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Abstract Bone collagen is found throughout most of the
archaeological record. Under experimental conditions,
collagen is apparently preserved as an intact molecule,
with amino acid compositions and isotopic profiles only
changing when almost all of the protein is lost. The
ubiquity of collagen in archaeological bone has lead to
the development of the use of collagen peptide mass
fingerprints for the identification of bone fragments—
Zooarchaeology by Mass Spectrometry (ZooMS). We
report a novel, but a simple method for the partial
extraction of collagen for ZooMS that uses ammonium
bicarbonate buffer but avoids demineralisation. We com-
pared conventional acid demineralisation with ammonium
bicarbonate buffer extraction to test ZooMS in a range of
modern and archaeological bone samples. The sensitivity of
the current generation of mass spectrometers is high enough
for the non-destructive buffer method to extract sufficient
collagen for ZooMS. We envisage that a particular
advantage of this method is that it leaves worked bone
artefacts effectively undamaged post-treatment, suitable for
subsequent analysis or museum storage or display. Further-
more, it may have potential as a screening tool to aid
curators in the selection of material for more advanced
molecular analysis—such as DNA sequencing.
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Introduction

Collagen survival

Collagen, the most abundant protein in bone and in dentin, is
found widespread in the archaeological record (Higham et al.
2006; Tuross et al. 1980) and can persist in fossils up to at
least 600 ka (Buckley et al. 2011), perhaps considerably
longer (Schweitzer et al. 2009). Type I (bone) collagen is a
triple helix composed of two alpha 1 (COL1A1) and one
alpha 2 (COL1A2) chain. COL1A1 is more highly con-
served between genera than COL1A2 (Buckley et al. 2009;
Buckley et al. 2010). A third alpha chain, COL1A3, has been
reported exclusively in fish (Piez 1965).

Unlike DNA, which is typically fragmented to below
70 bp when recovered from bone (e.g. Krause et al. 2010),
collagen is sometimes treated as if it remains an intact
protein. Radiocarbon and stable isotope preparation meth-
ods typically isolate an acid insoluble fraction, gelatinise
that fraction by heating in weak acid and subsequently
retain a high molecular weight >30 kDa fraction.
Covington et al (2008) argue that collagen is stabilised
by physical compression of the collagen fibril by mineral
or chrome tanning agents, in a manner similar to the role
of dehydration considered by Miles and Ghelashvili
(1999). These findings are believed to be responsible for
the observations that during artificial degradation, there is
no perceptible reduction in collagen quality until there is
less than 1% of the levels of collagen found in modern
bone (Dobberstein et al. 2009). However, archaeological
bone finds can contain more than 1% of its original
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collagen, yet show a signal of degraded collagen (Harbeck
and Grupe 2009) according to commonly used diagenetic
indicators (van Klinken 1999). Collagen degradation,
though more elucidated in the past decades, can still not
be fully or straightforwardly explained. Of the biomole-
cules found in archaeological specimen of direct biolog-
ical significance, collagen has one of the highest chances
of surviving over substantial periods of ancient history and
in a quality that is useful for various types of analyses,
such as proteomics.

Degraded collagen that has been as significantly altered
to be detrimental to stable isotope analysis (Harbeck and
Grupe 2009) is less of an obstacle for Zooarchaeology by
Mass Spectrometry (ZooMS). In contrast to other methods
such as stable isotope analysis, protein mass spectrometry
does not rely solely on bulk collagen and is less influenced
by collagen quality in data interpretation.

Zooarchaeology by Mass Spectrometry

Ancient collagen integrity means that peptide mass can be
used to identify the taxonomic source of archaeological
bone samples, an approach termed ZooMS (Buckley et al.
2009). ZooMS is a version of peptide (sometimes protein)
mass fingerprinting (Pappin et al. 1993; Henzel and
Watanabe 2003): an approach broadly analogous to DNA
fingerprinting (Fig. 1). A proteolytic enzyme (most com-
monly trypsin) is used to cleave proteins at specific motifs

or residues, generating peptide fragments of varying
lengths, similar to a restriction enzyme on DNA. Differ-
ences in primary sequence will result in a variation in mass
fragment patterns, and these patterns are used as a
fingerprint diagnostic for the original protein. In ZooMS,
archaeological collagen peptide masses are matched to
either in-house standards or masses predicted from collagen
sequences (Buckley et al. 2009). Due to the slow rate of
collagen evolution, the taxonomic resolution of ZooMS is
typically no better than animal genus, much less accurate
than DNA-based methods (c.f. Boyko et al. 2009).
However, ZooMS does not require template amplification
and peptides are measured ‘as is’, which reduces contam-
ination risks.

Minimally destructive analysis

The original ZooMS method (Buckley et al. 2009; Buckley
et al. 2010) uses acid to demineralise bone prior to collagen
extraction and mass spectrometric analysis. Despite small
sample sizes (typically 1–5 mg of a bone), the method is
still destructive as samples are dissolved after acid digestion
and gelatinisation. In the case of analysis of worked bone
artefacts or a screening tool for subsequent analyses (e.g.
DNA, stable isotope or radiocarbon analysis), a milder
extraction process would be advantageous.

The current generation of mass spectrometers is capable
of detecting femtomoles or attomoles of peptides (Vorm et

Fig. 1 Schematic illustration of DNA fingerprinting versus protein mass
fingerprinting (PMF). Both methods are based on the principle that the
primary sequence holds motifs for restriction enzymes or proteases
respectively and that the resulting fragments after digestion differ in size
and mass. A point mutation in a DNA sequence, when not interfering
with the enzyme motif, will have no effect on the fragment length and

therefore not be detected. In the case of PMF, a non-synonymous point
mutation will result in a change in the amino acid sequence, which is
usually coupled to a mass change (excepting the isobaric residues Leu/
Ile), even when the protease cleavage site (C-terminal to arginine and
lysine residues in the case of trypsin) is unaltered
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al. 1994). We therefore speculated that we could leverage
this instrumental sensitivity to analyse the small fraction of
soluble protein that is reported to persist in ancient bone
(Tuross et al. 1988; Collins et al. 2009) without the need for
acid digestion. Here, we report our findings in using a
warm (65°C) ammonium bicarbonate buffer (pH 8.0) to
leach collagen into solution for ZooMS analysis (Fig. 2),
enabling worked bone artefacts to be analysed without
destructive sampling.

Method and materials

Materials

All modern samples were from bovid bone meal autoclaved
at 133°C for 20 min. Archaeological bone was powdered
bovid bone from a Mesolithic–Neolithic site in Rosenhof
(Germany) dated to 4900/4800 cal BC and whole bone
fragments of bovid bone from mid-ninth to tenth century
Coppergate, York (UK); both well preserved (resp. Scheu et
al. 2008; Ottoni et al. 2009). For macroscopic comparison
and Fourier transform infrared spectroscopy (FT-IR) inves-
tigation, fragments of bovid bone from Coppergate (UK)
were used. Scanning electron microscopy was performed
on early medieval comb tines made from worked antler or
bone (not established prior to investigation). See also
Table 1.

Ammonium bicarbonate (NH4HCO3) buffer protocol

Samples of bone (<1 mg for modern bone; approximately
5 mg for archaeological bone) were incubated for 1 h at
65°C in 50 mM ammonium bicarbonate [pH 8.0] in a
polypropylene eppendorf tube or microplate. In pilot
experiments, a range of temperatures from 65°C to 95°C
was tested; higher temperatures yielded poorer signals in
mass spectrometric analysis with modern bone (results not

shown). Samples were briefly centrifuged and the superna-
tant discarded. The extraction was repeated, and this
supernatant was collected for incubation with 1 μg/μl
sequencing grade modified porcine trypsin (Promega,
Southampton, UK) at 37°C for18 h. See also Fig. 2.

Cold acid protocol

Samples (<1 mg for modern bone; approximately 5 mg for
archaeological bone) were incubated in 0.6 M HCl for 24 h
at 4°C. Demineralised samples were centrifuged, and the
supernatant discarded. The acid insoluble fraction was
washed in ultrapure water to neutral pH, then incubated
for 3 h in 50 mM ammonium bicarbonate [pH 8.0] at 70°C.
The supernatant was collected and incubated for 18 h with
1 μg/μl sequencing grade modified porcine trypsin (Promega)
at 37°C.

Peptide purification by solid phase extraction

The tryptic digest was filtered over C18 resin (Millipore,
Durham, UK; Porvair, Leatherhead, UK) to desalt and
concentrate peptides by washing with 0.1% trifluoric acid
(TFA). Peptides were eluted in a final volume of 10 μl of
50% acetonitrile (ACN)/0.1% TFA (v/v). One microlitre of
elute was mixed on a ground steel plate with 1 μl α-cyano-
4-hydroxycinnamic acid matrix solution (1% in 50% ACN/
0.1% TFA (v/v/v)) and dried to air.

Mass spectrometric analysis

Each sample was analysed in reflector mode using a
calibrated Ultraflex III (Bruker Daltonics, Bremen, DE)
MALDI-TOF instrument to measure mass to charge ratios
(m/z) of trypsinated fragments. Spectra were analysed using
flexAnalysis software v. 3.0 (Bruker Daltonics). The
indexed peptides were identified manually according to
Buckley et al (2009).

Fig. 2 Schematic overview of the warm–water extraction method. 1
A small particle of bone is collected. 2 The sample is incubated for an
hour at 65°C in ammonium bicarbonate buffer. 3 After incubation, the
supernatant—containing protein and interfering particles—is dis-
carded. 4 The sample is incubated for another hour at 65°C in

ammonium bicarbonate buffer. 5 The second extract contains
collagen. 6 Trypsin is added to cleave the protein into peptides. 7
The dependant of the primary sequence of collagen, peptides with
varied masses, is obtained. 8 These variations are visualised in the
mass spectra and a species identity can be assigned, using ZooMS
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Extraction efficiency measured by Bradford assay

Untrypsinated material (M, H, P—abbreviations in Table 1)
extracted by either cold acid or NH4HCO3 buffer method
was collected and diluted 10 and 20 times in 50 mM of
ammonium bicarbonate [pH 8.0]. One volume of Coomas-
sie Plus Protein Assay Reagent (Thermo Fischer Scientific,
Loughborough, UK) was added to each sample and allowed
to incubate 1 min at room temperature. Samples were
calibrated against standard range of 50–0.8 mg/ml BSA,
and a 50 mM ammonium bicarbonate blank. All samples
were measured in triplicate using a FLUOStar OPTIMA
microplate reader (BMG Labtech, Offenburg, DE) in
absorbance mode, with a BMG 0308A filter at a wave-
length range of 570–585 nm.

Macroscopic comparison

Two bone particles of approximately equal weight (approx-
imately 70 mg) and size (10 mm diagonal) from the same
archaeological bovine sample (H) were treated with either
the cold acid method or the NH4HCO3 buffer method. After
each incubation step, the samples were weighed, measured
and photographed. Concluding regular extraction, the
samples were further exposed to three cycles of 12 h at
−20°C and 12 h at room temperature in 50 mM ammonium
bicarbonate buffer after normal sample treatment to
examine the impact of freeze-thaw damage (i.e. repeated
removal from a freezer).

Scanning electron microscopy

Comb tines from a worked bone artefact (W) were
treated with the NH4HCO3 buffer method. One of these
was exposed to a freeze-thaw cycle, due to storage
conditions. A third comb tine was left untreated as a
control.

All three samples were examined by scanning electron
microscopy. Samples were suspended in a copper shim and

viewed uncoated at 5 kV on a JSM 6490LV microscope
(JEOL, Tokyo, Japan).

For (worked) bone surfaces ultrasonic cleaning in the
presence of a mild detergent is recommended (Rose 1983)
to remove dirt from the surfaces. However, the NH4HCO3

buffer method involves a similar washing step, obviating
the need for potentially destructive cavitation effects of
ultrasound. Samples were cleaned with cotton wool, but
following extraction with NH4HCO3 macroscopic surface
impurities were still visible.

Fourier transform infrared spectroscopy

Bone apatite powder (2 mg) was ground with 200 mg of
spectroscopic grade KBr. The powder was placed within a
12-mm disc and pressed into a pellet (3 mm window) using a
hydraulic press at 10,000 psi. Pellets were scanned 16 times
using a Perkin-Elmer FT-IR spectrometer. Spectra were
recorded from 4,000 to 400 cm−1 and baseline corrected.

Peak heights at wave numbers 565 (v4 PO4) and
605 (v4 PO4) and the valley at ∼590 cm−1 between peaks
565 and 605 cm−1 were measured to calculate the infrared
splitting factor (SF). The peak heights at wave numbers
1035 (v3 PO4) and 1,415 cm−1 (v3 CO3) were measured for
calculation of carbonate to phosphate ratio (CO3/PO4).
These are two common semi-quantitative measurements
used to evaluate diagenesis in apatite. Additionally, the
collagen content can be estimated by calculating the ratio of
intensities of the amide peak at 1,640 cm−1 and the
phosphate peak at 1,035 cm−1 (Trueman et al. 2008).

The SF evaluates the crystalline structure of bioapa-
tite. For modern bone, SF ranges between 2.5 and 2.9
(Wright and Schwarcz 1996). An increase in SF indicates
re-crystallisation and an increase in crystal size and order.
This is generally coupled with a decrease in CO3/PO4, i.e.
a loss in carbonate (Sillen 1989). Measurements made on
fresh cattle bone gave an amide to phosphate ratio
(Am/PO4) of 0.36. Any values below this would indicate
a relative decrease in collagen content.

Table 1 Samples used in this study with abbreviations used in text for reference

Sample description Age Site Experiment Reference Abbreviation
as used in text

Autoclaved bone meal Modern N/A Method Comparison M (modern)

Powdered bovid bone 4900–4800
cal BC

Rosenhof (Germany) Bradford Assay Scheu et al.
(2008)

P (prehistoric)

Bovid bone ninth to tenth
century AD

Coppergate, York
(United Kingdom)

Bradford Assay/Macroscopic
Comparison /FT-IR

Ottoni et al.
(2009)

H (historical)

Worked deer bone/
antler comb tines

sixth to ninth
century AD

Howe, Stromness
(United Kingdom)

SEM Ashby
(2009)

W (worked)
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Results

Comparison on modern bone

Autoclaved, modern animal bone extracted using both the
acid and NH4HCO3 buffer method produced sufficient
collagen for MALDI-MS analysis and identification of
indexed peptides for speciation (Fig. 3a). The buffer
method obtains reliable results from bone meal, presumably
extracting a fraction of collagen solubilised by the heat and
pressure of the autoclave. Similar results are obtained from
archaeological material (H in Table 1), showing that both
methods can be used for ZooMS applications (Fig. 3b).

To assess the amount of protein extracted in both
protocols, first and second extracts from the bone of
three different ages (M, H, P; Table 1) were determined
by Bradford assay. The highest yield of protein with the
Bradford assay was always obtained in the first extract;
concentrations decreased with subsequent extractions.
However, MALDI-TOF-MS analysis of the first protein
extract has consistently lower peak intensities and ion
currents than the following extract. Further repeated
extractions still produced sufficient protein for identifica-
tion, although below the detection limit of the Bradford
assay. There was no significant difference in yields of
detectable protein with either the acid or ammonium

Fig. 3 MALDI-TOF spectra
from bovid (Bos taurus) bone
extracts. a Modern bone (M, see
Table 1), demineralised (above)
and non-demineralised (below).
b Archaeological bone (H, see
Table 1), demineralised (above)
and non-demineralised (below).
Assigned in capital letters, A–G,
are indexed peptides as
designated by Buckley et al.
(2009). t is used to indicate a
trypsin autocleavage product
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bicarbonate methods. However, in archaeological samples,
more protein is obtained using acid demineralisation, in
both the first and any subsequent incubation. Estimated
yields (Bradford assay) are shown in Table 2 for each
sample per milligramme of original bone weight.

Macroscopic comparison on artefact preservation

Figure 4 shows the effect of each incubation step on bone
material (H). Untreated, both samples are of comparable
size and weight. After acid treatment, sample A was
decreased by 76% in weight, indicating that all the mineral
(accounting for 63% by weight; Glimcher and Krane 1968),
and some of the collagen fraction was lost. A transparent
collagen “ghost” was left after drying overnight to air.
Ultimately, sample A lost approximately 90% of its original
weight (74.3 mg) and decreased 50% in size (11 mm).
Sample B showed no significant decrease in either size
(12 mm) or weight (59.9 mg). After multiple freeze-thaw
cycles, no measurable changes were observed in either
sample.

Microscopic and molecular comparison on artefact
preservation

Scanning electron microscope images of untreated and
treated artefacts (W) with the NH4HCO3 buffer method
show no marked differences between bone surfaces
(Fig. 5). Both the untreated sample and the treated samples
(including one stored in a freezer) show surface damage,
which may be caused by manufacture, use or taphonomy;
the detail on these does not appear to change following
extraction.

There is no evidence that the NH4HCO3 method
measurably alters bone exposed to incubation. Acid
extraction, unsurprisingly leads to changes in the mineral
phase—specifically a lower IR-SF (i.e. a lower crystallin-
ity), a higher proportion of carbonates and a high amide to
phosphate ratio (indicating a relative increase in collagen
over mineral).

The SF, CO3/PO4 and Am/PO4 values of the
NH4HCO3 buffer-extracted sample are similar to the
control values, and both are within the typical range for

Table 2 Bradford assay results

Sample Size (mm) Weight (mg) Yield cold acid (ug/mg) Yield NH4HCO3 (ug/mg)

1 h 2 h 1 h 2 h

Modern 1–2 0.35 296.5±67.4 62.50±36.06 303.9±74.8 106.6±46.4

Medieval 5 9.8 20.54±8.48 11.77±3.65 0.84±1.15 0.67±0.29

Neolithic Powder 6.3 27.20±4.19 20.10±2.32 7.52±3.80 5.43±2.47

Original sample size and weight are denoted and the protein yield as measured through photo-spectrometric analysis. The results for both
subsequent extraction aliquots are shown. Yields are averaged over three sample replicates and technical triplicates. The measured protein
concentration is normalised against original respective sample weight. Yields are denoted ± standard error

Fig. 4 Macroscopic comparison
of the cold acid treatment versus
the NH4HCO3 buffer method on
well-preserved archaeological
bovid bone (H, see Table 1). In
the original frame, both samples
are untreated. After
demineralisation, sample A
(acid) has been incubated for
24 h in 0.6 M HCl. Sample B
(buffer) is still untreated. In the
last extraction, sample A has
been incubated for 3 h at 70°C
in 50 mM NH4HCO3 buffer.
Sample B has been incubated
twice for 1 h at 65°C in
NH4HCO3 buffer. Percentages
of size and weight changes have
been plotted below
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modern bone. However, the dissolution of apatite has
reduced the crystallinity after cold acid treatment (Table 3).
Low errors of SF values are also typical for unaltered
bone.

Discussion

A recent paper (Dobberstein et al. 2009) argued, on the
basis of CNBr digestion, that bone collagen remains largely
intact in archaeological bone. Given the high temperature
(>150°C) required to denature intact collagen (Kronick
and Cooke 1996), the mild extraction procedure (2×1 h at
65°C) would be too low to fully denature undamaged
collagen, yet yields repeatable and detectable results for
ZooMS analysis in both modern and archaeological bone.
A small, but significant soluble fraction is present in most
bone through accumulated damage (Collins et al. 2009),
and despite low yield, the coupling of concentration and

purification by solid phase extraction and the sensitivity
of MALDI-TOF-MS means that NH4HCO3 buffer extrac-
tion is sufficient for ZooMS analysis. We are currently
exploring a larger body of samples, including material
with varying thermal history, as the ability to release the
minimal fraction of soluble collagen may be limited in
some burial environments. The soluble fraction may have
been leached out completely prior to investigation if the
inhumation period was exposed to an extensive water
influx.

Even with soluble collagen so easily flushed out, we
consider the risk of cross contamination during the
inhumation period low. Due to the lack of amplification,
there is little risk in a bone-preserving environment in
which endogenous collagen would not exceed exogenous
collagen by such a measure that contamination would show
in mass spectra following this method.

Sample interference

Despite the fact that protein yields were highest in the first
extract and decreased with each subsequent extraction (as
estimated by Bradford assay and SDS-PAGE gel), the first
extract invariably had lower peak intensity in mass spectra
than the second extract. Subsequent extractions had
progressively lower peak intensity; a pattern observed in
both modern and archaeological bone.

It is unclear why the first extract has sub-optimal
performance, but we suspect that this extract is enriched
with compounds that compete in solid phase extraction with
the peptides, co-crystallise with the matrix or otherwise
prevent efficient ionisation of peptides. The problem is

Fig. 5 SEM images of medieval
comb tines (W, see Table 1). Left
to right: untreated control,
sample treated with NH4HCO3

buffer, sample treated with
NH4HCO3 buffer and exposed
to a freeze-thaw cycle. Above
magnification at ×200; Below
magnification at ×1,500

Table 3 FT-IR results for comparison between the cold acid method
and the warm–water method, and an untreated control

Sample SF CO3/PO4 Am/PO4

Fresh bone 2.75±0.08 0.36±0.08 0.36±0.00

Control (n=3) 2.76±0.03 0.40±0.008 0.38±0.05

Acid (n=5) 2.39±0.35 0.44±0.023 0.53±0.02

Water (n=3) 2.81±0.10 0.39±0.016 0.37±0.06

Results are noted ± standard deviation

SF splitting factor, CO3/PO4 carbonate to phosphate ratio, Am/PO4

amide to phosphate ratio
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more apparent in modern than archaeological extracts.
The interfering component was probably moderately
hydrophobic, given that the interference could be
somewhat reduced (but not excluded) if extraction was
undertaken in polypropylene microplates rather than
polystyrene (Sambrook and Russell 2001). One possible
candidate is the phospholipids; their rapid reduction in
archaeological samples (Millard 2001; Evershed et al.
1995) would in part explain the lower interference in
archaeological materials. However, we suspect that a more
complex range of compounds is responsible as interfer-
ence was also present in all archaeological samples,
irrespective of age and burial environment.

Artefact preservation and method potential

Our results show that in the case of well-preserved bone,
the NH4HCO3 buffer extraction does not measurably alter
the material. This allows worked artefacts to be investigated
by ZooMS without destroying the sample and the artefact is
only exposed twice to a weak (50 mM) ammonium
bicarbonate buffer of pH 8.0 at 65°C for an hour (and this
could be used as part of the cleaning process). It is unlikely
that these conditions will otherwise modify any object of
mineralised tissue, as diagenetic parameters remain unal-
tered after treatment. However, any major changes in
crystallinity in bone before buffer extraction may have an
effect similar to cold acid extraction and potentially have a
destructive effect.

With the NH4HCO3 buffer extraction, the speed and
sample throughput were vastly improved, while keeping
overall costs down. Ultimately, the extraction after cold
acid treatment, by obtaining a higher protein yield, will
have a higher efficiency and consequently a greater success
rate. However, the partial leaching in the NH4HCO3 buffer
extraction allows the analyst to revisit the same specimen,
and at the same time, to investigate a higher number of
samples at lower cost, as it obviates the need for a
neutralisation step.

Conclusion

We have demonstrated the use of a mild NH4HCO3 buffer-
based extraction method for collagen from mineralised
tissue. The NH4HCO3 buffer extraction yields sufficient
collagen from well-preserved mineralised tissue for mass
spectrometric analysis and ZooMS identification of species.
Potentially, the method can be employed to safely identify
valuable artefacts or tiny fragments. It is also possible to
revisit an analysis on the same material and furthermore the
sample is not compromised if subsequent destructive
analysis is required.
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