ARTICLE

Received 13 Dec 2015 | Accepted 9 Dec 2016 | Published 31 Jan 2017

Evidence of preserved collagen in an Early Jurassic
sauropodomorph dinosaur revealed by synchrotron
FTIR microspectroscopy
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Fossilized organic remains are important sources of information because they provide
a unique form of biological and evolutionary information, and have the long-term potential for
genomic explorations. Here we report evidence of protein preservation in a terrestrial
vertebrate found inside the vascular canals of a rib of a 195-million-year-old sauropodomorph
dinosaur, where blood vessels and nerves would normally have been present in the living
organism. The in situ synchrotron radiation-based Fourier transform infrared (SR-FTIR)
spectra exhibit the characteristic infrared absorption bands for amide A and B, amide |, Il and
[l of collagen. Aggregated haematite particles (a-Fe,O3) about 6 ~8 um in diameter are also
identified inside the vascular canals using confocal Raman microscopy, where the organic
remains were preserved. We propose that these particles likely had a crucial role in the
preservation of the proteins, and may be remnants partially contributed from haemoglobin
and other iron-rich proteins from the original blood.
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rganic biocomponents of animals decompose and

degrade during the fossilization process, and minerals

in the groundwater are redeposited in the interstitial
spaces, slowly transforming vertebrate bones and teeth into
inorganic ‘rock’’. In some exceptionally preserved fossils,
in which the degradation process may have been arrested
sufficiently early in the fossilization process, some soft tissue
preservation can occur because they are isolated, cemented and
protected by inorganic environment and have not been
completely permineralized (for example, feathers and claw
sheaths). These have always drawn a lot of attention from both
the scientific community and the general public not only because
of their rarity, but also because of the potential for retrieval
of valuable biological and evolutionary information that is
generally not available from the permineralized hard skeletons
that make up the bulk of fossilized vertebrates!. In particular,
the preservation of biomolecules associated with cells and
blood vessels was uncovered in Cretaceous dinosaurs, and
analyses of the chemical composition of these biomaterials were
conducted using scanning electron microscopy, transmission
electron microscopy, immunological assays and mass
spectrometry>>. Unfortunately, these studies rarely provided
clear and direct in situ evidence for entire molecules of protein or
collagen preservation without complex demineralization and
extraction procedures, leading to the criticism that the signals
could be the result of exogenous contaminations, such as bacteria
biofilm and haematite (a-Fe,O3), as shown by using synchrotron-
radiation based Fourier transform infrared (SR-FTIR)
microspectroscopy and scanning energy dispersive spectroscopy
of scanning electron microscopy?, respectively. Nevertheless,
recent reports have supported the argument that degradation
structure of collagen, Gly-Pro-Hyp sequence, was observed using
mass spectroscopy and preserved across geological timescales
extending 75 million years from the present’. This evidence
of Gly-Pro-Hyp sequence is matched with the general collagen
sequence Gly-X-Y, where the X and Y positions are often proline
and hydroxyproline, respectively.

Here we explore the possibility of identifying the organic
remains preserved in much older fossil material using in situ
microspectroscopic methods, rather than by attempting to extract
the very small amounts that are likely to be preserved in
mid-Mesozoic terrestrial vertebrates. Various skeletal elements
of the sauropodomorph dinosaur Lufengosaurus from the
Lower Jurassic (Early Jurassic, Sinemurian, 190-197 Mya) of
Dawa, Lufeng County, Yunnan Province, China, were studied in
detail®8; however, surprisingly, it is the rib materials that
produced the most significant results (Fig. la-m). Adult compact
bone (including ribs) is composed of osteons with central vascular
canals (Fig. 1b-h) that contain blood vessels and nerves in
the living organism and lacunae, or spaces for the adult osteocytes
(Fig. 1m).

In order to exclude the possibility of external contamination of
the fossil material, in particular from the demineralization
process, in situ investigation of organic remains within the adult
Lufengosaurus bones was undertaken using thin sections. FTIR
spectroscopy is a state-of-the-art technique and non-destructive
analysis method for identifying the vibrational motions of
chemical bonding of molecular structures based on the
characteristic infrared absorption bands in the mid-infrared
range, associated with the various functional groups especially for
organic molecules including proteins®~13. Typically, the organic
remains within fossils are rare and would likely be distributed
within a tiny space at the micrometre scale. Herein in situ
SR-FTIR microspectroscopy coupled with ultrahigh brightness
infrared synchrotron radiation was utilized not only to provide
ultrahigh laterally resolved FTIR spectra but also chemical images
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related to particular chemical bonding of molecules in
a diffraction-limited area to unfold the organic remains within
the fossil bone. Raman microscopy is a complementary tool
to SR-FTIR microspectroscopy and accessible to provide low
vibrational frequencies of chemical bonding of molecules
especially for metal oxide compounds in the far-infrared
range'*!>, not normally provided by FTIR microspectroscopy.
In this investigation dark-field microscopy, synchrotron
radiation-based ~ nano-transmission = X-ray microscopg
(SR-TXM)!%17 and transient absorption microscopy (TAM)!8:1
were also employed to reveal three-dimensional (3D) lacunae
within the fossil bone, and two-dimensional transient absorption
images of haematite distributed in the vascular canals and
lacunae, respectively. The results indicate that native collagen was
preserved within the osteonal central vascular canals, together
with haematite particles that were likely derived, at least in part,
from haemoglobin of the dinosaur. This suggests that
haemoglobin and the resulting haematite may have had
a preservative effect on the proteins that originally resided in
the central osteonal canals of the rib.

Results

SR-FTIR of adult Lufengosaurus bone. Transversal sections
through long bones, including ribs, did not produce a consistent
organic signal for in depth investigations; however, there was
sufficient evidence to suggest that the central osteonic canals
should be the ideal area of the bone to explore for organic
remains. Since these vascular canals are longitudinally distributed
within the rib, longitudinal thin section slides were made for full
accessesment of the materials packed inside these blood vessels
and nerve-carrying canals (Fig. 1b,c). Several flat, micron-sized,
preserved fragments were found along and inside the vascular
canals, together with dark-red micron-sized particles (Fig. 1d-g).

Preserved collagen material inside the vascular canals,
transparent flat preserved protein fragments, were identified
using SR-FTIR (as discussed below), and dark-red particles in
both vascular canals and lacunae were also clearly observed by
using SR-TXM (Fig. li-m). The 3D computed tomographic
image of dark-red particles (using SR-TXM) exhibited an
aggregate-lamellar crystal structure when attached to the wall of
the vascular canals, and a more amorphous structure when found
within the lacunae. Infrared absorption bands of the preserved
collagen-infilling material within the central vascular canals were
observed at 3,279, 3,052, 1,649, 1,637, 1,545, 1,292 and
1,260 cm ~ ! by using SR-FTIR microspectroscopy (Fig. 2), which
were consistent with the characteristic infrared absorption bands
of collagen type I and elastin?-24, and assigned to amide A band
(-N-H stretching vibration of peptide bond of protein), amide
B band (overtone of amide II band of peptide bond of protein),
amide I band (carbonyl group, >C= O, stretching vibration of
peptide bond of protein, lower vibration wavenumbers being due
to hyperconjugation of peptide side chain of protein as compared
with other carbonyl compounds), characteristic absorption for
triple helix of collagen type I, amide II band (a coupling vibration
of C-N stretching vibration and C-N-H bending vibration of
peptide bond of protein) and amide III band (C-N stretching
vibration and N-H deformation absorption of collagen and
elastin), respectively (Supplementary Table 1).

SR-FTIR spectra of the transparent flat protein fragments
on the bone surface were similar to that of the preserved collagen-
infilling material inside the vascular canals, with weak amide
I bands at 1,292 and 1,260 cm ~ ! (Fig. 2). These infrared
absorption bands of protein material were also matched with
extant collagen type I extracted from the skin of a modern living
animal (calf), except for the intense infrared absorption band at
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Figure 1 | Rib fragment (CXPM Z4644) of Lufengosaurus. (a) Rib before sectioning, (b) transverse section of the rib, small black circles are the central
vascular canals in the osteons, (¢) longitudinal section of the rib showing distribution of infilled vascular canals, (d-h) close ups of preserved collagen-
infilling materials within the vascular canals of the rib; flat transparent preserved protein fragments that were washed out from the cut canals, as explained
in the main text, are indicated by red arrows, fh are the dark-field images of e,g, respectively, (i) SR-TXM image of microcrystals of haematite within the
vascular canal, indicated by red squares, (j) microcrystal of haematite inside the vascular canal, (k) tomographic images of haematite crystal in different
views, (I) lacuna within the bone matrix and (m) tomographic images of lacunae in different views.

1,715cm ~ ! of the extant collagen type I being attributed to 0.1M HAc (Fig. 2). Thus, a combination of transparent
the carbonyl group (>C=0) of acetic acid (HAc) utilized flat preserved protein fragments was found inside the vascular
to disperse collagen in solution by using 0.1% solution in canals as well as near the canals, adhered on the bone surface
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Figure 2 | Representative SR-FTIR spectra. Baseline-corrected and
normalized characteristic infrared band assignment for preserved collagen
within the central vascular canals shown in red, and the peaks were
assigned for methyl group (v;CHs3 and v,; CHs) and methylene (v.CH,
and v,s CH,) in the spectral range of 3,000-2,800 cm ! as shown in the
blue inset, collagen type | from extant calf skin dispersed in 0.1% acetic acid
solution in green, preserved protein remains in flat fragments found in and
near the central canals of the fossil bone in blue, bone matrix in brown,
extant bacteria biofilm in black and epoxy resin in pink. It is evident that the
spectra of preserved collagen and extant collagen type | are closely
matched. The extant bacterial biofilm showed significant differences from
fossil or extant collagen in the range of 3,100-3,600 cm ~ ! region (v;OH).

(Fig. 1d-h). The protein remains within the rib were mixed with
inorganic bone component carbonate and phosphate (Fig. 2).
The characteristic broad infrared absorption band of hydroxyl
group (-OH) of polysaccharides was not observed in the range
of 3,700-3,100 cm ~ !, normally attributed to the absorption of
the cell wall of bacteria®® as in the extant bacterial biofilm
of Saccharomyces cerevisiae (Fig. 2). Hundreds of strains for
filamentous fungi were investigated using FTIR spectroscopy and
partial least squares discriminant analysis*®?, and these showed
a greater infrared absorption band of hydroxyl groups (-OH) and
glycosidic bonds (-C-O-C-) of polysaccharides, the dominant
component of bacterial cell wall. Furthermore, the FTIR spectra
of infilling material and flat fragments distributed along and
around the central vascular canals within the fossil showed none
of characteristic infrared absorption of epoxy resin remains as
compared with the spectrum of epoxy resin used here (Fig. 2).
On the basis of the fundamental structure of collagen, left-
handed triple helix is the main character of collagen type I, which
is made of the repetitious amino-acid sequence and Glycine-X-Y
is the most abundant, in which X and Y are frequently proline or
hydroxyproline, respectively, for both the blood vessel wall and
bone matrix protein. The SR-FTIR spectrum of preserved
collagen-infilling material presented the characteristic infrared
absorption for left-handed triple helix structure of collagen
remains at 1,637 cm ~ ! in amide I band, non-polar triple helix of
collagen at 1,292cm ~! and polar triple helix of collagen and
elastin at 1,260cm ~ ! in amide IIT band in amide III band for
collagen type I (refs 23,28-30). Specifically, we also found the
presence of a deconvoluted band at 1,337 cm !, which we
propose to be attributable predominantly to the CH,-wagging
vibration of 2proline side chains of glycine-X-Y sequence structure
of collagen®? (Supplementary Fig. 2 and Supplementary Table 2).
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These spectral findings provide strong evidence that the
preserved collagen-infilling material within the vascular canals
of the rib of Lufengosaurus is the preserved ancient native
collagen type I, consistent with the characteristic infrared
absorptions of protein®! and collagen®>-3%, We propose that the
carbonated apatite (CAP) of the bone matrix likely played
a crucial protection role as the cementing material for the protein
and collagen remains within the vascular canals for reducing the
possibility of further degradation.

The results of the FTIR spectra of the bone matrix exhibited an
infrared absorption doublet band of carbonate (v; CO; 2=y at
1,454 and 1,424 cm ~ 1, an infrared absorption band of carbonate
(v, CO3%27) at 870 cm ~ |, and four infrared absorption bands of
phosphate (V PO4 3- > V3, PO4 3— s V3¢ PO4 3- and Vi1 PO4 3 _)
at 1,120, 1,088, 1,007 and 966 cm ~ !, in agreement with several
studies’>  (Supplementary Table 1). SR-FTIR spectra
of the bone matrix showed that most of the hydroxyl groups
of apatite were absent, and instead, contained many carbonate
and phosphate substitutions. Furthermore, a considerable
broadening of the 950-1,200cm~! phosphate bands was
observed as the Mg content increased, also in agreement
with Zyman et al*? In a sense, chemically stable CAP appears
to have ‘cemented/entombed’ the organic remains isolated within
the vascular canals, and SR-FTIR spectral images of the bone
showed that CAP surrounded the central vascular canal
(Supplementary Fig. 3).

In light of these findings, we argue that a small amount of
endogenous collagen and protein were isolated and preserved in the
tubular space of the vascular canals of the rib osteons. Collagen and
protein are hydrophilic materials; therefore, some collagen and
protein fragments that were originally located within the canals
were washed out of the vascular canals by the distilled water during
the early sample polishing procedure of bone fossil slide
(Supplementary Fig. 3a), and were therefore found on the surface.

Raman spectroscopy of adult Lufengosaurus bone. The dark-
red particles found within the central vascular canals were
analysed by using confocal Raman microscopy. Raman scattering
peaks of dark-red micron-sized particles were observed
at 222em~! (A, (1)), 242em~! (B, (1)), 289cm”!
(Eg (2)), 296cm ! (Eg (3)), 405cm ™! (E, (4)), 492cm ™!
(Arg (2)), 606 cm ~ ! (Eg (5)) and 656cm 1 (E, (LO)). These
observed Raman peaks were assigned to haematite (a-Fe,O3),
which was consistent with the Raman scattering signals of stan-
dard haematite and previous studies*'*> (Fig. 3). Surprisingly,
haematite was also observed within the lacunae, where the
osteocytes resided, even though the connecting networks by
canaliculi among lacunae connected to the vascular canals were
blocked by carbonate infills.

The TAM images of a-Fe,O; within the fossil section also
demonstrated that haematite particles were localized within the
vascular canals and the lacunae (Fig. 4), but were rarely found
within the concentric osteonic bone tissues or the encasing
sediment. We propose that small chambers were formed by
concretions of haematite and carbonate within the central
vascular canals, preserving isolated collagen and protein remains
(Fig. 1f-h).

Osteocytes housed within lacunae are affected and proven to
stimulate osteoblast proliferation by lactoferrin, a kind of iron
glycoproteins, considered to be a potent anabolic factor, and
lactoferrin is also one of the transferrin proteins that play a key
role for transferring iron ion into the osteocytes and regulating
the level of free iron ion in the blood and in external secretions.
The affinity of lactoferrin for iron ion is demonstrated to be
300 times higher than that of other transferrin**, and
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lactoferrin has the ability to promote bone formation and inhibit
bone resorption*>46, We therefore propose that iron ions bound
by lactoferrin or other iron-rich transferrin proteins may be
abundantly distributed within the osteocytes in the micron-scale
housing of lacunae during the lifetime of a dinosaur and even
after fossilization (Fig. 4b).

Thermodynamically stable haematite within the fossil rib may
be the final product after an extremely long period of oxidation
reaction, contributed from the degradation of iron-containing
haemoglobin, myoglobin, lactoferrin and other iron-rich proteins
that normally existed in the circulatory network of osteocytes.
Goethite (o-FeOOH, ferric hydroxide), quartz and kaolin clay
are the major components of the encasing sediment matrix
around the fossil, and this identification is based on the Raman
signals of Si-O band and Al-O-Si band at 463 and 658 cm ~ !,
respectively, at the fossil site?” (Supplementary Fig. 4); however,
neither characteristic Raman signals of quartz and kaolinite was
found in the vascular canals or the lacunae.

It is possible that the vascular canals could have provided
conduits for transporting iron ions in the groundwater into
the bone postmortem, but the source of iron ion (Fe3 ) should
be mainly from the goethite dissolved in the groundwater
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Figure 3 | Comparative Raman spectra. Black and red lines represent the
bone matrix around and near the vascular canal; blue and magenta lines
represent the dark-red microparticles located in the vascular canal and in
the lacunae, respectively. The dark-red particles’ spectrum closely matches
that of the haematite standard (green line, bottom), indicating that these
dark-red microparticles are haematite. The spectra (black and red) from the
areas outside the vascular canal indicate that there is no haematite in the
bone's apatite matrix.

around the bone fossil. However, goethite is sparingly soluble in
neutral gH water and the concentration of iron ion (Fe3T) is
~10~169_10- 119011 (1091-10'2! jons per litre) from
goethite, with the solubility constant K, being ~10~*! and
10~% for goethite and haematite in the neutral water
solution®4%, respectively. Therefore, a single 10-um spherical
particle of haematite requires at least 2.1 x 10!3 iron ions
and needs about 201 groundwater to traverse the tiny channel
of the vascular canal. Besides, formation of goethite is favoured
at low pH values (pH 2-5) and high values (pH 10-14), while
that for haematite is favoured at around neutral pH values’.
The activation energy of transformation from goethite to
haematite requires 169 +8 and 154+ 15kjmol~! for an ore
mineral and a recent sedimentary goethite, respectively, based on
the results of thermogravimetric, transmission electron
microscopy and X-ray diffraction®’. In addition, the phase
transformation for goethite to haematite occurs at ~250°C in
vacuum as shown using X-ray power diffraction®2. Iron (III)
oxide-hydroxide is the main source of goethite and haematite,
which can turn into goethite and haematite under different
pH conditions near room temperature. The ratio of goethite/
haematite in soils was observed to increase with a decreasing
pH from 0.4 to 5.6 within the soil>>. Furthermore, goethite was
formed only at pH 12, and maximum haematite formation,
~71% haematite, occurred at a pH range of 7-8. Mixtures of
goethite and haematite were formed at all other pH values, and
there was little spectral evidence of goethite being present in the
vascular canals of the fossil. We therefore propose that the
possibility for goethite dehydration and then direct trans-
formation to haematite within the rib of the sauropodomorph
Lufengosaurus is extremely low.

Ferrihydrite, 2-line and 6-line ferrihydrite (5Fe,O;09H,0), can
easily transform to goethite or haematite, and the solubility constant
of ferrihydrite (Ky,= 1073) is higher than that of goethite and
haematite in groundwater®’ 4%, Ferrihydrite could be a possible
precursor of haematite found within the fossil bones due to its low
thermodynamic stability. Interestingly, ferrihydrite frequently plays
a key role in intracellular iron storage of the ferritin protein in many
living organisms, and decaying organics may trigger the haematite
concretion in the vascular canals®~>’. Thus, the likelihood that the
source of the haematite particles is from endogenous iron-rich
proteins, including haemoglobin that circulated within the vascular
canals, is high.

Figure 4 | Transient absorption microscopy of Lufengosaurus rib. Transient absorption images of vascular canal (a) and lacunae (b). These show high

concentration of haematite particles.
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As already discussed above, small segments of the central
vascular canals appear to have been isolated by haematite and
carbonate concretions, preventing infiltration of outside material,
and preventing complete degradation of organic remains
(Fig. 1b-d). Thus, colle};%en and protein remains were kept
in the vascular canals®®~>7, and we suggest that the aggregated
dark-red micron-sized particles of haematite played a key role in
the preservation of organic material.

Discussion

We report the presence of ancient collagen and protein remains
preserved in a 195 million-year-old fossil, as demonstrated
through in situ SR-FTIR microspectroscopy of the Early Jurassic
sauropodomorph dinosaur Lufengosaurus. Previously, only some
evidence of preservation of organic remains was found in
embryonic fossils of the same Early Jurassic sauropodomorph
dinosaur Lufengosaurus from the same locality in Yunnan
Province, China. In addition, the next oldest degraded collagen
fragments were found in 75 million-year-old fossils>®. The
characteristic infrared absorption spectra of collagen and protein
provide undeniable, clear evidence that collagen and protein
remains were preserved inside the osteonal central vascular canals
of this early dinosaur. This finding extends the record of
preserved organic remains more than 100 million years, and
highlights the importance of using in situ approaches to these
types of investigations.

We propose that haematite cementation may have played an
important role in the preservation of these organic remains,
isolated within the vascular canals by haemoglobin-derived
haematite aggregations. The concentration of molecules of
haemoglobin in each erythrocyte is very high. For example, there
are ~280 million molecules of haemoglobin in a single
erythrocyte of human blood®®, yielding a total content of
1.12 billion iron ions binding to molecules of haemoglobin in a
single erythrocyte. Therefore, the number of iron ions of a single
10 um spherical particle of haematite is approximately equal to
the number of iron ions contributed from 20,000 red blood cells,
according to the molecular volume 30.47cm®mol~! of
haematite®°,

Normally, tissues of terrestrial vertebrates degrade quickly after
death. The time period for degradation of organic materials
within bones is thought to be shorter than that of bone
permineralization, and, therefore, haematite concretions need to
form relatively early in order to prevent complete degradation of
protein materials within the osteonal vascular canals.

It is therefore likely that the main iron ion source to trigger the
haematite concretion formation is endogenous. The aggregation
of exogenous iron is expected to take a much longer time to form
haematite than that of endogenous iron source, at least partly
because of the extremely low solubility of goethite and haematite
in groundwater. Nevertheless, it is possible that the observed
haematite could have also had some exogenous component.

If our interpretation is correct, then the preservation of
endogenous collagen and protein by iron ions was attributable to
the presence of iron-containing haemoglobin of red blood cells
and lactoferrin, these having played a key role as antioxidants for
preventing further oxidation of collagen and protein in the blood
vessel distributed within the osteons of the compact bone of this
fossil. The ferrous ion bound to haeme chromophores and
lactoferrin may have also played a role as electron donors for
free-radical-medicated fixation and antimicrobial activity, and the
active sites of protein might be blocked by iron ions for
preventing further degradation® >, Iron ions circulated in
living bone not only inside the bone matrix through blood
vessels in the osteonal vascular canals, but also to bone osteocytes
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through the lacunocanalicular network®®”. We therefore

propose that the iron ions would be mainly localized within the
vascular canals and the lacunae within the bones, as we see it
occurring in the rib, and collagen in the canal was isolated from
the outside environment and surrounded by haematite concretion
and CAP, like a closed micro-sized chamber of vascular space.
Some isolated collagen would be prevented from oxidation during

the redox reaction at the time of fossilization. Interestinglg,

~90% of the bone matrix proteins is collagen in extant species®S;

however, little or no protein or collagen was found within the
bone matrix of the Lufengosaurus rib, as indicated by the absence
of clear characteristic infrared absorption of collagen or
endogenous protein in SR-FTIR microspectroscopy. Therefore,
we suggest that the preserved collagen type I may be derived from
the remains of the blood vessels that resided in the osteonal canals
and mixed with iron-related materials derived from haemoglobin
of red blood cells and lactoferrin, with some possible additional
contribution from the iron ion-carrying groundwater.

Our study has shown that SR-FTIR microspectroscopy and
confocal Raman spectroscopy provide crucial evidence for the
preservation of protein/collagen as compositional constituents of
fossils. This in situ analysis of 195-million-year-old fossil material
from the early stages of dinosaur evolution, without any
decalcification processes or other chemical treatment, has yielded
significant results while also eliminating the potential of
introducing other organic contaminations or alter the chemical
components. Finally, future enhanced methods are likely to lead
to identification of the degradation components of collagen type
I, and other organic remains across greater geologic timescales
than previously considered possible.

Methods

Tissue preparation. Skeletal elements of an adult Lufengosaurus were collected
and studied (specimens housed in the ChuXiong Prefectural Museum, catalogue
CXPM Z4644). Initially, there was no evidence of soft tissue preservation in
transversely sectioned samples. However, longitudinally sectioned rib samples,
especially those that exposed the osteonal central vascular canals, revealed the
presence of several interesting, informative, transparent flat fragments, as well as
numerous dark-red aggregated microparticles (Fig. 1b-h and Supplementary
Fig. 1).

In order to exclude external organic and chemical contaminations during the
preparation of the fossil sample slides, the bone samples were not demineralized by
chemical treatments. Instead, the fossil sample was cut to a thickness of 1 mm and
glued on a glass slide with epoxy resin. The sample was then ground down using
30, 15, 6, 3, 1 and 0.5 pm diamond-lapping film (661X, 3M, USA), with distilled
water on a rotary polishing machine (Metprep3, Allied, USA) to produce slides of
~30pum in thickness. The resulting fossil material was separated from the epoxy
glue, and was polished by hand with gloves and careful handling until the sample
thickness was reduced to ~ 10 pm. During the final stages of the polishing
procedure, deionized (DI) water was replaced with ethanol (95% v/v; XR-LETOH-
B, Uni-Onward corp., New Taipei City, Taiwan) in order to prevent proteins that
were probably aggregated within vascular canals from being dissolved or dispersed
by attractive electrostatic and dipole forces of DI water. It is also important to note
that in all samples used in this study the epoxy resin, originally used to mount the
samples on glass slides, was carefully and completely removed with acetone (AS-
1112, TEDIA, Fairfield, OH, USA) and the fossil sample was transferred on Ag/
SnO,-coated infrared reflective low-e slides (Kevley Technologies, Chesterfield,
OH, USA) for the SR-FTIR microspectroscopic scan.

SR-FTIR microspectroscopy. In this investigation, the in situ preserved collagen
was measured directly by using SR-FTIR microspectroscopy at the beam line
BL14A1 infrared microspectroscopy (IMS) endstation of the National Synchrotron
Radiation Research Center (NSRRC)®, which includes a FTIR spectrometer
(Nicolet 6700, ThermoFisher Scientific, Madison, WI, USA) and a confocal
infrared microscope (Nicolet Continuum; ThermoFisher Scientific, Madison,

WI, USA). The highly collimated synchrotron infrared beam was directed into the
IMS endstation, and focused to a 10 x 10 um? infrared spot by a 32 x Cassegrain
objective on the ultrathin slides loaded into the infrared confocal microscope. This
procedure, required in order to acquire high signal/noise ratio FTIR spectra of the
fossil samples, was preferred over the larger 50 x 30 um? infrared spot, and was
achieved by using a conventional global infrared source’’. The SR-FTIR spectra
were collected in the mid-infrared range of 4,000-650 cm ~ !, at spectral resolution
of 4cm ~ 1, with a total of 128 scans at confocal aperture of 10 x 10 um?, with

| 8:14220 | DOI: 10.1038/ncomms14220 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications

ARTICLE

lateral mapping step size of 10 pum. The optical path of the IMS endstation of
BL14A1 was continuously purged by using dry nitrogen evaporated from liquid
nitrogen in Dewar (XL-100, Taylor-Wharton, Theodore, AL, USA) to replace most
of carbon dioxide and water vapour in the optical path. In addition, an automatic
atmospheric suppression function in OMNIC (OMNIC 9.2, 2012; ThermoFisher
Scientific Inc., Waltham, MA, USA) was employed for eliminating rovibration
absorptions of carbon dioxide and water vapour in the ambient air.

Other analyses and imaging. Micro-Raman spectra of the preserved collagen
materials in the central vascular canals and the bone matrix were also acquired by
using a home-built confocal Raman microscope, equipped with a monochromator
(Shamrock SR 303i-A, Andor Technology, USA), He-Ne laser (25-LHP-928-249,
CVI Melles Griot, USA), a thermo-electric cooling CCD (DU 401-BR-DD-968,
Andor, USA) and a microscope (BX51, Olympus, Tokyo, Japan). The haematite
particles were imaged and studied using the SR-TXM at BL0O1B1 of NSRRC for
full-field nano-imaging!®!” and TAM at the Department of Applied Chemistry of
National Chiao Tung University for full-field absorption imaging!®1°, respectively.

Data availability. The data set generated and analysed during the current study is
available from the lead author on reasonable request.
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