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Rationale: Proteins extracted from archaeological bone and teeth are utilised for

investigating the phylogeny of extinct and extant species, the biological sex and age

of past individuals, as well as ancient health and physiology. However, variable

preservation of proteins in archaeological materials represents a major challenge.

Methods: To better understand the spatial distribution of ancient proteins preserved

within teeth, we applied matrix assisted laser desorption/ionisation mass

spectrometry imaging (MALDI-MSI) for the first time to bioarchaeological samples to

visualise the intensity of proteins in archaeological teeth thin sections. We

specifically explored the spatial distribution of four proteins (collagen type I, of

which the chains alpha-1 and alpha-2, alpha-2-HS-glycoprotein, haemoglobin subunit

alpha and myosin light polypeptide 6).

Results: We successfully identified ancient proteins in archaeological teeth thin

sections using mass spectrometry imaging. The data are available via

ProteomeXchange with identifier PXD038114. However, we observed that peptides

did not always follow our hypotheses for their spatial distribution, with distinct

differences observed in the spatial distribution of several proteins, and occasionally

between peptides of the same protein.

Conclusions: While it remains unclear what causes these differences in protein

intensity distribution within teeth, as revealed by MALDI-MSI in this study, we have

demonstrated that MALDI-MSI can be successfully applied to mineralised

bioarchaeological tissues to detect ancient peptides. In future applications, this

technique could be particularly fruitful not just for understanding the preservation of

proteins in a range of archaeological materials, but making informed decisions on

sampling strategies and the targeting of key proteins of archaeological and biological

interest.
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1 | INTRODUCTION

Proteins extracted from archaeological teeth are used for a wealth of

applications, including identifying the phylogeny of extinct1–4 and

extant species,5–7 biological age estimation8 and biological sex

identification.9 In addition, the pulp chamber has also been targeted

as a source of proteins associated with pathogens.10 Other

archaeological science approaches, such as carbon and nitrogen

isotope analysis and radiocarbon dating of bone collagen, depend on

the preservation of bone proteins.11

Variation in the preservation and distribution of proteins in

archaeological material is a substantial challenge for the consistency

and applicability of palaeoproteomics, with biological and diagenetic

processes leading to differences in the abundance and presence of

proteins between samples.8,12,13 While there is a substantial body of

work on protein diagenesis in archaeological bones and teeth,14 our

knowledge of the spatial distribution of proteins within these

archaeological tissues remains limited. Understanding this

distribution would contribute to tackling several challenges in

palaeoproteomics: the identification of specific target locations for

sampling (and, as a consequence, minimising unnecessary damage),

the interpretation of data from sequential sampling in dental tissue

and the variable preservation of particular proteins in archaeological

materials. To address these challenges, we aimed to spatially explore

the distribution of proteins in archaeological teeth using matrix-

assisted laser desorption ionisation mass spectrometry imaging

(MALDI-MSI). For the first time we explored the usefulness of using

MALDI-MSI for understanding the distribution and preservation of

proteins in bioarchaeological remains, here focusing on dental

tissues.

1.1 | The distribution of proteins in teeth

Teeth contain three dominant mineralised tissue-types, enamel,

dentine and cementum, as well as soft tissue of the dental pulp, the

latter of which rarely preserves in archaeological contexts. These

tissue types contain distinct proteomes, reflecting their formation and

biological functions.15–17 For example, the protein amelogenin,

responsible for the growth of hydroxyapatite crystals, is dominant in

enamel tissue, while the proteome of dentine is dominant in

collagenous proteins. Systematic differences in proteome composition

also occur in the different stages of tooth mineral development and

between the tooth types, such as molars and canines,18–20 for

example distinct proteomes have been observed in deciduous versus

permanent dental cementum.21

Spatial patterns in the proteome within teeth tissue types have

also been explored in archaeological and modern tissues using a

variety of methods. For example, Hirano et al.22 employed MSI to

show that several compounds show distinct spatial patterns within

teeth, which allowed distinguishing dentine, enamel and the dental

pulp cavity, although it was not possible to identify the specific

proteins generating those signals. Within dentine alone, Procopio

et al.8 demonstrated differences in the proteome between the top,

middle and root dentine by comparing a series of liquid

chromatography tandem mass spectrometry (LC–MS/MS) samples.

Czermak et al.23 used fluorescence to examine the spatial

distribution of proteins in dentine affected by caries, observing that

areas of degraded collagen could be detected using fluorescence

imaging. They argue that even from some of these degraded areas

unaltered collagen can still be recovered, although larger samples are

required. Focusing on human enamel, Mitsiadis et al.24 used antibody

staining to observe that the distribution of the protein amelogenin

resembles a zebra-like pattern of alternating high- and low-

abundance layers.24

1.2 | Sequential sampling of archaeological

proteins in dental tissues

In archaeological contexts, the spatial distribution of proteins due to

dental growth is utilised in the isotope analysis of sequentially

sampled dentine, an important approach in palaeodietary studies.25–27

This approach exploits the fact that teeth grow incrementally with

biological age until they are fully developed28 and therefore the

isotope composition of constituent proteins in these increments

reflects diet in relatively narrow time windows.29 For example, stable

isotopes analysis of δ
18O and δ

13C in mammal teeth demonstrates

seasonal patterns of diet,30 and by strategic sequential sampling of

multiple teeth in humans it is possible to reconstruct dietary changes

through infancy, childhood and adolescence.31 Correlation of spatial

changes in isotope ratios with linear enamel hypoplasia, a

morphological stress marker,32 has also been attempted, although no

significant correlation was found.33

Intra-tooth sequential sampling (microsampling) involves

sectioning a tooth and excising small chunks of tooth (0.5–

1.25 mm in width).28,34–37 However, the standard sampling method

of cutting transverse sections from crown to root for sequential

sampling does not directly follow the direction of growth and the

resulting microsamples will consist of multiple growth increments,

which reduce the temporal resolution of the sample.36 There have

been developments to improve the temporal resolution of

microsamples, such as comparing small punches on the outer layer

of dentine versus microslices of dentine.38 Despite the value of

this approach, it remains unclear how the potential spatial

distribution of protein in teeth would affect sequential stable

isotope analysis and if microsamples would contain a consistently

representative proteome. Additionally, not all tissues are suitable

for microsampling due to the size and composition of the sample,

for example primarily due to its small size it is not current practice

to perform sequential proteomic analysis of dental calculus.

Moreover, having a greater understanding of the spatial distribution

of the target proteins of interest could be used to prevent

unnecessary destructive sampling and would allow informed

decisions to be made regarding sampling particular areas within a

tissue.
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1.3 | Mass spectrometry imaging

In this study we explore mass spectrometry imaging (MSI) as a

potential method to identify and study intratissue variation in

archaeological samples. MSI acts like a ‘chemical microscope’,

where molecules are desorbed or extracted across a 2D surface and

then directly analysed using mass spectrometry, enabling

a visualisation of the spatial distribution of compounds of

interest. In matrix assisted laser desorption/ionisation -

time of flight mass spectrometry (MALDI-TOF MS), an approach often

used for zooarchaeology by mass spectrometry (ZooMS), mass

spectra are acquired via the ablation and ionisation of extracted

peptides on a steel plate. In contrast, MALDI-MSI utilises a flat sample

surface (typically created using thin sectioning). The sample's surface

is divided into a raster and a mass spectrum acquired for each pixel.

By selecting target masses of interest, the result is an image of the

intensity of that mass distributed across the sample surface. The pixel

size determines image resolution, with smaller pixels yielding more

detailed spatial distribution for each mass measured, but also

increasing the time and cost of analysis.

MALDI-MSI has seen wide applicability in the biological and

medical sciences, particularly in understanding the location of

particular target pharmaceutical and biological compounds, such as

disease biomarkers,39–42 even in single cells.43,44 For mineralised

tissues, MSI has seen fewer applications owing to the lack of sample

preparation protocols suitable for hard tissues. However, MSI has

been successfully applied to modern mouse bone and teeth,45 rat

bone,46 chicken bone47 and human teeth.22 MSI on bone has been

used to understand protein expression in bone tumours, with

visualisation using MALDI-MSI performed in tandem with in vivo

histology,48 the visualisation of bone lipids49 and the detection of the

drug methadone in bone tissues.46

Due to the rareness of MSI being used on samples from hard

tissues, MALDI-MSI has rarely been applied to archaeological or

palaeontological contexts. Kramell et al.50 utilised MALDI-MSI to

detect dyes on a fabric fragment dating to 2nd century BC–5th

century AD in the Tarim Basin, China. An alternative form of mass

spectrometry imaging called secondary ion mass spectrometry (SIMS),

together with a time of flight and an Orbitrap mass analyzer, has been

used more frequently. SIMS has mainly been applied to different

types of archaeological remains for the visualisation of the spatial

distribution of proteins and lipids, such as ceramic vessels,51

paintings52,53 and patina on wooden statuettes.54 However, SIMS has

decreased sensitivity55 and employs a harder ionisation compared to

MSI, leading to further fragmentation of the already fragmented

archaeological proteins, as well as a narrower mass range.56,57

Especially for the analysis of archaeological remains, where diagenesis

will already have fragmented any surviving proteins, these differences

may be persuasive arguments for preferring MSI.

Although approximately 813 proteins have been identified in

dentine,58 it is not possible to detect and verify all these proteins by

MALDI-MSI. To aid visualisation and interpretation, in this study we

have focused our analysis on four biologically meaningful proteins,

but the supplementary data included with this article could be used to

study other proteins in dental tissues as well. The particular proteins

investigated in this study are collagen type I alpha-1 and alpha-2,

alpha-2-HS-glycoprotein, haemoglobin subunit alpha and myosin light

polypeptide 6. These proteins were selected due to their

archaeological relevance in previous applications, and to investigate

the spatial distribution of proteins both associated and not associated

with the bone mineral. Collagen is the most abundant protein in bone,

and in archaeological contexts is frequently used to taxonomically

identify bone or teeth fragments in addition to stable isotope analysis

and radiocarbon dating. Alpha-2-HS-glycoprotein (fetuin-a) was

selected as it has been suggested as a marker for biological age-at-

death.8 Haemoglobin subunit alpha is a common blood protein and

was selected to visualise the presence of blood in the teeth. Lastly,

myosin light peptide 6 is primarily expressed in muscle tissues and

similarly is not commonly associated with the bone proteome.

For our analyses we applied a combined MALDI-MSI and

LC–MS/MS approach. A schematic overview of our approach can be

seen in Figure 1. LC–MS/MS analysis was required due to the

difficulty of validating peptide identifications with MSI. A peak

observed at the same m/z (mass-to-charge ratio) as a peptide of

interest does not necessarily mean that it is the correct peptide, as

the m/z value could represent a number of isobaric compounds.

Furthermore, since the data is acquired from a tissue thin

section rather than a filtered protein homogenate, there could be

nonproteinaceous material (including artefacts) distorting the signal.

Therefore, to improve the confidence of our peptide identifications, it

is necessary to combine the MSI analysis with an independent

method of protein identification (in this case, LC–MS/MS analysis).

The samples for LC–MS/MS analysis were taken from the root of

each tooth to enable direct comparison between the LC–MS/MS and

MSI data. A consequence of sampling the root is that this region only

contains dentine and the LC–MS/MS analysis will not provide any

enamel protein peptides for MSI visualisation.

2 | MATERIALS AND METHODS

2.1 | Sample information

This study analysed nine archaeological and four modern teeth

(Table 1). The archaeological teeth originate from the graveyard of the

Eusebius church in Arnhem, the Netherlands. The graveyard is an

attritional assemblage consisting of 789 individuals and spans the

medieval and postmedieval periods (ca. 1350–1829 AD).59 To

minimise potential variation in the sample set we selected individuals

of osteologically estimated male young adult (18–35 years)

individuals. Accepted osteological methods for sex and age estimation

were employed.60 We selected teeth without any pathological

conditions present, and where possible preferred to minimise the

variation in tooth type across our sample selection. In practice, this

has translated to a preference for premolars. Additionally, we

attempted to minimise the number of pathological conditions present
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on the entire individual, with the exception of linear enamel

hypoplasia (LEH) because of a hypothesised link between nonspecific

stress and the abundance of particular proteins.61 In this previous

study no specific correlation between protein abundance and LEH

was found, but this was to be expected as protein abundance was

measured in samples from the femur and clavicle from adult

individuals.61 In our sample selection we tolerated the presence of

LEH to investigate this effect of nonspecific stress on protein

abundance in a more controlled manner. Furthermore, the time

window in which LEH can form is relatively restricted62 and thus it

might enable us to observe potential differences in protein spatial

patterns between individuals with and without LEH. LEH was present

on six out of nine individuals analysed (Table 1).

Modern teeth were acquired from willing and informed

participants who had healthy teeth removed by professional dentists

for orthodontological (nonpathological) reasons. Informed consent for

this analysis was granted and ethical approval for this research was

granted by the University of York Department of Biology and

Department of Archaeology Ethics Committee and in accordance with

the UK Human Tissue Act (2004).

TABLE 1 Samples of archaeological and modern dental tissues utilised in this study

ID Individual ID Find ID Skeletal element LEH present on individual

Archaeological teeth

1 302 126 Right maxillary second premolar No

3 418 560 Right mandibular canine Yes

4 531 636 Right mandibular second premolar Yes

5 608 898 Right mandibular first premolar Yes

6 663 926 Right mandibular canine No

14 613 2,214 Left mandibular first premolar Yes

15 716 2,340 Right mandibular first premolar Yes

16 689 2,505 Right maxillary second incisor Yes

17 310 550 Left mandibular first premolar No

Modern teeth

M1 n/a n/a Deciduous right maxillary second premolar No

M7 n/a n/a Right maxillary second premolar No

M8 n/a n/a Left maxillary second premolar No

M13 n/a n/a Deciduous right maxillary second premolar No

Abbreviations: ID, identification; LEH, linear enamel hypoplasia.

F IGURE 1 Schematic overview of the workflow in this study. A subsample was taken from each tooth, from which proteins were extracted
and analysed using LC–MS/MS. The remainder of the whole tooth was sectioned and analysed using MALDI-MSI. The peaks selected for MSI
visualisation were based on peptides identified by LC–MS/MS analysis [Color figure can be viewed at wileyonlinelibrary.com]
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2.2 | Sample preparation (LC–MS/MS)

Peptides from archaeological and modern human teeth were

extracted following Method 4 of Schroeter et al.63 Two extraction

blanks were also performed to monitor for laboratory-based

contamination. Between 47.3 and 119.2 mg of tooth root were

subsampled from teeth, then pulverised and demineralised in 1 ml of

0.6 M HCl at 4�C. After 48 h, samples were centrifuged, and the acid

fraction was removed and stored at �20�C. The remaining pellets

were washed three times with molecular-grade purified water.

Neutralised pellets were then incubated overnight at 65�C in 500 μl

of 50 mM ammonium bicarbonate. Samples were centrifuged for

10 min at 7200 �g and the pellets were stored at �20�C. The

remaining soluble protein was dried in a speed vacuum and 200 μg of

protein weighed into a 1.5-ml Eppendorf tube, then 200 μl of 8 M

urea was added to the weighed protein. Next, 20 μl was taken from

this 200 μl of protein fraction and this subsampled fraction reduced

by adding 2 μl of 100 mM dithiothreitol for 20 min at room

temperature. Subsequently, 3 μl of 300 mM iodoacetamide was

added for alkylation and samples left to react in the dark for 30 min.

The extracted proteins were digested by adding 200 ng of trypsin

(Promega) suspended in a solution of 135 μl of 100 mM ammonium

bicarbonate and 1 μl of 1 M dithiothreitol and left to react at 37�C

overnight. Digestion was stopped by adding 16 μl of 5%

trifluoroacetic acid. Peptides were desalted using C18 ZipTips

(Thermo Scientific) according to the manufacturer's protocol and

peptides dried before LC–MS/MS analysis.

2.3 | LC–MS/MS data acquisition

Extracted peptides were loaded onto an mClass nanoflow ultra-

performance liquid chromatography (UPLC) system (Waters) equipped

with a nanoEaze M/Z Symmetry 100 Å C18, 5-μm trap column

(180 μm � 20 mm; Waters) and a PepMap, 2-μm, 100 Å, C18

EasyNano nanocapillary column (75 μm � 500 mm; Thermo). As a

first step of separation the peptides were washed from the trap

column into the capillary column with 0.05% trifluoroacetic acid

aqueous solvent at a flow rate of 15 μl/min. After 5 min it was

assumed that all peptides had eluted so the flow was switched to the

capillary column. In the capillary column a gradient between two

solvents (A and B) was used to separate the peptides. Solvent A was

an aqueous 0.1% formic acid (FA) solution, while solvent B consisted

of 0.1% FA in acetonitrile (ACN). For the first 7 min the capillary

column was washed with a solution consisting of solvent A and 3%–

10% solvent B, with the concentration of solvent B increasing over

time. After this the concentration of solvent B was steadily increased

to 35% over the course of 30 min, then to 99% over 5 min and lastly

the column was washed with a 99% concentration of solvent B for

4 min.

Separated peptides were introduced into an Orbitrap Fusion

Tribrid mass spectrometer (Thermo Scientific) with an EasyNano

ionisation source (Thermo Scientific). Xcalibur (version 4.0; Thermo

Scientific) was used to acquire precursor (MS1) and fragment (MS2)

mass spectra both in positive mode. The following instrument source

settings were used: ion spray voltage 1900 V, sweep gas 0 Arb, ion

transfer tube temperature 275�C. MS1 spectra were acquired in the

Orbitrap with 120,000 resolution, scan range m/z 375–1500,

automatic gain control (AGC) target value of 4e5 and maximum fill

time 100 ms. Acquisition was data dependent and performed in topN

mode selecting the 12 most intense precursors with charge states >1.

Easy-IC was used for internal calibration. Dynamic exclusion was

performed for 50 s post precursor selection and a minimum threshold

for fragmentation was set at 5e3. MS2 spectra were acquired in the

Orbitrap with 30 000 resolution, maximum fill time, 100 ms,

higher energy collisional dissociation (HCD), and activation energy

32 normalised collision energy (NCE). The mass spectrometry

proteomics data were deposited to the ProteomeXchange

Consortium via the PRIDE64 partner repository with the dataset

identifiers PXD038114 and 10.6019/PXD038114.

2.4 | LC–MS/MS data analysis

Using MetaMorpheus (version 0.0.320) the spectral files were

searched allowing for semi-tryptic protein cleavage against the

Uniprot human proteome (UP000005640) and the in-built

MetaMorpheus database of common contaminants, which includes

the commonly used common repository of adventitious proteins

(cRAP) database of common contaminants.65,66 Before searching

against these databases, MetaMorpheus performed a calibration and

global post translational modification discovery (G-PTM-D) task, with

common fixed and variable modifications included in the calibration

task and common biological, common artefacts, metal and trypsin-

digested modifications included in the G-PTM-D task. For successful

identification a protein was required to have a q value of 0.01 and at

least two distinct peptides. Any proteins identified in the two blanks

were excluded from further analysis.

2.5 | Sample preparation (MALDI-MSI)

Tooth samples were processed for MSI following a protocol adapted

from Fujino et al.67 The teeth were demineralised for up to 3 weeks in

0.6 M HCl at 4�C, with the HCl being replaced with fresh reagent

every 2 days. Demineralisation was halted when either the dentine

became slightly pliable or there was a significant degree of enamel

dissolution. No fixation treatment was applied to the teeth. Samples

were neutralised with phosphate buffered saline (PBS) and incubated

overnight with shaking at room temperature in a solution of 30%

sucrose in PBS (Dulbecco A; Oxoid) for cryoprotection. The teeth

were embedded in a 3% carboxymethylcellulose solution and rapidly

frozen in a dry ice and ethanol mix. The frozen samples were stored at

�80�C until cryosectioning. A cryostat (Bright) set to �24�C with a

carbide steel blade and Superfrost Slides (Thermo Scientific) were

used to produce 13-μm sections. Light scans of the thin sections can
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be found in Figure S2. The thin sections were stored at �80�C before

mass spectrometric analysis. Due to their size, some of the tooth thin

sections (teeth 3, 4, 6 and 16) had to be acquired in two steps. The

resulting raw files were combined during analysis, but this resulted in

a black line being observed in the image.

Lipid removal and de-salting were performed by immersing the

sections at room temperature for 1 min each in serial dilutions of

70% and 90% EtOH and finally for 10 s in 100% chloroform.

Sections were air dried and uniformly covered with 12.5 μg/ml

Trypsin (Promega) in 20 mM ammonium bicarbonate using an

HTX-TM sprayer (Bruker). The following sprayer settings were

used: 30�C spray nozzle temperature, 16 criss-cross passes and

offset, 30 μl/min flow rate, 750 mm/min spray nozzle velocity,

2 mm track spacing, 10 psi nitrogen pressure, 3 L/min gas flow

rate, 10 s drying time and nozzle height 40 mm. Tryptic digestion

was facilitated by incubating overnight at 37�C in a humidity

chamber. Following digestion, the sections were uniformly sprayed

with 10 mg/ml α-Cyano-4-hydroxycinnamic acid matrix in 70%

ACN using the same sprayer system, with settings adjusted to 75�C

spray nozzle temperature, 12 passes, 120 μl/min flow rate,

1200 mm/min spray nozzle velocity, 3 mm track spacing, 10 psi

nitrogen pressure, 3 L/min gas flow rate, 30 s drying time and

nozzle height 40 mm.

2.6 | MSI data acquisition and analysis

Once the matrix had been applied, the samples were introduced to

the Synapt G2 Si (Waters) mass spectrometer and analysed in positive

ionisation on sensitivity mode. Red phosphorous was used for

calibration, resulting in an root mean square mass error of <10 ppm.

The acquisition area was set in Waters high-definition imaging (HDI)

software to encompass the entire tooth and the pixel size was set to

50 � 50 μm. Mass spectra were acquired over a mass range of m/z

700–5000 and analysed in HDI with an m/z window of 0.04 Da.

Following an exploratory investigation of the resulting mass spectra,

the files were reprocessed using a target list based on the peaks

identified in sample 16. The reprocessing removes intersample

variation in the peak bins, thus allowing for a more direct comparison

between samples. Sample 16 was chosen as the basis of the target list

because it is one of the more complete and high-quality sections. The

resulting image files were normalised using BASIS, an open source

python script,68 which consists of a mass correction and intrasample

normalisation step. An inter-sample normalisation step was also

applied to all samples, save for sample 14. Sample 14 had to be

excluded because it was acquired as a pilot sample at a different

resolution (100 � 100 μm). In this study we have interpreting peptide

quantification from MSI data due to the lack of a suitable internal

standard.

Target ions for visualisation were selected based on the LC–MS/

MS data. First, the top five (if present) peptides with the highest

intensity (as calculated by MetaMorpheus) across all samples

combined were selected. A brief survey was then performed to check

whether the MSI signal at these m/z values appeared to be

endogenous, that is, there was a clear distinction in intensity between

the matrix and the tooth tissue. Only peptides that provided a clear

endogenous signal were included in further analysis. We observed

that no clear endogenous signal could be observed for any peptide

with an m/z higher than roughly 2000. In general, the lower the m/z,

the clearer the MSI signal. Furthermore, to confirm that the target

peptide is unique to a particular protein, the tryptic peptide analysis

function of Unipept was used.69 All selected peptide targets are

uniquely found in only one human protein. The selected target

peptides are listed in Table 2. The abundance of the selected peptide

was visualised across the thin section according to a linear scale of

the intensity of the given peptide for each pixel.

TABLE 2 Proteins and peptide masses targeted in this study for their spatial distribution in archaeological teeth

Uniprot ID Protein name

Archaeological

application

Example archaeological

studies

Peptide target

(M + H) (m/z)

Peptide amino acid

sequence

P02452 Collagen alpha-1 (I)
chain

Taxonomic identification e.g., Buckley et al.70 898.51 GVVGLPGQR

1105.58 GVQGPPGPAGPR

1240.68 GVVGLPGQRGER

P08123 Collagen alpha-2 (I)
chain

Taxonomic identification 1253.65 GLPGSPGNIGPAGK

1267.68 GIPGPVGAAGATGAR

1580.77 GPPGESGAAGPTGPIGSR

P02765 Alpha-2-HS-
glycoprotein

Biological age-at-death
marker

e.g., Procopio et al.,13

Wadsworth and Buckley,71

Sawafuji et al.72

802.36 QYGFCK

1226.68 LDGKFSVVYAK

P69905 Haemoglobin subunit

alpha

Blood protein e.g., Solazzo et al.73 1529.74 VGAHAGEYGAEALER

1660.78 VGAHAGEYGAEALERM

P60660 Myosin light
polypeptide 6

Muscle protein e.g., Solazzo et al.73 995.59 HVLVTLGEK

1354.73 ALGQNPTNAEVLK

1531.61 CDFTEDQTAEFK
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3 | RESULTS

3.1 | Protein identification

Eighty-one distinct proteins were identified in archaeological and

modern teeth, with the archaeological teeth containing on average

15 proteins, while the modern samples yielded an average of 45. The

full list of protein identifications per sample is given in Table S1. As

expected, collagen alpha-1 (I) chain (P02452) and collagen alpha-2

(I) chain (P08123) were highly abundant. Biologically, one would

expect collagen alpha-1 (I) and alpha-2 (I) to occur in a ratio of 2:1. In

our samples the ratio of the intensity of collagen alpha-1 (I) to alpha-2

(I) was on average 1.76 ± 0.15. Other frequently detected proteins

were alpha-2-HS-glycoprotein (P02765), matrix Gla protein (P08493),

biglycan (P21810), albumin (P02768), lumican (P51884) and periostin

(Q15063). Osteocalcin (P02818), the most abundant noncollagenous

protein in bone,74,75 was only detected in three teeth (two

archaeological, one modern) by LC–MS/MS.

3.2 | MSI analysis

First, we examined the distribution of peptides from the same protein

within the same tooth section (Figure 2), unexpectedly finding that

peptides from the same protein often, but not consistently, followed

the same spatial patterns. Figure 2 presents the distribution of the

three selected collagen alpha-1 (I) peptides (Table 2) for three

archaeological teeth (6, 15 and 16) and an overview of the

distribution of all selected peptides across all samples can be seen in

Figure S1. An endogenous signal of collagen alpha-1 (I) peptides is

observed because the intensity of peptides is low in the surrounding

matrix. It is also observed that there is typically heterogeneous

distribution of collagen alpha-1 (I) peptides within the tooth, with ‘hot

spots’ of peptide intensity (Figures 2 and 3). Moreover, in a few teeth

collagen alpha-1 (I) peptides do not show consistent spatial

distribution patterns within the same tooth. For example, while in two

teeth (6 and 16) collagen peptides show similar distribution patterns,

although with different intensities, the spatial distributions of collagen

alpha-1 (I) peptides in tooth 15 are variable (Figure 2). For example,

m/z 898.42 seems to have three areas of high intensity along the

tooth's edge, mainly focused around the top of the crown. In contrast,

the m/z 1105.51 peptide has one large area of high intensity right in

the centre of the tooth. This variation in spatial patterning within the

same tooth was even more pronounced in collagen alpha-2

(I) (Figure 3). Whereas for collagen alpha-1 (I) the intratooth variation

in spatial distribution between peptides of the protein was restricted

to a few teeth, all teeth showed clear intratooth differences in

collagen alpha-2 (I) peptide distribution. In general, the peptides at

m/z 1253.58 and m/z 1580.74 appear similar within the same

tooth, while the peptide at m/z 1267.59 deviates from this pattern

(but see also samples 5, 14 and M13; Figure S1).

Similarly, we also observe spatial variation of peptides from the

same protein between different teeth (Figure 2). For example, the

collagen alpha-1 (I) peptide m/z 898.42 is not homogeneously

distributed within teeth 6 or 16 and the spatial distribution between

the two teeth (the inter-tooth variation) also differs. Although teeth

6 and 16 are displayed with the same orientation, in sample 16 a

‘hotspot’ can be observed on the lingual side just above the tip of the

root, whilst the same peptide in sample 6 shows a concentration

towards the very end of the root.

We also examined the differences in spatial distribution in the

peptides of our other target proteins in all teeth (Figure S1) and found

that for alpha-2-HS-glycoprotein, haemoglobin subunit alpha and

overall myosin light polypeptide 6 for most teeth there was little to no

variation in spatial pattern of the target peptides of the same protein

within the same tooth. An exception is tooth 15, which showed clear

differences in peptide spatial distribution for alpha-2-HS-glycoprotein

and myosin light polypeptide 6.

We also compared the spatial distribution of different proteins

in the same tooth section, finding that there is some consistency in

how different proteins are distributed within the tooth. Figure 4

displays the distribution of one peptide from each of our target

proteins from two teeth (6 and 16). Within the same tooth, alpha-

2-HS-glycoprotein, myosin light polypeptide 6 and collagen alpha-1

(I) have similar spatial distributions. For example, in sample 16,

alpha-2-HS-glycoprotein, myosin light polypeptide 6 and collagen

alpha-1 (I) have a ‘hot spot’ on the lingual side near the tip of the

root. However, the haemoglobin peptides display a relatively

homogenous, but low intensity distribution. Surprisingly, peptides

from collagen alpha-2 (I) (e.g., m/z 1267.59 as presented in Figure 4)

do not follow the spatial distribution of collagen alpha-1 (I) within the

same tooth. It would be expected that collagen alpha-1 (I) and alpha-2

(I) would show similar patterns of spatial distribution, given their

association together in the collagen (I) triple helix.

4 | DISCUSSION

In this study ancient proteins from dental tissue were visualised using

MSI, demonstrating that this technique holds promise for capturing

the spatial distribution of proteins in archaeological samples.

However, we observed that there is unexpected and inconsistent

variation in the distribution of peptides from the same protein, and

inconsistent variation in the distribution of different proteins within

the same tooth, therefore some challenges remain for the application

of MSI to bioarchaeological samples, particularly in the creation of

dental thin sections and in the authentication of protein identification.

Considering the peptide distribution in all teeth, there were three

main points that did not meet our expectations. First, we had

expected the collagen alpha-1 (I) and alpha-2 (I) peptides to show

similar spatial patterns. In humans, collagen type I takes the form of a

triple helix, where two of the strands are contributed by collagen

alpha-1 and the third by collagen alpha-2, and therefore as the two

are part of the same larger molecule, their spatial patterns should be

similar. Furthermore, the collagen distribution in teeth visualised using

fluorescence and immunochemical chemiluminescence12,23 also did
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not align well with our images, but it is not clear how comparable

these methods are to MSI.

Second, we expected the spatial distribution of proteins to align

with the different tissue types within the tooth as previous studies

had been able to distinguish between enamel, dentine and dental pulp

with MSI.22 For example, as the dental pulp cavity contains blood

vessels during life, it was expected that haemoglobin might be

concentrated around the pulp cavity. Instead the spatial distribution

appears relatively homogeneous. In general we observe that peptides

with high m/z values display more homogenous and less clear spatial

F IGURE 2 Spatial
distribution of selected collagen
alpha-1 (I) (COL1a) peptides for
archaeological teeth numbers
6, 15 and 16. The figures
represent a heatmap of the
intensity of the selected peptides,
with the brighter colours
indicating increased intensity.
Black indicates an intensity value
of 0. The teeth are oriented with
the crown to the top and the
lingual side to the left [Color
figure can be viewed at
wileyonlinelibrary.com]
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patterns, and therefore considering that the haemoglobin peptides

have relatively large m/z values compared to the collagen alpha-1 (I),

alpha-2-HS-glycoprotein and myosin light polypeptide 6 peptides, this

might explain why the spatial pattern of haemoglobin appears to be

much fainter. When examining this MSI data alone, this lack of

correlation between protein function and tooth internal structure,

F IGURE 3 Spatial
distribution of the collagen
alpha-2 (I) (COL2a) peptides of
teeth 3, 15 and 16. Sample 3 is
oriented with the crown upwards
and the lingual side to the right.
Samples 15 and 16 are oriented
with the crown to the top and the
lingual side to the left [Color
figure can be viewed at
wileyonlinelibrary.com]
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combined with similarities in spatial distribution between most of the

selected proteins, suggests that the spatial distribution of a protein is

not primarily guided by its function. A correlation between common

bone proteins such as collagens and alpha-HS-glycoprotein was

expected, but myosin and haemoglobin are primarily associated with

muscles and blood, respectively.

Additionally, we hypothesised that after the internal structure,

growth lines would be one of the main factors influencing protein

distribution. The incremental growth pattern of teeth can be clearly

visualised microscopically76 and considering the little to no

remodelling dentine experiences,35,36,77 we would expect any

influence of life history events on the abundance of proteins to

manifest along the growth lines. Particularly in samples from

individuals who showed LEH, which is a stress-caused disruption of

enamel deposition, we had expected to see a change in protein

distribution in the area of the tooth that was in development at the

time of LEH formation. Instead of aligning either with structural

differences or the growth line pattern, most peptides display either a

‘hot-spot’ (e.g., Figure 4, COL1a) pattern or appear relatively

homogeneously distributed across the tooth (e.g., Figure 4, HBA1). In

the ‘hot-spot’ pattern there are one or two hot spots of high

intensity, frequently occurring close to the tooth's edge or a fracture

in the section, although there is variation in the hot spot's exact

location. The size of the hot spots varies considerably between teeth,

although in general it is relatively small. It is possible that a relatively

higher availability of denatured or degraded protein near the edges or

fractures in the section may have contributed to the occurrence of

hot spots at these locations. Trypsin's digestion efficiency is higher for

denatured proteins and since the edges will have been more exposed

to acid during the demineralisation and fractures indicate locations of

reduced structural integrity this may have been a factor.

A few samples also contained extremely small areas of high

intensities, which were observed in the images as bright white pixels.

In some cases these even appeared to be located outside the tooth.

We suspect that these minute areas of extreme high intensity are an

artefact of the sample preparation, rather than areas that were

significantly better protected from diagenetic damage or being caused

by some biological phenomenon. However, in general the intensity

F IGURE 4 Spatial distribution of collagen alpha-1 (COL1a), collagen alpha-2 (COL2a), alpha-2-HS-glycoprotein (FETUA), haemoglobin subunit
alpha (HBA1) and myosin light polypeptide 6 (MYL6) peptides for teeth 6 and 16. The teeth are orientated with their crowns up and the lingual
side to the left [Color figure can be viewed at wileyonlinelibrary.com]
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differences between these regions of extreme intensity and the rest

of the tooth decrease significantly in the heavier peptides. It might be

that these heavier peptides are better suited to show spatial

differences in preservation because they dampen the effects of

artefacts created during the analysis process.

4.1 | Sectioning and demineralisation

One explanation for our observed results might be that the observed

patterns are an artefact of our methodology. Tissue sectioning is a

critical step in the MSI workflow, with any imperfections, such as

tears, fractures or fraying of the section, leading to missing or

misrepresentative data. Indeed in this study we experienced a number

of challenges with sampling that may have impacted on these results.

Bone and teeth are most likely the two tissues most suited to the

archaeological application of MSI, but these calcified tissues are

notoriously difficult to section and often shatter on sectioning

without a preparation protocol.46 One reason for the difficulty in

sectioning bone is that it consists of tissues of different hardness and

breaks in the section are especially frequent at the transition between

the different tissues.49 The shattering of teeth on sectioning can be

prevented by decalcifying the samples, an approach taken in this

experiment, but during sectioning in this study we observed that

variation in the hardness of the demineralised tissue resulted in tears

in the section, rendering some sections unsuitable for analysis.

It can be difficult to estimate if a tooth has been completely

demineralised based on a visual assessment alone. In addition, the

enamel crown prevents the inspection of the underlying dentine, and

the enamel and dentine often demineralise at different rates.

Prolonged demineralisation was observed to dissolve the enamel,

removing the possibility of analysing the spatial distribution of any

enamel proteins, which, although they were not targeted in this

analysis, could be useful to identify in future studies. Demineralisation

also has the potential to disturb the distribution of biomolecules and

potentially introduce contamination.46,78 There have been no

comparative studies between the use of decalcified and calcified

tissues in MSI, making it difficult to estimate the scale of any potential

disturbance caused by demineralisation. On the other hand, a

disadvantage of leaving the tissue calcified is that the mineral

component can prevent the biomolecules encased therein from

ionising.22 Our primary reasons for deciding to decalcify our samples

in this study were to increase the ease of sectioning and the

detectability of the targeted proteins. The risk of a potentially mildly

disturbed protein distribution was deemed lower than the risk of not

being able to acquire sections of sufficient quality and not detecting

our target proteins. Detectability is especially an issue for

noncollagenous proteins, as these proteins occur in much lower

abundances than collagen.

Even after demineralisation, the risk of tearing and crumbling of

the thin sections is still present and only a minority of thin sections is

suitable for MSI analysis. A way to improve the sectioning process

might be to cut the tooth in half along the root–crown axis and to

embed it lying flat on its cut side. The other half may then be used for

histological analysis. Histological analysis can aid in visualising the

structure of the tissue, but the traditional process to produce

histology thin sections is incompatible with the protocol for MSI thin

sections. Histological sections on bone are often made from thicker

sections that are ground down,79 and grinding or polishing might

result in smearing of the proteins. However, histology and MSI can be

applied on the same slides67,80 and this would be a valuable addition

to any further MSI studies on teeth.

Lastly, a more minor issue is presented by the size of the teeth.

For some of the larger teeth it was not possible to analyse the entire

tooth in one acquisition. In general, it seems having two acquisitions

for one tooth does not seem to present much of an issue. However, it

may lead to some differences in overall intensity and thus the scaling

of the heatmap, as probably happened for alpha-2-HS-glycoprotein in

sample 6 (Figure 4).

4.2 | Authenticating the MSI identifications

In the workflow of this study we identified target peptides of interest

from LC–MS/MS data, preceding their identification using MALDI-

MSI. However, due to the mass window of MALDI-MSI, some of

these peptides have the potential to be misidentified as one m/z

could reflect more than one peptide within the mass window. MSI

processing software may fail to distinguish these peptides of similar

m/z. For example, we note that the peptides m/z 1660.78 (from

haemoglobin subunit alpha) could be identified as other peptides from

other proteins as they have a neutral mass difference smaller than the

m/z window. We also note that in our study the majority of target

peptides can confidently be assigned via MSI as the m/z is distinct

from other potential peptides. Figure 5 groups the target peptides

together based on the potential risk of interference from other

peptides. We advise careful consideration of target peptides given the

m/z window of MSI and caution in interpreting m/z which cannot

confidently be assigned to a single peptide.

F IGURE 5 Grouping of the target peptides by their expected
authenticity based on the m/z differences between the target
peptides and other observed peptides. The peptides are denoted by
the m/z of their [M + H] ion
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4.3 | Implications and future research

Our results unequivocally show a heterogeneous distribution of

collagen alpha-1 (I) and -2 (I), alpha-2-HS-glycoprotein and myosin

light polypeptide 6 in the modern and archaeological teeth in this

study, which we suspect represents intratooth variation in protein

detection. Considering the similarities in spatial distribution between

the selected proteins, we suspect that this pattern extends to other

common bone proteins as well. Our current understanding of the

observed patterns is insufficient to provide a comprehensive

explanation of their causes or any physiological consequences of such

a protein distribution. Nonetheless several implications are clear. It

cannot be assumed that any single sample of a tooth accurately

represents the relative protein abundance within the whole tooth. In

addition, the fact that protein distribution does not appear to follow

the growth pattern of teeth raises doubts regarding the possibility of

correlating intratooth differences in protein abundance or

composition with life history events, without further work to refine

the MSI methods presented in this study.

MSI analysis on archaeological remains is ripe for further

development, as here we demonstrate that MSI indeed delivers high

resolution images of protein spatial distribution in archaeological

remains, although interpreting these results is at present rather open-

ended. Two areas of further technical development are quantified

spatial analysis and a combined approach of histology and MSI,

already discussed above. The analysis of the MSI images in this study

has been mostly descriptive and relative. This serves the purpose of

an initial examination of the protein distribution in teeth well, but it is

limited in its explanatory power. Minor, yet potentially significant,

differences in spatial distribution can easily become subjective if only

discussed through visual inspection. The development of an

appropriate and biologically meaningful statistical method for

analysing intratooth differences in protein distribution was beyond

the scope of this study, but it is clear to us that this should be the

next step. Indeed, several statistical methods, both supervised and

unsupervised, have been proposed,55 but currently there is no

standardised approach. For archaeological applications, we believe

that future MSI studies could be fruitfully applied to identifying

proteins and proteome variation in archaeological biological tissues,

but also identifying protein distributions in other artefact classes, such

as material culture objects, to yield rich insights into past protein

preservation.

5 | CONCLUSION

In this study we have visualised the spatial distribution of proteins in

archaeological biological remains using mass spectrometry imaging for

the first time. The combined analysis of LC–MS/MS and MSI shows

that in both modern and archaeological material, for example, collagen

alpha-1(I) and -2 (I), alpha-2-HS-glycoprotein and myosin light

polypeptide 6, have a heterogeneous intratooth spatial distribution,

while haemoglobin subunit alpha appears to be homogeneously

distributed. However, our hypotheses on the distribution of ancient

proteins within the teeth, such as that proteins would reflect dental

tissue type and would follow growth patterns, were largely not met,

and we believe this could be due to challenges in protein detection

and sample preparation. In trialling this method for the first time, we

have also articulated a number of technical caveats and suggestions

that we hope will be helpful to future researchers employing this

emerging methodology. Nonetheless, our results show the value of

MSI for revealing spatial patterns in protein distribution, and further

development and application has the potential to be of immense

benefit to our understanding of the nature and variation of ancient

protein preservation in archaeological substrates.
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