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Abstract
Modern scaffolding strategies include two key ways: to produce requested 3D constructs from corresponding precursors 
using technological tools, or simply use naturally already pre-fabricated scaffolds if they originate from renewable sources. 
Marine sponges inhabit oceans since the Precambrian. These ancient multicellular organisms possess a broad variety of 
evolutionary approved and ready to use skeletal structures, which seem to be well applicable as 3D scaffolds in diverse fields 
of modern bioinspired materials science, biomimetics and regenerative medicine. In this review, most attention is paid to 
biosilica-, chitin-, and spongin-based scaffolds of poriferan origin with respect to their potential use.
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1 Introduction

Both modern structure-based technologies and tissue engi-
neering urgently require large-scale three-dimensional (3D) 
manufacturing approaches to create appropriate technolo-
gies as well as biologically active 3D scaffolds, respectively. 

Consequently, 3D scaffolds for technological applications 
must possess requested structural and mechanical cues at 
nano-, micro- and macroscale. Moreover, 3D constructs used 
for tissue engineering must be bio- and eco-compatible as 
well as have specific biological, immunological and phys-
icochemical properties. Only those scaffolds, which can be 
suitable to support optimal cell growth, differentiation and 
proliferation [1], have a potential to be applied in diverse 
fields of modern biomedicine.

The use of natural polymers and biocomposites to sub-
stitute those of artificial origin seems to be the best strategy 
to produce 3D scaffolds. However, this approach is con-
nected with numerous preparative steps such as dissolu-
tion of biopolymers in special liquids, mechanical disrup-
tion, chemical leaching under harsh conditions, thermally 
induced phase separation, or supercritical drying with the 
aim to obtain corresponding powders, flakes, etc., for exam-
ple, from cellulose, or chitin. These structures of biologi-
cal origin should be further employed in equipment-based 
technologies resulting in the formation of 3D constructs. 
The establishment of such scaffolding strategies is rather 
challenging and faces many disadvantages, which can be a 
serious drawback in terms of cost and profitability for future 
applications.

Recent focus in biomaterials inspired science and bio-
mimetics has been concentrated on already existing, natu-
rally prefabricated skeletal structures of marine origin with 
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unique 3D architecture [2]. Special attention is currently 
paid to sponges (Porifera) as a renewable source of natu-
rally pre-designed 3D structured biological materials [3–5]. 
For the first time, we represent here an analytical study on 
three types of 3D scaffolds derived from marine sponges 
(Fig. 1) with respect to their technological and biomedical 
perspectives.

2  Siliceous skeletal frameworks

One of the superior sources of inspiration in the develop-
ment of novel 3D composites is the evolutionarily optimized 
3D biosilica-based skeletons of glass sponges (Hexactinel-
lida) [6, 7] which represent a successful evolution in nature 
[8]. These hierarchically structured skeletons have been 
designed by living organisms over the last 600 Myr for effi-
cient filtration of feed from surrounding seawater. Siliceous 
skeletons of sponges are lightweight structures that display 
an astonishing variety of complexity and diversity in size 
and shape due to their ability to produce silica-based spic-
ules of triaxonic (cubic) and mostly hexactinic symmetry 
or constructs derived from them by reduction of primary 
rays or terminal branches added to the ends of primary rays 
(Fig. 2) [9]. These complex cellular biosilica structures 

reaching in some species up to 2 m in size [2, 7, 10, 11] are 
characterized by sophisticated hierarchical organization, in 
which each hierarchy level is tuned to specific function. The 
fusion of properties of all of these levels ensures outstand-
ing energy dissipation and resistance to mechanical strain 
[12–16]. Surprisingly, fabrication of such hierarchical com-
plex glass structures still seems to be far beyond the reach of 
current human technology [17]. Numerous studies of glass 
sponges skeletons suggest that the unique fracture toughness 
results from the spicules cylindrical layered architecture. 
However, Monn et al. [18] discovered that while interfa-
cial fracture does improve the toughness of the cylindri-
cally layered beam, its impact is relatively small compared 
to the arrest and re-nucleation mechanism that occurs in the 
planar layered beam [18]. This finding is questioning this 
theory and shows that the understanding of the relationship 
between layered architectures and toughness enhancement 
is not yet complete. Controlled, slow dissolution of spicules 
of various hexactinellids reveals that the silica layers also 
contain a fibrillar organic matrix similar to the interlayers, 
which probably serves both as a scaffold within the lay-
ers and glue between them [19, 20]. Therefore, a detailed 
understanding of the link between organic–inorganic inter-
face and the toughness of bio-silica skeletons of sponge 
origin is crucial for the biomimetic design and engineering 

Fig. 1  Sponges possess a unique ability to produce hierarchically structured 3D scaffolds made of chitin, spongin, or silica-based biocomposites 
of both biopolymers. Due to the cultivation of sponges, they represent a unique renewable source of such 3D constructs
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of novel materials [21, 22], by means of existing tools and 
manufacturing schemes, for the targeted application in new 
3D open-celled products to be used for human endeavors 
[13, 18]. Over the last decades numerous research groups 
analyzed the organic constituents involved in spiculogenesis 
and supporting formation of sophisticated glass sponge con-
structs. According to the present state of art, four different 
organic templates that may be involved in biosilicification 
in glass sponges were isolated and proposed: silicateins [17, 
23], glassin [24], collagen [25] and chitin [26, 27]. The sili-
catein- and glassin-based hypotheses are in conflict with the 
proposed role of collagen and chitin as alternative templates 
in spicule formation in glass sponges (for details please see 
[7]) and became a serious bone of contention between vari-
ous research groups. Definitively it is time to overcome this 
continuing disagreement, finally join forces and find the link, 
which connects all proposed pathways into one, yet unrec-
ognized mechanism.

The latest developments in micro-computer tomography, 
3D additive manufacturing techniques and finite element 
simulation capabilities may pave new avenues to mimic 
design features observed in bio-siliceous skeletons of marine 
sponges and develop new structurally efficient engineer-
ing architectures [13]. For the first time, Brown et al. [13] 
reported that 3D data extracted from the µCT of the sponge 
skeleton can be used to create accurate FE models and repli-
cation through 3D printing. Recently, based on morphologi-
cal characteristics of glass sponges, two novel bio-inspired 
thin-walled lightweight structures were proposed and manu-
factured employing stereolithography 3D printing technol-
ogy by Li et al. [8]. Such proposed structures, inspired by 
glass sponges, can be used to create lighter structures with 
less material maintaining, however, exceptional mechanical 
properties, which has a great potential for the engineering 
applications, such as aerospace [8]. This definitively brings 
us closer to the biomimicry of hierarchical complex glass 
structures, but also clearly shows how nature is ahead of our 

most advanced technologies. Nevertheless, we still can ben-
efit from the remarkable structural advancements of natural 
glass sponge scaffolds by simply applying them as siliceous 
frameworks in various technologies. Indeed, the sources of 
died glass sponge skeletons located on the sea bottom in the 
Arctic and Antarctic regions are very rich [2].

Open-cell foams offer remarkable properties such as 
a large external surface area, a high mechanical strength 
and a high porosity; moreover, they guarantee accessibil-
ity to the active centers and a low resulting pressure drop 
[28–30]. Open-cell sponge-like catalysts were applied for 
Fischer–Tropsch synthesis [31], water disinfection by pho-
tocatalytic process [32], partial oxidation of methanol [33], 
 CO2 methanation [34] and many others. Naturally pre-fab-
ricated siliceous skeletal frameworks of glass sponges seem 
to have all the necessary properties including high thermal 
and chemical stability as well as defined pore size and cell 
geometry ensuring good mass transport, which makes them 
ideal candidates for catalyst support. Due to the presence 
of Si–OH groups, they can be easily functionalized with 
various catalytically active nanoparticles. Additionally, skel-
etons of glass sponges possess exceptional optical proper-
ties [27, 35, 36] that ensure effective light distribution and 
make them suitable to operate in a wide range of condi-
tions of photocatalytic reactions. Bio-inspired transparent 
glass sponges, prepared by polymer replica technique, were 
recently reported to be a new class of substrates for  TiO2 
immobilization, which could be used as heterogeneous pho-
tocatalysts in water and air decontamination [32]. Therefore, 
we believe that evolutionarily optimized siliceous frame-
works have great perspectives to serve as templates and as 
bioinspiration in fabrication of new catalyst supports.

Biosilica and silica-based biomaterials are excellent 
biocompatible materials having particularly beneficial 
effects on bone and cartilage healing due to their capac-
ity to increase mineralization (formation of mineralized 
calcium phosphate nodules or hydroxyapatite) [37–40]. 

Fig. 2  Glass sponges (Hexactinellida) represent broad diversity (a, b) of unique siliceous 3D structured skeletal frameworks
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For this reason, they are proper bone filling materials used 
to develop tissue-engineering scaffolds. Therefore, it is 
not surprising that the fabrication of highly porous, three-
dimensional silica-based scaffolds for tissue engineering 
has received broad attention over the last decades [41, 42]. 
However, producing silica fibers (with controlled lengths 
and submicron diameter), as well as 3D structures, is still 
a challenging task [42]. These limitations are being tack-
led by using natural materials. Martins et al. [40] imply 
that the astonishing body architecture of naturally pre-
fabricated siliceous scaffolds of marine sponges can be 
efficiently applied in tissue engineering, especially as a 
support for the development of bone replacement materi-
als. The siliceous skeletons of sponges possess superbly 
organized 3D hierarchical architecture with adequate 
interactive surface for cell attachment, growth, and dif-
ferentiation that could be predesignated for the seeding of 
human stem cells [40]. These skeletons provide an excep-
tional 3D porous and interconnected support for the cells, 
too. Furthermore, information on their structure can be 
used in the prototyping and fabrication of synthetic tis-
sue-engineering scaffolds, offering the biochemical clues 
provided by their composition [40]. Mammalian bone is 
a well-known example of a structure composed of col-
lagen and hydroxyapatite. Likewise, highly flexible basal 
spicules of some glass sponges are based on silicified col-
lagen, though they are evolutionary much older [20, 25]. 
This suggests that the evolution of silica and bone skel-
etons share a common origin with respect to collagen as 
a unified template for biomineralization. The bioinspired 
combination of silica with fibrillar collagen enabled the 
preparation of monolithic scaffolds suitable for long-term 
cell culture experiments, confirming that the silica–col-
lagen xerogels support adhesion, proliferation, and osteo-
genic differentiation of human mesenchymal stem cells 
in vitro [21]. Osteoblast/osteoclast co-culture experiments 
indicated that biphasic silica–collagen xerogel supports 
adhesion, differentiation, and proliferation of osteoblasts 
and allows osteoclastogenesis as well as cell-mediated 
degradation directly on the xerogels [38, 43].

In summary, the siliceous frameworks of glass sponges 
still have numerous secrets to reveal. We all realize that 
revealing of these secrets will be definitively a break-
through for modern materials science and engineering. 
Therefore, to fully understand them we should adapt truly 
multidisciplinary and multi-scale approaches, but more 
importantly, scientific community should start collabo-
rating instead of competing, and stop forcing partial truth 
rather than to strive to meet the full knowledge. Neverthe-
less, at this stage we can easily benefit from glass sponges 
unique structures and use them as scaffolds in the creation 
of advanced catalysts or bone substitutes.

3  Chitin scaffolds

Chitin is an evolutionarily ancient and superior scaffold-
ing biomaterial which offers nanofibrous framework for 
mechanical support and imparts to the skeletons of inver-
tebrate species and biological systems across the globe [2, 
44–48]. Chemically, chitin is an insoluble, nanocrystalline 
linear polysaccharide of β-1,4-linked N-acetylglucosamine 
units that occurs in three polymorphic forms, namely alfa-, 
beta- and gamma-chitin [49]. A detailed historical over-
view on the 220 years of chitin research is excellently 
represented in the recent review article by Grégorio Crini 
[50]. Since the discovery of chitin by Odier, most scien-
tific attention has been paid to its structure, origin, bio-
synthesis, chemistry and chemical modifications. Chitin 
is known to be nontoxic, biodegradable, biocompatible, 
antioxidative, antimicrobial, and anti-oncogenic biopoly-
mer [49, 51]. Therefore, chitin is now considered to be a 
superior candidate for the development of advanced func-
tional materials [46, 51] inspiring scientific community 
to develop chitin-based 3D scaffolds for a broad spectrum 
of applications [52]. Nevertheless, the synthesis of two- 
as well as three-dimensional chitinous structures is still a 
major challenge, which requires sophisticated processes 
and unit operations [46, 53–55]. Therefore, the discovery 
of naturally occurring, morphologically defined chitin-
based skeleton of sponge origin should be considered as a 
milestone in chitinology.

First discovery of chitin-based scaffolds in Veron-
gida sponge skeletons in 2007 [56] was intriguing from 
evolutionary point of view. It indicates the presence of 
this biopolymer several hundred million years before the 
appearance of chitin in arthropod skeletons. Later, in 
2013, we succeed in confirmation of it presence also in 
fossilized skeleton of 505-MYR-old demosponge Vauxia 
gracilentia [57]. Over the last 13 years a systematic moni-
toring of chitin in diverse sponges is still in progress. Up 
to today, this polysaccharide has been found in 23 species 
including freshwater [58, 59] as well as marine sponges 
[60–70]. Discovery of chitin in sponge skeletons implies 
that this biomolecule plays the role of a versatile template 
for biomineralization in both calcification and silicifica-
tion reactions, simultaneously [45]. Additionally, it has 
been found that in case of sponges of the Verongiida order, 
isolated chitin resembles the size, shape, porosity as well 
as 3D architecture of originally occurring sponges, which 
can be successfully cultivated under marine farming con-
ditions. We can speak about the existence of naturally 
prefabricated, micro-tubular, ready-to-use 3D chitinous 
scaffolds and use corresponding demosponges as excep-
tional and renewable source of them. From this point of 
view it was necessary to develop ultra-fast methods for 
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the isolation of chitinous scaffolds from marine sponges. 
Klinger et al. [69] developed a method based on micro-
wave irradiation (MWI) that is cost-effective, reduces the 
use of aggressive chemicals and decreases isolation time 
from 5 days (classical method) to 1 h, without negative 
impact on the crystallinity, acetylation degree and molecu-
lar weight.

The extraordinary structural features combined with the 
biocompatibility and mechanical properties of 3D chitin-
ous scaffolds from marine sponges (Fig. 3a) render them 
ideal for diverse biomedical applications, especially for 
stem cell-based tissue-engineering (Fig. 3b) [71]. Mutsenko 
et al. [72, 73] reported that “ready-to-use” tissue-engineered 
products based on chitin isolated from Ianthella basta and 
Aplysina aerophoba demosponges possess remarkable 
biocompatibility and cytocompatibility with human bone 
marrow-derived mesenchymal stromal cells in vitro. Cells 
cultured onto chitin scaffolds were able to differentiate into 
the chondrogenic, osteogenic and even adipogenic lineages, 

respectively [72, 73]. Recently, we evaluated the potential 
of the 3D chitin scaffolds isolated from A. aerophoba; I. 
flabeliformis and I. labyrinthus demosponges for cell culture 
and tissue engineering by using human induced pluripotent 
stem cell-derived cardiomyocytes (iPSC-CMs) [74, 75]. Our 
experiments using iPSC-CMs revealed strong interaction of 
iPSC-CM layers with the chitin fibers for a longer culture 
period. Thus, naturally pre-designed 3D chitin scaffolds of 
poriferan origin may be compatible for the application in 
advanced cell culture models and cardiac tissue engineering.

High thermal stability (even up to 360 °C) is a key feature 
of chitin-based scaffolds of poriferan origin, which opens 
the gate for the utilization of this biopolymer as structural 
scaffolds in extreme biomimetics [76]. This has provided 
visionary new opportunities for materials science, draw-
ing the attention of the broader scientific community to 
the applications of structural biopolymers in hydrothermal 
systems according to the Extreme Biomimetics concept 
[77, 78]. Furthermore, these unique 3D tubular constructs 

Fig. 3  Naturally pre-fabricated 3D chitinous scaffolds, which can 
be isolated from diverse demosponges of Verongiida order (a) have 
already found applications in tissue engineering of human mesenchy-

mal stromal cells (b) as well as templates (c, arrow) for construction 
of copper-based 3D catalysts using electroplating
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possess the capacity for saturation with any kind of inorganic 
precursor solution (Fig. 3c). Recent studies have revealed 
that such renewable 3D chitin-based constructs can be used 
as naturally prefabricated thermostable biopolymeric scaf-
folds with 3D architecture for the nucleation and growth of a 
wide range of novel nano-organized  SiO2- [79],  Fe2O3- [80], 
ZnO-,  ZrO2- [77],  GeO2- [81], POSS- [82] and multiphased 
 TiO2/ZrO2-based [83] composites, which was inspired by 
biomineralization phenomenon occurring in hydrothermal 
vents. Indeed, biocomposites with such unusual properties 
are attractive for modern technological applications.

4  Spongin scaffolds

The biochemistry, structural features and functionality of 
spongin as a halogenated scleroprotein of keratosan dem-
osponges (Fig. 4a) are still paradigms, which have been 
recently discussed by Jesionowski et al. [5] and Ehrlich [2]. 
Spongin, the main fibrous component of the keratosan dem-
osponges skeletons, belongs to the collagen suprafamily [4, 
84], which concentrates attention of wide scientific com-
munity due to its extraordinary, hierarchical, nanofibrillar 
organization [85, 86] and distinctive biomechanical per-
formance [87]. The structure of collagen-like spongin has 
multiple levels comprising single fibers up to 100 μm of 
thickness, composed of nanofibers, which are combined into 
complex hierarchical highly porous 3D networks (Fig. 4b) 
exhibiting specific structural and mechanical properties 
[4]. However, in contrast to collagen, spongin chemistry is 
made very complex due to the presence of diverse halogens 
(I, Br), which contribute to its exceptional enzymatic and 
thermal resistance. As reviewed by Szatkowski et al. [88] 
and Jesionowski et al. [5], from the eighteenth century com-
mercial sponging-containing bath sponges were valued in 

medicine, for example, fragments of sponge skeleton were 
used as small prostheses in early “plastic surgery” [5]. Sur-
prisingly, despite all these remarkable features, the US $20 
million annual market, and extensive marine farming of 
bath sponges worldwide, in these days, large-scale applica-
tions of spongin are generally limited to cosmetic uses [5]. 
However, recently the scientific community is wisely turn-
ing back to remarkable body architecture of spongin-based 
scaffolds, which are now actively reported in diverse modern 
applications.

Green et al. [89] confirmed the biomedical potential of 
spongin scaffolds to deliver bone morphogenic proteins and 
its advantageous architecture for human osteoprogenitor cell 
attachment, growth, differentiation, and ultimately miner-
alization. Additionally, authors reported that the primary 
chondrocytes, primary adipocytes, and promyoblasts were 
found to attach and aggregate in an analogous manner within 
sponginous skeleton [89]. Sponginous skeletons possess the 
structure that provides appropriate spatial organization of cells 
into bone tissue morphology and facilitates maximal invasion 
of cells and bone tissue essential for reconstruction, together 
with conduits appropriate for blood vessel anastomosis [90]. 
Moreover, authors proved that spongin is able to adsorb and 
release a recombinant human bone morphogenetic protein-2 
with induced expression of alkaline phosphatase in a myoblast 
cell line [89]. Correspondingly, a hypothesis that spongin is 
effective in activating bone mineralization was raised by Kim 
et al. [90]. Authors proved with strong evidence that spongin 
increased alkaline phosphatase activity, collagen synthesis and 
osteocalcin secretion in osteoblastic cells in vitro. Interestingly, 
they demonstrated that spongin possesses anti-inflammatory 
effect by the inhibition of inflammatory mediators (such 
as TNF-α, IL-1b, and  PGE2 in macrophage cells) produc-
tion [91]. Above-mentioned studies indicate that spongin 
scaffolds provide useful models for the future designs of 

Fig. 4  Commercial keratosan demosponges a represent renewable source of unique spongin-based scaffolds b with microporous 3D architecture
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tissue-engineering scaffolds due to their collagen-based, open 
porous fiber architecture, anti-inflammatory effect and the abil-
ity to adsorb and release functional growth factors. In addition 
to that, the use of spongin as the structural templates for the 
fabrication of ceramic-based scaffolds for bone regeneration 
has been also reported [5]. In fact, scientists were able to pro-
duce tissue engineered bone scaffolds from spongin coated 
with hydroxyapatite [92], 45S5 Bioglass® [93] as well as from 
calcined spongin. In comparison with polymer (polyurethane 
foam, in this case) replication technique, spongin-based tem-
plates showed better mechanical properties due to a decrease 
in porosity, but without affecting the pores interconnectivity 
(higher than 99%) [92, 93]. Parisi et al. [94] and Fernandes 
et al. [95] proposed the development of spongin-hydroxyapa-
tite and spongin-biosilicate composites, respectively. Obtained 
materials possess improved performance of the graft for bone 
regeneration applications. Therefore, the replication of spongin 
structural organization allows for the reliable and repeatable 
biomimetic production of ceramic and composite scaffolds 
with the necessary features for viable bone substitute materials.

Besides applications in the biomedicine, spongin-based 
scaffolds have been functionalized with various phthalocya-
nines and exhibit profitable antiradical [96] and catalytic 
performance [97, 98]. Additionally, 3D spongin-based scaf-
folds are reported as a support for enzyme adsorption. They 
were used in fixed-bed reactors for rapeseed oil transesteri-
fication and 100% conversion of the triglycerides to FAME 
and glycerol [99], or bisphenol biodegradation [100].

A relatively high resistance to acids and thermostabil-
ity of spongin (even up to 260 °C) [88, 101] indicate that 
spongin-based scaffolds with 3D architecture can be used 
in such novel scientific disciplines as Extreme Biomimet-
ics [78, 102] in order to develop novel advanced composite 
materials. From this point of view, spongin-based scaffolds 
can be used as structural templates in the solvothermal syn-
thesis reactions aimed at developing novel  Fe2O3- [101]; 
 MnO2- [103] and  TiO2-based [104] composites for electro-
chemical and catalytic applications. Recently, Petrenko et al. 
[102], for the first time, have carbonized the spongin scaf-
folds at 1200 °C. Intriguingly, the resulting carbon sponge 
resembles the shape of the original spongin scaffold, but 
uniquely preserves the nano-structural features of collagen 
triple-helix and; as a result, it is so stable that it can be cut 
into any shape with a metal saw. Coated with a metal layer, 
it becomes a unique composite material with excellent cata-
lytic performance [102].

5  Conclusions

Both bioinspired materials science and biomimetics repre-
sent modern scientific niches, studying natural and artificial 
phenomena that possess high technological potential. These 

disciplines were born at the crossroads between biomineral-
ogy, zoology, physiology, biochemistry, structural biology, 
physics, biomechanics, chemistry and classical materials 
science. Nowadays, biomimetics is well on track as a pow-
erful approach for the generation of new ideas how to create 
composite materials using naturally occurring phenomena 
including those observed in marine invertebrates. Recently, 
marine biomimetics of sponges has gained enormous atten-
tion, especially from the perspective of being used in the 
development of novel, advanced, functional materials of 3D 
morphology and nanostructural, but hierarchical organiza-
tion. Sponges as ancient organisms were able to modify 
their local aquatic microenvironment to create appropriate 
physicochemical conditions for the precipitation of silica. 
Consequently, their survival has been linked to producing 
unique silica-based 3D skeletal constructs with environmen-
tally approved architecture. Intriguingly, structural motifs 
that can be found in glass sponges skeletal frameworks ide-
ally resemble the morphology of mineral-free chitin- and 
spongin-based natural scaffolds. These structures represent 
interesting alternative to artificially produced scaffolds espe-
cially those made of plastics and similar synthetic polymer 
materials. Perspectives of practical applications of the 3D 
scaffolds of poriferan origin, represented in this review, 
will stimulate further development of sponges related farm-
ing worldwide. The renewability of sponges as large-scale 
source of these scaffolds remains to be the crucial point also 
in the future.
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