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Abstract Saponins are secondary metabolites that are abundant and diversified in echinoderms. Mass spectrometry is
increasingly used not only to identify saponin congeners within animal extracts but also to decipher the structure/biological
activity relationships of these molecules by determining their
inter-organ and inter-individual variability. The usual method
requires extensive purification procedures to prepare saponin
extracts compatible with mass spectrometry analysis. Here,
we selected the sea star Asterias rubens as a model animal to
prove that direct analysis of saponins can be performed on
tissue sections. We also demonstrated that carboxymethyl cellulose can be used as an embedding medium to facilitate the
cryosectioning procedure. Matrix-assisted laser desorption/
ionization (MALDI) imaging was also revealed to afford interesting data on the distribution of saponin molecules within
the tissues. We indeed highlight that saponins are located not
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only inside the body wall of the animals but also within the
mucus layer that probably protects the animal against external
aggressions.
Keywords Saponin . Sea stars . Mass spectrometry .
MALDI-mass spectrometry imaging

Introduction
Saponins are natural products first discovered in a large number of plants (e.g., Quillaja saponaria, Dioscorea panthaica)
[1] and later in different marine organisms such as sea stars
(asteroids) [2, 3], sea cucumbers (holothuroids) [4, 5], and
sponges [6]. Holothuroid and sponge saponins are triterpene
glycosides [7–10], while asteroid saponins are steroid glycosides [11, 12]. As reported in previous works, saponins are
characterized by a large chemical diversity and a wide variety
of pharmacological activities [1–6]. Because of the latter,
these molecules have attracted considerable scientific interest,
and their hemolytic, cytotoxic, antibacterial, antifungal, antiviral, and anti-tumor properties are already well documented
[11, 13–19]. Paradoxically, their biological roles in marine
animals are still very speculative [20]. Different studies have
reported that saponins could play a role in several activities,
being involved in chemical defense [7, 21] or in inter-specific
chemical communication [22–24]. However, most of these
studies were conducted using saponin mixtures extracted from
whole animals, without taking into account the fact that saponin distribution is not homogeneous from one organ to another. In echinoderms, it was indeed observed that different organs are characterized by specific saponin contents, demonstrating that saponins are more than likely to fulfill biological
roles associated with the containing organs or fluids [8,
25–29]. Based on these observations of organ-specific
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saponin contents, it has been proposed that saponins could
participate to digestion [25, 26], reproduction [28, 30], as well
as chemical signaling [21–23, 31–33]. Finally, to our knowledge, only one study provides data associating one specific
saponin to the physiology of the animal [34]. This molecule,
known as Co-ARIS III (or ovarian asterosaponin 4), has been
identified in the egg jelly of the sea star Asterias amurensis
where it has been shown to participate to the acrosomial reaction during fertilization [34]. This literature survey demonstrates that the more precisely saponins are located in the animal tissues, the better their actual biological function can be
inferred. In this connection, the analytical methods used in
most studies, requiring the complete grinding of the organs
to extract the saponin molecules, prevent determining the precise localization of the molecules within the tissue. During the
last decade, the MALDI-MSI (matrix-assisted laser
desorption/ionization-mass spectrometry imaging) method
has been greatly developed to localize molecules of interest
directly on a tissue section by recording mass spectra all
across the tissue surface [35, 36]. The advantage of this technique is to obtain an accurate picture of the spatial distribution
of molecules with a resolution that is now less than 50 μm. In
addition, after MALDI-MSI analyses, the tissue section may
still be analyzed by histological methods.
In the present paper, we selected Asterias rubens, a common sea star living in the northeastern Atlantic Ocean, as a
model animal to demonstrate that direct MALDI-MSI analysis
of saponins can be performed on the tissue without the need of
time-consuming extraction and purification procedures. Three
categories of saponins have been identified in sea stars, i.e.,
glycosides of polyhydroxysteroids, asterosaponins, and macrocyclic saponins [11, 26]. In A. rubens, only asterosaponins
have been observed [27, 37]. As exemplified in Scheme 1,
asterosaponins are pentaglycoside or hexaglycoside sulfated
steroids that have high molecular weights (±1200 Da). The
aglycone moiety is a Δ9,11-3β, 6α-dihydroxysteroid with a
sulfate group at C3 and often an oxo function at C23 on the
aglycone side-chain. The carbohydrate moiety is bound at the
carbon atom C6 on the aglycone and includes five to six sugar
residues. The most common monosaccharides are β- Dfucopyranose, β-D-quinovopyranose, β-D-xylopyranose, βD-galactopyranose, and β-D-glucopyranose; 6-deoxy-xylohex-4-ulose (DXHU) and α-L-arabinopyranose are less frequently present. Previous researches have already identified
17 saponins in A. rubens by nuclear magnetic resonance
(NMR) and mass spectrometry (MS) [12, 37–43]. More recently, we detected nine new molecules by mass spectrometry
and we also analyzed with great care their inter-organ distribution paying attention to five different organs, namely the
aboral body wall, the oral body wall (including tube feet),
the stomach, the pyloric caeca, and the gonads [27]. All the
collected data indicated that each organ is characterized by a
specific mixture of saponins. However, the saponin extraction

M. Demeyer et al.

protocols used precluded any further localization of the congeners in the tissues. The present work is a proof-of-principle
study aiming to demonstrate the feasibility of MALDI-MSI to
analyze saponin molecules on sea star tissues. For this purpose, we recorded on-tissue MALDI mass spectra which were
shown to reproduce the MALDI-TOF data obtained on the
extracts. Moreover, MALDI-MSI methods were also demonstrated to afford data on the distribution of saponin molecules
within the tissue. In this context, we also report that
carboxymethyl cellulose can be advantageously used to fill
empty cavities of the animal to facilitate the cryosectioning
procedure [44]. This is clearly evidenced for sea stars whose
arms are difficult to cut because their body wall comprises
calcareous ossicles. For the present study, we deliberately selected animals collected at different stages of the reproductive
cycle to try covering a large panel of different physiological
states. However, the quite limited data will definitively prevent us from performing statistical analyses that are necessary
to associate the localization of saponins with their biological
activities. To probe the analytical reproducibility of the method, we will associate the newly obtained MALDI data with
results obtained by mass spectrometry analyses of saponin
extracts [27]. Additionally, we will use the measure of hemolytic activity as an orthogonal, non-MS based method to access saponin concentrations on tissue extracts [27]. This paper
will therefore pave the way for future and more systematic
studies that could be conducted to understand the biological
roles of saponins in the sea star A. rubens and other
echinoderms.

Materials and methods
Chemicals
For saponin extractions (see Electronic Supplementary
Material (ESM) for details [8]) and mass spectrometry analyses, technical grade methanol, hexane, dichloromethane, chloroform, and isobutanol, as well as the HPLC grade water,
acetonitrile, and methanol, were purchased from CHEMLAB NV (Somme-Leuze, Belgium). Amberlite XAD-4,
dimethylaniline (DMA) and 2,5-dihydroxybenzoic acid
(DHB) were provided by Sigma-Aldrich (Diegem, Belgium).
For the MALDI-MSI analyses, HPLC grade water and AR
grade trifluoroacetic acid (TFA) were obtained from Biosolve
B. V. (Valkensvaard, The Netherlands). Methanol (MeOH),
DHB, and DMA were purchased from Sigma-Aldrich
(Saint-Quentin Fallavier, France).
Sampling and sea star selection
Individuals of A. rubens Linnaeus, 1758, were collected on
boulders during low tide at Audresselles (Opal Coast, France)
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at four different periods: (i) in winter (March 12, 2012), (ii) in
summer (September 19, 2012), (iii) winter (February 06,
2014), and (iv) in spring (June 15, 2014). They were
transported to the Laboratory of Biology of Marine Organisms
and Biomimetics at the University of Mons, where they were
kept in a marine aquarium with closed circulation (13 °C,
33 psu). Amongst the collected animals, one individual for
each of the four sampling periods was selected for the
MALDI-MSI analyses. For the mucus analysis, 20 sea stars
(June 2014) were selected. Practically, to collect mucus produced by the oral and aboral body wall, the individuals were
placed upside down in glass Petri dishes and stressed by shaking [45]. The oral and aboral mucus were collected separately
by suction using a glass pipette connected to a Buchner flask
maintained under a slight vacuum. The collected materials
were stored at 4 °C before further analysis. Two additional
animals (June 2014) were sacrificed for qualitative (mass
spectrometry) and quantitative (hemolytic activity—see
ESM) analyses of body wall saponins, with and without mucus removal. Animals used in our experiments were maintained and treated in compliance with the guidelines specified
by the Belgian Ministry of Trade and Agriculture.
Tissue preparation for on-tissue MALDI
and MALDI-MSI
The preparation of transverse cryosections through a sea star
arm is particularly difficult to achieve because their body wall
comprises many calcareous ossicles. This task is even more
difficult when the organs present in the arm, i.e., the gonads,
are not sufficiently developed, leaving large fluid-filled volumes free of organs within the arm which therefore collapses
during sectioning. This is for instance the case during the
summer season [46]. Moreover, besides the crushing of the
arm, organs are also expected to move or to overlap during the
cryosectioning procedure. In this context, we decided to investigate methods to enhance tissue stabilization during sectioning. A solution of carboxymethyl cellulose (CMC) (2 % in
water) was injected within the arm after dissection [44]. The
dissected sea star arm was filled with the CMC solution using
a Pasteur pipette. The filled arm was then immersed horizontally in an aluminum homemade mold also containing the
CMC solution. Air was removed by slightly pressing the
arm. The entire mold was plunged in a container filled with
isopentane cooled by liquid nitrogen. After 20 min of freezing,
the mold was removed and the block containing the arm was
mounted onto a cryostat freeze plate at −25 °C for at least
30 min. The block was cut transversely into thick slices which
were fastened to the specimen holder with a small amount of
Tissue-Tek OCT (Fisher Scientific), ensuring that the surface
to be sectioned does not contact the OCT to avoid polymer
interferences. Sections were made in the proximal part of the
arm, near the central disk of the animal, in order to be sure to
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observe all the organs present in the arms. Thin 12-μm tissue
sections were obtained from a frozen sea star arm using a
cryostat CM1510S (Leica Microsystems, Nanterre, France).
The sections were then finger-thawed on an ITO-coated (indium tin oxide) glass slide (Bruker Daltonics, Bremen,
Germany).
On-tissue MALDI and MALDI-MSI experiments
For MALDI-MSI, DHB was used at a concentration of
20 mg ml−1 in MeOH/water 60/40 (TFA 0.1 %). A liquid ionic
matrix, DHB-DMA, was also tested at a DHB (1 ml) concentration of 20 mg ml−1 in MeOH/water 70/30 (TFA 0.1 %)
mixed with 3.2 μl of pure (liquid) DMA as described by
Snovida et al. [47]. The matrix solution was then sprayed on
the tissue surface as micro droplets using an automatic system
(ImagePrep, Bruker Daltonics, Bremen, Germany) or a modified electrospray nebulizer attached to a 500-μl syringe and
the liquid flow rate set to 5 μl/min and an air flow to 3 l/min.
The nebulizer was moved uniformly across the tissue surface
for 15 min to ensure uniform matrix deposition. After deposition of the selected matrix, the images were acquired using an
UltraFlex II MALDI-TOF/TOF mass spectrometer equipped
with a Smartbeam II (Nd-YAG, 355 nm) laser having a repetition rate up to 200 Hz (Bruker Daltonics). MS spectral images were acquired in the negative ionization mode, and a
mass-to-charge (m/z) range of 500–2000 was selected for the
MALDI-MS spectra. A total of 500 spectra were acquired at
each spot at a laser frequency of 200 Hz. Different spatial
resolutions were selected. For the global images of the sea star
arms, the spatial resolution was set to 120×120 μm2, whereas
for the detailed images, the spatial resolution was set to 40×
40 μm2. FlexImaging 3.0 software (Bruker Daltonics) was
used for molecular image reconstruction. After MSI experiments, matrix was removed by successive ethanol bath and the
sections were stained for histology (see ESM for details on the
histological staining protocol).
MALDI-MS extract analysis
Mucus and body wall saponin extracts were analyzed with a
Waters Q-ToF Premier mass spectrometer. The MALDI
source is constituted of a Nd-YAG laser, operating at
355 nm with a maximum pulse energy of 104.1 μJ delivered
to the sample at 200 Hz repeating rate. All samples were
prepared using a mixture of 1 ml of a 100 mg ml−1 solution
of DHB in water/acetonitrile (v/v) with 20 μl of DMA as the
matrix [47]. The sandwich method was selected to prepare the
sample/matrix co-crystal on the target plate. In this method,
the saponin extract is not premixed with the matrix. A sample
droplet (1 μl) is applied on top of a fast-evaporated matrixonly bed, followed by the deposition of a second layer of
matrix in solvent (1 μl). The sample is then basically
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sandwiched between the two matrix layers. The sandwich
deposit was selected to obtain a more homogeneous cocrystal surface. For the recording of the single-stage
MALDI-MS spectra, the quadrupole (rf-only mode) was set
to pass ions between m/z 250 and 1500 and all ions were
transmitted into the pusher region of the time-of-flight analyzer where they were mass-analyzed with a 1-s integration time.

Results and discussion
As the starting point of the present report, it is probably important to remind that we already investigated the saponins
extracted from A. rubens [27]. In order to highlight the interorgan and inter-individual variability, the saponin contents of
different body components were separately analyzed by mass
spectrometry. MALDI-TOF experiments were selected as the
primary tool for a rapid screening of the saponin mixtures,
whereas LC-MS techniques were used to achieve chromatographic separation of isomers. First of all, our analyses demonstrated a huge diversity of saponins. Secondly, the comparison of the saponin contents from the different body components revealed that each organ is characterized by a specific
mixture of saponins [27]. As a typical example, the MALDITOF mass spectrum (negative ion mode) recorded on the aboral body wall extract (sea star of June 2014) is presented in
ESM Fig. S1 and features signals that are attributed to saponin
ions by associating the data from accurate mass measurements
to the results of collision-induced dissociation experiments.
Typical signals are detected at m/z 1211, 1227, 1241, 1243,
1257, and 1373. The identification of the corresponding saponin molecules can be achieved on the basis of Scheme 1. For
instance, the ions detected at m/z 1211 can correspond either
to Solasteroside A 1 or Ruberoside E 3, keeping in mind that
the observed ions correspond to deprotonated molecules, i.e.,
[M-H]−. Scheme 1 gathers the 19 saponin molecules whose
structures are fully described [27]. It is interesting to remind
that, amongst those different congeners, epimeric
(Solasteroside A 1 and Ruberoside E 3), isomeric
(Asterosaponin 1 10, Asteroside C 13, and Ruberoside F
14), and isobaric (Ruberoside A 9 and Glycoside B2 12) saponins have been identified. Moreover, we have also detected
additional saponin elemental compositions, i.e., C57H90O27S
(m/z 1237), C57H92O28S (m/z 1255), and C57H94O29S (m/z
1273), without succeeding in the unambiguous identification
of their structures [27]. Altogether, the saponin congeners of
A. rubens are divided into 18 different elemental compositions
(limited to 16 nominal masses) with 19 identified molecules
(Scheme 1) and at least 7 additional molecules, still unknown
[27]. In the present paper, we will only use the nominal masses
to account for the presence of saponin ions, since the aim of
our study is to demonstrate the general feasibility of saponin
direct MALDI analysis on sea star tissues.
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On-tissue MALDI-MS analysis of saponins
In direct connection with the MALDI-MS analysis of the saponin extract, we attempt to demonstrate that the analysis of
saponins can be performed directly on the tissue without the
need of extensive extraction and purification steps, except of
course that a tissue section has to be prepared according to the
procedure described in the experimental section. Such a procedure could then be considered as an alternative to the usual
but time-consuming MALDI-MS analysis of saponin extracts.
When, in the context of MALDI-MSI (see below), numerous mass spectra are recorded for each point of the pixelated
image, a mass spectrum averaging the data acquired on a
specific region of the tissue section surface, for instance an
organ, can be measured. It is very interesting to estimate if
such a spectrum could reproduce the MALDI-MS mass spectrum of the saponin extract of this peculiar organ. We therefore
compared the on-tissue MALDI-MS mass spectrum obtained
by averaging the MS data for the aboral body wall (ABW)
region and the classical MALDI-MS mass spectrum of the
ABW extract obtained from the same animal (sea star of
June 2014) (Fig. 1). On the MALDI-MS spectrum of the
ABW extract, 16 intense signals are observed in the mass
range m/z 1100–1500. The on-tissue MALDI-MS mass spectrum averaging the ABW data is clearly in close agreement
with the conventional MALDI-MS analysis. A similar conclusion can also be derived when comparing the mass spectrum
of the oral body wall (OBW) saponin extract and the on-tissue
MALDI-MS mass spectrum averaging the MS data on this
area (sea star of June 2014) (Fig. 2). Such a correlation is
important for two reasons. First of all, the great qualitative
and quantitative similarity between the on-tissue and afterextraction MALDI analyses confirms that the timeconsuming saponin extraction procedure that is initiated by
the dissection of the animals can be avoided by measuring
directly on the tissue. Also, this similarity confirms that
MALDI-MSI will be a reliable method to access the spatial
distribution of saponins within the tissue.
MALDI-MSI of saponins on a whole sea star arm
One of our objectives is then to demonstrate that the spatial
distribution of saponins within the organs can be determined
directly on the tissue using MALDI-MSI methods. The preparation of the tissue section is described in the experimental
part of the present report, but it is important to emphasize that,
when compared to tissue preparation for MALDI-MSI
targeting proteins, some typical steps (washing, organic treatment) are here eliminated to prevent the delocalization of the
saponin molecules that are probably more prone to dissolution. Also in the case of sea star arm analysis, a major issue
that must be overcome for the preparation of samples for
MALDI-MSI study corresponds to the sectioning of the
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Fig. 1 Comparison of the MALDI-MS spectrum of the aboral body wall
extract (a) and the MALDI-MSI spectrum of an aboral body wall area (b)
for a sea star collected in June 2014. The MALDI-MSI analysis was
performed on an embedded arm cross section. The classical MALDIMS analysis was made on the sample after extraction and purification

of saponins from the aboral body wall. Both analyses were obtained using
the same laser frequency: 200 Hz. MS signals marked by a black dot
correspond to saponin congeners already identified in Asterias rubens
[27, 37]

tissue. Indeed, due to the presence of calcareous ossicles in the
body wall, the preparation of a cross section of a complete sea

star arm is already a real challenge. Our first attempts immediately revealed such a difficulty because the stiffness of

Fig. 2 Comparison of the MALDI-MS spectrum of the oral body wall
extract (a) and the MALDI-MSI spectrum of an oral body wall area (b)
for a sea star collected in June 2014. The MALDI-MSI analysis was
performed on an embedded arm cross section. The classical MALDIMS analysis was made on the sample after extraction and purification

of saponins from the oral body wall. Both analyses were obtained using
the same laser frequency: 200 Hz. MS signals marked by a black dot
correspond to saponin congeners already identified in Asterias rubens
[27, 37]

Spatial distributions of sea star saponins by MALDI imaging
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calcareous ossicles constituting the arm led to the loss of cohesion and the grinding of the softer organs during the sectioning process in the cryostat. Nevertheless, after numerous
attempts, we managed to obtain a nice tissue section of the
whole arm, but only for an organism collected in winter (see
Fig. 3 for the histological pictures). Indeed, another aspect that
must be taken into account for the sea stars is the relative
development of the gonads and pyloric caeca according to
the seasons. For example, in the case of the animals studied
in the present work, the gonads and the pyloric caeca constituted about 9 and 7 %, respectively, of the total weight of the
animal collected during winter 2012 (ESM Fig. S2). On the
other hand, for the animal collected in summer 2012, i.e., after
the reproduction period, the gonads constituted only 1 % of
the total weight, whereas the caeca contribution increased to
14 %, confirming the collapse of the gonads after the reproduction season. Actually, another possibility to highlight the
presence of cavities free of organs for the summer animals
comes from the comparison between the global mass of organs for the dissected animals and the mass of the living animals. In the case of the winter animal, such a mass difference
amounts to about 40 % and increases to 50 % for the summer

animal. The mass difference is due to body fluids (mostly
coelomic fluid) which are lost when the sea star is dissected,
leaving empty spaces within the arms. Thus, due to the underdevelopment of the organs, especially the gonads, the
cryosectioning process is likely to be even more difficult after
the spawning season. In other words, the sectioning process is
complicated by body wall crumpling when the sea star arms
are empty if the gonads are undeveloped.
As a preliminary test, a matrix solution of DHB was deposited on the complete sea star (March 2012) arm section
using an automatic vibration vaporization system (ImagePrep,
Bruker Daltonics, Bremen, Germany) to cover the whole surface of the tissue section. In order to obtain a complete overview of the saponin distribution all across the arm cross section, the spatial resolution for this first image was fixed at
120×120 μm2. The recorded MALDI images are presented
in Fig. 3 together with the histological pictures. At first glance,
upon extraction of typical saponin ions such as m/z 1211,
1225, 1227, 1241, 1243, 1257, and 1373, the inhomogeneous
distribution of saponin molecules across the tissue section is
definitely confirmed, with saponin compositions being specifically detected in the aboral body wall (m/z 1211 and 1373) or

Fig. 3 MALDI-MSI data for the whole arm of the sea star Asterias
rubens (no embedding) collected in March 2012. Scanned transverse
section through the sea star arm without staining (a) and with the
hemalum, phloxine, safran (HPS) staining (b). The arm diameter is about
25 mm. MALDI-MSI data with extraction of specific saponin ions and
the m/z 2391 ions (c). The color of the dots reflects the intensity of the

selected saponin ion signal. The color ladder of intensity begins in the
lowest with the black or dark blue and grows towards the pink or white.
ABW aboral body wall, OBW oral body wall (tube feet), CAE pyloric
caeca, GON gonads. Asterisk the unidentified m/z 2391 ions are specifically
observed in the CAE area
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detected all across the tissue section (m/z 1243 for instance). A
closer analysis further confirmed the data obtained in our previous paper regarding the inter-organ distribution of saponins.
First of all, as unambiguously observed from Fig. 3, saponin
molecules are scarcely detected in the pyloric caeca (CAE),
since whatever the extracted mass-to-charge ratio, the CAE
region remains dark. This is in close agreement with our previous data in which a really low hemolytic activity was measured for the CAE saponin extracts [27]. On the other hand,
the presence of important amounts of saponins is confirmed
within the gonads (GON), the aboral body wall (ABW), and
the oral body wall (OBW; including tube feet), since all those
areas appear bright red on the color-coded images when
extracting mass-to-charge ratios corresponding to saponin
ions. Ion suppression, that may ensue from the complex chemical environment of the tissue (CAE vs ABW, for instance)
[48], could be responsible for the negligible saponin ion intensities in the CAE area. In order to establish whether such an
effect has to be accounted for, we selected in the CAE region
characteristic ions by exploring the MALDI mass spectrum
(ESM Fig. S3). Beside saponin ions in the m/z 1100–1450
range, m/z 2391 ions are only observed in the CAE spectra
but remain unidentified. In Fig. 3, the abundance of these m/z
2391 CAE ions is imaged on the whole arm cross section. The
nice localization of those ions within the CAE region confirms
that the low intensity of the saponin ions in the CAE area is
probably due to the really low saponin concentration, in agreement with the low hemolytic activity of the CAE extract [27].
Some significant differences are then detected between the
different organs. Indeed, the saponin ions recorded at m/z
1211 (Solasteroside A 1 and/or Ruberoside E 3) and 1373
(Asteriidoside C 16) are clearly specific to the ABW. This
specificity was also established in our previous study [27].
Moreover, thanks to the color gradient, it is observed that
some non-specific saponins are more abundant in a particular
organ. This is the case for the saponins corresponding to the
m/z 1241 ions, i.e., Ruberoside B 8 and/or saponin B 7, which
are clearly more abundant in the ABW. Furthermore, the m/z
1243 ions (Ruberoside A 9 and/or Glycoside B2 12) and m/z
1225 ions (Ruberoside D 5) are more representative of the
tube foot (OBW) saponin content. Finally, the m/z 1227 ions,
associated with Co-ARIS III (Ov. Asterosaponin 4) 15 and/or
Regularoside B 2, are more abundant in the gonads.
As already discussed, the MALDI-MSI and histological
images presented in Fig. 3 were acquired on a tissue cryosection prepared from an animal sacrificed prior to the reproduction period (March 2012), i.e., characterized by arms filled
with gonad tissues. For animals collected after the spawning
period, all our attempts to obtain tissue sections systematically
ended up with useless samples (see ESM Fig. S4 for a typical
example). To overcome this issue, we decided to test
carboxymethyl cellulose (CMC) as a filling substance to be
injected in the empty arms prior to the cryogenisation step.
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Actually, previous studies have already demonstrated the real
benefit of using embedding media for sectioning whole animal tissues [44]. From a practical point of view, the CMC
filling clearly improved arm sectioning for all individuals, as
exemplified by the transverse arm section presented in Fig. 4.
CMC is shown to fill the empty spaces between organs
affording a compact and cohesive block easier to cut
(Fig. 4a). Nevertheless, one of the key aspects to establish,
before claiming that such a CMC filling is efficient for the
MALDI-MSI of sea star arms and similar samples, is that no
diffusion of saponin molecules is occurring from the organs
toward the CMC matrix. A global MALDI-MSI picture was
recorded at a spatial resolution fixed at 120×120 μm2 on a
section obtained after CMC embedding, using similar matrix
conditions to the previous analysis. A typical MALDI image
is presented in Fig. 4 demonstrating that no significant diffusion of saponin molecules in CMC is observed. Indeed, for
instance, the m/z 1211 saponin ions that are known to be
specific of the ABW region are clearly observed at the expected localization (Fig. 4b). Additional MALDI-MSI images corresponding to other saponin ions are presented in the ESM
(Fig. S5) and the comparison between the images in Fig. 1
(non embedded arm) and ESM Fig. S5 (embedded arm) affords further confirmation of the reliability of MALDI-MSI
(with and without CMC) to probe the localization of saponin
molecules within a section.
MALDI-MSI of saponins at higher spatial resolution
In a second phase of our development of the MALDI-MSI
method to assess the intra-organ distribution of saponins inside the sea star arm, it quickly became unavoidable to increase the spatial resolution to better visualize the distribution
of saponin congeners within the tissues. As a representative
example, the distributions of saponin congeners within the
ABW and the OBW regions of the sea star arm were targeted.
In this context, a cross section through a CMC-embedded arm
was prepared according to the procedure described in the previous section and in the experimental part. Based on recent
literature, we selected a DHB/DMA liquid ionic matrix, since
this type of matrix is known to afford a more homogeneous
co-crystal surface [47]. The MALDI-MSI image was then
acquired using a distance of 40 μm between two consecutive
points and a spatial resolution of 40×40 μm2. As revealed on
Fig. 5 and ESM Fig. S6, the experimental procedure, i.e.,
CMC filling, cryosectioning, and liquid ionic matrix deposition, allows recording high-level MALDI images really helpful for the perfect localization of saponin molecules. For instance, the m/z 1241 and 1257 ions appear really abundant in
the mass spectra recorded for the ABW and tube foot regions,
respectively. Basically, those pieces of information were previously obtained by MALDI-TOF analysis of the saponin extracts of dissected and separated organs [27]. However, a
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Fig. 4 The left picture shows the block of CMC with the embedded arm
piece, stuck on the specimen holder of the cryostat with the Tissue-Tek
OCT (a). On the right, MALDI image of the whole arm of a sea star
(September 2012) with the CMC as embedding medium. The MALDI

image represents the distribution of the saponin ion m/z 1211 (b). The arm
diameter is about 25 mm. ABW aboral body wall, OBW oral body wall,
CAE pyloric caeca, GON gonads

closer analysis of the recorded images (Fig. 5) points to the
fact that the saponin molecules seem to be present mostly at
the outer surface of the organ, rather being located inside the
organs. To the best of our knowledge, this is the very first
observation of this localization. For the ABW region, saponin
molecules are therefore clearly present in the mucus surrounding the body wall and in the epidermis, but absent in the
dermis and in the mesothelium (i.e., inner epithelium) of the
animal. The images in Fig. 5b, and in particular the data
highlighting the spatial distribution of saponin related to m/z
1373 ions, clearly demonstrate that no significant diffusion of
saponin molecules in CMC occurs. Even more interesting is
the saponin localization in the OBW region. Indeed, the
MALDI image reveals that saponins are definitely localized
outside the tube feet, probably in the oral mucus, but neither
inside the disk nor the stem tissues (compare the stained histological section and MALDI images in Fig. 5 for a description of tube foot morphology). In order to assess the reproducibility of MALDI-MSI to probe saponin localization,

additional images (40×40 μm2) from another animal (female
collected in February 2014) were recorded and are presented
in Fig. S7 in the ESM. The presence of saponin molecules
essentially in the mucus layer surrounding the tube feet is
confirmed.

Fig. 5 MALDI-MSI analysis (CMC embedding) of a transverse section
through the sea star arm (June 2014) with a zoom on the aboral body wall
ABW (a) and the oral body wall OBW (tube feet with a diameter of about
1 mm) (d). The picture c corresponds to a light microscopy image of a
longitudinal section through a tube foot showing the stem and the disk,

stained with Heidenhain azan. The MALDI image b represents the
distribution of the saponin ions m/z 1241 and m/z 1373 in the ABW and
the MALDI image e the distribution of the m/z 1225 and m/z 1257 ions in
the OBW (tube feet)

Qualitative and semi-quantitative analysis of body wall
and mucus extracts
Based on the high-resolution MALDI-MSI analysis presented
in Fig. 5, we propose that saponin molecules are probably
present in the mucus surrounding the ABW and the OBW
rather than inside the tissue. Nevertheless, to reach such a
conclusion, we implicitly assume that, if saponin molecules
are present inside the body wall tissues, their eventual entanglement does not prevent the molecules to be analyzed by
MALDI at various extents, i.e., from no detected ions to weak
ion current. Also, the origin of saponin molecules within the
mucus will clearly remain questionable if no saponin
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molecules are detected within the body wall tissues, either on
the aboral or oral side. To get some further insight, we decided
to address the problem by performing two different kind of
analysis, one qualitative and one semi-quantitative, of the
body wall saponin content.
First, we performed a qualitative analysis by measuring
the MALDI mass spectra of saponin extracts from three
complementary samples, i.e., collected mucus, body wall
cleaned off mucus, and intact body wall (i.e., with mucus). Mucus samples, from separated ABW and OBW,
were collected directly on 20 living animals by suction.
All the mucus samples were pooled and their saponin
content was extracted as described in ESM. As far as
the intact/cleaned ABW/OBW samples are concerned,
two different sea stars presenting the same characteristics,
i.e., collected at the same period and site and presenting
similar sizes and weights, were selected. For the sake of
information, it is important to note that both animals were
collected in summer without any possibility to make a
distinction between male and female. But, we already
demonstrated that the saponin content between males
and females is only differing as far as the gonads are
concerned, and that the body wall extracts are not significantly different between males and females at the same
period of the year [27]. For one sea star (I1), we used the
saponin extracts obtained from the ABW/OBW without
any mucus removal. For the second sea star (I2), the mucus layers around the body wall were extensively removed by suction. MALDI-TOF measurements were performed on all the saponin extracts, from the ABW/OBW
samples (with and without cleaning) and from the collected ABW/OBW mucus samples. Fig. S8A in the ESM
unambiguously confirms that saponin molecules are present within the ABW mucus. Moreover, identical saponin
profiles are also detected in the intact and cleaned ABW
extracts (ESM Figs. S8B and S8C) (see ESM Fig. S9 for
the OBW case). This observation points to the presence of
saponin molecules in both the body wall tissues and the
surrounding mucus.
It is well known that the use of MALDI-MS measurements for quantitative analysis is more than hazardous,
given the great difficulty to get perfectly homogeneous
samples on the targe t plate. In a second semiquantitative approach, we therefore assessed the relative
amount of saponin molecules within the different body
wall extracts by measuring the hemolytic activity of the
saponins samples against cow blood erythrocytes, according to a procedure described in one of our previous papers
[27–49]. For comparison purposes, the hemolytic activities presented in ESM Fig. S10 are normalized according
to the weight of the sample. First of all, we can already
observe that the saponin concentration is higher on the
aboral side relative to the oral side for both the non-
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cleaned (I1) and the cleaned (I2) individuals. Actually,
to be really accurate, we can just conclude that the saponins from the aboral side present a higher cytotoxic activity because of a higher concentration or because of the
presence of more active saponin congeners, compared to
the oral side. In addition, these measurements clearly reveal that the saponin content is strongly modified when
the mucus is removed. Indeed, approximately half of the
hemolytic activity is lost upon mucus removal. This
strongly correlates with the qualitative analysis since the
presence of saponin molecules both inside the tissue and
within the surrounding mucus is confirmed.
Interestingly, the saponin distributions of the ABW and
ABW mucus (ESM Figs. S8A and S8B) and of the OBW
and OBW mucus (ESM Figs. S9A and S9B) are demonstrated to be similar between the tissue and the mucus on
the same side of the animal, but different from the aboral
and the oral sides of the animal. From a structure-activity
relationship, we can hypothesize that OBW and ABW
saponin congeners could participate in the defense of the
sea star against bacteria or other parasites. The different
saponin distributions between the ABW and the OBW
would then suggest that the sea stars have to face different
external aggressions on both sides. Alternatively, the saponins of the OBW could be involved in another function,
e.g., locomotion or temporary adhesion by the tube feet
[50]. The similarity between the saponin content in the
mucus and the body wall tissue on the aboral or the oral
side indicates that the saponin molecules are produced
specifically in the cells of the organs where they play their
biological activities (i.e., the epidermal cells in the case of
the body wall).

Conclusions
Asterosaponins are well-known secondary metabolites of
the common sea star A. rubens in which they would be
involved in chemical defense, digestion, and reproduction.
Previously, using different mass spectrometry methods
(MALDI-MS, LC-MS, MSMS), we observed significant
differences in the distribution of the saponin ions between
the different organs of the sea star (aboral body wall, tube
feet, stomach, pyloric caeca, and gonads). In the present
paper, we demonstrate that mass spectrometry molecular
imaging by MALDI, i.e., MALDI-MSI, represents a powerful method to determine the spatial distribution of saponins directly on the tissue. Indeed, MALDI analysis of
saponins can be performed directly on the tissue without
the need of time-consuming extraction and purification
procedures since the recorded on-tissue MALDI mass
spectra are observed to reproduce the MALDI-TOF data
obtained from the saponin extracts. MALDI imaging

Spatial distributions of sea star saponins by MALDI imaging

methods also afford nice data on the distribution of saponin molecules within the organs. In this context, we also
showed the advantage of using carboxymethyl cellulose
as an embedding medium to facilitate the cryosectioning
procedure. This step is especially critical in sea stars,
whose arms are difficult to section because their body
wall contains calcareous ossicles. MALDI-MSI performed
at different spatial resolutions reveals that the inter- and
intra-organ distributions of saponin congeners are not homogeneous, paving the way for future elegant structure/
activity relationship investigations. For instance, we highlight that saponin molecules are located not only inside
the body wall of the animals but also within the mucus
layer, where they probably protects the animal against
external aggressions.
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