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ABSTRACT

Rationale: Morphological analysis has been frequently applied in archaeobotany. Recently, increasing studies have been
conducted on the identification of biomarkers in archaeobotanical materials, which are rarely attached to morphological anal-
ysis. To improve the interpretability of biomarker analysis, the localisation of characteristic biomarkers in ancient samples is
needed.

Methods: We analysed characteristic lignans in ancient/modern sesame seeds via matrix-assisted laser desorption ionisation
quadrupole time-of-flight mass spectrometry imaging (MSI), testifying the potential of MSI in a detailed discussion of ancient
plant use practices.

Results: The MSI distributions of sesamin and sesamolin shared similar traits in modern and ancient sesame seeds while their
MSI signals were inhibited by lipidic substances in in situ MSI tests. Besides targeted biomarker characterisation, nontargeted
MSI analysis showed potential to reveal plant material treatment process.

Conclusions: Botanical biomarker distribution traits were studied for the first time in archaeobotany. The MSI created a visual-
ised colour plot with localised compound distributions, in which archaeologists can visually aid their study of plant use in antiq-
uity. This, in some cases, provides key information for understanding the livelihoods of ancient people.

1 | Introduction plant remains can help in the reconstruction of past environments,

climate changes, human activities and social development [4-6].
Archaeobotanical remains encompass both macrobotanical and It can also provide insights into human-plant interactions and in-
microbotanical remnants from archaeological sites preserved terrelationships in the past, including the use of plants and land
through various means, such as charring, desiccation or water- [7-9], the origin and early development of agriculture [2, 10, 11],
logging, as well as shapeless organic residue [1-3]. The study of  and the transformation of livelihoods and social relationships
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[12, 13]. Typically, studies of plant remains are performed through
morphological analysis [2, 3], an easy and effective method that
partly and subjectively depends on the researcher’s experience and
judgment. In some cases, morphological analysis has difficulty
identifying poorly preserved archaeological samples, and species
present similar morphological traits [14, 15].

The introduction of theories and methods from science and
engineering fields has revolutionised archaeobotanical ma-
terial characterisation and interpretation (especially those of
invisible chemical compounds) 2, 16, 17]. This has enhanced
our understanding of past plant use. Archaeological biomark-
ers refer to those compounds that are related to past human
activities [18]. In recent decades, with the development of
modern analytical techniques, the use of characteristic bio-
markers such as cannabis, miliacin and olycyclic aromatic
hydrocarbons in archaeobotany and organic residue analysis
has played significant roles in revealing the intricacies of an-
cient ritual, agricultural and technological practices [19-21].
Currently, commonly applied methods for detecting biomark-
ers include ancient DNA (aDNA) analysis, isotopic studies and
gas/liquid chromatography-mass spectrometry (GC-MS/LC-
MS) [18].

Mass spectrometry imaging (MSI) is a prominent technology
that enables visualisation of the spatial distribution of atoms
and molecules in situ [22-24]. It offers precise, label-free de-
tection of a wide range of compounds, requires relatively easy
sample preparation methods [22, 23, 25, 26|, and has been
widely used in various fields, especially in the life sciences,
pathology and pharmacology [22, 23, 27, 28]. It serves diverse
purposes, including identifying and validating biomarkers re-
lated to biotic/abiotic stress [22, 29]. Although only a hand-
ful of archaeology studies have used MSI, we can still take a
glimpse into the potential of MSI in revealing the use and craft
of artefacts. Recently, several archaeological samples have
been studied through MSI, such as nondestructive identifica-
tion of organic dyes in textiles [30], characterisation of lipid
preservation in ceramics [31] and determination of the dis-
tribution of specific proteins in ancient teeth [32]. Moreover,
in the field of cultural heritage preservation, MSI has been
conducted on several paintings over the past two decades,
providing insights that are not accessible for either morpho-
logical or composition analysis [33-35]. These studies either
offered alternative ways to determine the presence of certain
compounds or helped to optimise the sampling strategies, in
which MSI could have implications for revealing more hidden
information from archaeological findings.

Sesame (Sesamum indicum L., Pedaliaceae) is one of the oldest
cultivated plants in antiquity [36]. Sesame contains several lig-
nans, including sesamin, sesamolin and sesamol, with molec-
ular formulas of C, H,;0,, C,(H,;0; and C;H.O, respectively
[37-39]. These compounds are phenolic compounds, a group of
natural metabolites known for their ability to retard oxidative
stress [40]. In archaeobotany, they can help to identify the use of
sesame in archaeological samples [41]. China has a long history
of sesame use [41-43]. Some historians believe that Zhang Qian
(5K%8) first introduced sesame into China during the Western
Han Dynasty (202BC-8AD) through the Silk Road [43, 44].

Nevertheless, the origin of sesame in China remains contro-
versial [41, 45]. Furthermore, although there are many ancient
textual records on sesame that provide us with how ancient hu-
mans used sesame, the textual materials are not comprehensive
and lack details [41, 45]. Therefore, the study of ancient sesame
residues can help clarify the ambiguities in textual materials
and provide an unparalleled glimpse into the use of sesame in
antiquity.

Xinjiang, a region in northwest China, is characterised by mini-
mal precipitation and high evaporation rates, which results in the
prevalent desiccation of archaeological samples, especially well-
preserved organic materials [46-49]. It is also a region highlighted
for its strategic role in the history of trans-Eurasian migration, cul-
tural communication and crop exchange [50-53]. Archaeological
findings in Xinjiang have significantly contributed to our under-
standing of the complex interactions of ancient people with differ-
ent cultural backgrounds, available resources and environments
[49, 54, 55]. Sesame seeds are sometimes found at archaeological
sites in Xinjiang, such as Astana Cemetery, and studies have been
carried out to determine how sesame is used and spread [41, 43].
Nevertheless, the distribution of characteristic sesame biomarkers
in sesame has not been revealed.

Although MST analysis has been extensively practiced in the life
sciences, it has rarely been applied in archaeobotanical studies.
Recent studies have illustrated the effectiveness of biomarker
strategies in revealing ancient diets and subsistence strategies
[9, 56-58] and encouraged us to develop advanced analytical
methods and workflows in archaeobotanical studies [59]. Thus,
this work was carried out at a historical site, Astana cemetery,
in the Turpan region of Xinjiang. Sesame seeds unearthed from
this site were analysed via matrix-assisted laser desorption ion-
isation mass spectrometry imaging (MALDI-MSI) with the aim
of (i) optimising the MALDI-MSI conditions for sesame seed
mass spectrometry imaging; (ii) examining the spatial distribu-
tion of sesame characteristic lignans (sesamol, sesamin and ses-
amolin) not obtained via other mass spectrometry techniques;
(iii) scrutinising the power of MSI to find evidence of past plant
use; and (iv) cultivating the efficiency of MSI for rapid screen-
ing of ancient food consumption with easy and visualised data
treatment workflows. This study, for the first time, illustrates
the efficiency of MSI in archaeobotany studies, revealing an im-
proved characterisation profile and rapid data treatment work-
flow that contributes to our understanding of plant use, diets
and economic activities in antiquity.

2 | Materials and Methods
2.1 | Archaeological Background

The Astana Cemetery is an ancient public graveyard (period
of use: 3" century AD-9'" centuries AD) located in Xinjiang
Province and contains more than 1000 tombs. This site is
37km southeast of Turpan city and 6km north of the ancient
city Gaochang (Figure 1). The weather in the area has been ex-
tremely arid. Since 1959, Chinese archaeologists have excavated
more than 500 tombs. Various objects, such as natural mum-
mies, paper manuscripts, plant and food remnants and textiles,

20f 12

Rapid Communications in Mass Spectrometry, 2025

woJj papeojumod ‘8T ‘5202 ‘TECOL60T

85UB917 SUOWILOD aA1IaID 3qealjdde ay) Aq peusenob ale sajoie YO ‘8sn Jo sajni Joj AkeiqiT autjuo 4|1/ UO (SUONIPUCD-pUB-SWLIBW0D A3 1M Aeiq 1 |Buluo//SdNY) SUONIPUOD Ppue SWid 1 Y1 88S *[9202/20/9T] uo Ariqiauliuo A1 ‘ABojodosyiuesed puy ABojolueucs fed aleigelid A 1su| AQ #800T WOJ/Z00T OT/I0p/W0D A IM"



1000 1500 km
—

FIGURE 1 | Maps showing the location of the Astana Cemetery and the tested samples. (a) Enhanced satellite view of Astana Cemetery. (b)
Astana cemetery in Northwest China. The base maps were from tianditu (https://www.tianditu.gov.cn/), Map Inspection Number: GS (2024) 0568.
(c) Sesame seed of ANOL1. (d) Sesame seed of AN02. (e) Sesame seed of AN03. 1bar=500pum.

have been found and are mostly collected in museums [60]. The
earliest macrofossil evidence of sesame use in China, which
dates back to approximately the 7t century, was also excavated
in the Turpan region [41].

2.2 | Chemicals and Materials

The ancientsesame seeds (ANO1, artefact number 72TAM201:34;
for ANO2 & ANO3, the artefact number was unclear; Figure 1c-e)
were unearthed from Astana Cemetery. Chen et al. previously
identified these samples as sesame seeds through plant macro-
fossil analysis and pyrolysis analysis [41]. All three samples were
dated to the Tang Dynasty (618-907 AD) on the basis of radiocar-
bon dating data [41]. Reference samples of modern sesame seeds
(MBs referred to as roasted, MUs referred to as unroasted) were
obtained from a local market.

Thesesamin (98%)usedin thisstudywas purchased from Macklin
Inc., whereas sesamol (95%-99%) and sesamolin (95%—-99%) were
purchased from ChemFaces Inc. LC/MS grade methanol and di-
chloromethane were obtained from Merck. Gelatin was obtained
from Becton, Dickinson and Company. 2,5-Dihydroxybenzoic
acid (DHB), 9-aminoacridine (9AA), neosperidin dihydrochal-
cone (NEDC), alpha-cyano-4-hydroxycinnamic acid (CHCA),
dihydroxyacetone phosphate (DHAP), trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB),
dibemethine (DI) and 1,5-naphthalenediamine (1,5-DAN) were
purchased from Sigma-Aldrich.

2.3 | MALDI-MSI Analysis
2.3.1 | Sample Preparation

The samples were first encapsulated within gelatin hydrogels
and then placed in a —80°C refrigerator for 0.5h for prefreez-
ing. The samples were subsequently transferred to a —20°C re-
frigerator for 20 min and sliced into 15-um sections with a Leica
CM1950 cryostat (Leica, Germany) at —20°C. The slices were
subsequently mounted on the conductive side of an indium tin
oxide (ITO)-coated glass slide (Bruker, USA). Thereafter, the
slide was dried and fitted into the metal frame designed for the
Shimadzu iMScope QT.

2.3.2 | MSI Measurement

CHCA powder was heated to sublimation and deposited on the
surface of the slide at 0.7um using a Shimadzu iMLayer. The
slide was then installed on an iMScope QT. The mass range was
set at 50-500m/z, allowing us to detect targeted lignans. The
mass resolution was set at 30000. The spatial resolution was
controlled at 10umx 10pum. The samples were scanned with
a 10-um laser diameter, the laser power was optimised at 60,
and the repetition rate was 2000Hz. The detector voltage was
set at 2.2kV. The Shimadzu IMAGEREVEAL MS software was
used to manually select the region of interest, which represents
the scanning area, according to the shapes of the tested sam-
ples under the optical microscope integrated with the iMScope
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QT. All the acquired data were subsequently analysed via
IMAGEREVEAL MS software.

2.4 | Py-GC/MS Analysis

One single seed was separated into two parts: the embryo part
and the testa-endosperm part. A picture of the tested parts is
provided in the Supporting Information (Figure S1). We then
placed two samples into different stainless steel sample cups and
loaded them on a Py-GC/MS instrument, a NexisGC2030 gas
chromatograph linked with a Shimadzu QP2020 NX quadru-
pole mass spectrometer, with a Frontier Laboratories PY-3030D
connected to the GC injection port. The column was a Frontier
Laboratories Ultra ALLOYS5 fused silica capillary column (30 m
length, 0.25 mm inner diameter and coated with a 0.25 um film
thickness). The test protocol was described in our previous work
with minor modifications [41]. In brief, the parameters of the
GC were as follows: furnace, 350°C; Py-GC interface, 350°C;
oven temperature, 40°C for 3min, ramped to 325°C at 10 minl,
325°C for 10min; carrier gas, nitrogen at 1 mL-min~!; injector
temperature, 300°C; split mode ratio, 1:20. The parameters of
the mass spectrometer were as follows: scan range, 40-550 u;
electron ionisation voltage, 70eV; interface temperature, 250°C;
and MS source temperature, 200°C.

3 | Results and Discussion
3.1 | Microscopic Observation

A quick screen via microscopic observation confirmed that the
analysed ancient samples were in good condition (Figures 1c-e
and S2). The analysed samples were similar to pears in shape,
with one end slightly pointed and an oval shape in cross sec-
tion. Narrow ridges around the circumference are evident on the
seeds, whose colour varies from beige to dark brown. Therefore,
the seeds were morphologically identified as sesame seeds [41].
The anatomy of the seeds is shown in Figure 2. The three parts
of sesame seeds are testa (seed coat, a single layer of cells), en-
dosperm (two to five layers of cells) and embryo (with large cot-
yledons) [36].

The raw, roasted, homemade stir-fried modern sesame seeds as
well as ancient samples from the same archaeological unit were
subsequently observed via a Phenom ProX scanning electric
microscope (SEM). Briefly, the granules on the surfaces were
more pronounced on both ancient and modern roasted sesame
seeds (Figure S2). Previously tested 10 ancient sesame seeds also

presented similar granular surfaces [41]. Interestingly, the gran-
ules were invisible in the slightly stir-fried samples compared
with those in the raw seeds (Figure S2). As the stir-frying time
increased, the granules became more noticeable. Nevertheless,
different kinds of sesame seeds may present different morpho-
logical traits, and the detailed surface changes resulting from
roasting await further research.

Microcomputed tomography (u-CT) is one of the most widely
used nondestructive methods for obtaining the surface and
inner structure of a wide range of samples [61]. The u-CT anal-
ysis revealed that the inner structure of the sesame seeds was
well preserved and was comparable to that of modern samples
(Figure 3). The testa, endosperm and embryo can be clearly vi-
sualised in all ancient and modern samples. We also found that
ancient samples exhibited nearly negligible cavities between
embryos and endosperms (Figure 3a-c), in contrast to modern
seeds where pronounced cavities were observed in these two
parts (Figure 3d-f), which indicated that the ancient samples
were crushed. In summary, screening via observations indi-
cated that MSI could be well conducted.

3.2 | Test Condition Optimisation

Lignans are dimers that play important roles in plant physiology,
and their basic structure is C,-C, [40, 62, 63]. Sesamin and ses-
amolin are furofuran lignans containing two 1,3-benzodioxole
groups and a tetrahydro-1H,3H-furo[3,4-c|furan skeleton
[38, 39, 64]. Sesamol is a benzodioxole [37] and is considered
to be related to the high oxidative rancidity of sesame oil [65].
The molecular weights (exact masses) of sesamin, sesamolin
and sesamol are 354.11034, 370.10525 and 138.03169g/mol,
respectively.

According to previous studies, the same substrates could have
different ionising capacities when different matrix compounds
are used [24, 28]. To find the optimised matrix for our ana-
lytes, the MSI matrices of DHB, CHCA, 1,5-DAN, 9AA, NEDC,
DHAP, DCTB and DI were tested. The sesamin, sesamol and
sesamolin were dissolved in methanol to 1000mg/L to prepare a
standard solution with 10mg/L of these three lignans. The ma-
trices DHB, CHCA, 9AA, 1,5-DAN, NEDC, DHAP, DCTB and
DI were dissolved in 70% methanol to 10mg/L, while 1,5-DAN
was dissolved in dichloromethane to 10mg/L. A total of 0.5uL
of standard solution and 1 uL of matrix solution were mixed on a
FlexiMass-SR438 steel target plate (P/N: TO-431R00, Shimadzu,
Japan), and the plate was dried and loaded on a Shimadzu iM-
Scope QT to search for the best testing conditions.

endosperm

FIGURE2 | Structure of a mature seed of Sesamum indicum L. Images were obtained with a Leica DM4 P. 1bar =250 um.
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The optimisation results revealed that the highest sensitivity
of the signal was detected in positive mode for DHB and CHCA
(Figures 4 and S3). However, 1,5-DAN and 9AA worked better
in negative mode (Figures 4 and S4). Although 1,5-DAN was
proven to be the most suitable matrix for visualising sesamin and
sesamolin, it did not work well on sesamol. Moreover, the NEDC
and DHAP were also not optimal choices for detecting sesamol
(Figure S4). Comparatively, the CHCA matrix showed good ion-
ising capacity for simultaneously detecting the three targeted lig-
nans. Therefore, the CHCA matrix was chosen as the matrix, and
sesamin, sesamolin and sesamol were detected as [M-e|* ions at

m/z 354.110+0.004, [M-e|* ions at m/z 370.105+0.004 and [M-e]|*
ions at m/z 138.031 +0.001, respectively, for MSI analysis.

3.3 | Distribution of Lignans in Sesame Seeds

Sesame is a significant agricultural and economic plant. Our
previous work pioneered the successful application of analyti-
cal pyrolysis and solvent extraction approaches to characterise
sesame biomarkers in ancient sesame (sesamol, sesamin and
sesamolin) [41]. In fact, sesame lignans have drawn increasing

FIGURE 3 | upCT analysis of ancient and modern sesame seeds. (a-c) uCT image of an ancient sample; (d-f) uCT image of a modern sample.

Images were obtained using a Shimadzu inspeXio SMX-225CT FPD HR Plus high-performance microfocus X-ray CT system. 1bar=1mm.
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FIGURE4 | Testresults of positive modes using the DHB, 9AA, CHCA and 1,5-DAN matrices.

50f12

dny wo.y papeojumoq ‘8T ‘SZ0Z ‘TEZ0L60T

feur

8sUBD| 7 SUOWIWOD aAIIa) 8|qedl|dde aup Aq peusenob a e sajoie VO ‘8sn Jo ssjni 10} AriqiT aUIUO A1 UO (SUOIPUOD-pUR-SLLBY/LID" A3 1M AReiq 1 BuIUO//SdNY) SUOTIPUOD pue swie | 8y} 88S *[920z/20/9T] uo Ariqiautuo A8|im ‘ABojodoyiuesed puy ABojoleucs ed aleigeL A 15U Aq #800T WO4/Z00T OT/I0P/L0D AB 1M



attention as a result of their potential medical and pharmacolog-
ical benefits [66, 67]. Although several other species are listed on
LOTUS (an online database for natural products), which are ca-
pable of synthesising sesamin or sesamolin [68], their concentra-
tions are lower than those reported in sesame [67, 69]. Moreover,
sesame oil is the only edible oil that contains sesamin or sesamo-
lin [69]. Consequently, further detailed information about these
lignans would contribute to a deeper understanding of their bio-
synthesis and ancient sesame use.

The distributions of targeted lignans in sesame seeds were stud-
ied. The signal intensity (SNI) scales for the MSI images of ses-
amin, sesamolin and sesamol were all set at 0-10. Generally,

sesamin, [M - e]"
m/z 354.110

sesamolin, [M - e]"

as illustrated in Figure 5, the signals of sesamin and sesamo-
lin were present mainly in the cavities where the testa was well
separated from the endosperm in both roasted and raw modern
sesame seeds. In the embryo part, the SNIs of sesamin and ses-
amolin were sparsely distributed with lower intensities than
those in the cavity parts. The SNIs of the analytes were high-
est in MUO1, which also possessed the largest cavity among all
the tested samples. In MUO2, there was a clear line between the
high sesamin SNI area and no signal area. It was also the bound-
ary between the embryo and the cavity. In MUO03, the signals of
analytes also appeared at embryo fracture. The SNIs in MB01
were relatively low. There were no obvious signals of sesamin or
sesamolin in the fractures of the embryos. The highest sesamin

sesamol, [M - e]*

m/z 370.105 m/z 138.031

Ajsuayu) jeubig

FIGURE 5 | Distribution of sesamin, sesamolin and sesamol in modern samples. 1bar=500um. MU refers to raw seeds, whereas MB refers to

roasted seeds.
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SNIareasin MBO02 appeared at the largest cavities at the bottom-
right of the image. In all the roasted samples, we detected sesa-
mol signals in the embryo parts.

With respect to plant physiology, studies have investigated how
fermentation and physical and/or chemical treatments affect
the distribution of compounds, including some biomarkers
[28, 29]. The characteristic distribution of certain compounds re-
flects changes in the outer and/or inner conditions of the plant.
Similarly, MALDI-MSI has been applied to fresh and processed
food to detect differences between the same samples subjected
to different treatments [70]. The localisation of low molecular
weight (LMW) biomarkers is one of the most important criteria.
Nevertheless, using MALDI-MSI to visualise the distribution of
LMW biomarkers is challenging. According to previous studies,
the localisation of LMW compounds can be affected by matri-
ces, salts, lipids and other compounds [71-74]. Various strategies
have been developed to improve the performance of LMW com-
pounds, such as the use of different mass spectrometers, differ-
ent ionisation strategies, the introduction of new matrices, the
application of cleanup protocols and the chemical derivatisation
of samples [74].

In this study, one single sesame seed was separated, and Py-GC/
MS was carried out to further investigate the possible influences
of other substitutes in the MSI analysis of lignans, as rarely tested
lignans were observed in the embryo. As shown in Figure 6, ses-
amin, sesamolin and sesamol were identified in both embryo and
testa-endosperm parts. Sesamin, sesamolin and sesamol were
detected with main peaks at m/z 149, 135 and 138, respectively
(Figures S5-S7), indicating that these analytes were localised in
both the embryo and testa-endosperm parts of sesame seeds. The
pyrolysis of sesame seed parts confirmed that sesame lignans exist
in the embryo, testa-endosperm parts (the endosperm is thin and
difficult to separate from the testa). Notably, pyrolysis results in
a high oil content (especially C,,., in Figure 6a), which is in ac-
cordance with previous studies [36, 43, 75, 76]. Lipids are among
the most common factors affecting the results of MALDI-MSI [77].

a
embryo
testa & endosperm

relative intensity

20T 25 T T30 /s 35

In addition, the TIC images of the MSI tests also showed that the
signal in the embryo parts was not good (Figure S8). Thus, the
detectable lignan signals were confined to the cavities between
the embryo and testa, where these lignans peeled off into these
cavities during the sectioning process with little lipid interference
during the MALDI desorption process.

3.4 | MSIin Visualising Characteristic Biomarkers
That Aids Archaeological Interpretations

The MSI results of ancient sesame seeds revealed that the distri-
butions of sesamin and sesamolin were similar to those of mod-
ern samples. In brief, they also appeared mainly at the cavities
between the testa and the endosperm (Figure 7). There were
no obvious signals of our analytes in the embryo parts of the
samples. In all three ancient seeds, the SNIs of sesamin and ses-
amolin mainly accumulated at one side of the samples where
the cavities were relatively large, which proved that the lignans
were still detectable after thousand years of burial. Lipid inhi-
bition also occurred in ancient seeds. For AN02, the signals of
sesamin and sesamolin were relatively strong at the testa of the
pointed edge of the seed. In terms of sesamol, only a few dots
indicated its presence, which meant that sesamol might have de-
graded during the long period of preservation.

Notably, non-targeted MSI analysis also provided more in-
formation in addition to the above targeted lignan analysis.
For example, different patterns of an unattributed compound
(CP1) with m/z 393.074 £0.004 were observed between the
roasted and raw samples. As shown in Figure 8, there were
more ‘signal dots’ in the embryos of the raw seeds than in those
of the roasted seeds, which implied that the signals of CP1 in
the embryo were more densely distributed in the raw sesame
seeds than in the roasted seeds. Then, we further checked
the original MS data and found that the average CP1 inten-
sities were more than 4 times higher in raw than in roasted
seeds (Table S1). CP1 in the ancient sesame seeds exhibited a

v Cis2, Octadecadienoic Acid

retention time (min)

‘ sesamol
v

I N\

c sesamin

v
| “
! | sgsamolin

FIGURE 6 | Pyrolysis results of different parts of modern sesame seed; pink curves referred to embryo part of modern sesame seed, and black

curves referred to testa-endosperm parts of modern sesame seed. (a) Total ion current (TIC) chromatograms of different parts of sesame seed. (b)

Magnified TIC chromatogram indicating the peak of sesamol. (c) Magnified TIC chromatogram indicating the peaks of sesamin and sesamolin.
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FIGURE 7 | Distributions of sesamin, sesamolin and sesamol in different ancient samples. 1 bar =500 um.
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FIGURE 8 | Visualisation of the compound at m/z 393.074 +0.004. (a—c) Referred to MUO1, MUO02 and MUO3, respectively. (d-f) Referred to
MBO01, MB02 and MBO3, respectively. (g-i) Referred to ANO1, AN02 and ANO3, respectively. 1 bar =500 um.

similar distribution pattern to that of the roasted modern sam-
ples, showing that this difference can preliminarily be used
to distinguish raw sesame seeds from roasted modern sesame
seeds. This identification criterion was supplemented by SEM
morphological changes introduced by roasting.

Moreover, historical and previous archaeological materials also
shed some light on interpretations of the use of these sesame
seeds. In both historical and modern time, sesame seeds have

usually been roasted to increase oil recovery [41, 78]. The ses-
ame oil used for religious lamps was previously discovered in
the Astana Cemetery [79]. It was dated back to the 6" to 8th
centuries AD, which was contemporary archaeological samples
compared with the ancient sesame seeds used in this study.
In a previous study, some tested sesame seeds from the same
archaeological unit were found to be broken [41]. This was in
accordance with the pu-CT results, which implied that these
ancient seeds could have been crushed. Furthermore, based
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on textual materials from the Tang and Five Dynasties Period
(618-960 AD) unearthed from Dunhuang (540km southeast of
Gaochang), northwest China, oil press devices were used during
this period (Figure S9). The oil extraction efficiency of this de-
vice was rather low, which meant that the oil seeds would not
be destroyed. Given that both Gaochang and Dunhuang belong
to Hexi Dao (7 FijE, Dao was the first-level administrative divi-
sion in the Tang Dynasty) or Longyou Dao (Pi53&) in the Tang
Dynasty [80]. They were connected by the Silk Road; the culture
and technology exchanges between those two places were close
at that time. Most important, textual record (Tang Dynasty) of
oil press component was found in the Astana Cemetery. The
same component also appeared in aforementioned textual ma-
terials from Dunhuang.

The research case demonstrated in this study illustrated the po-
tential of MSI in visualising characteristic biomarkers and pro-
vides more insights into our archaeological interpretations. As
noted, different plant species may present similar morphological
traits that greatly hinder their identification in archaeobotanical
practice. MSI is a powerful spectral fingerprint tool that enables
rapid screening of multiple compounds in one single test. The
MS data in whole and specific parts of the samples can all be
accessed in MSI tests during postprocessing, while MS analysis
usually obtains only the former [81]. Conversely, it is notewor-
thy to observe morphologically dissimilar species that produced
similar mass spectra [81, 82]. In this case, the combination of
MSI with different analytical techniques and the exploration of
different analytical strategies have the potential to demonstrate
the advantages of in visualising different compound distribu-
tions with similar mass spectra produced by different mecha-
nisms [22, 31, 83].

4 | Conclusions

Archaeobotanical material studies constitute an important
part of archaeological research, and the characterisation of
characteristic biomarkers helps in understanding ancient
plant use and human adaptation to environmental change. In
this study, the MSI traits of modern and ancient sesame seeds
were studied to explore archaeobotanical findings through
the characterisation of sesame lignans. The MSI distributions
of sesamin and sesamolin were similar in modern and an-
cient sesame seeds, whereas their MSI signals were inhibited
by lipidic substances in the in situ MSI tests. Furthermore,
non-targeted MSI analysis has the potential to reveal plant ma-
terial treatment processes, in addition to targeted biomarker
characterisation. MSI technology has, for the first time, been
applied in archaeological/archaeobotanical studies, demon-
strating its potential in detecting and localising characteristic
biomarkers in archaeobotanical materials and paves the way
for other cereal/economical plant remains study in archaeo-
logical finds.
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