to a titanomagnetite
with a titanium content around 20-40%.

The identification of the bright phase in Fig. 6(b) is ambiguous.
The relative intensities of the To4(2) and T54(3) peaks match those

of the TM40 spectrum. The peak width (66 cm~') is between
the values for TM20 (54 cm™') and TM40. However, the peak
at 235cm~" is missing in the reference spectra of the synthetic
minerals. Also, the A;, peak position (673 cm™') does not fit well
to the respective peak position of the synthetic titanomagnetites.
These results indicate that the phase is most likely not a pure
titanomagnetite phase but another iron oxide mineral. Various
Raman spectra are available in the literature for chemically related
ironoxides. Forexample, Faria et al.reported similar Raman spectra
for a laser-heated wiistite, where decomposition leads to «-Fe
and Fe;04, and assumed that Fe;04 has been transformed into
haematite («-Fe;03)."*) Raman spectra of maghemite (y-Fe;03),
which can be seen as the iron-deficient form of magnetite, also
coincide with those of the bright lamella.!2%-22! |imenite is another
candidate because the peaks at 235cm ™" in bright lamella and
229 cm~" in ilmenite match. However, there are discrepancies for
the Ajg peak position (680 cm~' for ilmenite) and in particular

J. Raman Spectrosc. 2011, 42, 1413-1418
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the peak at ~480 cm™', which is not present in ilmenite. The
bright lamella is not ferromagnetic because in MFM the bright
lamella does not show a signal (Fig. 7(b)). Titanomagnetites with

= ~0.75 are paramagnetic at room temperature and therefore
such a titanomagnetite phase cannot be excluded with the MFM
measurements. However, maghemite and ilmenite were disproved
with MFM, given that both phases are magnetic.

Microprobe data provides additional insights into the com-
position of the mineral phases. Also, the elemental composition
showed an alternating exchange of ions. The variations may be
caused by growth-zoning in natural magnetite. It is reasonable to
assume that the variation observed by the microprobe measure-
ment also affects the Raman spectra. The exchange of iron and
magnesium ions could explain the deviation of the spectrum of
the bright lamella from a pure mineral phase. The composition of
that phase, however, remains an open question to further study.

Conclusion

Titanomagnetite Raman spectra vary in peak position, intensity,
and width asafunction of titanium concentration and degree of ox-
idation. Hence, Raman spectroscopy can identify the composition
and oxidation state of the minerals of the magnetite-tlvospinel
solid solution series. Depending on the titanium content, the
mineral starts to oxidize above a certain laser power threshold.
Adjusting the laser power just below the threshold for immediate
oxidation is insufficient because time-dependent oxidation pro-
cesses can still occur. The laser heating causes an altered spot
on the surface whose diameter and height depend on the laser
power and irradiation time. Oxidation continues weeks after laser
application. The laser power should be maintained well under the
threshold to avoid oxidation.

On the basis of these findings, we investigated a natural basalt
sample collected from the deep oceanfloor. Compositional Raman
mapping revealed a lamellar structure. One mineral phase could
be attributed to a titanomagnetite with a titanium content of
about 20-40%. The other phase could not be unambiguously
identified.
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9.1 EVIDENCE OF DYSCHONDROSTEOSIS AND
DICROCOELIASIS IN A BOG BODY FROM THE NETHERLANDS
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Abstract

The bog corpse of an adult female individual dating to the Roman period (78- 233 AD) was
unearthed, in 1951, by peat cutters in the “Damsel’s Bog” northwest of the village of Zweeloo
(Drenthe province, The Netherlands).

Even if shrunken and deformed by the prolonged stay in the bog, Zweeloo Woman’s skeleton
shows clear signs of a pathologic disorder affecting both the forearms and lower legs.
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Long bone measurements, stature assessment and PET-CT scan were carried out to assess the
degree of micromelia and possibly dwarfism. The radiological findings were consistent with
Léry-Weill dyschondrosteosis (DSC), a dominantly inherited dysplasia marked by short
stature with mesomelic shortening of middle segments of the forearms and lower legs. Only
three cases of probably or indicative DSC have been described so far in pre-modern societies.
This is the first case of DSC syndrome recognized in a 2nd century bog body from The
Netherlands.

Atomic force microscopy imaging (AFM) and histology were used to assess the degree of
preservation. AFM of the skin showed evidence of a moderate decomposition of type I
collagen fibrils. A good state of preservation of bones and abdominal organs was shown
histologically. The eggs of the lancet liver fluke Dicrocoelium dendriticum were found
embedded in the liver parenchima. Dicrocoeliasis is contracted by the oral uptake of infected
ants attached to vegetables. This infection is quite rare in humans and has never been
described in a bog body.

BLiterature reports that a substantial number of the individuals that were found in bogs died a
violent death. At least 21 cuts made by a short blade to the Zweeloo Woman bones were
found. Nonetheless, there’s no evidence of trauma except possibly to the posterior aspect of
the left shoulder, on the outer skin surface. Whether Zweeloo Woman was intentionally killed
or died a natural death still remains unclear.

1- The discovery

On December 5 1951, peat cutters working in ‘Juffersveen’ (‘Damsel’s Bog’) northwest of
the village of Zweeloo in the Dutch province of Drenthe discovered a bog corpse (Van der
Sanden 1990a, 70). The Mayor of Zweeloo was informed of this remarkable discovery and he
contacted the Biologisch-Archaeologisch Instituut (Institute for Biology and Archaeology)[1]
of Groningen University. The next day, Prof. Dr. A.E. van Giffen and his assistant W. van
Zeist visited the site. They soon discovered that they were too late. The peat cutters had
already dug up the human remains and had severely damaged them in the process, especially
the front side of the body. All the archaeologists could do was study the peat section at the
findspot. The peat layer was only 60 cm thick. The upper half consisted of poorly humified
light brown peat, the lower half of highly humified blackish brown peat. The peat cutters said
they had found the body at a depth of 45 cm, i.e. in the blackish brown peat. The section next
to the spot where the body had been found was systematically sampled for pollen analysis.
The human remains were placed in a large zinc box and taken to Groningen. Van Giffen
explained to journalists that he certainly did not expect the body to be two thousand years old.

2- The post-excavation research (1955-1995)

In 1952 Van Zeist published a short article in German on the bog find. He stated that analyses
of the human remains at the Laboratorium voor Anatomie en Embryologie (Laboratory for
Anatomy and Embryology) had shown that they represented a female who was approximately
170 cm tall).[2] He also discussed the pollen diagram, noting a remarkable hiatus: subatlantic
peat lying directly on top of boreal peat. He wrote that he took a pollen sample from ‘between
the toes of the undamaged foot’. The results of the analysis confirmed the peat cutters’
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statement that they had found the body in the lower layer of blackish brown peat. According
to Van Zeist this implied that the woman lived in the first centuries AD.

Van Zeist finally mentioned that the intestines contained many husks of millet (Panicum
miliaceum) - an observation that did not contradict the find’s palynological date.

Four years later Van Zeist (1956) published some new information. The woman’s hair had
been cut around the time of her death and her body had been deposited in an old turf cutting
(which would explain the conspicuous hiatus in the pollen diagram). The time of deposition,
he estimated, was ‘after AD 200’°. After that, Zweeloo Woman sank into oblivion for at least
30 years.

In 1985, the skin and intestines were presented to the Drents Museum in Assen. The skin is
far from complete: the lower arms and hands, the lower legs and feet and the neck and head
are missing (the head is represented by only a few small pieces of skin with attached hair with
a length of 2.5- 3.5 cm). All that remains of the front side of the body are some loose pieces
of skin. The manubrium and corpus of the sternum are still attached to one of the pieces. The
skin and intestines were stored separately from the bones, which may have come into the
museum’s possession at an earlier stage (but when that may have been cannot be inferred
from the museum’s inventories).

In 1987, one of the authors (WVDS) launched a major bog body research project (Van der
Sanden, 1990). The first and main aim was a totally fresh analysis of the preserved corpses
and the finds associated with them. Lack of information and the fact that the bones had been
stored separately from the other remains of Zweeloo Woman had led to the conclusion that
the two were separate finds. The bones were thought to represent a skeleton that had been
found in part of Bourtanger Moor called Aschbroeken (near Weerdinge) in 1931, and they
were published as such (Van der Sanden 1990b, 89- 90).

The physical anthropologist dr. H.T. Uytterschaut of the Laboratory of Anatomy and
Embryology of Groningen University analysed and described the remains (Uytterschaut
1990b, 115- 117, 122- 123). She singled out five bones of the ‘Aschbroeken skeleton’ as
differing from the others in colour and consistency. They are a first rib (from the left side), the
first and second cervical vertebrae and a thoracic and a lumbar vertebra. It was assumed that
those bones derived from the same body as the surviving remains of skin and intestines, i.e.
the Zweeloo bog body. Uytterschaut concluded that it was not possible to infer the
individual’s sex from the skin remains. If the five bones indeed came from the same body as
the skin, they indicated a person of at least 35 years old, as the lumbar vertebra shows lipping.

The ‘Aschbroeken skeleton’ could be sexed more easily. The shape of the pelvis and the size
of the processus mastoideus indicate that the individual was female. Her age at the time of
death was estimated on the basis of various observations. Epiphyseal union in the long bones,
pelvis and scapula indicates a minimum age of 25, the morphology of the pubic symphysis
points to an age of between 30 and 60, and the sutures of the skull imply an age of between 20
and 30.

Histological analysis (Uytterschaut 1985) of a thin section of the shaft of the left femur
indicated that ‘Aschbroeken Woman’ died at an age of 34 + 7 years. All this evidence led to
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the conclusion that the age at the time of death was probably around 35 years (Uytterschaut
1990b, 117). The marked differences between some of the bones of the left part of the
skeleton and their counterparts on the right side (e.g. the pelvis) caused a lot of discussion, as
the observations were not in accordance with any known physical disorder. Postmortem
deformation was suggested as the most likely explanation (Uytterschaut 1990c, 132- 135). On
the basis of the bones of the right side of the body the individual was estimated to have been
around 1.38 m tall, but at the same time it was assumed that this would not be entirely correct
due to postmortem shrinkage (Uytterschaut 1990a, 102).

Both the ‘Zweeloo skin’ and the ‘Aschbroeken skeleton’ were radiocarbon dated. The date of
the skin is 1835 + 40 BP (GrN-15458), that of the skeleton 1940 + 70 BP (OxA-1727) (Van
der Sanden 1990c, 98).

In August 1992 the real Aschbroeken skeleton was discovered in the stores of the Biologisch-
Archaeologisch Instituut.[3] It is the skeleton of an adult man dating from around 1000 BC
(Van der Sanden, Haverkort and Pasveer 1991-1992). This could only mean that the
previously described skeleton belonged to the Zweeloo bog corpse.

The skin was re-examined, and this time a small piece of bone was discovered, deriving from
the shoulder region of the left side of the body. The edge of this piece of bone was found to
mirror the edge of the skeleton’s incomplete left scapula (the two parts could not be fitted
together due to distortion). Furthermore, dr. M. Voortman and his associates of the
Laboratorium voor Gerechtelijke Pathologie (now Nederlands Forensisch Instituut/Dutch
Forensic Institute) in Rijswijk identified the vulva, navel and a breast (right side). These
results support the assumption that the bones and skin derive from the same individual. A
final argument is that the otherwise largely complete skeleton lacks a breastbone.

Until 1994 our understanding of the Zweeloo bog body was as follows. The body is that of an
adult female person. She was probably of blood group O (Connolly 1990, 148) and suffered
parasitic infections caused by whipworm (Trichuris) and mawworm (Ascaris) (Paap 1990,
164-166). Her last meal consisted of a gruel whose main ingredient was coarsely ground
common millet (Panicum miliaceum). The presence of a large quantity of blackberry pips
(Rubus fruticosus) indicates that she died in late summer/early autumn. In addition, the
intestines contained remains of Polygonum lapathifolium (curlytop knotweed/pale
smartweed), Polygonum aviculare (knotgrass), Brassica sp. (black mustard or rapeseed),
Linum usitatissimum (common flax), Bromus sp. (grass), Triticum sp./Secale sp. (wheat or
rye), Hordeum sp. (barley), Avena sp. (oat), a few animal hairs and the wing case of a beetle
(Tenebrio obscurus) (Van der Sanden 1990d, 136; Hakbijl 1990, 170-171; Holden 1990, 265-
269). Analysis of pollen samples from the intestines confirmed the macroscopic results
(Troostheide 1990). No DNA was found in the skin or kidney (Osinga and Buys 1990;
Osinga, Buys & Van der Sanden 1992). The woman’s hair was cut around the time of her
death (Uytterschaut 1990d, 136). Zweeloo Woman lived in the Roman period. The average of
the two aforementioned radiocarbon dates is 1861 + 35 BP (calibrated 2c: 78-233 cal AD).[4]
How she died we do not know; no signs of any external violence are visible on her skin. She
was buried in a pit in a bog, probably naked.

In 1994 dr. R.W. Stoddart of the Department of Pathological Sciences of Manchester
University expressed his doubts about the deformed bones being simply a case of
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pseudopathology. He closely examined the skeleton, measuring and weighing the bones and
subjecting some of them to soft X-rays and tomographic scanning, and came to the conclusion
that the asymmetry is indeed a postmortem development, but the short forearms and lower
legs are on the contrary to be classified as a pathological phenomenon (Figure 1).

Figure 1- Zweeloo Woman’s preserved skeleton (a) and skin (b). In (¢) and (d) the shortened
and bowed forearms and lower legs are shown.

The conclusion of his report (Stoddart 1995), in which he describes the skeleton as that of a
woman aged 16-24, is as follows. [5]

‘The cadaver shows shortening of the forearms and lower legs by about 50% relative to
normal, and corresponding low weights of demineralised bones of these parts. Apart from a
mild degree of malformation of the radii, the affected bones are short rather than distorted.
There is no remaining evidence of nutritional deficit or infectious illness and no other part of
the skeleton appears to be affected. The girdles, proximal portions of the limbs, hands and feet
show no abnormality of size, though there is evidence of reactive change in the bones of the
feet consequent upon the inevitably abnormal gait.”

Several conditions can be excluded. This is not a case of hypopituitary dwarfism, since it is
not a generalised failure of growth. Similarly, it is not a phocomelic type of dwarfism, since
only a specific segment of each limb is involved and the skull is unaffected. The normal
hands and feet argue against an effect of the ‘thalidomide-injury’ type, for example following
a viral infection. An ‘anti-Marfan’ type of syndrome can also be excluded, since the
equivalent segment is involved in each limb and the skull, hands and feet are spared. There is
no evidence of nutritional or infectious cause and the localised nature of the abnormality
argues against these. The most probable class of disorder in this case is dyschondrosteosis.
This develops during later childhood and adolescence, for unknown reasons, producing the
type of malformation seen here. The name is purely descriptive and may cover several
syndromes. The condition is rare and the origin (or origins) appear to be genetic.” (Stoddart
1995, 9). This diagnosis was quoted in the book accompanying the bog body exhibition that
was held in Silkeborg, Denmark, in 1996 (Van der Sanden 1996, 140-141).

Stoddart also provides detailed information on the position of the body in the peat: ‘It is likely
that the body lay on its right side in the marsh, in a somewhat ‘fetal’ position, but with the
arms and legs more extended. The right arm was fairly straight, the left more bent and the
right forearm lay on top of the left wrist, so that the thumbs of both hands pointed outward.
The right leg was more bent than the left and lay beneath and in front of it, so that the right
heel was close to the left ankle. The pelvis was probably tilted slightly back, or at least was
not inclined downwards. In general the left side — which I hypothesise to be uppermost — has
suffered greater damage by cutting, while the right side of the pelvis, the right scapula and the
right side of the skull show more evidence of pressure distortion than does the left side.’
(Stoddart 1995, 7).

3- The findspot
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At the time of discovery, little information was recorded on the findspot of the Zweeloo bog
body. In his daily reports, Van Zeist refers to ‘Juffersveen’ and ‘a small peat bog’, but without
specifying its size and location. Contemporary newspaper reports also refer to the findspot as
‘Juffersveen’. Thanks to information provided by the then Mayor Greebe the site of the
former bog was located on a map in 1988 (Van der Sanden 1990a, 70). It lies in an area
known as Aalder Veld northwest of the village of Aalden (in those days part of the
municipality of Zweeloo, now of the municipality of Coevorden).

According to members of the local historical society, Juffersveen lay a little further south than
the area indicated by Greebe. On a land-consolidation map they sketched a bog measuring
around 400 x 200 m extending on either side of Gebbeveenweg.[6] Their bog coincides
reasonably well with an elongated NW-SE-oriented bog measuring approximately 350 x 125
m that is indicated on a topographic map from around c. 1900 (Wieberdink 1990, sheet
224).[7] If this is indeed Juffersveen, and considering that Mayor Greebe indicated the
findspot as lying immediately to the west of Gebbeveenweg, it is likely that the body was
buried in the central part of the bog. Aalder Veld incidentally contained quite a few more
small bogs, one of which was called Diepveen.[8] It lay close to Juffersveen, whose name —
‘Damsel’s Bog’ — is thought to refer to a legend featuring a girl on the run who allegedly
perished miserably in the bog many centuries ago.

4- Other bog bodies from Zweeloo

Zweeloo Woman is not the only bog body from Zweeloo — that is, if the sources are reliable.
An early source (Drie Podagristen 1843, 197-198) reports the discovery of a body in a small
bog near Zweeloo. It is described as the body of a woman ‘whose clothing and adornments
suggest she was a lady of high rank’. The body is said to have come to light around 1820. ‘A
simple peasant had come across it while cutting turfs or sods at the site. First an arm had
emerged from the peat, but closer inspection showed that the shocked man had actually
already dug up the entire body; he then threw down his spade and fled from the scene as fast
as his legs would carry him. The body should still be in the aforementioned bog pool, though
its exact location is unknown.’

Although it is not entirely clear by whom the aforementioned source was written, and
moreover doubtful whether the described hike actually took place, there are no compelling
reasons to doubt the reported discovery of a bog body near Zweeloo. To the best of our
knowledge this is the earliest report of a body found in a bog in the northern part of the
Netherlands. So it is not very likely that the author or authors were ‘inspired’ by an earlier
find. But whether details such as the quoted ‘adornments’ are correct is by no means certain.
Ornaments are hardly ever found in association with bog bodies. It is quite possible that the
true elements of the find gradually acquired a fictional veneer over the years in which the tale
of its discovery was passed on orally.

Another source reports a bog body that was allegedly found near Zweeloo in 1956. The
informant concerned thought he could recall having seen the body shortly after its discovery.
The findspot is believed to have lain around 500 m southeast of that of the bog body that had
come to light in 1951. The body was found in the context of the land consolidation of
Aalderveld and Mepperveld (1940- 1961). The peat cutters laid the body beneath a dump cart,
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presumably in the hope of hushing up their discovery. The body was most likely thrown back
into the bog (Van der Sanden 2002, 178).

5. New set of investigations on Zweeloo woman’s remains

Since 2009 a multidisciplinary team of researchers re-examined the human remains of
Zweeloo Woman. A variety of analyses were carried out (PET-CT scan, AFM, histology)
with the aim of confirming or infirming the previous diagnosis of dyschondrosteosis and to
verify the overall state of preservation of both hard and soft tissues. Herewith we provide an
overview of the latest findings.

5.1 On bone shrinkage, measurement, stature and tissues preservation

A major problem in interpreting the abnormalities of the Zweeloo Woman has been the
difficulty of determining how far shrinkage has occurred following bone decalcification.
Clearly this is important to try and resolve in order to assess the degree of micromelia and
possible dwarfism which might have occurred.

It seems likely that the skull illustrates well the reduction of size which has occurred in some
parts of the body (Figure 2). The frontal arc (85 mm) is likely to be 25 mm smaller than even
small measurements for female skulls in northern Europe (BOT, 1957). Similarly, the sagittal
arc (93 mm) is 20 mm lower than usual for small skulls (BOT, 1957).

Figure 2- Zweeloo Woman’s “exploded” skull (a) and a particular of the frontal bone (b)
which shows signs of a cut made by a short blade above the left orbit.

It is very unlikely to be indicating microcephaly, a condition which does not normally reduce
facial dimensions, but in this case palate length (30 mm) is 15 mm less than usual. If we
consider ratios of humerus to radius length and femur to tibia, then normally the arm in
Europeans would show a ratio around 1.4: 1.0, but in this case it is 2.2: 1.0. For the leg, the
normal ratio is about 1.2: 1.0, but the Zweeloo ratio is 1.6: 1.0. So reduction in both forearms
is considerable, but the length ratio difference in the lower leg is far less and also shows a side
to side asymmetry (the right leg ratio is 1.28: 1.0). In the case of congenital reductions in
longitudinal segments of the limbs in some forms of micromelia, forearm reductions can
produce ratios of 1.8: 1.0 (personal radiographic observation), which is similar to the Zweeloo
ratio.

Estimating dimensions from the outer body surface of the Zweeloo Woman, taking
measurements close to those defined by the Board of Trade, London (1957), a stature estimate
of 155 cm was obtained (allowing for head and foot damage). It should be noted that in a
sample of 4,995 British women (BOT, 1957), 2,438 (49%) were between 141-159 cm, so
these are not to be viewed as dwarfed statures. Thus, it is not possible to describe the Zweeloo
Woman as an example of mesomelic dwarfism. Approximate dimensions of other body
measurements were also obtained on the Zweeloo Woman, and are tentatively presented in
Figure 3.
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Figure 3. Estimated dimensions of the Zweeloo Woman compared to a northern European
sample.

Overall length of the trunk appears to be similar in the Zweeloo Woman and the British
average for 30- 44 year olds (BOT, 1957). But leg length seems to be shorter (allowance
having been made for the damaged feet). Interacromion width could be slightly larger than
average in the Zweeloo Woman, but her waist circumference appears to be slightly smaller
than the modern European mean. But neither difference is significant.

Post-cranial measurements, as seen in Table 1, were taken separately by three authors (RB,
DMP and DB). The stature estimation was calculated following the regressions of Pearson
(1899), Trotter/Gleser, white (1952), Trotter/Gleser, negro (1952) and a mean of
Trotter/Gleser, white (1952), Trotter/Gleser, negro 1952 and Pearson (1899) as suggested by
Siegmund (2010) for central European populations.

The stature was estimated based on the maximum and the minimum measurements taken by
the observers as well as on a mean of the two observers. The radius was not considered to the
measurements since it is abnormally short and its value would artificially affect the stature
estimation.

Table 1 — Measured length of bones (in cm) of Zweeloo Woman

Additional to the stature the body proportions were also calculated after Martin 1928 (Table
2). This enables as to configure the unusual proportions of the Zweeloo Woman. Both the FHI
and FTI are significantly lower compared to central European populations which vary
(Siegmund 2010, p. 62, 64). The HRI shows extreme low due to the abnormal shortening of
the radius.

Table 2 — Body proportion estimation of the Zweeloo Woman

The stature estimation from bones of the Zweeloo Woman ranges from 130 to 135 cm when
both humerus, femur and tibia are being considered, and 137 cm to 141 cm when the tibia is
not considered (Table 3).

Table 3 — Stature estimation from bones of the Zweeloo Woman
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The Pearson method would be the most appropriate among the estimation methods since the
reference series used corresponds in terms of body proportions better the European
populations (Siegmund 2010) and Pearson considers in the regression all long bones. On the
contrary, Trotter and Gleser consider only the tibia and only in case that the tibia is not
available, they use the femur. This calculation would produce artefacts in the case of the
Zweeloo Woman due to the short length of the tibia and the curvature of the femur.

Comparison to a long dataset of archaeological population from central Europe
contemporaneous to the Zweeloo Woman show that she is significantly shorter than the mean
(153,3 cm) of the female population for this period (Siegmund 2010). Considering however
the standard deviation and the interquartile range, 96% of the female population for this
period ranges from 144.3 to 162.3 cm. Taking into account the bone shrinkage that is a
common effect on bog bodies the stature of the Zweeloo Woman could be considered short
but within normal limits.

Based on the stature estimation and the femur head diameter the Body Mass Index of the
Zweeloo Woman was calculated. For the Body Mass was used the formula of Auerbach and
Ruff (2004) which is actually a mean of Ruff et al., (1991), Mc Henry (1992) and Grine et al.,
(1995) together with the stature estimation after Pearson. The Zweeloo Woman exhibits
normal BMI values compared to modern data from the World Health Organisation (WHO),
according to which values from 18.50 to 24.99 fall within the normal weight range (Table 4).

Table 4 — Body Mass Index estimation of the Zweeloo Woman

5.2- Radiographic aspects

A single radiographic evaluation of the entire skeleton was performed in 16 layers, using a CT
scanner (PET/CT Gemini TF, Philips, NL). Scanning parameters were: slice thickness 0,8 and
1 mm; reconstruction interval 0,75 mm, rotation time 0.5 sec. The whole number of axial
slices was 1378. Post-processing including axial scans evaluation and multiplanar
reconstructions was performed with a Workstation EBW Brilliance (Philips, NL).

Determination of sex was based on parts of the skull and on the pelvis (Leopold, 1998; White
and Folkens, 2005). The following bones are entirely preserved: frontal bone, right and left
parietals, a fragment of the left temporal bone and a fragment of the jaws. The reduced
dimensions of the skull bones are due to post-mortem shrinkage and not microcephaly. True
microcephaly does not result in such pronounced reductions of the face.

The very small mastoid process of the skull and the shape of the pelvis (greater sciatic
notches, longer pubic portion of the os coxae, larger subpubic angle, auricular surface more
elevated) indicate that the individual was a female. The age at death has been tentatively
established on the basis of various observations. Epiphyseal union in the long bones, pelvis
and scapula indicated a minimum age of 25, while the morphology of the pubic symphysis
points to an age between 35 and 50 (Leopold, 1998).
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Regarding the post-cranial skeleton, it has almost entirely preserved even if a marked
difference in size is observable between some bones of the left side of the body and their
counterparts on the right side (i.e. the pelvis, the heel bones and the femora). Since these
observations did not fit any pathological disorder, post-mortem deformation is suggested as
the major cause of these differences. As a matter of fact, bones of bog bodies are often
distorted and squashed during interment like in Lindow II and Lindow III (Pyatt et al., 1991;
Schilling et al. 2008).

Both proximal and distal epiphyses of the right humerus and the preserved distal epiphysis of
the left humerus are normal in shape and structure. Right and left forearms show partially
deformed and under-developed epiphyses. Left and right radii are shorter than normal and
moderately bowed.

The left femur is fractured and level with the fracture edge of its distal epiphysis, a small
radiopaque body (1.5-2 cm, HF density between 1.000 and 2.000) is observable. This
structure seems to be an intrusive stone (Figure 4).

Figure 4- Results of PET-CT scan performed on Zweeloo Woman’s skeletal remains. The
viscera have been positioned between the lower limbs.

Concerning the lower limbs, both lower legs appear to be hypo-developed when compared
just to the femora. This difference, however, is less evident than the one observed in the
forearms. Both right femora and right fibulae show a marked bowing. Coxa valga is present.
The left leg appears to be shorter than the counterpart. If asymmetry is indeed a post-mortem
development, the special shortening of forearms and lower legs are on the contrary to be
classified as a pathological phenomenon known as dyschondrosteosis.

Proximal portions of the limbs, hands and feet show no abnormality of size, though there is
possible evidence of reactive change in the bones of the feet consequent upon some degree of
abnormal gait. There is no remaining evidence of nutritional deficit or infectious illness and
no other part of the skeleton appears to be affected.

The diagnosis of Léry- Weill dyschondrosteosis rests on the radiological findings (Langer,
1965). In living patients, the X-ray features of dyschondrosteosis show a wide spectrum of
manifestations which include: 1- shortening of the forearm in respect to the upper arm and
hand; 2- dislocation of the distal ulna which cannot be maintained in position; 3- limitation of
motion at the elbow and wrist; 4- shortening of the shank in relation to the upper leg which
results in a mild dwarfism. This pattern of shortening in the middle segment of extremities is
referred to as mesomelia.

The most prominent abnormality of dyschondrosteosis is in the wrist causing the so-called
Madelung’s deformity. Twelve roentgenographic criteria are used for the diagnosis of
Madelung’s deformity, three of which are of utmost importance: 1- a double (lateral and
dorsal) bowing of the radius which involves the entire diaphysis but is more marked at the
distal end; 2- a variable widening of the inter-osseous space due to lateral curvature described
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above; 3- shortening of the radius as compared with the normal standard for age and in
relationship to size of the other bones of the upper extremity.

In Zweeloo Woman not all carpal bones have preserved. However, the three main criteria
aforementioned could be identified in her skeletal remains and might lead us to suppose, by
inference, the presence of such a deformity.

Other roentgenographic features which are not part of Madelung’s deformity but which have
been present in some severely affected patients with dyschondrosteosis are: thickening of long
bones, shortening and thickening of the metacarpal and phalanges, coxa valga, exostosis of
the proximal medial tibia, and cubitus valgus. The skull, the spine and the pelvis are
radiologically normal in all cases described in the literature in which these bones have been
studied Zweeloo Woman included.

Differential diagnosis should include other deformities of the distal forearm. Closely
simulating the deformity of dyschondrosteosis is post-traumatic fusion of the ulnar aspect of
the distal radial epiphysis, but Zweeloo Woman does not show any sign of such traumatic
lesions.

Less commonly, infection may result in a similar deformity. The deformity is almost always
unilateral in these cases. As shown in all published cases, dyschondrosteosis may be
asymmetric as regards involvement, but, invariable, the criteria of dyschondrosteosis are
present radiologically, in both forearms and wrist regions.

This is not a case of hypopituitary dwarfism, since it is not a generalised failure of growth. In
achondroplasia, the most common form of skeletal dysplasia, the limbs are all shortened,
femur the most, then the humerus, then the bones of the lower legs and forearms. Adult
stature rarely exceeds 140 cm.

5.3- Evidence of perimortal or post-mortem injuries

There are at least 21 cuts to bones of the skeleton. Most cuts were short and clearly made with
a sharp blade. There is no evidence of bone reaction to these injuries, and no equivalent
injuries on the body surface. The distribution of these injuries is shown in Figure 5.

Figure 5- Distribution of cuts on the Zweeloo bones

Briefly, the positions were as follows: (1) frontal, above the left orbit (Figure 2b), (2) two on
the inner aspect of the scapula blade, (3) a left hand phalanx and proximal phalanx of the left
thumb, (4) the left femur below the trochanters (2) and at the knee, (5) at the proximal
articular end of the left tibia, (6) two at the distal end of the right humerus, (7) three on the
right radius and one on the right ulna, (8) two on the right femur, in the upper and lower thirds
of the shaft, (9) two at the proximal end of the right tibia and two more along the shaft. What
is extremely puzzling about these injuries is that there is no evidence of trauma, except
possibly to the posterior aspect of the left shoulder, on the outer skin surface. So how were
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they caused? It seems unlikely that the bones were cut out from within the body, as they were
probably loose within the skin anyway. Are they accidents of conservation? This seems
highly unlikely.

5.4- Pathology

Excluding the various cuts, and the congenital anomaly under discussion, a number of other
cases of pathology were noted. The pelvis displays some long deep grooves on the left iliac
blade which seems likely to be post-mortem shrinkage and distortion. Two upper thoracic and
four lumber vertebrae display varying degrees of Schmorl’s nodes impressions. These were
originally thought to have no clinical significance, but could well have associations with
osteo-arthritic development, back stress and pain (Aufderheide and Rodriguez- Martin, 2006).

5.5- Genetic and clinical aspects

The radiological findings could indicate Léry-Weill dyschondrosteosis. Léry-Weill
dyschondrosteosis (LWD) is a dominantly inherited skeletal dysplasia marked by
disproportionate short stature and the characteristic Madelung’s wrist deformity. LWD 1is
inherited in a pseudo-autosomal dominant manner with each child of an affected individual
having 50% chance of inheriting the mutation. Prevalence is unknown.

Short stature is present from birth with mesomelic shortening of the limbs (shortening of
middle segments of the forearms and lower legs). Madelung’s deformity may only be detected
in puberty. The wrist deformity is bilateral and is characterised by shortened and bowed radii
and ulnae leading to dorsal dislocation of the distal ulna and limited mobility of the wrist and
elbow.

LWD was first described by Léry and Weill in 1929 in French literature and, since that time,
occasional reports have appeared in French, German and Spanish literature (Léry-Weill, 1929;
Langer, 1965). Although the disorder occurs in both sexes, it is usually more severe in
females, perhaps due to sex differences in oestrogen levels (Lichtenstein et al., 1980).

However, pubertal development and fertility are generally normal in both sexes with the
disorder (Ross et al., 2005). Intelligence is normal. In around 70% of cases, LWD is caused
by haploinsufficiency of the short stature homeobox (SHOX) gene, which maps to the
pseudoautosomal region 1 (PAR1) of the sex chromosome (Xp22.23 and Yp11.32) (Belin et
al., 1998; Shears et al., 1998; Ross et al., 2001, 2003; Huber et al., 2001; Grigelioniene et al.,
2000; Benito-Sanz et al., 2005).

Haploinsufficiency results from heterozygous mutations and deletion of SHOX, or of the
downstream PAR1 (where SHOX enhancer elements are located). The molecular defect
remains unknown in the remaining 30% of LDW cases. SHOX-associated LWD is part of a
spectrum of disorders (ranging from the most severe Langer mesomelic dysplasia (LMD) to
LWD, isolated Madelung deformity and so-called idiopathic short stature) all associated with
SHOX/PART1 abnormalities. The prevalence of SHOX/PAR1 mutation is estimated at 1/1000.
Diagnosis of LWD is suspected on the basis of the clinical and the radiologic findings and
will be investigated in a follow-up study by molecular analysis.
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Achondrogenesis and thanatomorphic dysplasia, as well as captomelia dysplasia, are excluded
from a differential diagnosis, since affected people die stillborn or at birth, or within the 1st
year, respectively. Pseudoachondroplasia is excluded as well since it is prominent at the hips
(femora) and shoulder (humeri), with irregular epiphyses and widened metaphyses resulting
in premature degenerative joint disease (Aufderheide and Rodriguez Martin, 2003). Similarly,
it is not a phocomelic type of dwarfism, since only a specific segment of each limb is
involved and the skull is unaffected. The normal hands and feet argue against an effect of the
‘thalidomide-injury’ type, for example following a viral infection. An ‘anti-Marfan’ type of
syndrome can also be excluded, since the equivalent segment is involved in each limb and the
skull, hands and feet are spared.

5.6 Other case studies

Different cases of probable skeletal dysplasia in pre-modern societies have been previously
described. The principal cases shown in literature are chronologically ranging from the Upper
Paleolithic to the Middle Ages but none is referring to a bog body. The principal cases are
listed below:

An upper Paleolithic individual from Italy represents the earliest case of dwarfism associated
to Madelung’s deformity. Other indications in this skeleton indicate that he did not possess
DSC but a different form of dwarfism, an acromesomelic dysplasia, which is much more
severe than DSC. The stature of this individual was estimated 1.0 to 1.30 m only (Frayer et
al., 1987).

A 2nd- 3rd century AD young woman from the Talayotic site of ‘S. Illot de Porros’ from
Mallorca (Campillo and Malgosa, 1991) who shows a bilateral brachymelia with bowing of
the radius and posterior dislocation of the ulna consistent with a probably Madelung’s
deformity.

A mature adult male (45-50 years), the Donori man, dating to 2800 BC from Nuragic
Sardinia. The main pathological features affected both forearms. Both were characterised by
marked shortness and by morphological alteration of the distal epiphyses. Some major
changes involved the radii whose diaphysis were shortened and strongly bowed. However,
lower legs were not preserved and, therefore, the presence of mesomelia could not be
evaluated and an aetiology of DCS cannot be stated with certainty (Canci et al., 2002).

A 2nd- 3rd century AD 20-25 years old male skeleton from Gloucester. The most significant
abnormalities were Madelung’s deformity affecting the right radius (the only one which
survived the recovery sufficiently well for examination), an abnormal right humerus, curved
and shorter ulnae and mesomelia suggesting a probably diagnosis of dyschondrosteosis
(Waldron, 2000).

A 6th century AD 60 years old female skeleton from Geneva, Switzerland, demonstrated the
forearms changes and may be an example of DCS (Kauffman et al., 1979).

A 7th century male aged between 18-20 years from the Pieve di Pava, Siena, Italy, whose
skeleton shows a stature of about 150 cm with short and bowed radii, bilateral deformation of
the proximal and distal epiphyses of radii and ulnae, bilateral bowing and shortening of the
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tibiae and bilateral agenesis of the fibulae. These deformations are suggestive of Langer
syndrome (Mongelli et al., 2010).

A 9th- 11th century Anglo-Saxon female from Black Gate cemetery, Newcastle-upon-Tyne.
The age at death was estimated between 35-44 years. This skeleton revealed deformity of
both forearms and shortened stature due to reduced tibial length. These were considered
indicative of dyschondrosteosis (Cummings and Rega, 2008).

An 11th -13th century adult male skeleton from the Hispano-Muslim necropolis of San
Nicolds de Murcia. The deformities of the forearms are quite similar to those of the Donori
man, especially those concerning the cavity on the medial distal epiphysis of the radius
(Campo et al., 1996).

A medieval elderly male from the Saint Gregory’s Priory, Canterbury, Kent. In this case,
there’s no evidence of dysplasia. The right radius and ulna were shortened due to premature
fusion of the distal growth plate. The radius displayed lateral and dorsal bowing and the ulna
was dislocated posteriorly. The unilateral presentation, shortening of the ulna and atrophy of
the hand bones suggest a post-traumatic rather than an idiopathic form of the Madelung’s
deformity. The normal length of the lower legs is against a diagnosis of dyschondrosteosis
and Madelung’s deformity associated with mesomelic dysplasia (Anderson and Carter, 1995)

Only three cases of probably or indicative DSC have been described so far. Zweeloo
Woman’s skeletal remains (upper and lower limbs) show a marked dysplasia consistent with a
mesomelic abnormality and provide the first robust evidence for Léry-Weill syndrome in a
2nd century bog body from The Netherlands.

5.7- Analysis of the preservation status of the connective tissue protein collagen

Atomic force microcope (AFM) imaging, a well established technique to provide information
on the surface properties of a sample, was used to determine the collagen preservation in
histological skin samples of the Zweeloo Woman.

Two- four um thick transverse sections of the Zweeloo mummy skin were analysed using an
atomic force microscope (NanoWizard®IlI, JPK Instruments, Berlin, Germany) operating in
intermittent contact mode and measurements were performed in ambient conditions. Silicon
cantilever (BS Tap 300, Budget Sensors, Redding, USA) with typical spring constants of 40
N/m and nominal resonance frequencies of 300 kHz were used. The tip radius was specified
smaller than 10 nm. Image analysis was carried out using SPIP (SPIP 5.0.1.0, Image
Metrology, Denmark).

AFM images revealed fibrils with periodic banding patterns (Figure 6, 7, 8, 9, 10) embedded
into the tissue matrix. The average D-period, derived from topographic analysis along the
longitudinal axis of several fibrils, was 62.8 nm (+ 4.2 nm s.d.). The fibrils were unsorted,
overlapping at some sites and formed network like structures.

Figure 6- Type I collagen fibrils within the histological skin sample. (a) Zweeloo Woman
tissue imaged with an optical microscope (magnification 10x). Figures (b) to (d) show
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magnifying AFM amplitude images of the areas outlined. In (d) single fibrils with a periodic
structure are shown.

Figure 7- Type I collagen fibrils within the histological skin sample. (a) Zweeloo Woman
tissue imaged with an optical microscope (magnification 10x). Figures (b) to (d) show
magnifying AFM amplitude images of the areas outlined. In (d) unsorted and overlapping
fibrils in a network like structure are shown. Each fibril features a periodic substructure.

Figure 8- Representative images of type I collagen found within the histological skin sample
of the Zweeloo Woman. (a) Histological tissue sample imaged with an optical microscope
(magnification 10x). Figures (b) to (d) show AFM amplitude images of selected sample areas
as labelled. In the image with highest resolution (d) single fibrils with a periodic substructure
are revealed.

Figure 9- AFM topography and amplitude images of type I collagen found within the
histological skin sample of the Zweeloo Woman. In figure (a) (2x 2 um in size) collagen
fibrils with their characteristic banding pattern are revealed. The fibrils form a network like
structure and sometimes overlap. Contours of the fibrils are faint. The amplitude image (b)
shows the fibril contours in more detail.

Figure 10- AFM topography and amplitude images of type I collagen found within the
histological skin sample of the Zweeloo Woman. In figure (a) (3x 3 um in size) fibrils in a
network like structure are revealed. The contours of the fibrils are faint. The amplitude image
(b) shows the fibril structure in more detail. The characteristic banding pattern of collagen is
resolved.

The higher magnification images (Figure 6, 7, 8, 9, 10) show collagen fibrils without breaks
although spherical particles may indicate collagen fragments. Moreover the fibril contour
structure is very faint. Topographic analysis perpendicular to the longitudinal axis of several
fibrils suggests a mean fibril height of 12.2 nm (£ 3.6 nm s.d.).

Type I collagen is extremely durable and can be preserved in mummified tissue over
millennia (Chang et al., 2006; Janko et al., 2010). This observation also proves to be true for
the structural preservation of the skin collagen from the Zweeloo mummy. Alike in recent and
other mummy skin samples, the collagen fibrils in the skin of the Zweeloo Woman are
typically arranged in networks or in sheet like structures and they feature a periodic banding
pattern.

Compared to results by Stiicker et al (2001) who observed well preserved collagen bundles in
the dermis of six bog bodies, our results however, indicate a moderate decomposition of the
Zweeloo Woman type I collagen. The Zweeloo Woman collagen showed considerable
differences in fibril contour and size to the type I collagen found in recent human skin or of
other mummies.
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High resolution images, taken with the AFM revealed soft outlines of the collagen fibrils
indicating an inferior degree of collagen preservation. The characteristic banding pattern
averaged to 62.8 + 4.2 nm and was thus smaller compared to the literature value of 67 nm.
The average fibril height of 12.2 nm (+ 3.6 nm s.d.) was also reduced compared to the
collagen fibril diameter of 32 nm as for e.g. Iceman skin collagen (Janko et al., 2010).

The reduction in fibril height may be caused by a decomposition of the collagen fibrils as
observed in previous AFM studies (Paige et al., 2002; Bertassoni and Marshall, 2009)
showing the degradation of type I collagen by enzymatic action e.g. by collagenase or papain-
gel. It was suggested that the enzymes degrade the entire fibrillar structure in a non-specific
manner causing the fibrils to become both shorter and thinner.

An analogous effect may have occurred in the bog causing the type I collagen to be slightly
degraded and thus reduced in size. The different degree in degradation is most probable due to
the composition e.g. acidic environment of the bog which conditions the preservation and the
mummification process.

5.8 Histological analysis of bony material and viscera.

Bone and viscera samples from Zweeloo Woman were processed for histological analyses in
order to assess their state of preservation.

A bone sample was analyzed according to the protocol outlined by Maat and colleagues (Maat
and Aarents, 2000); the intestine samples, liver and kidney, were typed according to their
shape and internal localization in the mummy’s bundle of viscera (Van der Sanden 1996).
Small tissue biopsies (0.5 cm x 0.5 cm), that we macroscopically typed as liver and kidney
tissues, were analyzed according to the methods described in Mekota and Vermehren (Mekota
and Vermehren 2005).

After rehydration in Solution III for 48 h, samples were fixed for 24 h in 4% formaldehyde,
dehydrated and finally embedded in paraffin blocks. The embedded samples were cut on a
microtome in 3um thick sections (Leica, RM2245). The paraffin sections were
histochemically counterstained with either hematoxylin and eosin stain (H&E) or Gram stain
(Mulisch and Welsch 2010).

Skeletal decalcification is the feature which is commonly shared by bog bodies.
Decalcification can be so marked that bones or even the entire limbs can be grossly deformed
on such hypocalcified extremities. Histology revealed a surprisingly good state of
preservation of the bony material which showed important osseous organizations such as
Haversian canals and lamellae (Figure 11) (Pyatt et al., 1991).

Figure 11- Ground section of the bone tissue. Bar = 20um
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The high degree of conservation of bone microstructure might indicate that the Zweeloo
Woman body was recovered from a slightly acidic peat bog with higher bone tissue-
preserving qualities compared to highly acidic highland peat bogs (Petska et al., 2010)

In bog bodies, in general, viscera do not preserve as well as skin does. Liver and kidney, the
two organs in which the majority of the volume is composed of epithelial cells, show to be
commonly reduced in size, deformed by the pressure of the peat bog layers or unrecognisable
while lungs and intestinal wall (but not its lining epithelium) are probably the most common
preserved, recognizable viscera (Aufderheide, 2003).

In our specific case, we were able to confirm the results of the initial macroscopic
identification. The paraffin sections of the kidney displayed a perfect overview of the kidney
tissue including major characteristic regions such as the cortex and the renal pelvis (Figure
12A). Additionally, tubules-like structures were identified in the renal corpuscle (Figure 12B).

Figure 12- Paraffin section of the kidney. (A) Kidney overview picture composed of three
grouped pictures. The kidney capsule ([1) and the renal pelvis ( A ) are highlighted. Gram
stain, bar = 100um. (B) Detailed view of the kidney cortex with tubular profiles. Gram stain,
bar = 10um.

Compared to the kidney sample, the liver material appeared less well preserved. Nevertheless,
liver parenchyma with polygonal shaped hepatocytes and connective tissue could be still
clearly distinguished in the paraffin sections (Figure 13A).

Figure 13- Paraffin section of the liver. (A) Liver parenchyma with polygonal shaped
hepatocytes (colored brownish) and connective tissue (colored purple). H&E stain, bar =
20um. (B) Egg of Dicrocoelium dendriticum embedded in the liver parenchyma. Gram stain,
bar = 20um.

By far the most important finding of the histological analysis, however, is the relatively high
load of eggs of the lancet liver fluke Dicrocoelium dendriticum observed in the liver paraffin
sections (Figure 13 B).

The trematode Dicrocoelium dendriticum with its complex life cycle is known to infect only
in rare cases the bile duct and the liver of humans (Otranto and Traversa 2002; Karadag et al.,
2005). This “real” infection, the so called dicrocoeliasis, occurs by ingestions of the second
intermediate host (ant). There exist numerous reports of the detection of Dicrocoelium sp.
parasite eggs in ancient coprolite samples suggesting a long-term host-parasite evolution (Le
Bailly and Bouchet, 2010). Nevertheless, detection of parasite eggs in human stool samples is
in most cases not indicative for a “real” infection but rather may indicate a pseudoparasitism
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due to the ingestion of undercooked infected liver (Magi et al., 2009). Here we provide
suggestive evidence of a “real” dicrocoeliasis case in a bog body.

6- Possible archaeological significance

The new series of investigations carried out on this bog body confirm the previous diagnosis
of dyschondrosteosis as the cause of the disabling defect which affected Zweeloo Woman
during her life. While it is a matter for further debate as to why prehistoric bodies/skeletons
are found in bogs, it is quite probable that some have sacrificial and ritual significance. In
which case, was there a selection process by which victims were earmarked for death? And, if
so, would visible body defects have been a criteria used in the selection process? Was the
Lindow III individual selected because one hand probably displayed an extra digit (Brothwell
and Bourke, 1995)? Was Yde Girl selected because of her scoliosis, Bolkilde Man because of
his crippled condition and the Dgjringe Men because of their defects in their upper arms (Van
der Sanden 1996, 138-143)?

The Zweeloo Woman and her defects again raises this question. Indeed, in random samples
the size of the well preserved European bog bodies, would one expect to find even one case of
a visible abnormality? The conditions seen in e.g. Zweeloo and Lindow III (Brothwell and
Bourke, 1995) are uncommon at least, yet they appear in the bog samples. The survival of
these individuals to adulthood shows that visible congenital abnormalities were tolerated in
their communities but, that at some point in time, their abnormal physical condition led the
same community to set them apart and see them as cursed or blessed persons, perfect
victims/candidates for a sacrificial death.

If the life of Zweeloo Woman was indeed taken by members of her own local community, she
might have lived in a settlement that was situated close to the present village of Aalden,
which is situated to the west of Zweeloo. The findspot of Zweeloo Woman is situated within
the boundaries of the village territory (Marke) of Aalden, which go back to the Middle Ages
and probably to even earlier times. The eastern boundary is formed by the brook valley of the
Aelder Stroom. The Roman period settlement in which she may have lived has not yet been
found, but most likely it is still hidden under the plaggen soil ‘Aalder Esch’, situated to the
south of Aalden (an indication of this might here an Early Medieval cemetery was excavated).
The distance between the bog in which Zweeloo Woman was discovered and her (assumed)
settlement is ca. 2.5-3 km. Hence, Aalden Woman would be a more appropriate name for this
unfortunate individual.
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Notes

1. Now known as Groninger Instituut voor Archeologie/Groningen Institute of Archaeology.
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2. Unfortunately the name of the anatomist involved is not reported.
3. See note 1.
4. Calibrated using Wincal25.

5. In a letter to one of the authors (WVDS) he writes that the woman will have been about
1.52 m tall.

6. Information provided to the senior author (WVDS) by F. Kuipers and J. Warmolts,
Zweeloo, on 5 February 2010.

7. By the time of the discovery the peat bog no longer had his shape. Topographic maps from
the 1920s show that Juffersveen had by then “broken up” into smaller parts.

8. See note 6.
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