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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
banding 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’s 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 years.

Keywords: ancient collagen; degradation; atomic force microscopy; nanoindentation;
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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 biological
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 Tyrannosaurus
rex (Schweitzer et al. 2007a) or the fossilized skin of
Psitracosaurus (Lingham-Soliar 2008). In these specimens,
the preservation of collagen is facilitated by its
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sequestration within the bone or by the mineralization of
the soft organic tissue (Schweitzer er al. 2007b).

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 et al. 1998; Stiicker et al. 2001; Shin
et al. 2003; Chang et al. 2006) and in artificially
embalmed mummies (Hino ez al. 1982; Montes et 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 ez al. 1995; Hess er 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. (b) 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 (¢). Photos courtesy of M. Samadelli, South Tyrol Museum of

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 al. 1998; Strasser er al. 2007; Yang
et 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 that of a recent sample.

2. MATERIAL AND METHODS

(a) Collagen preparation

Three 5 x 5 mm skin samples were taken from the mummy
by punch biopsies. For this purpose, the mummified body
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(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 mummy 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 assumed to be the
intravital point of an arrowhead entry (Gostner & Vigl
2002; Pernter et al. 2007). After extraction, the samples
were slowly rehydrated and then fixed and embedded in
paraffin wax (Nerlich er 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 tissue contents and arrangements 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-II (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 Nm ™' 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 r-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 (WITec
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 cm™ ! or from 840 to 1900 cm™ L.
The spectral resolution was 3 cm™ ' per CCD-pixel for the
survey spectra and 1 cm™! 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

(a) AFM imaging—structural preservation

of collagen

We observed single collagen fibrils and fibrils stacked to
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
(figure 3). For sample A (figure 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
longitudinal 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 3c¢,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 pattern
of 68.9 +4.5nm. Additional AFM data has been
represented as electronic supplementary material.

Proc. R. Soc. B (2010)

150 nm w

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

(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 1448 cm™! is the deformation vibration of
methyl 8(CH3;) and methylene 8(CH,) molecules that
are present in proteins (Gniadecka ez al. 1998; Jastrzebska
et al. 2005). All of the spectra were normalized to this
peak. At approximately 1240 and 1270 cm™ !, defor-
mation bands of amide III groups appear. They are
related to the C-N stretching v(CN) and N-H
in-plane deformation J&(NNH) modes (Frushour &
Koenig 1975). From 1300 to 1400 cm ™!, 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
v:(CH,), wagging v(CH,) and deformation 8(CH,)
modes of methylene, respectively (Frushour & Koenig
1975; Edwards et 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 cm ") for sample C and
the recent collagen are shown in figure 5. The strongest
band occurs in the range from 2800 to 3050 cm ™. This
band is associated with the C—H vibrational modes
v(CH,) and v(CH3) (Edwards ez 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 Iceman samples B and C (¢,d). Each fibril shows the periodic banding pattern. For sample A, typical
fibril profiles that were measured along line AB, perpendicular to the fibril axes (line CD), are shown in (b). The distance
between sequential bands (e.g. from I to II) was approximately 68 nm. The height (III and IV) averaged to 32 nm and the
fibril width (Vand VI) was approximately 90 nm. Scale bars, (a,c,d) 250 nm.

were normalized to this band. From 3000 to 3800 cm ™!,

the characteristic O-H vibrations of water appear
(Jastrzebska er al. 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.

(¢) AFM nanoindentation—mechanical properties
of mummified 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.
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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 cm™*
band, which was assigned to methyl 8(CHj;) and methylene
8(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™ ') 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 cm™ ! 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
to anisotropies in the collagen fibril structure. Nanoin-
dentation experiments by Wenger ez 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 al. 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 ez al. 1978; Orgel ez 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
denatured (Davis er al. 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 I collagen was
identified by topographic analysis for all samples that were
extracted from the mummy. The collagen 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 values agree with those
found in the literature, i.e. a 67 nm axial repeat (Van der
Rest & Garrone 1991; Holmes et al. 2001; Orgel et al.
2006). Measurements on recent human collagen type I
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 value reported for
type I collagen (Holmes ez al. 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 al. (2001) and Stiicker
et 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
(Stiicker er al. 2001). Chang et 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 also indicated in SEM
data obtained using a specimen taken from the Iceman.
Hess ez al. (1998) imaged collagen fibrils within the szratum
Sfibrosum 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 64-67 nm. Williams ez al. (1995) showed that the
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Figure 6. The distribution of Young’s moduli measured from mummified and contemporary single human collagen fibrils. A
total number of z > 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.

distinct skin layers of the dermis, the nucleate epidermis
and the outermost skin layer—the stratum corneum—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 et 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 vibrational 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 ez 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 et al. 1971;
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Weadock ez al. 1995; Ohan ez 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 et al. (2001) have shown that this leads to
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
et 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 al. 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 dehydration
of the mummy tissue led to the formation of additional
interpeptide H-bonds or covalent cross-links (Buehler
2008) between the tropocollagen subfibrils.

Additional cross-linking owing to the advanced glyca-
tion endproduct (AGE) formation (Cerami ez al. 1997;
Singh er al. 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
biological 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 dehydration. 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 degradation
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
to 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 ez al.
1997; Rollo et al. 2000). Most probably, he was exposed
to periodical cycles of thawing and freezing later on,
which has resulted in advanced desiccation of the body.

We thank the Deutsche Forschungsgemeinschaft (DFG)
cluster of excellence ‘Nanosystems Initiative 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 et al. 2002), the
AFM (Graham et al. 2004) or dedicated microelectrome-
chanical systems (Shen er al. 2008) can be used. A
compressive test by nanoindentation is required to
measure the mechanical properties of fibrils that comple-
tely adhere to the substrate. The mechanical properties of
collagen were examined using the NanoWizard-II 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 z > 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 ez al. 2006), penetrated
by a spherical indenter with radius R;, Young’s modulus
(E) can be calculated as:

3 F(1-v?)
E="x——"", (A1
4 /RS )

where F is the applied force, 6 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:

R2R;
Rt + Rf'

R. = (Az)

5

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 kd(1—1?)
E="x""—__7
4 R

The indentation depth in equation (A 3) can be substi-
tuted by the difference of the z-piezo displacement (z)
and the cantilever deflection, generating equation (A 4),
where d, 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 ke(d — do)(1 — 1?)
E=-x .
Rl —20) - (d- )

(A3)

(A4)

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 al. (1999), and the
tip radius was measured by imaging a calibration grating
(TGTO01, 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 al. 1998). The
data analysis was carried out using SPM Image Processing
software (JPK, JPK Instruments, Berlin, Germany).

Proc. R. Soc. B (2010)

REFERENCES

Bereuter, T. L., Mikenda, W. & Reiter, C. 1997 Iceman’s
mummification: implications from infrared spectroscopi-
cal and histological studies. 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. Nail Acad. Sci.
USA 103, 12 285-12290. (doi:10.1073/pnas.0603216103)

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

Cerami, C. er al. 1997 Tobacco smoke is a source of toxic
reactive glycation products. Proc. Natl Acad. Sci. 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.
F Anar. 209, 671-680. (doi:10.1111/j.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. J. Pathol. 156, 1489—-1498.

Dombke, 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.
II1. Identification of mammalian specimens. Spectrochim.
Acta A Mol. Biomol. Spectrosc. 53A, 2403-2409.
(doi:10.1016/S1386-1425(97)00180-7)

Fraser, R. D. B., Macrae, T. P. & Suzuki, E. 1979 Chain
conformation in the collagen molecule. . Mol Biol.
129, 463-481. (d0i:10.1016/0022-2836(79)90507-2)

Fratzl, P., Misof, K., Zizak, 1., Rapp, G., Amenitsch, H. &
Bernstorff, S. 1998 Fibrillar structure and mechanical
properties of collagen. ¥. Struct. Biol. 122, 119-122.
(doi:10.1006/jsbi.1998.3966)

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

Gniadecka, M., Nielsen, O. F., Christensen, D. H. & Whulf,
H. C. 1998 Structure of water, proteins, and lipids in
intact human skin, hair, and nail. ¥ Invest. Dermatol.
110, 393-398. (d0i: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. (d0i: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. Cytol. 2, 261-274.

Gross, J., Highberger, J. H. & Schmitt, F. O. 1954 Collagen
structures considered as states of aggregation of a kinetic
unit: the tropocollagen particle. Proc. Natl Acad. Sci. USA
40, 679-688. (d0i:10.1073/pnas.40.8.679)

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

Hertz, H. 1881 Ueber die Beriithrung fester elastischer
Korper. ¥ Reine angewandte Mathematik 92, 156—171.
Hess, M. W., Klima, G., Pfaller, K., Kunzel, K. H. & Gaber,
O. 1998 Histological investigations on the Tyrolean
Iceman. Am. ¥ Phys. Anthropol. 106, 521-532. (doi:10.
1002/(SICI)1096-8644(199808)106:4<<521::AID-AJPA7>

3.0.C0O;2-L)


http://dx.doi.org/doi:10.1002/chem.19970030708
http://dx.doi.org/doi:10.1073/pnas.0603216103
http://dx.doi.org/doi:10.1016/j.jmbbm.2007.04.001
http://dx.doi.org/doi:10.1073/pnas.94.25.13915
http://dx.doi.org/doi:10.1111/j.1469-7580.2006.00607.x
http://dx.doi.org/doi:10.1111/j.1469-7580.2006.00607.x
http://dx.doi.org/doi:10.1021/la9713006
http://dx.doi.org/doi:10.1016/S1386-1425(97)00180-7
http://dx.doi.org/doi:10.1016/0022-2836(79)90507-2
http://dx.doi.org/doi:10.1006/jsbi.1998.3966
http://dx.doi.org/doi:10.1002/bip.1975.360140211
http://dx.doi.org/doi:10.1046/j.1523-1747.1998.00146.x
http://dx.doi.org/doi:10.1006/jasc.2002.0824
http://dx.doi.org/doi:10.1016/j.yexcr.2004.05.022
http://dx.doi.org/doi:10.1073/pnas.40.8.679
http://dx.doi.org/doi:10.1063/1.2367660
http://dx.doi.org/doi:10.1002/(SICI)1096-8644(199808)106:4%3C521::AID-AJPA7%3E3.0.CO;2-L
http://dx.doi.org/doi:10.1002/(SICI)1096-8644(199808)106:4%3C521::AID-AJPA7%3E3.0.CO;2-L
http://dx.doi.org/doi:10.1002/(SICI)1096-8644(199808)106:4%3C521::AID-AJPA7%3E3.0.CO;2-L
http://dx.doi.org/doi:10.1002/(SICI)1096-8644(199808)106:4%3C521::AID-AJPA7%3E3.0.CO;2-L
http://dx.doi.org/doi:10.1002/(SICI)1096-8644(199808)106:4%3C521::AID-AJPA7%3E3.0.CO;2-L
http://dx.doi.org/doi:10.1002/(SICI)1096-8644(199808)106:4%3C521::AID-AJPA7%3E3.0.CO;2-L
http://dx.doi.org/doi:10.1002/(SICI)1096-8644(199808)106:4%3C521::AID-AJPA7%3E3.0.CO;2-L
http://dx.doi.org/doi:10.1002/(SICI)1096-8644(199808)106:4%3C521::AID-AJPA7%3E3.0.CO;2-L

Nanostructure of mummified collagen M. Janko er al.

2309

Hino, H., Ammitzboll, T., Moller, R. & Asboehansen, G.
1982 Ultrastructure of skin and hair of an Egyptian
mummy: transmission and scanning electron-microscopic
observations. ¥ Curan. Pathol. 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
assembly, mechanical properties, and tissue organization.
Proc. Natl Acad. Sci. USA 98, 7307-7312. (d0i:10.1073/
pnas.111150598)

Jastrzebska, M., Zalewska-Rejdak, J., Wrzalik, R., Kocot, A.,
Barwinski, B., Mroéz, I. & Cwalina, B. 2005 Dimethyl sub-
erimidate cross-linked pericardium tissue: Raman
spectroscopic and atomic force microscopy investigations.
F Mol. Struct. 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.
F 179, 53-58.

Lingham-Soliar, T. 2008 A unique cross section through the
skin of the dinosaur Psitzacosaurus from China showing a
complex fibre architecture. Proc. R. Soc. B 275, 775—
780. (d0i:10.1098/rspb.2007.1342)

McDaniel, 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. Biophys. 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/S1093-3263(02)00145-6)

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.
Lancet 362, 334. (d0i:10.1016/S0140-6736(03)13992-X)

Ohan, M. P, Weadock, K. S. & Dunn, M. G. 2002 Synergis-
tic effects of glucose and ultraviolet irradiation on the
physical properties of collagen. ¥ Biomed. Mat. 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 Acad. Sci. USA 103, 9001-9005. (doi:10.1073/
pnas.0502718103)

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

Rich, A. & Crick, F. H. C. 1955 Structure of collagen. Nature
176, 915-916. (doi:10.1038/176915a0)

Rollo, F., Luciani, S., Canapa, A. & Marota, I. 2000 Analysis
of bacterial DNA in skin and muscle of the Tyrolean
Iceman offers new insight into the mummification pro-
cess. Am. F. Phys. Anthropol. 111, 211-219. (doi:10.
1002/(SICI)1096-8644(200002)111:2<<211::AID-AJPA7>
3.0.CO;2-M)

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

Proc. R. Soc. B (2010)

Schweitzer, M. H., Suo, Z., Avci, R., Asara, J. M., Allen, M. A.,
Arce, F. T. & Horner, J. R. 2007a Analyses of soft tissue
from Tyrannosaurus 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. ¥ 95, 3956-3963. (do0i:10.1529/
biophysj.107.124602)

Shin, D. H., Youn, M. & Chang, B. S. 2003 Histological analy-
sis on the medieval mummy in Korea. Forensic Sci. Int. 137,
172-182. (doi:10.1016/S0379-0738(03)00335-9)

Singh, R., Barden, A., Mori, T. & Beilin, L. 2001 Advanced
glycation end-products: a review. Diaberologia 44, 129—
146. (doi: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.ijjbiomac.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. Ulrramicroscopy
75, 161-169. (doi:10.1016/S0304-3991(98)00061-8)

Strasser, S., Zink, A., Janko, M., Heckl, W. M. & Thalham-
mer, S. 2007 Structural investigations on native collagen
type 1 fibrils using AFM. Biochem. Biophys. Res.
Commun. 354, 27-32. (doi: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. Commun. 295, 382-386.
(doi:10.1016/S0006-291X(02)00685-X)

Tan, E. P. S. & Lim, C. T. 2005 Nanoindentation study of
nanofibers. Appl. Phys. Lerr. 87, 123103-123106.
(doi:10.1063/1.2051802)

Ulrich, P. & Cerami, A. 2001 Protein glycation, diabetes, and
aging. Recent Prog. Horm. Res. 56, 1-21. (d0i: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. (d0i:10.1039/b906864c)

Van der Rest, M. & Garrone, R. 1991 Collagen family of pro-
teins. FASEB ¥ 5, 2814-2823.

Weadock, K. S., Miller, E. J., Bellincampi, L. D., Zawadsky,
J. P. & Dunn, M. G. 1995 Physical cross-linking of
collagen-fibers: comparison of ultraviolet-irradiation and
dehydrothermal treatment. § Biomed. Mar. Res. 29,
1373-1379. (d0i:10.1002/jbm.820291108)

Wenger, M. P. E., Bozec, L., Horton, M. A. & Mesquida, P.
2007 Mechanical properties of collagen fibrils. Biophys. ¥.
93, 1255-1263. (doi:10.1529/biophysj.106.103192)

Williams, B. R., Gelman, R. A., Poppke, D. C. & Piez, K. A.
1978 Collagen fibril formation. Optimal i wvitro 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-year-old skin
characterized by Raman spectroscopy and electron
microscopy. Biochim. Biophys. Acta-Protein Struct. Mol.
Enzymol. 1246, 98-105. (d0i:10.1016/0167-
4838(94)00189-N)

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


http://dx.doi.org/doi:10.1111/j.1600-0560.1982.tb01038.x
http://dx.doi.org/doi:10.1111/j.1600-0560.1982.tb01038.x
http://dx.doi.org/doi:10.1073/pnas.111150598
http://dx.doi.org/doi:10.1073/pnas.111150598
http://dx.doi.org/doi:10.1016/j.molstruc.2004.11.040
http://dx.doi.org/doi:10.1016/j.molstruc.2004.11.040
http://dx.doi.org/doi:10.1007/s101890170022
http://dx.doi.org/doi:10.1098/rspb.2007.1342
http://dx.doi.org/doi:10.1529/biophysj.106.089003
http://dx.doi.org/doi:10.1529/biophysj.106.089003
http://dx.doi.org/doi:10.1016/S1093-3263(02)00145-6
http://dx.doi.org/doi:10.1007/BF00495140
http://dx.doi.org/doi:10.1016/S0140-6736(03)13992-X
http://dx.doi.org/doi:10.1002/jbm.10111
http://dx.doi.org/doi:10.1073/pnas.0502718103
http://dx.doi.org/doi:10.1073/pnas.0502718103
http://dx.doi.org/doi:10.1016/j.jas.2006.12.019
http://dx.doi.org/doi:10.1016/j.jas.2006.12.019
http://dx.doi.org/doi:10.1038/176915a0
http://dx.doi.org/doi:10.1002/(SICI)1096-8644(200002)111:2%3C211::AID-AJPA7%3E3.0.CO;2-M
http://dx.doi.org/doi:10.1002/(SICI)1096-8644(200002)111:2%3C211::AID-AJPA7%3E3.0.CO;2-M
http://dx.doi.org/doi:10.1002/(SICI)1096-8644(200002)111:2%3C211::AID-AJPA7%3E3.0.CO;2-M
http://dx.doi.org/doi:10.1002/(SICI)1096-8644(200002)111:2%3C211::AID-AJPA7%3E3.0.CO;2-M
http://dx.doi.org/doi:10.1002/(SICI)1096-8644(200002)111:2%3C211::AID-AJPA7%3E3.0.CO;2-M
http://dx.doi.org/doi:10.1002/(SICI)1096-8644(200002)111:2%3C211::AID-AJPA7%3E3.0.CO;2-M
http://dx.doi.org/doi:10.1002/(SICI)1096-8644(200002)111:2%3C211::AID-AJPA7%3E3.0.CO;2-M
http://dx.doi.org/doi:10.1002/(SICI)1096-8644(200002)111:2%3C211::AID-AJPA7%3E3.0.CO;2-M
http://dx.doi.org/doi:10.1063/1.1150021
http://dx.doi.org/doi:10.1126/science.1138709
http://dx.doi.org/doi:10.1098/rspb.2006.3705
http://dx.doi.org/doi:10.1529/biophysj.107.124602
http://dx.doi.org/doi:10.1529/biophysj.107.124602
http://dx.doi.org/doi:10.1016/S0379-0738(03)00335-9
http://dx.doi.org/doi:10.1007/s001250051591
http://dx.doi.org/doi:10.1016/j.ijbiomac.2005.01.009
http://dx.doi.org/doi:10.1016/S0304-3991(98)00061-8
http://dx.doi.org/doi:10.1016/j.bbrc.2006.12.114
http://dx.doi.org/doi:10.1016/S0006-291X(02)00685-X
http://dx.doi.org/doi:10.1063/1.2051802
http://dx.doi.org/doi:10.1210/rp.56.1.1
http://dx.doi.org/doi:10.1210/rp.56.1.1
http://dx.doi.org/doi:10.1039/b906864c
http://dx.doi.org/doi:10.1002/jbm.820291108
http://dx.doi.org/doi:10.1529/biophysj.106.103192
http://dx.doi.org/doi:10.1016/0167-4838(94)00189-N
http://dx.doi.org/doi:10.1016/0167-4838(94)00189-N
http://dx.doi.org/doi:10.1529/biophysj.107.111013

	Nanostructure and mechanics of mummified type I collagen from the 5300-year-old Tyrolean Iceman
	Introduction
	Material and methods
	Collagen preparation
	AFM measurements
	Raman spectroscopy

	Results
	AFM imaging—structural preservation of collagen
	Raman spectroscopy—molecular preservation of collagen
	AFM nanoindentation—mechanical properties of mummified collagen

	Discussion
	Conclusions
	We thank the Deutsche Forschungsgemeinschaft (DFG) cluster of excellence 'Nanosystems Initiative Munich' for financial support and are indebted to Prof. Dr Andreas Nerlich (Munich) for providing the histological specimens.
	Appendix A
	AFM nanoindentation
	Young’s modulus calculation

	REFERENCES




