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Featured Application

Porifera harbor an evolutionarily conserved family of bioactive molecules with a remarkable
ability to modulate hemostasis. Combined with the feasibility of rearing these organisms in an
environmentally sustainable manner, fully aligned with blue economy principles, our findings
identify these acidic polysaccharides as strong candidates for next-generation anticoagulant
therapeutics, with potential extending to regenerative medicine and tissue engineering.

Abstract

Innovation in the field of bioinspired therapeutic anticoagulants, as an alternative to hep-
arin and its derivatives, is increasingly focused toward the discovery of new molecules from
natural sources. Inspired by the compelling observation that marine organisms possess a
wide array of acidic polysaccharides (APs) within their extracellular matrix (ECM) with
promising anticoagulant potential, this study investigates AP topographic distribution, con-
tent, and bioactivity in the body of seven phylogenetically distant Mediterranean sponge
species. Tissue architecture was evidenced by Alcian Blue histological staining whereas
biochemical analyses were carried out on APs purified from papain-digested tissue extracts
using anion-exchange chromatography. Four polysaccharide fractions were obtained and
assessed for hexuronic acid content. The two most abundant ones, up to 98% of the total,
were characterized by electrophoretic analyses, and assessed in vitro for inhibitory activity
on blood coagulation. Histology evidenced a heterogeneous distribution of APs within
the sponge’s ECM, along with marked interspecific variability in both concentration and
electrophoretic profiles. Neither Tethya aurantium nor Crambe crambe showed any significant
in vitro effects on coagulation, whereas the other species exhibited a strong inhibitory effect
on both activated partial thromboplastin time (aPTT) and thrombin time (TT), compa-
rable to standard heparin (Hep). Concerning aPTT, both 1. retidermata and H. communis
reached the endpoint of 300 s at 5 ugUA /mL, whereas S. spinosulus, O. lobularis, A. aerophoba
reached it at 10 pgUA /mL. With reference to TT, A. aerophoba, 1. retidermata, S. spinosulus
and H. communis had comparable effects on coagulation time with respect to Hep (end-
point at 5 ugUA /mL), whereas O. lobularis was less effective (endpoint at 100 ugUA /mL).
These findings show that Porifera, one of the most basal Metazoa, have an ECM rich
in APs with anticoagulant properties towards both intrinsic and common pathways of
coagulation, consistent with known inhibitory mechanisms reported for certain marine
sulfated polysaccharides derived from other invertebrate taxa. These molecules, obtainable

Appl. Sci. 2026, 16, 4094

https:/ /doi.org/10.3390/app16094094


https://crossmark.crossref.org/dialog?doi=10.3390/app16094094&domain=pdf&date_stamp=2026-05-06
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-7522-8200
https://orcid.org/0000-0003-1766-5247
https://orcid.org/0000-0002-9268-9436
https://orcid.org/0000-0001-6615-4828
https://orcid.org/0000-0001-9207-5787
https://orcid.org/0000-0002-8356-894X
https://doi.org/10.3390/app16094094

Appl. Sci. 2026, 16, 4094

2of 16

through sustainable blue technology, represent compelling candidates for bioinspired next-
generation anticoagulant therapeutics, with broader applications in regenerative medicine
and tissue engineering.

Keywords: marine natural products; next-generation anticoagulants; Mediterranean Sea
sponges; marine molecular biodiversity

1. Introduction

Heparin and its derivatives remain core anticoagulants, yet their clinical utility is
significantly constrained by both bleeding and non-bleeding toxicities [1,2]. Major bleeding
represents the primary safety concern associated with unfractionated heparin (UFH) or low-
molecular-weight heparin (LMWH) administration; however, clinically significant adverse
effects extend well beyond hemorrhage, encompassing heparin-induced thrombocytopenia,
osteoporosis, cutaneous hypersensitivity, alopecia, eosinophilia, and endocrine dysfunc-
tions [2—4]. Furthermore, UFH exhibits considerable pharmacokinetic variability arising
from extensive non-specific binding to plasma and cellular proteins. This unpredictability
necessitates continuous therapeutic monitoring and frequent dosage adjustments. Thus,
recent years have seen an intensified interest in identifying alternative therapeutic antico-
agulants from natural sources, particularly marine organisms, which may offer superior
safety profiles and strong anticoagulant potency due to their unique chemical structures
and biological activities [5]. This approach bridges biomedical advancement with environ-
mental responsibility, aiming to improve patient outcomes while promoting the sustainable
use of marine biodiversity within the framework of the blue economy.

In this respect, anticoagulant activity has been documented for fucoidan isolated from
holothurians [6] and seaweeds [7], as well as for fucosylated chondroitin sulfate (FCS),
which has been identified exclusively in the body wall of holothurians, so far [8]. No-
tably, a FCS-derived nonasaccharide has been shown to selectively modulate the intrinsic
coagulation pathway by binding to FIXa and disrupting FIXa-FVIlla interactions. This
mechanism is associated with reduced risk of bleeding compared to traditional hepari-
noids and warfarin [9], highlighting its potential as a promising alternative to conventional
anticoagulant therapies. Beyond echinoderms and macroalgae, marine sponges repre-
sent a further yet underexplored source of structurally diverse extracellular matrix (ECM)
polysaccharides. As basal metazoans, sponges possess a collagen-rich ECM containing
complex polysaccharides, which has attracted increasing attention for bioinspired biomedi-
cal applications [10-12]. Hence, sustainable sponge marine culture systems represent an
environmentally compatible platform to produce bioactive compounds with low ecological
impact [13]. Recently, a highly charged polysaccharide was isolated [14] from the marine
sponge Sarcotragus spinosulus Schmidt, 1862. This compound demonstrated in vitro antico-
agulant properties and cytocompatibility, with infrared spectroscopy and nuclear magnetic
resonance revealing structural similarities with the FCS purified from the sea cucumber
Holothuria (Holoturia) tubulosa Gmelin, 1791 [14]. The biotechnological application of these
natural anticoagulants has also been explored in vascular tissue engineering. In particular,
these polysaccharides were exploited to functionalize nanofibrous poly(e-caprolactone)
electrospun scaffolds, thus conferring both anticoagulant and antiplatelet aggregation
properties as well as enhanced endothelialization to the synthetic matrix [15,16].

Prompted by the observation that the simplest metazoans, i.e., Porifera, bear in their
ECMs acidic polysaccharides (APs) physiologically involved in cell-cell crosstalk [17-19]
and potentially useful as anticoagulants in some biomedical applications [15,16], in the
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present study, a screening of Mediterranean sponge species was performed, evaluating both
quali-quantitatively and functionally different polysaccharide fractions. Interestingly, five
out of the seven experimental models were found to be rich in APs with strong anticoagu-
lant activity compared with heparin (Hep), evaluated by activated partial thromboplastin
time (aPTT), prothrombin time (PT), and thrombin time assays.

2. Materials and Methods

All reagents and chemicals used in this study were of analytical grade from Merck
Group (KGaA, Darmstadt, Germany), unless otherwise specified.

2.1. Experimental Models Species

Representative specimens of seven phylogenetically distant Mediterranean Porifera
species, namely Oscarella lobularis (Schmidt, 1862), Tethya aurantium (Pallas, 1766), Crambe
crambe (Schimdt, 1862), Ircinia retidermata Pulitzer-Finali & Pronzato, 1981, Sarcotragus
spinosulus Schmidt, 1862, Hippospongia communis (Lamarck, 1814) and Aplysina aerophoba
(Nardo, 1833), were selected as experimental models (Table 1). They were cultured and col-
lected from a sustainable, shallow water experimental sponge mariculture plant [20,21] lo-
cated in the Tramariglio Cove (40°35'32.47" N 8°10'11.50” E, Capo Caccia—Isola Piana Ma-
rine Protected Area, northwestern Sardinian Sea, Western Mediterranean) (Figures 1 and 2).
The species investigated belong to two classes, three subclasses, five orders, six families
and seven genera.

Table 1. Porifera species selected as experimental models.

Class Order Family Genus Species

Homoscleromorpha  Homosclerophorida  Oscarellidae ~ Oscarella Oscarella lobularis (Schmidt, 1862)
Demospongiae Tethyida Tethyidae Tethya Tethya aurantium (Pallas, 1766)

Demospongiae Poecilosclerida Crambeidae ~ Crambe Crambe crambe (Schmidt, 1862)

Demospongiae Dictyoceratida Irciniidae Ircinia Ircinia retidermata Pulitzer-Finali & Pronzato, 1981
Demospongiae Dictyoceratida Irciniidae Sarcotragus Sarcotragus spinosulus Schmidt, 1862
Demospongiae Dictyoceratida Spongiidae Hippospongia ~ Hippospongia communis (Lamarck, 1814)
Demospongiae Verongiida Verongidae Aplysina Aplysina aerophoba (Nardo, 1833)

Sponges are filter feeders pumping a huge amount of water through inhalant/exhalant
canals (aquiferous system), and filter the water by specialized flagellated cells (choanocites)
of the choanosome. The selected species are widespread inhabitants of Mediterranean
coastal waters on rocky substrates, seagrass meadows and caves, mostly in shaded habitats.
Growth morph ranges from encrusting with lobed surface (O. lobularis, C. crambe), to mas-
sive with lobes (1. retidermata, S. spinosulus, and H. communis), up to tubular-arborescent
(A. aerophoba) or spherical in T. aurantium (Figures 1 and 2). They produce a huge array of
metabolites and macromolecules, including steroids, lipids, alkaloids, peptides, polysac-
charides, and sulfated polysaccharides, also involved in chemical defense and ecological
interactions [11,12,14,22-27].
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Figure 1. Representative Porifera model species grown in the experimental sponge-culture plant
(Sardinian Sea, Tramariglio Cove). (a) Oscarella lobularis (encrusting dark blue, blue arrow), Aplysina
aerophoba (arborescent yellow, yellow arrow), and Crambe crambe (encrusting red, red arrow), cultured
in a box. (b) Sarcotragus spinosulus cultured in square frames.

Figure 2. Macroscopic view of the seven Mediterranean sponge species selected as experimental mod-
els. (a) Oscarella lobularis; (b) Aplysina aerophoba; (c) Tethya aurantium (top) and its body cross-section
(bottom) with cortex (outer layer) and medulla (inner layer); (d) Ircinia retidermata; (e) Hippospongia
communis; (f) Crambe crambe; (g) Sarcotragus spinosulus.
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2.2. Histological Analyses

Representative body fragments of each species were collected from experimental
mariculture clonal sponges by means of a scalpel [20,21]. Samples were kept in sea water, in
refrigerated bags, until analysis. For downstream histological evaluation, several fragments
were fixed at room temperature for 48 h in Bouin’s fluid, dehydrated in ascending ethanol
series up to 100%, cleared in xylene, and embedded in paraffin. Sections 5 pm thick were
stained with Alcian blue (pH 2.5) to evaluate the presence and topographic distribution of
APs. Slides were examined under a Nikon ECLIPSE 80i Light Microscope (Nikon Europe
B.V., Amstelveen, The Netherlands), and microphotographs were taken with a Nikon
Digital-Sight DS-FI camera (Nikon Europe B.V., Amstelveen, The Netherlands).

2.3. AP Purification and Characterization

AP purification and analyses were performed as previously described with slight
modifications [14].

Fresh specimens of each species under study were dehydrated through absolute
ethanol incubation for 120 h at 4 °C, finely minced, followed by delipidation in acetone for
24 h. After complete acetone evaporation, dehydrated and delipidated tissues (DDT) were
rehydrated with 0.1 M sodium acetate buffer, pH 6.0, containing 5 mM EDTA and 5 mM
cysteine (15 mL per gram of tissue) at 4 °C for 24 h, followed by proteolytic treatment with
1 U of papain per mg of DDT (Thermo Fisher Scientific Inc. Waltham, MA, USA) at 56 °C
for 48 h; enzyme activity was stopped by boiling the mixture at 100 °C for 5 min. Clarified
digests were recovered and immediately loaded into an anion-exchange chromatography
column packed with DEAE-Sephacel resin (10 mL of resin per gram of digested tissue),
previously equilibrated with 20 mM Tris-HCl buffer, pH 8.6. The same buffer was used
to wash the column until absorbance at 280 nm was less than 0.05. APs were fractionated
by performing four elution steps using 20 mM Tris-HCI buffer, pH 8.6, containing 0.5 M,
1M, 1.5 M, or 2 M sodium chloride, respectively. Eluates were concentrated and dialyzed
against deionized water by means of Amicon Ultra-15 Centrifugal Filter Units with a 3 kDa
cut-off, according to the manufacturer’s instructions (Millipore, Burlington, MA, USA).

2.3.1. Hexuronic Acid Quantification

Each eluate was assayed for hexuronic acid (UA) content by the method of Bitter
and Muir, using glucuronolactone as a standard [28]. Briefly, 250 puL of either standard
(from 5 to 40 pgUA /mL) or eluates were added with 1.25 mL of 25 mM sodium tetraborate
decahydrate in concentrated sulphuric acid and incubated at 85 °C for 10 min for complete
depolymerization. Following UA staining by adding 50 pL of 7.5 mM carbazole in absolute
ethanol at 85 °C for 15 min, absorbance was read at 530 nm.

2.3.2. Carbohydrate Electrophoresis

Carbohydrate electrophoresis (C-PAGE) was carried out in a Mini Protean II cell
vertical slab gel electrophoresis apparatus (Bio-Rad laboratories, Hercules, CA, USA) using
13.5% T and 3% C polyacrylamide running gels, overlaid with 5% T and 3% C stacking
gel, using 40 mM acetic acid and 40 mM Tris-HCl, pH 7.8, solution as running buffer. An
amount of 2.0 ug UA of each standard polysaccharide, namely high-molecular-weight
hyaluronic acid (HMW-HA) sodium salt from Streptococcus equi (1,500,000-1,750,000 Da),
dermatan sulfate (DS) and heparin (Hep) sodium salt from porcine intestinal mucosa, and
a fraction of acidic polysaccharide were added with 4X loading buffer containing 250 mM
Tris-HCl, pH 7.8, 40% glycerol, and 0.008% cresol red, and run at 50 V for the first 10 min
and then at 120 V until the dye front reached the bottom of the gel. The run was performed
at 4 °C. Afterwards, gels were stained by overnight incubation with a solution of 50%
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ethanol containing 0.005% Stains-all dye, in the dark, at room temperature. Following
destaining /rehydration with distilled water for 30 min, gels were acquired with a Nikon
D3100 reflex camera (Nikon Europe B.V., Amstelveen, The Netherlands).

2.3.3. Depolymerization Assays

The first two fractions from each species, as well as standard GAGs, namely Hep, DS,
and HMW-HA, were assessed for susceptibility to depolymerization by specific lyases,
particularly chondroitin ABC lyase from Proteus vulgaris and hyaluronidase from bovine
testes. Chondroitin ABC lyase treatment was performed in 0.1 M CH3COONa bulffer, pH
7.5, using 0.01 U/10 ugUA at 37 °C for 24 h. Hyaluronidase treatment was performed in
0.06 M CH3COONa buffer, pH 6, using 0.1 U/10 ugUA at 37 °C for 24 h.

2.3.4. Coagulation Assays

The anticoagulant activity of the first two eluted fractions from each species was
evaluated in vitro in comparison with that of standard GAGs, using commercially available
kits by Siemens Healthcare GMBH (Erlangen, Germany). In particular, activated partial
thromboplastin time (aPTT) (Dade® Actin® FSL), prothrombin time (PT) (Dade® Innovin®),
and thrombin time (TT) (Dade® Thrombin Reagent) assays were performed to evaluate
the inhibition of the intrinsic, extrinsic and common coagulation pathways, respectively.
Commercial human coagulation control plasma was used for all coagulation tests. Each
fraction was added to the control plasma at different UA concentrations to assess the effects
of these APs on the inhibition of clot formation. The endpoint of each test was set at 300 s.

The aPTT assay was carried out according to the manufacturer’s guidelines. Briefly,
100 uL of plasma, previously added with purified polysaccharides or standard GAGs, was
mixed with 100 pL of prewarmed FSL reagent and incubated at 37 °C for 3 min; then,
100 pL of prewarmed 25 mM calcium chloride solution was added, and the resulting fibrin
clot formation time was measured by optical detection.

The PT assay was performed following the producer’s instructions, as well. In detail,
100 uL of plasma, containing purified APs or standard GAGs, was incubated at 37 °C for
1 min, and 200 pL of prewarmed Dade® Innovin® Reagent was added. Clot formation time
was measured by optical detection.

The TT assay was performed following the producer’s instructions, with slight modi-
fications. A volume of 200 pL of plasma was prewarmed at 37 °C for 2 min, added with
100 pL of 1:20 diluted thrombin reagent, and the coagulation time was measured.

All measurements were carried out in triplicate, and results were reported as mean
and standard deviation.

3. Results and Discussion
3.1. Histological Analysis

Alcian blue staining revealed interspecific variations in the abundance and topographic
distribution of APs within the ECM of the investigated sponges (Figure 3). In most species,
staining intensity followed a decreasing gradient from the outside (ectosome) toward the
inside (choanosome) of the body architecture, indicating a higher concentration of APs in
the outer body region.

A homogeneous distribution throughout the body architecture was observed only in
O. lobularis, where both ectosome and choanosome exhibited comparable staining intensity.

https:/ /doi.org/10.3390/app16094094
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Figure 3. General view and some details of histological sections of the studied sponges. (a) Oscarella
lobularis: general view of a sponge bud showing the uniformity of stain (al); two different magnifica-
tions of the outer region composed by a thin ectosome and vacuolated cells, and the choanosome
(inner region) containing choanocytes (a2,a3). (b) Aplysina aerophoba: general view of the mother
sponge (b1) and of the pedunculated buds (b2,b4); the ECM shows a higher content of APs in the
ectosome (b2,b4) contrasting with the moderately stained choanosome, in which APs line the canal
wall of the aquiferous system ((b3), black arrows). The fibrous skeleton is visible with a light pinkish
outline (b1,b2). (c) Tethya aurantium transverse body section: the cortex displays weak staining,
while the medulla appears almost unstained. (d) Ircinia retidermata: general view of the sponge
body showing a robust ectosome (outermost layer) densely stained and a choanosome (inner region)
traversed by numerous canals of the aquiferous system (d1,d2), making the tissue less compact than
the ectosome and resulting in less intense staining, except for the aquiferous canals wall rich in AP
and well stained ((d3) black arrow). (e) Sarcotragus spinosulus: general view of the sponge body
showing a high concentration of APs in the ectosome, more intensely stained than the choanosome
(e1-e3), and well-stained ECM surrounding the canals of the inner choanosome ((e4), black arrow).
(f) Crambe crambe: general view highlighting a very low staining intensity, although a slight difference
between the ectosome and the choanosome can be observed. (g) Hippospongia communis: general view
of the sponge body highlighting a thin, densely stained ectosome (outermost layer) and a faintly
stained choanosome, with more evident AP content lining the canals and cavities of the aquiferous
system (g1); details of the outer choanosome (blue-turquoise), highlighting the lined canals and
cavities of the aquiferous system within the ECM (g2,g3). The fibrous skeleton, negative to the stain,
is delineated by inorganic inclusions (g1,g2). Abbreviations: ect: ectosome; cho: choanosome; ac:
aquiferous canals; vac: vacuolated cells.
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In A. aerophoba, 1. retidermata, S. spinosulus, and H. communis, the ectosome was consis-
tently more intensely stained than the choanosome (Figure 3). In the choanosome of these
species, APs were prominently localized in the thickness of the canal and cavity walls of
the choanosomal aquiferous system, exhibiting an intense staining in the luminal surfaces
(Figure 3b3,d3,e4,g3). In contrast, skeletal elements were generally unstained, although
their structural organization remained clearly discernible.

Tethya aurantium and C. crambe displayed overall weak Alcian blue reactivity, suggest-
ing comparatively lower amounts of APs within the ECM. In T. aurantium, staining was
faint in the cortex and nearly absent in the medulla, whereas C. crambe showed uniformly
low intensity with only a slight ectosome—choanosome differentiation.

Overall, the results identify three staining intensity patterns:

(i). Strongly positive species, characterized by abundant acidic ECM components, i.e.,
O. lobularis, A. aerophoba, 1. retidermata, S. spinosulus;

(ii). Moderately stained species, with localized enrichment primarily in the ectosome and
aquiferous canals, i.e., H. communis;

(iii). Weakly stained species, exhibiting limited Alcian blue reactivity, i.e., T. aurantium,
C. crambe.

The observed gradient of staining intensity across species is consistent with differ-
ences in ECM composition and organization, density and structural arrangement, relative
abundance of APs, and interspecific variation in Alcian blue affinity.

3.2. Biochemical Analyses

Low-pressure anion-exchange chromatography, a classical GAGs purification tech-
nique, was applied for the fractionation of APs extracted by proteolytic treatment with
papain from specimens of seven experimental model species. Each fraction was assessed
for hexuronic acid content, whereas the most abundant ones were resolved by carbohydrate
electrophoresis and evaluated for susceptibility to depolymerization with specific lyases.

3.2.1. Hexuronic Acid Content

As reported in Table 2, the total yield of UA-containing polysaccharides isolated from
the studied sponges ranged from about 1600 ug/g DDT in T. aurantium and A. aerophoba, to
about 3100 pg/g DDT in O. lobularis and H. communis. Notably, about 98% of these UA-
containing polysaccharides were found in the first and second elution, with a remarkable
variability spanning from T. aurantium, in which the first elution was the most abundant
(94%), to L. retidermata, in which the UA content was equally distributed. The following
qualitative and functional analyses were performed on these two fractions.

Table 2. Hexuronic acid content in each fraction obtained from the seven investigated sponge species.

O. lobularis

A. aerophoba

T. aurantium

I retidermata

S. spinosulus

C. crambe

H. communis

ug/gDDT % ug/gDDT % ug/gDDT % ug/gDDT % ug/gDDT % ug/gDDT % ug/gDDT %
IE 222288 71.11 98993 6217 1509.68 94.12 109757 4730 1652.78 65.54 2021.32 86.90 1860.67 59.80
IIE 84852 27.14 54940 3451 63.09 393 115748 49.88 779.17 3090 25257 10.86 1162.21 37.35
IIIE 39.20 1.25 38.18 2.40 18.08 1.13 50.95 2.20 69.63 2.76 41.04 1.76 50.56 1.62
IVE 15.53 0.50 14.66 0.92 13.22 0.82 14.36 0.62 20.30 0.80 11.00 0.47 38.11 1.22
Total 3126.14 1592.17 1604.07 2320.37 2521.87 2325.94 3111.55

3.2.2. Electrophoretic Profiles

Carbohydrate electrophoresis allows for the separation of APs based on both molecular

masses and charge densities, which are specifically stained from blue to purple to yellow
as the degree of sulfation increases, thanks to the metachromasia phenomenon of the
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cationic carbocyanine dye Stains-all [29]. Similarly to standard DS and Hep, both the
first and the second elution of each species show polysaccharides with a wide range of
molecular weights, as evidenced by smeared lanes (Figure 4). The smeared profile was not
evident for standard HA, which, although heterogeneous in terms of molecular weight
(1,500,000-1,750,000 Da), was too big to be resolved in the adopted gel system. Concerning
the staining, the first elutions showed predominantly blue (except for O. lobularis in which
it was purple), similarly to HA, whereas the second elutions were purple (except for
O. lobularis in which the central part was red and the lower part yellow, similarly to DS and
the highly sulfated Hep, respectively), suggesting a higher degree of sulfation, according
with the ionic strength (1 M NaCl) used to detach the AP constituents from the stationary
phase of the column chromatography (Figure 4). Although C-PAGE is not a quantitative
method, few qualitative-quantitative considerations can be made. In particular, while equal
quantities, in terms of UA, were loaded for each sample, some differences were evidenced
from the electrophoretic profiles. In fact, both elutions from T. aurantium and C. crambe
showed quite faint, suggesting low quantities of loaded APs. Conversely, A. aerophoba,
I retidermata, S. spinosulus and H. communis showed quite intense first elutions as well as
second elutions characterized by dark, thick bands in the upper part of the gel (cathodic
end), overall indicative of higher loading. With regard to O. lobularis, the high degree of
sulfation of both fractions could be responsible for the intense Alcian Blue staining, which
is primarily due to electrostatic linkages with anionic carboxyl and sulfate groups. These
observations may explain some emerging inconsistencies by comparing the staining of
histological sections and the hexuronic acid tissue concentration, suggesting that the latter
is not representative of the overall AP content in these species.

IE HIE IE IIE IE IHE IE IIE IE IE IE IIE IE IIE HA DS Hep

O. lobularis ~ A. aerophoba T. aurantium 1. retidermata  S. spinosulus C. crambe H. communis

Figure 4. Electrophoretic profiles of the first and second elutions (IE and IIE) from the seven sponge
species and standard GAGs, namely high-molecular-weight hyaluronic acid (HA), dermatan sulfate
(DS), and heparin (Hep).

From a taxonomic perspective, the electrophoretic profiles revealed marked inter-
specific heterogeneity. Indeed, I. retidermata and S. spinosulus (Family Irciniidae, Order
Dictyoceratida) showed similar electrophoretic profiles, in accordance with their close
systematic relationship [30]. In contrast, H. communis (Family Spongiidae, Order Dictyocer-
atida) exhibited a clearly distinct pattern. A different trend emerged for T. aurantium and
C. crambe. These species of the subclass Heteroscleromorpha belong to different orders;
nevertheless, they showed comparable electrophoretic patterns. Overall, these observations
suggest that the electrophoretic profiles may be sensitive to taxonomic structure at multiple
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hierarchical levels, thus representing a potentially valuable support to morphological and
molecular data for improving phylogenetic resolution within Porifera.

Both the first and the second elutions from each species under study, as well as the
standard GAGs, were subjected to treatment with specific lyases known to be effective
on GAGs from vertebrates. As shown for S. spinosulus (Figure 5), neither the first nor
the second elution of any species was susceptible to depolymerization by chondroitin
ABC lyase (Figure 5a), which was instead effective on both standard HA and DS, or by
hyaluronidase (Figure 5b), this latter effective only on standard HA.

1IE 1IE IIE IIE HA HA DS DS 1IE IE IIE 1IE HA HA DS DS

+ - + - + - + - + - + - + 3 +

(a) (b)

Figure 5. Electrophoretic profiles of the first and second elutions (IE and IIE) from the sponge
S. spinosulus and standard GAGs, namely high-molecular-weight hyaluronic acid (HA), dermatan
sulfate (DS), before (-) and after (+) chondroitin ABC lyase (panel (a)) or hyaluronidase (panel
(b)) treatment.

3.2.3. Anticoagulant Activity of Purified Polysaccharide Fractions

The first and second fractions from the species investigated were assessed, in vitro,
for their potential inhibitory activity towards the coagulation cascade. In particular, the
effects on the intrinsic, extrinsic, and common pathways of the coagulation were evaluated
using activated partial thromboplastin time (aPTT), prothrombin time (PT), and thrombin
time (TT) assays, respectively, compared with standard GAGs, namely HA, DS and Hep,
the latter being a positive control for each assay (Table 3, Figure 6). In fact, it is known that
Hep exerts its primary anticoagulant effect by inactivating factor Xa and thrombin, part of
the common pathway of coagulation through a mechanism dependent on antithrombin
(AT). It binds to AT via a high-affinity pentasaccharide sequence found on approximately
one-third of heparin molecules. Through the inactivation of thrombin, heparin serves a
dual purpose, preventing fibrin formation and suppressing thrombin-mediated platelet
activation, as well as the activation of factors V and VIII of the intrinsic pathway [31,32].

As previously shown, data concerning standard GAGs confirmed that Hep was the
most effective polysaccharide in inhibiting clot formation in each assay, whereas low or
no effects were evidenced for DS and HA, respectively [14]. Among the species analyzed,
the first and the second fractions from both T. aurantium and C. crambe showed no or weak
in vitro effects on coagulation. All the second elutions of the other species showed a strong
inhibitory effect on both aPTT and TT, comparable to Hep. Concerning aPTT, 1. retidermata
and H. communis reached the endpoint of 300 s at both 5 and 10 ugUA /mL, whereas S.
spinosulus, O. lobularis, and A. aerophoba reached it at 10 pgUA /mL. With reference to TT, A.
aerophoba, 1. retidermata, S. spinosulus and H. communis had similar effects on coagulation
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time with respect to Hep (endpoint at 5 ugUA /mL), whereas O. lobularis was less effective
at the lowest concentrations, reaching the endpoint at 100 ugUA /mL. These effects could be
attributed, at least in part, to the highly dispersed highly sulfated APs found in O. lobularis,
and to the APs shown as dark, thick bands in A. aerophoba, 1. retidermata, S. spinosulus, and
H. communis, by C-PAGE.

Table 3. Comparative effects of the first and second fractions from the investigated species, as well as
standard GAGs, on intrinsic (aPTT assay), extrinsic (PT assay) and common (TT assay) pathways
of coagulation. The number of checkmarks reported refers to the prolongation of coagulation time
induced by the first and second elutions (IE and IIE) with respect to Hep. v/, inhibitory effect on
coagulation; X, no effect on coagulation.

A. T. L S. H.

O. lobularis aerophoba aurantium  retidermata  spinosulus C. crambe communis HA DS Hep
PTT IE VY v X X v X vV X v VY
a ITIE v vV X v v v 84
PT IE X X X X X X X X X VY
IIE VY v X 84 v X X
TT IE VY v X X 24 X 4 X vV
ITIE VY VY X VY VY v VY

Also, the first elutions of both O. lobularis and H. communis were effective in prolonging
aPTT and TT, probably due to a sulfated component, evident throughout all the lane in
O. lobularis as well as in the upper part of the lane in H. communis. Indeed, it is known that
the anticoagulant potency of marine sulfated polysaccharides (MSPs) depends on their
structural characteristics, most notably the degree and pattern of sulfation [33]. While a
higher sulfate content broadly correlates with greater anticoagulant activity, the precise
positioning of sulfate groups on individual sugar residues is equally important. Molecular
weight further shapes this activity, with higher molecular weight fractions resulting in
stronger anticoagulant effects, which is reduced by depolymerization [33].

Notably, O. lobularis (Homoscleromorpha) exhibits distinctive electrophoretic profiles
for both elutions, as well as a strong inhibitory effect on both aPTT and TT, which clearly
differentiate it from the other species. Interestingly, members of Homoscleromorpha possess
epithelial-like tissues with a true basement membrane, a condition that is exceptional among
sponges [22,34]. In addition, their molecular and biochemical profiles reveal similarities
that distinguish them from other Porifera lineages [35]. Phylogenetic analyses based
on molecular data further support the hypothesis that this group occupies a position
relatively closer to the eumetazoan clade, particularly the Bilateria [36-38]. Collectively,
these histological, chemical, and genetic characteristics contribute to the interpretation of
O. lobularis as a taxon of considerable evolutionary significance in discussions concerning
early metazoan diversification [34].

There were almost no effects on PT, except for the second elutions of O. lobularis,
I retidermata and S. spinosulus. In this respect, dedicated studies of direct thrombin inhibitors
show very different concentration-response curves for PT vs. TT, with TT typically much
more responsive than PT, which may be only modestly prolonged or even stay within
near-normal range [39,40].

Our results show, for the first time, that the most primitive metazoans on the evo-
lutionary scale own APs in their ECM with interesting anticoagulant properties, in line
with current knowledge on the mechanisms of coagulation pathway inhibition by some
MSPs from other marine invertebrate taxa [33]. In this regard, they are known to exert
anticoagulant effects, chiefly by enhancing the activity of serpin inhibitors, namely an-
tithrombin III (ATIII) and heparin cofactor II (HCII), thereby accelerating the inhibition
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of thrombin (factor Ila) and factor Xa within the common coagulation pathway [41-43].
Furthermore, some of them are known to enhance plasminogen activation, contributing to
thrombolytic activity and clot breakdown [44,45]. In addition, some sulfated galactoarabi-
nans and arabinogalactans from green algae have been reported to strongly inhibit factors
of the intrinsic pathway of coagulation (XII, XI, IX, VIII) [46-48]. Although initial binding
is driven primarily by electrostatic interactions, the specific recognition and regulation of
target proteins are determined by the stereochemical characteristics of the polysaccharide,
including the degree and pattern of sulfation, as well as backbone structure [47].
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Figure 6. In vitro anticoagulant activities of the first (left panels) and second (right panels) fractions
from the investigated species, as well as standard GAGs, namely high-molecular-weight hyaluronic
acid (HA), dermatan sulfate (DS), and heparin (Hep), evaluated by aPTT (a), PT (b), and TT (c) assays.
Values are reported as mean + SD.

Several in vitro and in vivo studies reported low toxicity and good cell compatibility
for MSPs, establishing a strong safety profile for biomedical use [16,49]. In this respect,
we previously reported no negative effects for the APs purified from S. spinosulus on
in vitro metabolic activity of human fibroblasts grown for seven days in culture [14]. These
properties, combined with their structural and functional versatility, position MSPs as
compelling alternatives to conventional anticoagulants for next-generation anticoagulant
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therapies, as well as smart functionalization agents for tissue engineering applications.
Integrating detailed structural knowledge with functional studies will be key to overcoming
translational barriers and fully realizing their therapeutic promise.

4. Conclusions

In this study, a screening of several phylogenetically distant Mediterranean Porifera
species for the presence of potentially interesting anticoagulant polysaccharide species
was performed. The sponges Oscarella lobularis, Ircinia retidermata, Sarcotragus spinosulus,
Hippospongia communis, and Aplysina aerophoba showed APs with a strong inhibitory effect
on both intrinsic and common pathways of coagulation comparable to heparin, which was
used as standard.

This finding represents a preliminary mandatory step in selecting the most promising
candidates for deep structural characterization. Usually performed on milligram-scale
quantities of material by Fourier Transform Infrared Spectroscopy and Nuclear Magnetic
Resonance Spectroscopy, this analysis would provide insights into the anticoagulant prop-
erties described from a mechanistic point of view.

Our findings on Porifera reinforce and extend the current paradigm derived from
other marine invertebrates and algae, confirming that MSPs represent an evolutionarily
conserved class of bioactive polysaccharides with potent hemostasis-modulating prop-
erties. Taken together, these preliminary data suggest MSPs from basal metazoans are
promising candidates for next-generation anticoagulant agents, with potential applications
in regenerative medicine and tissue engineering. Future efforts should focus on detailed
structural characterization, standardized functional assays, and in vivo efficacy and safety
studies to bridge the gap between basic research and clinical translation to fully exploit
their therapeutic potential. Along with the feasibility of rearing these organisms in an
environmentally sustainable way, this approach links biomedical innovation with environ-
mental stewardship, encouraging the responsible use of marine biodiversity in accordance
with blue economy principles.
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Abbreviations

The following abbreviations are used in this manuscript:

ECM Extracellular matrix

APs Acidic polysaccharides

UFH Unfractionated heparin

LMWH Low-molecular-weight heparin
FCSs Fucosylated chondroitin sulfate
aPTT Activated partial thromboplastin time
PT Prothrombin time

TT Thrombin time

DDT Dehydrated and delipidated tissues
DEAE- Diethylaminoethyl-

UA Uronic acid /Hexuronic acid

C-PAGE Carbohydrate polyacrylamide gel electrophoresis
HMW-HA  High molecular weight hyaluronic acid

DS Dermatan sulfate
Hep Heparin
GAGs Glycosaminoglycans
MSPs Marine sulfated polysaccharides
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