A role for iron and oxygen chemistry in preserving soft tissues, cells and molecules from deep time 
Supplemental Information

Recovery of biomaterial from extant bone
	Fragments of ostrich cortical bone were demineralized using 500 mM disodium ethylenediaminetetraacetic acid (EDTA) pH 8.0 until soft (i.e., easily sliced with a razor blade) in a laboratory completely separated from that used to prepare fossil material. After demineralization and washing to remove EDTA, the collagenous bone replica was digested in 1 mg/mL collagenase A (Roche) in Dulbecco's phosphate-buffered saline (D-PBS) pH 7.2 overnight at 37oC to isolate blood vessels from the bone.  Liberated blood vessels were washed several times using sterile distilled water to remove excess collagenase and used in taphonomic  experiments described below. 
	
Recovery of biomaterial from fossil bone
Cortical bone fragments from Tyrannosaurus rex (MOR 1125) and Brachylophosaurus canadensis (MOR 2598) were demineralized in 500 mM EDTA (pH 8.0) until no further change was observed in residue on the bottom of the plate, (~ 2 weeks at room temperature). The fibrous material recovered after demineralization of fossil bone was much less abundant than that of extant bone, and collagenase digestion was not required to recover vessels.  Dinosaur blood vessels were collected using a cut-tip pipette and washed to remove EDTA. Dinosaur osteocytes were concentrated by filtering through 40 µm mesh cell strainers (BD Falcon REF352340) and centrifuging at 300 rcf for 2 minutes, then rinsed in sterile Epure water to remove EDTA.
Preparation of vessels and cells for TEM 
Ostrich vessels: Vessels were recovered from ostrich bone 5 months post mortem by demineralization and collagenase digestion, as previously described [1].   Isolated vessels were fixed in 4:1 solution of paraformaldehyde:gluteraldehyde, then post-fixed, with 1% osmium in 0.1M phosphate buffer , rinsed with e-pure water, and then dehydrated with graded ethanol series flowed by acetone, then tissue was infiltrated with Spurr’s  resin and actetone (1:1)  for 30 min, 100% Spurr’s resin  for 60min and 100% Spurr’s resin for overnight, and embedded in Spurr’s embedding medium.  Embedded samples were polymerized in silicone molds at 65oC for 48 hours. Sections were taken at ~80-90 nm with a diamond knife, and collected on copper grids.  Sections were post-stained in uranyl acetate/lead citrate.  Vessels used in elemental studies were unstained. 
Preparation of material for synchrotron analyses
Ostrich vessels were recovered from bone as described above, then incubated in ostrich hemoglobin (HB)* lysate for 5 days at RT.  Vessels were rinsed thoroughly 8 times and stored in HPLC water with 0.5% sodium azide until used for synchrotron analyses.
Vessels and osteocytes of Tyrannosaurus rex (MOR 1125) and Brachylophosaurus canadensis (MOR 2598)  were recovered from fossil bone as described above (also in [1-3]). Vessels and osteocytes were washed with E-Pure water 6 times to remove any remaining EDTA buffer salts, After each wash, vessels were allowed to settle and the wash water was discarded.  Recovered vessels and osteocytes from both dinosaurs were stored in E-pure water until used for  synchrotron analyses. 
Synchrotron methodology
Synchrotron measurements were performed at Beamline 10.3.2 at the Advanced Light Source, Lawrence Berkeley National Laboratory [4].  This beamline consists of an X-ray optical system which produces a tunable, monochromatic beam of X-rays with an adjustable size, through which a sample is scanned.  X-ray fluorescence emission from elements of interest (here, Fe) were collected with a 7-element Ge solid state detector (Canberra) and recorded to produce micro X-ray fluorescence (XRF) images.  The sample can be parked at a given spot and micro X-ray diffraction (XRD) was performed to identify the phases in the samples.  XRF maps were collected at 10keV, using a 3 m x 3mbeam spot size and a 2 m x 2 m pixel sizeFe K-edge -XANES spectra were calibrated using an Fe foil (inflection at 7110.75 eV), reduced using LabVIEW softwares available at the beamline and fitted (least-squares linear combination) to library of reference standards as previously described [5].  The references which proved to be the most relevant were oxyhemoglobin, goethite, ferrihydrite and a bacterially-produced Fe oxyhydroxide [6].   Diffraction patterns were collected for 240s at either 14 keV (=0.8856 Å) or 17 keV (=0.7293 Å) using a Bruker SMART6000 CCD.  Diffraction data were calibrated using Al2O3 powder, then integrated and converted to q (2/d) with fit2d.  In some samples, the diffraction pattern consisted of spots rather than rings, showing that the grains were micro-size, rather than nano-size.  The only crystalline phase identified by diffraction was goethite.
Synthesis of PIH and SIH
	PIH and SIH were synthesized following Ponka et al. [7]. In short, 2.5 mmol pyridoxal (for PIH) in water or 1:2 (v:v) salicylaldehyde (for SIH) in ethanol was mixed with equimolar amounts of saturated isonicotinic acid hydrazide and heated for 5 minutes at 100oC, allowed to cool, and dried under vacuum. After completion, PIH synthesis resulted in an orange precipitate and SIH synthesis resulted in a white precipitate.  The precipitates were stored under desiccation until resolubilized in 50 mM NaOH as described below.  
Chelation 
Blood vessels and cells from B. canadensis (MOR 2598) and cells from T. rex (MOR 1125) were incubated in 1 mL of either 5% PEG600, 5 mM SIH in 50 mM NaOH, or 5 mM PIH in 50 mM NaOH overnight at room temperature or left untreated. Blood vessels from MOR 1125 were incubated in either PIH or PEG600 or left untreated. Because of tissue breakdown in the T. rex specimen compared to early recovery [1], vessels have become progressively more limited so treatments were limited to PEG600 and PIH.  Because comparative data showed PIH to be most effective, only those data are reported.
Analytical TEM
Osteocytes recovered from T. rex (MOR 1125) and B. canadensis (MOR 2598) were embedded in LR White as above without further treatment.  Sections were taken at 90 nm and deposited on 200 mesh copper grids. Sections were either left untreated, incubated in PIH (T. rex), or incubated in SIH (B. canadensis). Sections were examined on a LEO 912 (Zeiss) transmission electron microscope. L3 edge, iron electron spectroscopy images (ESI) were taken at 718.6 eV with 100,000 kV high tension with a Proscan 2048HSC, 14bit, 2MHz camera. Presentations were captured with ESI: Element Presentation with the 3-window power law difference.

Osteocyte immunostaining
	All dinosaur cells were washed to remove remaining iron chelators and incubated in Proteinase K (25 µg/mL) for 30 minutes at 37oC for initial antigen retrieval. Quenching of autofluorescence and additional antigen retrieval was performed with two incubations in 1mg/mL sodium borohydride for 10 minutes each. Nonspecific binding was prevented by incubation in 4% normal goat serum (NGS), and cells were treated with primary antibody (anti-chicken actin diluted 1:75 in 4% NGS) overnight at 4oC. After incubation, cells were washed with phosphate buffered saline solution (PBS) and incubated in secondary antibody (biotinylated goat anti-rabbit IgG diluted to 1:500 in PBS) at room temperature for two hours. Dilution in PBS was performed to prevent reactivity with proteins in NGS; therefore, maximizing the amount of secondary antibody available to bind primary antibody. Finally, the cells were treated with diluted avidin conjugated fluorescein (1:1000) for 1 hour in the dark. Actin antibodies were chosen because of actin’s highly conserved sequence and because it is a major component of the cytoskeleton [8].
Vessel immunostaining
All vessels were embedded in LR White resin (SPI-Chem) after partial dehydration in 70% ethanol followed by dehydration in 2:1 LR White to 70% ethanol. The samples were then exchanged twice with 100% LR White to equilibrate. Resin was hardened for 2 days at 60oC. 200 nm sections were taken on a diamond knife using a Leica EM UC6 ultramicrotome and sections were dried onto glass slides overnight at 45oC to remove residual moisture. Thorough drying is important to reduce loss of sections during incubation and washing steps.
Antigen retrieval and quenching of autofluorescence was performed with two washes in 0.5M EDTA for 10 min each and 1 mg/mL sodium borohydride as above. Sections were incubated in 4% NGS at room temperature to prevent non-specific binding and incubated in primary antibody (rabbit anti-bovine elastin antibody (courtesy R. Mecham) diluted 1:150 in 4% NGS) overnight at 4oC. Secondary antibody and fluorescein were added as above. Elastin was chosen because the high degree of crosslinking in the functional protein [9] makes it insoluble and resistant to breakdown, conferring high preservation potential.
Actualistic Experiments
Preparation of Ostrich hemoglobin (HB) and chicken HB for vessel incubation*.
[bookmark: _GoBack]   Solutions of chicken whole blood (100 ml with K3EDTA, Lampire Biologicals Lab (Cat#7208808)) and 20ml ostrich blood obtained from the North Carolina Zoo (Asheboro) were washed in 0.9% NaCl isotonic saline, centrifuge for 15mins at 5,000 rcf to remove plasma, serum and white blood cells (WBC) and to concentrate hemoglobin-containing red blood cells (RBC).  RBCs were washed again with isotonic saline until fluid was clear.  Hemoglobin was subsequently extracted from RBCs by incubating concentrated cells in 3.75mM phosphate buffer (pH 7.2) for 1hour on ice to lyse cells.  The solution was centrifuged to precipitate cell debris, and supernatant containing HB was collected.  This was repeated four times to obtain sufficient HB for experiments. Pooled supernatants were filtered through glass wool 3 times to remove RBCs ghost remnants, and filtrate was then subjected to ultrafiltration using  3KD Amicon Ultra centrifugal filters (Millipore) to concentrate and desalt  supernatants  and  exchange buffer to E-pure water.  The concentrated, purified HB solutions were brought to same volume as original blood volume by adding E-pure water. (100 ml of chicken HB solution , 20ml of Ostrich HB solution). 
Ostrich vessel hemoglobin incubation
Ostrich blood vessel harvested from bone were washed and either incubated in Epure water or PBS (controls) or chicken or ostrich hemoglobin lysate (prepared as described above) for 5 days at room temperature to simulate early exposure to iron released from hemoglobin shortly after death.   
Hemoglobin or control solutions were degassed by ultrasonification under argon gas continually for 5 hrs to remove oxygen, for HB/deoxy or PBS/deoxy conditions. To maintain the ‘deoxy’ condition, vessels in either HB or water were placed in 2ml tubes in sealed chambers, and purged with argon for at least 5 minutes once daily.  HB/oxy and PBS/oxy in 2ml tubes were opened to atmosphere for the duration of the experiments, and have since air dried, no longer useable. 
SEM preparation of vessels:	
After 8 days incubation in either chicken HB solution or controls, under deoxygenated or oxygenated condition, vessels were washed with E-pure water five times, fixed with 10%  neutralized formalin for 1hr at RT, wash again with e-pure water to remove excess formalin,  and dried on cover glass, then visualized uncoated using a field emission scanning electron microscope (Zeiss SUPRA 55VP)  under low voltage .


Ostrich Vessel immunostaining
   After incubating for 15 days in chicken HB solution under deoxygenated or oxygenated condition, vessels were washed with E-pure water five times and fixed with 10% neutralized formalin for 1hr at RT, then washed again with PBS buffer to remove formalin.  Vessels were then embedded LR white resin and sectioned as describe for dinosaur vessels, above. Some sections were incubated  with 5 mM PIH in 50 mM NaOH solution on 6 well Teflon coated glass slides for 30 min at RT, washed with PBS buffer; control condition were untreated.  All sections were immunostained following the protocol described above (vessel immunostaining), except using an antibody raised against a synthesized hemoglobin peptide (NH2-TSLWGKVNVADCGAEALAR-OH, [10])  diluted 1:200  in 4% NGS as primary antibody .


Supplemental figures:
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Figure S1. Backscatter TEM image (A, C) and elemental maps (B, D) of isolated ‘osteocytes’ recovered from demineralized T.rex (A, B) and B. canadensis bone.  Elemental maps are in iron and reflect the distribution of elemental iron in the membrane structure of isolated cells.  Scale bars are 2m for each image.
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Figure S2.  Elemental maps of isolated dinosaur ‘osteocytes’ recovered from demineralized bone.  A) T.rex and C) B. canadensis cells untreated, B) T.rex and D) B. canadensis cells after incubation in PIH to chelate iron.  Although iron can still be identified in both maps, it is clearly reduced in the treated cells. Bars represent 2 m.
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Figure S3.  -XRD analysis of ostrich vessels demonstrated the amorphous nature (broad, poorly defined rings) of fresh blood vessels, which is in contrast to the nanocrystalline goethite observed for both B. canadensis and T. rex (see Fig. 2I and M, respectively).


[image: ]Figure S4.  SEM images of ostrich vessels.  A-C; vessels soaked in hemoglobin under deoxygenated conditions; D-F; Hemoglobin vessels under oxygenated conditions; G-I; vessels incubated in PBS/water under deoxygenated conditions; J-L, PBS/water incubated vessels under oxygenated conditions.  Black arrows indicated collapse and flattening of vessel walls; white arrows show fungal invasion.  White arrowheads indicated vessel surface structures consistent with endothelial nuclei.  Scale is as indicated
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Figure S5.  Isolated ostrich vessels, after 30 days at room temperature.  A, vessels soaked in HB as described, in deoxygenated conditions; B) HB soaked vessels, oxygenated; neither condition shows evidence of microbial growth.  C) PBS incubated vessels, deoxygenated and D) oxygenated vessels show obvious fungal and/or biofilm growth on most available vessel surfaces, with oxygenated conditions almost completely consumed by microbial growth.
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Figure S6.  Ostrich vessels soaked in hemoglobin, then exposed to antibodies raised against synthetic hemoglobin peptide NH2-TSLWGKVNVADCGAEALAR-OH   A, B are deoxygenated vessels; C, D are oxygenated.  A, C show vessel response to antibodies before treatment with PIH; B, D show enhanced response after iron was chelated from the vessel walls.  Data collection parameters are identical for all images.
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