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ABSTRACT 

Modern scaffolding strategy with respect to chitin is based on the application of naturally prefabricated 3D chitinous scaffolds of both 

aquatical and terrestrial invertebrates origin, mostly in the form of decellularized matrices. The sources of such constructs should be 

renewable or represent biodegradable and non-toxic waste materials. Sponges (Porifera) have been recognized among the first multicellular 

organisms on Earth having survived for more than 500 million yearsdue to their ability to synthetize robust skeletons with uniquely 

developed microporous 3D architecture and protect themselves from predatory microorganisms through the production of diverse 

secondary metabolites with multi-target biological activities. In this study, we analysed the occurrence of naturally pre-designed 3D 

chitinous matrices reported in sponges on nano-, micro- and macro-scale levels for the first time. Special focus is dedicated to the practical 

applications of such unique constructs in biomedicine. 
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1. INTRODUCTION 

 Chitin remains to be one of the abundant structural 

aminopolysaccharides in uni-and multi-cellular eukaryotes. It 

represents a straight chain polymer of N-acetylglucosamine (N-

acetyl-2-amino-2-deoxy-D-glucose) units, joined to one another by 

1,4-ßglucosidic bonds with chemical formula, 

(C6H9O4.NH.CO.CH3)n. Chitin possesses a characteristic 

crystalline pattern and was confirmed to exist in alpha, beta and 

gamma allomorphs [1]. 

 Its ancient origin has been recently demonstrated in the 

fossilised remnants of eukaryotic nature found in an 810–715 

million year (myr) old dolomitic shale [2] as well as in 505 myr old 

Vauxia gracilenta demosponge fossil [3]. After initial reports on the 

presence of chitin in fungi and beetles had appeared in 1811 and 

1826, respectively (see for overview [4]), this nanostructured 

biopolymer has been identified in diverse taxons, including protists, 

coralline algae, diatoms, sponges, bryozoans, corals, 

pogonophorans, annelids, molluscs, spiders, insects and crustaceans 

[5–11]. Although a few reports pointed to the existence of chitin in 

membrane-like structures of fish and amphibians [12,13], thorough 

analyses with strong evidence are needed to confirm this statement. 

 One of the obstacles to identifying chitin within biological 

structures is its occurrence mostly in the form of hybrid compounds 

(chitin-protein, chitin-polysaccharide, chitin-lipid, chitin pigment) 

[8,14] or mineral-containing biocomposites (chitin-silica, chitin-

calcium carbonates) [6,10,15–26]. Consequently, today all known 

methodological approaches of chitin isolationare based on 

chemical, electrochemical (demineralization, deproteinization, 

depigmentation) and enzymatic treatments (see for overview 

[27,28]). Most of these approaches are still laborious, time-

consuming and expensive. In contrast to other bio-macromolecules 

(i.e. proteins, pigments), the main crucial property of pure chitin lies 

in its strong resistance to harsh alkaline treatment up to the 

temperatures above 70°C, when chitin is transformed into chitosan 

due to its de-acetylation[29]. This property also played the principal 

role in the discovery of chitin in sponges (Porifera) in 2007 [15,30]. 

 
Figure 1.Chitin-based cell-free skeleton of Aplysina aerophoba 

demosponge (right fragment) becomes visible after selected treatment of 

the sponge body (left fragment) with 10% NaOH solution at 37°C during 

24 h. Such skeletons have been used for isolation of pure chitin scaffolds 

with morphology that completely resembles their shape and size. 

 

 Despite the existence of numerous chitin-related books (see 

for a recent overview [11,31,32]) and important review papers 

concerning its identification, distribution, ecology, evolution, 

biosynthesis, genomics, characterization and applications [33–

38],there is still no review on scaffolding strategies with respect to 

chitin from sponges. It should be noted, that sponges remain to be 

an excellent renewable source of this structural biopolymer due to 
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their ability to be cultivated under marine farming conditions 

[19,39]. Recently, unique and ready-to-use nanostructured 3D 

chitinous scaffolds of sponges (Porifera) origin with interconnected 

microtubular architecture (Fig.1) [7,10,14–17,20,21,27,30,40–49] 

have been proposed as highly potential matrices for applications in 

regenerative medicine and tissue engineering [18,28,50–60], 

extreme biomimetics [61–68], electrochemistry [69] and 

environmental science [31,70]. 

 We are the first to present a modern review of poriferan 

chitin bioarchitecture with respect to 3D morphology. We will 

discuss the occurrence of corresponding chitinous nano-, micro- 

and macro-scaffolds in sponges, as well as their structural and 

physicochemical features. 

2. PORIFERAN SKELETONS AS SOURCES OF 3D SCAFFOLDS 

 Sponges are mostly sessile filtering organisms that possess 

both micro- and macro-porous 3D structured rigid non-mineralized 

and mineralised skeletons. The mechanical stability of such 

constructs is crucial for the survival of sponges, especially as 

natural constructs. Indeed, sponge skeletons, having been 

evolutionary approved, allow the appropriative settlements of 

corresponding cells and tissues, as well as provide the resistance to 

underwater flow currents [22,30,40,71,72]. Skeletons of calcarean 

sponges are based on exclusively calcium carbonates; although 

those of glass sponges can contain both silica [73,74] and calcium 

carbonates [26,75]. However, diverse representatives of keratosan 

demosponges, also known as commercial or bath sponges, possess 

mineral-free proteinaceous skeletons made of structural collagen-

like protein spongin (Fig.2) (see for overview [11,76–78]). 

Nowadays, spongin-based sponges are cultivated worldwide, and, 

consequently, spongin has a great potential to be used as a 

renewable biological material that can be produced on a large scale 

[78]. Due to their excellent thermal stability, 3D spongin scaffolds 

were used as templates to develop functional composite materials 

using an extreme biomimetics approach [79–82]. The same 

biomaterial in the form of scaffolds has been effectively used for 

the immobilization of selected enzymes [83–85], in tissue 

engineering [78,86] and as biosorbent [87–91]. 

 
Figure 2.Typical example of 3D spongin scaffold isolated from marine 

demosponge Hippospongia communis. This biological material possesses 

a well-developed surface due to the existence of both micro-and 

macropores. 

 

 Among marine demosponges, only representatives of the 

Verongiida order are known to synthetize biologically active 

substances [92,93] and possess skeletons composed of structural 

polysaccharide chitin. The unique architecture of such chitinous 

skeletons (Fig.1) opened the window for their recent applications as 

adsorbents, as well as scaffolds for tissue engineering and 

biomimetics as mentioned above. The overall goal of future 

research on chitin-producing demosponges is to monitor both novel 

specimens within the Verongiida order and other orders, as well as 

to find novel and alternative sources of naturally prefabricated 

chitinous scaffolds [42, 45–49], especially in those demosponge 

species which can be cultivated on a large scale using marine 

farming techniques. 

 The overview of chitin-producing sponges including marine 

and fresh water specimens is represented in Fig.3. 

 
Figure 3.The overview of chitin producing sponges reported from 2007 

till 2020. 

 

3. 3D NANOSCAFFOLDS MADE OF SPONGE CHITIN 

 It is well recognized that chitin, including that of poriferan 

[94] origin,is represented by nanocrystallites with a diameter of 

about 2 nm, having been observed numerous times using high 

resolution electron microscopy (HR-TEM) (Fig. 4). Nanofibrillar 

architecture of chitin is to be found in skeletal fibres of verongiid 

sponges and was visualized using scanning electron microscopy 

(SEM) (Fig.5). 

 Consequently, the discovery of 3D chitinous nanoscaffold in 

sponges was not surprising. A unique example of highly ordered 

nanoorganized chitin (Fig. 6) wasfor the first time foundin siliceous 

anchoring spicules of glass sponge Sericolophus hawaiicus [19], the 

habitat of which lies near Hawaii Islands at the depth of 600 m. 

 While investigating glass sponge, the spicules of which were 

considered as highly ordered silica–chitin composite with 
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biophotonic properties, Ehrlich and co-workers discovered its 

ability to generate a supercontinuum of light [95]. The complex 

process of supercontinuum generation is known to be useful in 

designing spatially coherent white light sources emitting light 

simultaneously in the ultraviolet, visible and infrared ranges. 

Moreover, it should be noted, that artificial fibres showing similar 

supercontinuum properties are synthetized under high temperature 

(between 1000°C and 2000°C), whereas glass sponge 

supercontinuum was generated by an ordered chitin structure which 

has been naturally synthesized on the sea bed at 4°C [95]. 

 
Figure 4. HRTEM image: A bundle of nanofibrils of Verongula gigantea 

sponge chitin with a diameter of 2 nm, which contain typical nanocrystals 

of chitin (arrows). 

 
Figure 5. SEM image of the nanofibrils-based network observed within 

mechanically disrupted chitinous microfibre of Aplysina fulva 

demosponge. 

 The presence of nanoscaffolds made of chitin has been also 

observed in experiments with electrochemical deposition of copper 

and copper oxides on and within microfibers of chitin isolated from 

marine demosponge Ianthella basta [68] (Fig. 7).This raises an 

intriguing question: is the mechanical integrity of hierarchically 

structured chitin-based nanocomposites determined by 

nanostructural organization of the corresponding metallic phase, or 

does chitin remain to be the main player? 

 
Figure 6. SEM image of highly ordered nanostructured chitin matrix, 

which becomes visible after desilicification of the S. hawaiicus anchoring 

spicule. 

 

 
Figure 7. SEM image of Cu and Cu2O nanocrystals,“arrested” within the 

nanofibrils of the chitinous nanoscaffold of I. basta demosponge origin. 

 

4. 3D MICROSCAFFOLDS MADE OF SPONGE CHITIN 

 Nanofibrils of chitin in skeletal structures of Verongiida 

sponges represent the base elements of microfibers, the diameter of 

which ranges from 50 to 100 µm (Fig.8, 9). The main characteristic 

features of chitinous microfibers are represented by their tubular 

architecture and interconnection within cylindroid (Fig.1), or flat 

(Fig.8) skeletal frameworks, which are species-dependent [11, 43, 

96]. 

 The occurrence of microtubular architecture remains crucial 

for practical applications of such 3D constructs due to capillary 

forces and corresponding effects. Recently, it was confirmed that 

chitinous microfibers from Aplysina archeri demosponge skeleton 

possess an excellent capacity for saturation with water, methylene 

blue dye, blood and crude oil [27]. The swelling capacity of such 

microfiber-based scaffolds with respect to water was measured at 

255 ± 8% [27]. 

 
Figure 8. Acellular flat skeletal chitinous scaffold isolated from I. basta 

demosponge. 
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Figure 9. Purified 3D chitinous scaffolds isolated from I. basta skeletal 

framework (see Fig. 8). 

 

 The principal schematic overview concerning the ability of 

sponge chitin to swollen corresponding liquids is represented in Fig. 

10. This property allows for the application of chitinous scaffolds 

isolated from verongiids as ‘ready-to-use’ capillary system [27] in 

tissue engineering [31, 50, 51, 56], electrochemistry [69], extreme 

biomimetics [62, 97, 98] and drug release [58]. Such constructs 

were suggested to be used for the replacement of damaged skin 

fragments or as alternatives for wound dressing, including follow-

up plastic surgery treatments [57]. 

 
Figure 10. Schematic overview on the principles of “squeezing-swelling” 

function of chitinous microfibers of poriferan origin. 

 Nowadays, owing to the wealth of knowledge on sponge 

chitin, we propose the schematic overview (see Fig.11) showing the 

potential of naturally pre-designed scaffolding strategies in a wide 

range of practical applications. Undoubtedly, poriferan chitin 

proves to be useful in diverse fields of human activity, especially 

due to the possibility of cultivating of corresponding sponges 

species using marine aquaculture at depths of up to 3–5 m [19, 39]. 

The excellent ability of verongiid sponges to regenerate their tissues 

of up to 12 cm per year [99] remains to be the crucial point in this 

case. Marine ranching of verongiid sponges as a renewable source 

of chitin should resolve the supply problem with respect to this 

highly specialized 3D chitin on a large scale. 

 

 
Figure 11. Schematic overview on sponge chitinous scaffolds with 

respect to their architecture and applications. 

  

 It is well recognized that the corresponding microporous 3D 

constructs of artificial or natural origin can be used in tissue 

engineering and regenerative medicine. Recently, such types of 

scaffolds derived from verongiids have been successfully used for 

tissue engineering of selected human bone marrow-derived 

mesenchymal stromal cells (hBMSCs), human dermal MSCs [51, 

54–56], chondrocytes [18, 50] and cardiomyocytes differentiated 

from human-induced pluripotent stem cells (iPSC-CMs) [57]. 

 Also, an intriguing methodological approach to obtain 

calcium carbonate deposition ex vivo, using living molluscs 

hemolymph and 3D scaffold of sponge origin, has been described 

[60]. Thus, A. archeri demosponge and industrially cultivated 

terrestrial snail Cornu aspersumwere selected as appropriate 3D 

chitinous scaffold and as hemolymph donor, respectively. The 

formation of calcium carbonate mineral phase on the surface of 

chitinous scaffold after its immersion into isolated snail hemolymph 

was evidently confirmed. Finally, a new biomimetic product based 

on ex vivo synthetized amorphous calcium carbonate and calcite 

tightly bound to the surface of chitin was created [28, 60]. 

 Chitin is known as a biological material that can withstand 

harsh chemical conditions and temperatures of up to 360°C [97]. 

This property has been recently used for functionalization of the 
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sponge chitin surface with copper and copper oxide using 

electroplating [68] (Fig. 12and 13). Due to the large surface area of 

sponge chitin scaffold it could potentially be used as a 

heterogeneous catalyst and as a template for the preparation of other 

complex metaloxide heterogeneous catalysts. Based on Cu/Cu2O 

composition catalysts, it could be used in various processes such as 

cleaning of wastewater from a wide range of organic compounds 

including dyes [68, 82]. 

 
Figure 12. Selected light microscopy images representing the process of 

copper deposition on and within tube-like chitinous network of I.basta 

demosponge in time. The electrochemical processes should be optimized 

for these chitinous constructs with respect to current, voltage, and 

composition of the electrolyte. 

 This metallization of chitinous scaffolds opens a novel sub-

direction within extreme biomimetics [98] to a myriad of 

straightforward applications in a range of technologies [64,82]. 

Since the processing of powdered chitin from fungi or industrially 

harvested crustaceans into sponge-like materials or foams is 

technologically difficult and expensive, such thermostable chitin-

based sponge scaffolds are of potential interest for materials 

science.  

 The use of chitin as a biosorbent of diverse heavy metals 

ions, dyes, crude oil, pesticides, has been reported in numerous 

papers [100-105], but not with respect to chitin of sponge origin. To 

the best of our knowledge, there is only one report by Schleuter and 

co-workers concerning uranium [70]. In this paper, it was shown 

for the first time that chitin-based scaffolds isolated from 

A. aerophoba demosponge possess the ability to effectively adsorb 

uranium up to 288 mg/g. Sponge chitin adsorbs uranium from 

solution with a higher adsorption capacity than many other 

chitinous sorbents. Moreover, both adsorption and desorption of 

uranium did not result in any destruction of chitinous scaffolds[70] 

 
Figure 13. Metallization of 3D chitinous matrix isolated from A. fulva 

demospoge using electroplating of copper. 

 

5. 3D MACROSCAFFOLDS MADE OF SPONGE CHITIN 

 One of the most important advantages of sponge chitin, in 

contrast to traditionally used chitin sources such as fungi, worms, 

molluscs and arthropods, is the size of chitin-producing sponges, 

which can reach up to 1.5 m in diameter (i.e., the elephant ear 

sponge I. basta [99]) or up to 1.5meter in length, which was recently 

reported by Wysokowski and co-workers [60] for stove-pipe 

sponge A. archeri (Fig. 14). 

 
Figure 14. The giant Caribbean stove-pipe sponge A. archeriwith its up 

to 1.5-meter-long chitin-based skeletal tubes (of inner diameter ≤10 cm) 

represents an example of renewable natural source for the isolation of 

unique tubular chitinous macro-scaffolds to be used in a wide range of 

applications (see Fig.15). 

 
Figure 15. Centimeter-large crystals of copper sulphate synthesized in 

vitroon the surface of tubular chitinous macroscaffold isolated from A. 

archeri demosponge (see Fig. 14). 

 

 The skeleton within the tube-like body of A. archeri marine 

sponge represents a unique, naturally pre-fabricated, hierarchically 

structured fibrous chitin-based macro-construct, which can be up to 

150 cm long, with an inner diameter of up to 10 cm. It was 
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suggested that such chitinous constructs represent the longest 

known tubular chitin [60]. This unique source of pre-designed 

microporous chitin has a distinct advantage for the applications in 

technologies where large crystals of the corresponding inorganic 

phase can be generated directly on macro-chitin (Fig. 15). 

 

6. CONCLUSIONS 

 The chitin system in nature is recognized as ancient, being 

structurally developed through million years of evolution in diverse 

extinct and extant uni- and multi-cellular organisms. Possible 

molecular mechanisms of chitin formation and its structural 

diversity on nano-, micro- and macro-levels are still under 

investigation. From the viewpoint of applied science, chitins of 

poriferan origin represent an intriguing scientific field aiming at the 

global application of such naturally pre-designed constructs as 

environmentally friendly bioadsorbents against diverse chemical 

contaminants, as scaffolding chitinous biomaterials for regenerative 

medicine, including tissue engineering and as ‘ready-to-use’ 

matrices in biomimetics and bioinspired materials science. 

Provided that chitins can be used in various technologies and 

demosponges can be cultivated under marine farming conditions, 

these marine invertebrates have a great potential to be used as 

sources of unique prefabricated scaffolds. Such contsructs would be 

further applied for the production of mechanically stable 

centimeter-large metal-containing composites of controlled shape 

and size with 3D hierarchical structure in industrially relevant 

quantities. Consequently, metallization of chitinous scaffolds with 

nanoparticles of such metals as gold, palladium, nickel and cobalt 

using modern techniques should be conducted in the future. 

7. REFERENCES 

1. Kaya, M.; Mujtaba, M.; Ehrlich, H.; Salaberria, A.M.; Baran, 

T.; Amemiya, C.T.; Galli, R.; Akyuz, L.; Sargin, I.; Labidi, J. On 

chemistry of γ-chitin. Carbohydr. Polym.2017, 176, 177–

186,https://doi.org/10.1016/j.carbpol.2017.08.076. 

2. Bonneville, S.; Delpomdor, F.; Preat, A.; Chevalier, C.; Araki, 

T.; Kazemian, M.; Steele, A.; Schreiber, A.; Wirth, R.; Benning, 

L.G. Molecular identification of fungi microfossils in a 

Neoproterozoic shale rock. Sci. Adv.2020, 6, 

eaax7599,https://doi.org/10.1126/sciadv.aax7599. 

3. Ehrlich, H.; Rigby, J.K.; Botting, J.P.; Tsurkan, M. V.; 

Werner, C.; Schwille, P.; Petrášek, Z.; Pisera, A.; Simon, P.; 

Sivkov, V.N.; Vyalikh, D.V.; Molodtsov, S.L.; Kurek, D.; 

Kammer, M.; Hunoldt, S.; Born, R.; Stawaski, D.; Steinhof, A.; 

Bazhenov, V.V.; Geisler, T. Discoveryof 505-million-

yearoldchitininthebasaldemospongeVauxiagracilenta. Sci. 

Rep.2013, 3, https://doi.org/10.1038/srep03497. 

4. Crini, G. Historical review on chitin and chitosan 

biopolymers. Environ. Chem. Lett.2019, 17, 1623–1643.  

https://doi.org/10.1007/s10311-019-00901-0 

5. Rudall, K.M.; Kenchington, W. The chitin system. Biol. 

Rev.1973, 48, 597–633,https://doi.org/10.1111/j.1469-

185X.1973.tb01570.x. 

6. Brunner, E.; Richthammer, P.; Ehrlich, H.; Paasch, S.; Simon, 

P.; Ueberlein, S.; van Pee, K.H. Chitin–based organic networks – 

an integral part of cell wall biosilica from the diatom 

Thalassiosira pseudonana. Angew. Chem. Int. Ed.2009, 48, 

9724–9727,https://doi.org/10.1002/anie.200905028. 

7. Brunner, E.; Ehrlich, H.; Schupp, P.; Hedrich, R.; Hunold, S.; 

Kammer, M.; Machill, S.; Paasch, S.; Bazhenov, V.V.; Kurek, 

D.V.; Arnold, T.; Brockmann, S.; Ruhnow, M.; Born, R. Chitin–

based scaffolds are an integral part of the skeleton of the marine 

demosponge Ianthella basta.J. Struct. Biol. 2009, 168, 539–

547,https://doi.org/10.1016/j.jsb.2009.06.018 

8. Machalowski, T.; Wysokowski, M.; Tsurkan, M.V.; Galli, R.; 

Schimpf, C.; Rafaja, D.; Brendler, E.; Viehweger, C.; Żółtowska-

Aksamitowska, S.; Petrenko, I.; Czaczyk, K.; Kraft, M.; Bertau, 

M.; Bechmann, N.; Guan, K.; Bornstein, S.R.; Voronkina, A.; 

Fursov, A.; Bejger, M.; Biniek-Antosiak, K.; Rypniewski, W.; 

Figlerowicz, M.; Pokrovsky, O.; Jesionowski, T.; Ehrlich, H. 

Spider chitin: An Ultrafast Microwave-Assisted Method for 

Chitin Isolation from Caribena versicolor Spider Molt Cuticle. 

Molecules.2019, 24, 

3736,https://doi.org/10.3390/molecules24203736. 

9. Machałowski, T.; Wysokowski, M.; Żółtowska-

Aksamitowska, S.; Bechmann, N.; Binnewerg, B.; Schubert, M.; 

Guan, K.; Bornstein, S.R.; Czaczyk, K.; Pokrovsky, O.; Kraft, M.; 

Bertau, M.; Schimpf, C.; Rafaja, D.; Tsurkan, M.; Galli, R.; 

Meissner, H.; Petrenko, I.; Fursov, A.; Voronkina, A.; 

Figlerowicz, M.; Joseph, Y.; Jesionowski, T.; Ehrlich H. Spider 

Chitin. The biomimetic potential and applications of Caribena 

versicolor tubular chitin. Carbohydr. Polym.2019, 226, 

https://doi.org/10.1016/j.carbpol.2019.115301. 

10. Ehrlich, H. Chitin and collagen as universal and alternative 

templates in biomineralization.International Geology 

Review.2010, 52,7-8, 661-699, 

https://doi.org/10.1080/00206811003679521. 

11. Ehrlich, H. Marine Biological Materials of Invertebrate 

Origin.Springer: Berlin, Germany, 

2019;https://doi.org/10.1007/978-3-319-92483-0 

12. Wagner, G.P.; Lo, J.; Laine, R.; Almeder, M. Chitin in the 

epidermal cuticle of vertebrate (Paralipophorys trigloides, 

Blenniidae, Teleostei). Experientia1993, 49, 317–

319,https://doi.org/10.1007/BF01923410. 

13. Tang, W.J.; Fernandez, J.; Sohn, J.J.; Amemiya, C.T. Chitin is 

endogenously produced in vertebrates. Curr Biol.2015, 25, 897-

900,https://doi.org/10.1016/j.cub.2015.01.058. 

14. Kunze, K.; Niemann, H.; Ueberlein, S.; Schulze, R.; Ehrlich, 

H.; Brunner, E.; Proksch, P.; van Pée, K.H. Brominated skeletal 

components of the marine Demosponges. Aplysina cavernicola 

and Ianthella basta: analytical and biochemical investigations. 

Mar. Drugs.2013, 11, 1271–

1287,https://doi.org/10.3390/md11041271. 

15. Ehrlich, H.; Maldonado, M.; Spindler, K.D.; Eckert, C.; 

Hanke, T.; Born, R.; Goebel, C.; Simon, P.; Heinemann, S.; 

Worch, H. First evidence of chitin as a component of the skeletal 

fibers of marine sponges. Part I. Verongidae (Demospongia: 

Porifera). J Exp Zool Mol Dev Evol2007, 308B, 347–

356,https://doi.org/10.1002/jez.b.21156. 

16. Ehrlich, H.; Janussen, D.; Simon, P.; Bazhenov, V.V.; 

Shapkin, N.P.; Erler, C.; Mertig, M.; Born, R.; Heinemann, S.; 

Hanke, T.; Worch, H.; Vournakis, J.N. Nanostructural 

organization of naturally occurring composites: Part II: Silica–

chitin–based biocomposites. Journal of Nanomaterials2008, 

https://doi.org/10.1155/2008/670235. 

17. Ehrlich, H.; Ilan, M.; Maldonado, M.; Muricy, G.; Bavestrello, 

G.; Kljajic, Z.; Carballo, J.L.; Shiaparelli, S.; Ereskovsky, A.V.; 

Schupp, P.; Born, R.; Worch, H.; Bazhenov, V.V.; Kurek, D.; 

Varlamow, V.; Vyalikh, D.; Kummer, K.; Sivkov, V.V.; 

Molodtsov, S.L.; Meissner, H.; Richter, G.; Steck, E.; Richter, 

W.; Hunoldt, S.; Kammer, M.; Paasch, S.; Krasokhin, V.; Patzke, 

G.; Brunner, E. Threedimensionalchitin–

basedscaffoldsfromVerongidasponges (Demospongiae: Porifera). 

https://doi.org/10.1016/j.carbpol.2017.08.076
https://doi.org/10.1126/sciadv.aax7599
https://doi.org/10.1038/srep03497
https://doi.org/10.1007/s10311-019-00901-0
https://doi.org/10.1111/j.1469-185X.1973.tb01570.x
https://doi.org/10.1111/j.1469-185X.1973.tb01570.x
https://doi.org/10.1002/anie.200905028
https://doi.org/10.1016/j.jsb.2009.06.018
https://doi.org/10.3390/molecules24203736
https://doi.org/10.1016/j.carbpol.2019.115301
https://doi.org/10.1080/00206811003679521
https://doi.org/10.1007/978-3-319-92483-0
https://doi.org/10.1007/BF01923410
https://doi.org/10.1016/j.cub.2015.01.058
https://doi.org/10.3390/md11041271
https://doi.org/10.1002/jez.b.21156
https://doi.org/10.1155/2008/670235


Iaroslav Petrenko, Yuliya Khrunyk, Alona Voronkina, Valentine Kovalchuk, Andriy Fursov,  

Dmitry Tsurkan, Vjatcheslav Ivanenko 

Page | 1010 

Part I. Isolation and identification of chitin. Int. J. Biol. 

Macromol.2010, 47, 132–

140,https://doi.org/10.1016/j.ijbiomac.2010.05.007. 

18. Ehrlich, H.; Steck, E.; Ilan, M.; Maldonado, M.; Muricy, G.; 

Bavestrello, G.; Kljajic, Z.; Carballo, J.L.; Schiaparelli, S.; 

Ereskovsky, A.; Schupp, P.; Born, R.; Worch, H.; Bazhenov, 

V.V.; Kurek, D.; Varlamov, V.; Vyalikh, D.; Kummer, K.; 

Sivkov, V.V.; Molodtsov, S.L.; Meissner, H.; Richter, G.; 

Hunoldt, S.; Kammer, M.; Paasch, S.; Krasokhin, V.; Patzke, G.; 

Brunner, E.; Richter, W.Three-dimensionalchitin-

basedscaffoldsfromVerongidasponges (Demospongiae: Porifera). 

Part II: Biomimetic potential and applications. Int. J. Biol. 

Macromol.2010, 47, 141–

145,https://doi.org/10.1016/j.ijbiomac.2010.05.009 

19. Ehrlich, H.; Bazhenov, V.V.; Meschke, S.; Bürger, M.; 

Ehrlich, A.; Petovic, S.; Durovic, M.; Marine invertebrates of 

Boka Kotorska Bay unique sources for bioinspired materials 

science. In: The Boka Kotorska Bay Environment. Series: The 

Handbook of Environmental Chemistry. Djurović, M.; Semenov, 

A.V.; Zonn, I.S.; Kostianoy, A.G. Eds.; Springer International 

Publishing: Berlin, Germany, 2016; pp. 313–

334,https://doi.org/10.1007/698_2016_25. 

20. Ehrlich, H.; Bazhenov, V.V.; Debitus, C.; deVoogd, N.; Galli, 

R.; Tsurkan, M.; Wysokowski, M.; Meissner, H.; Bulut, E.; Kaya, 

M.; Jesionowski, T. Isolation and identification of chitin from 

heavy mineralized skeleton of Suberea clavata (Verongida: 

Demospongiae: Porifera) marine demosponge.Int. J. Biol. 

Macromol. 2017, 104(Pt B), 1706–1712, 

https://doi.org/10.1016/j.ijbiomac.2017.01.141. 

21. Born, R.; Ehrlich, H.; Bazhenov, V.V.; Shapkin, N.P. 

Investigation of nanoorganized biomaterials of marine origin. 

Arab. J. Chem.2010, 3, 27–32, 

https://doi.org/10.1016/j.arabjc.2009.12.005. 

22. Tabachnick, K.R.; Menshenina, L.; Pisera, A.; Ehrlich, H. The 

Hexactinellid genus Aspidoscopulia Reiswig 2002 (Porifera: 

Hexactinellida: Farreidae) with remarks on branching and 

metamery. Zootaxa2011, 2883, 1–

22,http://dx.doi.org/10.11646/zootaxa.2883.1.1. 

23. Spinde, K.; Kammer, M.; Freyer, K.; Ehrlich, H.; Vournakis, 

J.; Brunner, E. Biomimetic silicification of chitin from diatoms. 

Chem. Mater.2011, 23, 2973–

2978,https://doi.org/10.1021/cm200677d. 

24. Connors, M.; Ehrlich, H.; Hog, M.; Godeffroy, C.; Araya, S.; 

Kallai, I.; Gazit, D.; Boyce, M.C.; Ortiz, C. Three–dimensional 

structure of the shell plate assembly of the chiton Tonicella 

marmorea and its biomechanical consequences. J. Struct. 

Biol.2012, 177, 314–328, 

https://doi.org/10.1016/j.jsb.2011.12.019. 

25. Bo, M.; Bavestrello, G.; Kurek, D.; Paasch, S.; Brunner, E.; 

Born, R.; Galli, R.; Stelling, A.L.; Sivkov, V.N.; Petrova, O.V.; 

Vyalikh, D.; Kummer, K.; Molodtsov, S.L.; Nowak, D.; Nowak, 

J.; Ehrlich, H. Isolation and identification of chitin in black coral 

Paranthipates larix (Anthozoa: Cnidaria). Int. J. Biol. 

Macromol.2012,51, 129–

137,https://doi.org/10.1016/j.ijbiomac.2012.04.016. 

26. Wysokowski, M.; Jesionowski, T.; Ehrlich, H. Biosilica as 

source for inspiration in biological materials science. American 

Mineralogist2018, 103, 665–691,https://doi.org/10.2138/am-

2018-6429 

27. Klinger, C.; Żółtowska-Aksamitowska, S.; Wysokowski, M.; 

Tsurkan, M.V.; Galli, R.; Petrenko, P.; Machałowski, T.; 

Ereskovsky, A.; Martinović, R.; Muzychka, L.; Smolii, R.B.; 

Bechmann, N.; Ivanenko, V.; Schupp, P.J.; Jesionowski, T.; 

Giovine, M.; Joseph, Y.; Bornstein, S.R.; Voronkina, A.; Ehrlich, 

H. Express Method for isolation of ready-to-use 3d chitin 

scaffolds from Aplysina archeri (Aplysineidae: Verongiida) 

demosponge. Mar. Drugs2019, 17, 

131,https://doi.org/10.3390/md17020131. 

28. Nowacki, K.; Stępniak, I.; Machalowski, T.; Wysokowski, 

M.; Petrenko, I.; Schimpf, C.; Rafaja, D.; Langer, E.; Richter, A.; 

Ziętek, J.; Pantović, S.; Voronkina, A.; Kovalchuk, V.; Ivanenko, 

V.; Khrunyk, Y.; Galli, R.; Joseph, Y.; Gelinsky, M.; Jesionowski, 

T.; Ehrlich, H. Electrochemicalmethodforisolationofchitinous 

3DscaffoldsfromcultivatedAplysinaaerophobamarinedemospong

eanditsbiomimeticapplication. Applied Physics A2020 (accepted) 

29. Kumirska, J.; Czerwicka, M.; Kaczyński, Z.; Bychowska, A.; 

Brzozowski, K.; Thöming, J.; Stepnowski, P. Application of 

spectroscopic methods for structural analysis of chitin and 

chitosan. Mar. drugs2010, 8, 1567–

1636,https://doi.org/10.3390/md8051567. 

30. Ehrlich, H.; Krautter, M.; Hanke, T.; Simon, P.; Knieb, C.; 

Heinemann, S.; Worch, H. First evidence of the presence of chitin 

in skeletons of marine sponges. Part II. Glass sponges 

(Hexactinellida: Porifera). J. Exp. Zool. Mol. Dev. Evol.2007, 

308B, 473–483,https://doi.org/10.1002/jez.b.21174. 

31. Ehrlich, H. Chitin of poriferan origin as a unique biological 

material. In: Blue Biotechnology: Production and Use of Marine 

Molecules. La Barre, S.; Bates, S.S. Eds.; Wiley–VCH: Verlag, 

Volume 2, 2018; pp. 821–

854,https://doi.org/10.1002/9783527801718.ch26. 

32. Van den Broek, L.A.M.; Boeriu, C.G.Chitin and Chitosan: 

Properties and Applications. (Wiley Series in Renewable 

Resource). Wiley: 2020. 

33. Rinaudo, M. Chitin and chitosan: properties and applications. 

Prog Polym Sci.2006, 31, 603–632, 

https://doi.org/10.1016/j.progpolymsci.2006.06.001. 

34. Jayakumar, R.; Prabaharan, M.; Muzzarelli, R.A.A. Chitosan 

for Biomaterials I. Springer: Berlin, Germany, 

2011;https://doi.org/10.1007/978-3-642-23114-8. 

35. Anitha, A.; Sowmya, S.; Kumar, P.; Deepthi, S.; Chennazhi, 

K.P.; Ehrlich, H.; Tsurkan, M.; Jayakumar, R. Chitin and chitosan 

in selected biomedical applications. Prog. Polym. Sci.2014, 

39,1644–

1667,https://doi.org/10.1016/j.progpolymsci.2014.02.008. 

36. Younes, I.;Rinaudo,M. Chitin and chitosan preparation from 

marine sources. Structure, properties and applications.Mar. 

Drugs2015, 13, 1133-1174, 

https://doi.org/10.3390/md13031133. 

37. Moussian, B. Chitin: Structure, Chemistry and Biology. Adv. 

Exp. Med. Biol.2019,1142, 5–18,https://doi.org/10.1007/978-

981-13-7318-3_2. 

38. Arnold, N.D.; Brück, W.M.; Garbe, D.; Brück, T.B. 

Enzymatic Modification of Native Chitin and Conversion to 

Specialty Chemical Products. Mar. Drugs2020, 18, 

93.,https://doi.org/10.3390/md18020093. 

39. Pronzato, R.; Cerrano, C.; Cubeddu, T.; Manconi, R. The 

millenial history of commercial sponges : from harvesting to 

farming and integrated aquaculture. La storia millenaria delle 

spugne commerciali dalla pesca, all’allevamento 

all’aquacolturaintegrata.Biol. Mar. Medit.2000, 7, 132-143. 

40. Ehrlich, H.; Kaluzhnaya, O.V.; Tsurkan, M.; Ereskovsky, 

A.V.; Tabachnick, K.R.; Ilan, M.; Stelling, A.; Galli, R.; Petrova, 

O.V.; Nekipelov, S.V.; Sivkov, V.N.; Vyalikh, D.; Born, R.; 

Behm, T.; Ehrlich, A.; Chernogor, L.I.; Belikov, S.; Janussen, D.; 

Bazhenov, V.V.; Wörheide, G. First report on chitinous holdfast 

in sponges (Porifera). Proc.Biol.Sci.2013,280,  

https://doi.org/10.1098/rspb.2013.0339. 

41. Ehrlich, H.; Kaluzhnaya, O.; Brunner, E.; Tsurkan, M.; 

Ereskovsky, A.V.; Ilan, M.; Tabachnick, K.R.; Bazhenov, V.V.; 

Paasch, S.; Kammer, M.; Born, R.; Stelling, A.; Galli, R.; Belikov, 

S.; Petrova, O.V.; Sivkov, V.; Vyalikh, D.; Hunoldt, S.; 

Wörheide, G. Identification and first insights into the structure 

https://doi.org/10.1016/j.ijbiomac.2010.05.007
https://doi.org/10.1016/j.ijbiomac.2010.05.009
https://doi.org/10.1007/698_2016_25
https://doi.org/10.1016/j.ijbiomac.2017.01.141
https://doi.org/10.1016/j.arabjc.2009.12.005
http://dx.doi.org/10.11646/zootaxa.2883.1.1
https://doi.org/10.1021/cm200677d
https://doi.org/10.1016/j.jsb.2011.12.019
https://doi.org/10.1016/j.ijbiomac.2012.04.016
https://doi.org/10.2138/am-2018-6429
https://doi.org/10.2138/am-2018-6429
https://doi.org/10.3390/md17020131
https://doi.org/10.3390/md8051567
https://doi.org/10.1002/jez.b.21174
https://doi.org/10.1002/9783527801718.ch26
https://doi.org/10.1016/j.progpolymsci.2006.06.001
https://doi.org/10.1007/978-3-642-23114-8
https://doi.org/10.1016/j.progpolymsci.2014.02.008
https://doi.org/10.3390/md13031133
https://doi.org/10.1007/978-981-13-7318-3_2
https://doi.org/10.1007/978-981-13-7318-3_2
https://doi.org/10.3390/md18020093
https://doi.org/10.1098/rspb.2013.0339


Poriferan chitin: 3D scaffolds from nano- to macroscale. A review 

Page | 1011 

and biosynthesis of chitin from the freshwater sponge Spongilla 

lacustris. J. Struct. Biol.2013, 183, 474–

483,https://doi.org/10.1016/j.jsb.2013.06.015. 

42. Ehrlich, H.; Shaala, L.A.; Youssef, D.T.A; Żółtowska–

Aksamitowska, S.; Tsurkan, M.; Galli, R.; Meissner, H.; 

Wysokowski, M.; Petrenko, I.; Tabachnik, K.; Ivanenko, V.N.; 

Bechmann, N.; Joseph, Y.; Jesionowski, T. Discovery of chitin in 

skeletons of non–verongiid Red Sea demosponges.PLOS 

one2018, 

13,e0195803,https://doi.org/10.1371/journal.pone.0195803. 

43. Cruz–Barraza, J.A.; Carballo, J.L.; Rocha–Olivares, A.; 

Ehrlich, H.; Hog, M. Integrative taxonomy and molecular 

phylogeny of genus Aplysina (Demospongiae: Verongida) from 

Mexican Pacific. PLoS 

one2012,7,e42049,https://doi.org/10.1371/journal.pone.0042049

. 

44. Wysokowski, M.; Bazhenov,V.V.; Tsurkan, M.; Galli, R.; 

Stelling, A.L.; Stöcker, H.; Kaiser, S.; Niederschlag, E.; Gärtner, 

G.; Behm, T.; Ilan, M.; Petrenko, A.Y.; Jesionowski, T.; Ehrlich, 

H. Isolation and identification of chitin in three–dimensional 

skeleton of Aplysina fistularis marine sponge. Int. J. Biol. 

Macromol.2013, 62, 94–

100,https://doi.org/10.1016/j.ijbiomac.2013.08.039. 

45. Żółtowska–Aksamitowska, S.; Shaala, L.A.; Youssef, D.T.A.; 

El Hady, S.; Tsurkan, M.; Petrenko, I.; Wysokowski, M.; 

Tabachnick, K.; Meissner, H.; Ivanenko, V.; Bechmann, N.; 

Joseph, Y.; Jesionowski, T.; Ehrlich, H. First report on chitin in 

non–verongiid marine demosponge: the Mycale euplectellioides 

case. Mar. Drugs2018,16, 

68,https://doi.org/10.3390/md16020068. 

46. Żółtowska–Aksamitowska, S.; Tsurkan, M.; Swee–Cheng, L.; 

Meissner, H.; Tabachnick, K.; Shaala, L.A.; Youssef, D.T.A.; 

Ivanenko, V.; Petrenko, I.; Wysokowski, M.; Bechmann, N.; 

Joseph, Y.; Jesionowski, T.; Ehrlich, H. The demosponge 

Pseudoceratina purpurea as a new source of fibrous chitin. Int. J. 

Biol. Macromol.2018,112, 1021–

1028,https://doi.org/10.1016/j.ijbiomac.2018.02.071. 

47. Shaala, L.A.; Asfour, H.Z.; Youssef, D.T.A.; Żółtowska-

Aksamitowska, S.; Wysokowski, M.; Tsurkan, M.; Galli, R.; 

Meissner, H.; Petrenko, I.; Tabachnick, K.; Ivanenko, V.N.; 

Bechmann, N.; Muzychka, L.V.; Smolii, O.B.; Martinovic, R.; 

Joseph, Y.; Jesionowski, T.; Ehrlich, H. New source of 3D chitin 

scaffolds: the Red Sea demosponge Pseudoceratina arabica 

(Pseudoceratinidae, Verongiida). Mar. Drugs2019,17, 

92,https://doi.org/10.3390/md17020092. 

48. Fromont, J.; Żółtowska-Aksamitowska, S.; Galli, R.; 

Meissner, H.; Erpenbeck, D.; Vacelet, J.; Diaz, C.; Petrenko, I.; 

Youssef, D.T.A.; Ehrlich, H. New family and genus of a 

Dendrilla-like sponge with characters of Verongiida. Part II. 

Discovery of chitin in the skeleton of Ernstilla lacunosa. 

Zoologischer Anzeiger2019, 280, 21–

29,https://doi.org/10.1016/j.jcz.2019.03.002. 

49. Vacelet, J.; Erpenbeck, D.; Diaz, C.; Ehrlich H.; Fromont J. 

New family and genus for Dendrilla-like sponges with characters 

of Verongiida. Part I redescription of Dendrilla lacunosa 

Hentschel 1912, diagnosis of the new family Ernstillidae and 

Ernstilla n.g. Zoologischer Anzieger2019, 280, 14-

20,https://doi.org/10.1016/j.jcz.2019.03.001. 

50. Steck, E.; Burkhardt, M.; Ehrlich, H.; Richter, W. 

Discrimination between cells of murine and human origin in 

xenotransplants by species specific genomic in situ 

hybridization.Xenotransplantation2010,17, 153–

159,https://doi.org/10.1111/j.1399-3089.2010.00577.x. 

51. Rogulska, О.Y.; Revenko, О.B.; Petrenko, Y.O.; Ehrlich, H.; 

Petrenko, О.Y. Prospects for the application of Aplysinidae 

family marine sponge skeletons and mesenchymal stromal cells 

in tissue engineering. Biotechnologia Acta2013,6, 115–

121,https://doi.org/10.15407/biotech6.05.115. 

52. Rogulska, O.Y.; Mutsenko, V.V.; Revenko, E.B.; Petrenko, 

Y.A.; Ehrlich, H.; Petrenko, A.Y. Culture and differentiation of 

human adipose tissue mesenchymal stromal cells within carriers 

based on sea sponge chitin skeletons. Problems of Cryobiology 

and Cryomedicine2013,23, 267–270. 

53. Petrenko, A.Y.; Zalkov, V.S.; Muzenko, V.V.; Tarusin, D.N.; 

Ehrlich, H. Low temperature preservation of mesenchymal 

stromal cells seeded in various scaffold for tissue equivalent 

development. J. Cell Sci. Ther.2015, 6, 118.  

54. Mutsenko, V.V.; Gryshkov, O.; Lauterboeck, L.; Rogulska, 

O.; Tarusin, D.N.; Bazhenov, V.V.; Schütz, K.; Brüggemeier, S.; 

Gossla, E.; Akkineni, A.R.; Meissner, H.; Lode, A.; Meshke, S.; 

Fromont, J.; Stelling, A.L.; Tabachnik, K.R.; Gelinsky, M.; 

Nikulin, S.; Rodin, S.; Tonevitsky, A.G.; Petrenko, A.Y.; 

Glasmacher, B.; Schupp, P.J.; Ehrlich, H. Novel chitin scaffolds 

derived from marine sponge Ianthella basta for tissue engineering 

approaches based on human mesenchymal stromal cells: 

biocompatibility and cryopreservation. Int. J. Biol. 

Macromol.2017,104(Pt B),1955–

1965,https://doi.org/10.1016/j.ijbiomac.2017.03.161. 

55. Mutsenko, V.V.; Bazhenov, V.V.; Rogulska, O.; Tarusin, 

D.N.; Schütz, K.; Brüggemeier, S.; Gossla, E.; Akkineni, 

A.R.;Meissner, H.; Lode, A.; Meschke, S.; Ehrlich, A.; Petovic, 

S.; Martinovic, R.; Djurovic, M.; Stelling, A.L.; Nikulin, S.; 

Rodin, S.; Tonevitsky, A.; Gelinsky, M.; Petrenko, A.; 

Glasmacher, B.; Ehrlich, H. 3D chitinous scaffolds derived from 

cultivated marine demosponge Aplysina aerophoba for tissue 

engineering approaches based on human mesenchymal stromal 

cells. Int. J. of Biol. Macromol.2017, 104(Pt B), 1966–

1974,https://doi.org/10.1016/j.ijbiomac.2017.03.116. 

56. Mutsenko, V.; Gryshkov, O.; Rogulska, O.; Lode, A.; 

Petrenko, A.Y.; Gelinsky, M.; Glasmacher, B.; Ehrlich, H. 

Chitinous scaffolds from marine sponges for tissue engineering. 

In: Marine-derived biomaterials for tissue engineering 

applications. Choi, A.; Ben-Nissan, B. Eds; Springer Series in 

Biomaterials Science and Engineering, Springer: Singapore, 

Volume 14, 2019; pp 285-307.https://doi.org/10.1007/978-981-

13-8855-2_13. 

57. Schubert, M.; Binnewerg, B.; Voronkina, A.; Muzychka, L.; 

Wysokowski, M.; Petrenko, I.; Kovalchuk, V.; Tsurkan, M.; 

Martinovic, R.; Bechmann, N.; Ivanenko, V.N.; Fursov, A.; 

Smolii, O.B.; Fromont, J.; Joseph, Y.; Bornstein, S.R.; Giovine, 

M.; Erpenbeck, D.; Guan, K.; Ehrlich, H. Naturally Prefabricated 

Marine Biomaterials: Isolation and Applications of Flat Chitinous 

3D Scaffolds from Ianthella labyrinthus (Demospongiae: 

Verongiida). Int. J. Mol. Sci.2019,20, 

5105,https://dx.doi.org/10.3390%2Fijms20205105. 

58. Kovalchuk, V.; Voronkina, A.; Binnewerg, B.; Schubert, M.; 

Muzychka, L.; Wysokowski, M.; Tsurkan, M.; Bechmann, N.; 

Petrenko, I.; Fursov, A.; Martinovic, R.; Ivanenko, V.N.; 

Fromont, J.; Smolii, O.B.; Joseph, Y.; Giovine, M.; Erpenbeck, 

D.; Gelinsky, M.; Springer, A.; Guan, K.; Bornstein, S.R.; 

Ehrlich, H. Naturally drug loaded chitin: isolation and 

applications. Mar. Drugs2019, 17, 

574,https://dx.doi.org/10.3390%2Fmd17100574. 

59. Binnewerg, B.; Schubert, M.; Voronkina, A.; Muzychka, L.; 

Wysokowski, M.; Petrenko, I.; Djurović, M.; Kovalchuk, V.; 

Tsurkan, M.; Martinovic, R.; Bechmann, N.; Fursov, A.; 

Ivanenko, V.N.; Tabachnik, K.R.; Smolii,O.B.; Joseph, Y.; 

Giovine, M.; Bornstein, S.R.; Stelling, A.L.; Tunger, A.; Schmitz, 

M.; Taniya, O.S.; Kovalev,I.S.; Zyryanov, G.V.; Guan, K.; 

Ehrlich,H.Marine biomaterials: Biomimetic and pharmacological 

potential of cultivated Aplysina aerophoba marine demosponge. 

Mater. Sci. Eng. C2020, 109, 

https://doi.org/10.1016/j.msec.2019.110566. 

https://doi.org/10.1016/j.jsb.2013.06.015
https://doi.org/10.1371/journal.pone.0195803
https://doi.org/10.1371/journal.pone.0042049
https://doi.org/10.1371/journal.pone.0042049
https://doi.org/10.1016/j.ijbiomac.2013.08.039
https://doi.org/10.3390/md16020068
https://doi.org/10.1016/j.ijbiomac.2018.02.071
https://doi.org/10.3390/md17020092
https://doi.org/10.1016/j.jcz.2019.03.002
https://doi.org/10.1016/j.jcz.2019.03.001
https://doi.org/10.1111/j.1399-3089.2010.00577.x
https://doi.org/10.15407/biotech6.05.115
https://doi.org/10.1016/j.ijbiomac.2017.03.161
https://doi.org/10.1016/j.ijbiomac.2017.03.116
https://doi.org/10.1007/978-981-13-8855-2_13
https://doi.org/10.1007/978-981-13-8855-2_13
https://dx.doi.org/10.3390%2Fijms20205105
https://dx.doi.org/10.3390%2Fmd17100574
https://doi.org/10.1016/j.msec.2019.110566


Iaroslav Petrenko, Yuliya Khrunyk, Alona Voronkina, Valentine Kovalchuk, Andriy Fursov,  

Dmitry Tsurkan, Vjatcheslav Ivanenko 

Page | 1012 

60. Wysokowski, M.; Machalowski, T.; Petrenko, I.; Schimpf, C.; 

Rafaja, D.; Galli, R.; Ziętek, J.; Pantović, S.; Voronkina, A.; 

Kovalchuk, V.; Invanenko, V.N.; Hoeksma, B.W.; Diaz, C.; 

Khrunyk, Y.; Stelling,A.L.; Giovine, M.; Jesionowski, T.;Ehrlich, 

H.3D chitin scaffolds of marine demosponge origin for 

biomimetic mollusk hemolymph-associated biomineralization ex-

vivo.Mar. Drugs2020, 18, 

123,https://doi.org/10.3390/md18020123. 

61. Ehrlich, H.; Simon, P.; Motylenko, M.; Wysokowski, M.; 

Bazhenov, V.V.; Galli, R.; Stelling, A.L.; Stawski, D.; Ilan, M.; 

Stöcker, H.; Abendroth, B.; Born, R.; Jesionowski, T.; 

Kurzydlowski, K.J.; Meyer, D.C. Extreme Biomimetics: 

formation of zirconium dioxide nanophase using chitinous 

scaffolds under hydrothermal conditions. J. Mater. Chem. 

B2013,1, 5092–5099,https://doi.org/10.1039/c3tb20676a. 

62. Wysokowski, M.; Motylenko, M.; Bazhenov, V.V.; Stawski, 

D.; Petrenko, I.; Ehrlich, A.; Behm, T.; Kljajic, Z.; Stelling, A.L.; 

Jesionowski, T.; Ehrlich, H. Poriferan chitin as a template for 

hydrothermal zirconia deposition. Front. Mater. Sci.2013,7, 248–

260,https://doi.org/10.1007/s11706-013-0212-x. 

63. Wysokowski, M.; Motylenko, M.; Walter, J.; Lota, G.; 

Wojciechowski, J.; Stöcker, H.; Galli, R.; Stelling, A.L.; 

Himcinschi, C.; Niederschlag, E.; Langer, E.; Bazhenov, V.V.; 

Szatkowski, T.; Zdarta, J.; Pertenko, I.; Kljajic, Z.; Leisegang, T.; 

Molodtsov, S.L.; Meyer, D.C.; Jesionowski, T.; Ehrlich, H. 

Synthesis of nanostructured chitin–hematite composites under 

extreme biomimetic conditions. RSC Advances2014,4, 61743–

61752,https://doi.org/10.1039/C4RA10017D. 

64. Wysokowski, M.; Motylenko, M.; Beyer, J.; Makarova, A.; 

Stöcker, H.; Walter, J.; Galli, R.; Kaiser,S.; Vyalikh, D.; 

Bazhenov, V.V.; Petrenko, I.; Stelling, A.L.; Molodtsov, S.; 

Stawski, D.; Kurzydowski, K.J.; Langer, E.; Tsurkan, M.; 

Jesionowski, T.; Heitmann, J.; Meyer, D.C.; Ehrlich, H. Extreme 

biomimetic approach for development of novel chitin–GeO2 

nanocomposites with photoluminescent properties. Nano 

research2015, 8, 2288–2301,https://doi.org/10.1007/s12274-

015-0739-5. 

65. Wysokowski, M.; Materna, K.; Walter, J.; Petrenko, I.; 

Stelling, A.L.; Bazhenov, V.V.; Klapiszewski, Ł.; Szatkowski, T.; 

Lewandowska, O.; Stawski, D.; Molodtsov, S.L.; Maciejewski, 

H.; Ehrlich, H.; Jesionowski, T. Solvothermal synthesis of chitin–

polyhedral oligomeric silsesquioxane (POSS) nanocomposites 

with hydrophobic properties. Int. J. Biol. Macromol.2015,78, 

224–229,https://doi.org/10.1016/j.ijbiomac.2015.04.014. 

66. Wysokowski, M.; Petrenko, I.; Stelling, A.L.; Stawski, D.; 

Jesionowski, T.; Ehrlich, H. Poriferan chitin as a versatile 

template for extreme biomimetics. Polymers2015,7, 235–

265,https://doi.org/10.3390/polym7020235. 

67. Wysokowski, M.; Motylenko, M.; Rafaja, D.; Koltsov, I.; 

Stöcker, H.; Szalaty, T.J.; Bazhenov, V.V.; Stelling, A.L.; Beyer, 

J.; Heitmann, J.; Jesionowski, T.; Petovic, S.; Đurović, M.; 

Ehrlich, H. Extreme biomimetic approach for synthesis of 

nanocrystalline chitin–(Ti,Zr)O2 multiphase composites. Mat. 

Chem. Phys.2017, 188,115–

124,https://doi.org/10.1016/j.matchemphys.2016.12.038. 

68. Petrenko, I.; Bazhenov, V.V.; Galli, R.; Wysokowski, M.; 

Fromont, J.; Schupp, P.J.; Stelling, A.L.; Niederschlag, E.; 

Stöcker, H.; Kutsova, V.Z.; Jesionowski, T.; Ehrlich, H. Chitin of 

poriferan origin and the bioelectrometallurgy of copper/copper 

oxide. Int. J. Biol. Macromol.2017, 104(Pt B),1626–

1663,https://doi.org/10.1016/j.ijbiomac.2017.01.084. 

69. Stepniak, I.; Galinski, M.; Nowacki, K.; Wysokowski, M.; 

Jakubowska, P.; Bazhenov, V.V.; Leisegang, T.; Ehrlich, H.; 

Jesionowski, T. A novel chitosan/sponge chitin origin material as 

a membrane for supercapacitors – preparation and 

characterization. RSC Advances2016, 6, 4007–

4013,https://doi.org/10.1039/C5RA22047E. 

70. Schleuter, D.; Günther, A.; Paasch, S.; Ehrlich, H.; Kljajic, Z.; 

Hanke, T.; Bernhard, G.; Brunner, E. Chitin–based renewable 

materials from marine sponges for uranium adsorption. Carb. 

Polym.2013,92, 712–

718,https://doi.org/10.1016/j.carbpol.2012.08.090. 

71. Ehrlich, H.; Worch, H. Sponges as natural composites: from 

biomimetic potential to development of new biomaterials. 

In:Porifera Research: Biodiversity, Innovation & Sustainability. 

Hajdu, E. Ed.; Museu Nacional: Rio de Janeiro, Brazil, 2007; pp. 

217–223.  

72. Tabachnick, K.; Fromont, J.; Ehrlich, H.; Menschenina, L. 

Hexactinellida from the Perth Canyon, Eastern Indian Ocean, 

with descriptions of five new species. Zootaxa2019,4664, 047–

082,https://doi.org/10.11646/zootaxa.4664.1.2. 

73. Ehrlich, H. Silica biomineralization in sponges. 

In:Encyclopedia of Geobiology. Reitner, J.; Thiel, V. Eds. 

Springer: Dordrecht, Netherlands, 2011; pp. 796–

808,https://doi.org/10.1007/978-1-4020-9212-1. 

74. Ehrlich, H.; Deutzmann, R.; Capellini, E.; Koon, H.; Solazzo, 

C.; Yang, Y.; Ashford, D.; Thomas–Oates, J.; Lubeck, M.; 

Baessmann, C.; Langrock, T.; Hoffmann, R.; Wörheide, G.; 

Reitner, J.; Simon, P.; Ereskovsky, A.V.; Mertig, M.; Vyalikh, 

D.V.; Molodtsov, S.L.; Worch, H.; Brunner, E.; Smetacek, V.; 

Collins, M. Mineralization of the meter–long biosilica structures 

of glass sponges is template on hydroxylated collagen. Nat. 

Chem.2010,2, 1084–1088,https://doi.org/10.1038/nchem.899. 

75. Ehrlich, H.; Brunner, E.; Simon, P.; Bazhenov, V.V.; Botting, 

J.P.; Tabachnick, K.R.; Springer, A.; Kummer, K.; Vyalikh, D.V.; 

Molodtsov, S.L.; Kammer, M.; Worch, H.; Kovalev, A.; Gorb, 

S.N.; Koutsoukos, P.; Summers, A. Calcite reinforced silica–

silica joints in the biocomposite skeleton of the deep–sea glass 

sponge. Adv. Func. Mater.2011,21, 3473–

3481,https://doi.org/10.1002/adfm.201100749. 

76. Ehrlich, H.; Maldonado, M.; Hanke, T.; Meissner, H.; Born, 

R.; Scharnweber, D.; Worch, H. Spongins: nanostructural 

investigations and development of biominimetic material model. 

VDI Berichte2003,1803, 287–290. 

77. Ehrlich, H.; Wysokowski, M.; Żółtowska–Aksamitowska, S.; 

Petrenko, I.; Jesionowski, T. Collagens of poriferan origin. Mar. 

Drugs2018,16, 79,https://dx.doi.org/10.3390%2Fmd16030079. 

78. Jesionowski, T.; Norman, M.; Żółtowska–Aksamitowska, S.; 

Petrenko, I.; Yoseph, Y.; Ehrlich,H. Marinespongin: 

naturallyprefabricated 3Dscaffold–basedbiomaterial. 

Mar.Drugs2018,16, 88,https://doi.org/10.3390/md16030088. 

79. Szatkowski, T.; Wysokowski, M.; Lota, G.; Peziak, D.; 

Bazhenov, V.V.; Nowaczyk, G.; Walter, J.; Molodtsov, S.L.; 

Stöcker, H.; Himcinschi, C.; Petrenko, I.; Stelling, A.L.; Jurga, S.; 

Jesionowski, T.;Ehrlich,H. Novelnanostructuredhematite–

spongincompositedevelopedusinganextremebiomimeticapproach

. RSCAdvances2015, 5, 79031–

79040,https://doi.org/10.1039/C5RA09379A. 

80. Szatkowski, T.; Siwińska-Stefańska, K.; Wysokowski, M.; 

Stelling, L.A.; Joseph, Y.; Ehrlich, H.; Jesionowski, T. 

Immobilization of Titanium(IV) Oxide onto 3D Spongin 

Scaffolds of Marine Sponge Origin According to Extreme 

Biomimetics Principles for Removal of C.I. Basic Blue 9. 

Biomimetics 2017, 2(2017), 

4,https://doi.org/10.3390/biomimetics2020004. 

81. Szatkowski, T.; Kopczyński, K.; Motylenko, M.; Borrmann, 

H.; Mania, B.; Graś, M.; Lota, G.; Bazhenov, V.V.; Rafaja, D.; 

Roth, F.; Weise, J.; Langer, E.; Wysokowski, M.; Żółtowska–

Aksamitowska, S.; Petrenko, I.; Molodtsov, S.L.; Hubálková, J.; 

Aneziris, C.G.; Joseph, Y.; Stelling, A.L.; Ehrlich, H.; 

Jesionowski, T. Extreme biomimetics: carbonized 3D spongin 

https://doi.org/10.3390/md18020123
https://doi.org/10.1039/c3tb20676a
https://doi.org/10.1007/s11706-013-0212-x
https://doi.org/10.1039/C4RA10017D
https://doi.org/10.1007/s12274-015-0739-5
https://doi.org/10.1007/s12274-015-0739-5
https://doi.org/10.1016/j.ijbiomac.2015.04.014
https://doi.org/10.3390/polym7020235
https://doi.org/10.1016/j.matchemphys.2016.12.038
https://doi.org/10.1016/j.ijbiomac.2017.01.084
https://doi.org/10.1039/C5RA22047E
https://doi.org/10.1016/j.carbpol.2012.08.090
https://doi.org/10.11646/zootaxa.4664.1.2
https://doi.org/10.1007/978-1-4020-9212-1
https://doi.org/10.1038/nchem.899
https://doi.org/10.1002/adfm.201100749
https://dx.doi.org/10.3390%2Fmd16030079
https://doi.org/10.3390/md16030088
https://doi.org/10.1039/C5RA09379A
https://doi.org/10.3390/biomimetics2020004


Poriferan chitin: 3D scaffolds from nano- to macroscale. A review 

Page | 1013 

scaffold as a novel support for nanostructured manganese oxide 

(IV) and its electrochemical applications. Nano Research2018, 

11, 4199–4214,https://doi.org/10.1007/s12274-018-2008-x. 

82. Petrenko, I.; Summers, A.P.; Simon, P.; Żółtowska-

Aksamitowska, S.; Motylenko, M.; Schimpf, C.; Rafaja, D.; Roth, 

F.; Kummer, K.; Brendler, E.; Pokrovsky, O.; Galli, R.; 

Wysokowski, M.; Meissner, H.; Niederschlag, E.; Joseph, Y.; 

Molodtsov, S.; Ereskovsky, A.; Sivkov, V.; Nekipelov, S.; 

Petrova, O.; Volkova, O.; Bertau, M.; Kraft, M.; Rogalev, A.; 

Kopani, M.; Jesionowski, T.; Ehrlich, H. Extreme Biomimetics: 

Preservation of molecular detail in centimetre scale samples of 

biological meshes laid down by sponges. Sci. Adv.2019, 5, 

eaax2805,https://doi.org/10.1126/sciadv.aax2805. 

83. Zdarta, J.; Norman, M.; Smułek, W.; Moszyński, D.; 

Kaczorek, E.; Stelling, A.L.; Ehrlich, H.; Jesionowski, T. 

Spongin–based scaffolds from Hippospongia communis 

demosponge as an effective support for lipase immobilization. 

Catalysts2017, 7, 147,https://doi.org/10.3390/catal7050147. 

84. Zdarta, J.; Antecka, K.; Frankowski, R.; Zgoła–Grześkowiak, 

A.; Ehrlich, H.; Jesionowski, T. The effect of operational 

parameters on the biodegradation of bisphenols by Trametes 

versicolor laccase immobilized on Hippospongia communis 

spongin scaffolds. Sci. Totat Environ.2018, 615, 784–

795,https://doi.org/10.1016/j.scitotenv.2017.09.213. 

85. Antecka, K.; Zdarta, J.; Zgoła-Grześkowiak, A.; Ehrlich, H.; 

Jesionowski, T. Degradation of bisphenols using immobilized 

laccase supported onto biopolymer marine sponge scaffolds: 

effect of operational parameters on removal efficiency. New 

Biotechnology2018, 44, S163–

S163,https://doi.org/10.1016/j.nbt.2018.05.1180. 

86. Green, D.; Howard, D.; Yang, X.; Kelly, M.; Oreffo, R.O.C. 

Natural marine sponge fiber skeleton: a biomimetic scaffold for 

human osteoprogenitor cell attachment, growth, and 

differentiation. Tissue Eng.2003, 9, 1159–

1166,https://doi.org/10.1089/10763270360728062. 

87. Norman, M.; Bartczak, P.; Zdarta, J.; Tylus, W.; Szatkowski, 

T.; Stelling, A.L.; Ehrlich, H.; Jesionowski, T. Adsorption of C. I. 

Natural Red 4 onto spongin skeleton of marine demosponge. 

Materials2015, 8, 96–116,https://doi.org/10.3390/ma8010096. 

88. Norman, M.; Bartczak, P.; Zdarta, J.; Ehrlich, H.; 

Jesionowski, T. Anthocyanin dye conjugated with Hippospongia 

communis marine demosponge skeleton and its antiradical 

activity. Dyes and Pigments2016, 134, 541–

552,https://doi.org/10.1016/j.dyepig.2016.08.019. 

89. Norman, M.; Bartczak, P.; Zdarta, J.; Tomala, W.; Żurańska, 

B.; Dobrowolska, A.; Piasecki, A.; Czaczyk, K.; Ehrlich, H.; 

Jesionowski, T. Sodium copper chlorophyllin immobilization 

onto Hippospongia communis marine demosponge skeleton and 

its antibacterial activity. Int. J. Mol. Sci.2016, 17, 

1564,https://doi.org/10.3390/ijms17101564. 

90. Norman, M.; Zdarta, J.; Bartczak, P.; Piasecki, A.; Petrenko, 

I.; Ehrlich, H.; Jesionowski, T. Marine sponge skeleton 

photosensitized by copper phthalocyanine: a catalyst for 

Rhodamine B degradation. Open Chemistry2016, 14, 243–

254,https://doi.org/10.1515/chem-2016-0025. 

91. Norman, M.; Żółtowska–Aksamitowska, S.; Zgoła–

Grześkowiak, A.; Ehrlich, H.; Jesionowski, T. Iron(III) 

phthalocyanine supported on a spongin scaffold as an advanced 

photocatalyst in a highly efficient removal process of halophenols 

and bisphenol A. J. Haz. Mater.2018, 347, 78–

88,https://doi.org/10.1016/j.jhazmat.2017.12.055. 

92. García-Vilas, J.A.; Martínez-Poveda, B.; Quesada, A.R.; 

Medina, M.Á. Aeroplysinin-1, a Sponge-Derived Multi-Targeted 

Bioactive Marine Drug. Mar. Drugs2016, 14, 

1,https://doi.org/10.3390/md14010001. 

93. Bechmann, N.; Ehrlich, H.; Eisenhofer, G.; Ehrlich, A.; 

Meschke, S.; Ziegler, C.G.; Bornstein, S.R. Anti–tumorigenic and 

anti–metastatic activity of the sponge–derived marine drugs 

Aeroplysinin–1 and Isofistularin–3 against Pheochromocytoma in 

vitro. Mar. Drugs2018, 16, 

172.,https://doi.org/10.3390/md16050172 

94. Ehrlich, H.; Steck, E.; Ilan, M.; Maldonado, M.; Muricy, G.; 

Bavestrello, G.; Kljajic, Z.; Carballo, J.L.; Shiaparelli, S.; 

Ereskovsky, A.V.; Schupp, P.; Born, R.; Worch, H.; Bazhenov, 

V.V.; Kurek, D.; Varlamow, V.; Vyalikh, D.; Kummer, K.; 

Sivkov, V.V.; Molodtsov, S.L.; Meissner, H.; Richter, G.; 

Hunoldt, S.; Kammer, M.; Paasch, S.; Krasokhin, V.; Patzke, G.; 

Brunner, E.; Richter, W. Three dimensional chitin–based 

scaffolds from Verongida sponges (Demospongiae: Porifera). 

Part II. Biomimetic potential and applications. Int. J. Biol. 

Macromol.2010, 47, 141–147. 

https://doi.org/10.1016/j.ijbiomac.2010.05.009. 

95. Ehrlich, H.; Maldonado, M.; Parker, A.R.; Kulchin, Y.N.; 

Schilling, J.; Köhler, B.; Skrzypczak, U.; Simon, P.; Reiswig, 

H.M.; Tsurkan, M.V.; Brunner, E.; Voznesenskiy, S.S.; 

Bezverbny, A.V.; Golik, S.S.; Nagorny, I.G.; Vyalikh, D.V.; 

Makarova, A.A.; Molodtsov, S.L.; Kummer, K.; Mertig, M.; 

Erler, C.; Kurek, D.V.; Bazhenov, V.V.; Natalio, F.; Kovalev, 

A.E.; Gorb, S.N.; Stelling, A.L.; Heitmann, J.; Born, R.; Meyer, 

D.C.; Tabachnick, K.R. Supercontinuum Generation in Naturally 

Occurring Glass Sponges Spicules.Adv. Optic. Mater.2016, 4, 

1608–1613,https://doi.org/10.1002/adom.201600454. 

96. Ehrlich, H. Biomimetic potential of chitin–based composite 

biomaterials of poriferan origin. In:Biomimetic Biomaterials: 

Structure and Applications. Ruys, A.J. Ed. Woodhead Publishing: 

Cambridge, 2013; pp. 47–

67,https://doi.org/10.1533/9780857098887.1.46. 

97. Wysokowski, M.; Piasecki, A.; Bazhenov, V.V.; Paukszta, D.; 

Born, R.; Schupp, P.; Petrenko, I.; Jesionowski, T. Poriferan 

Chitin as the Scaffold for Nanosilica Deposition under 

Hydrothermal Synthesis Conditions. J. Chitin Chitosan Sci.2013, 

1, 26–33,https://doi.org/10.1166/jcc.2013.1009. 

98. Ehrlich, H. Extreme Biomimetics. Springer International 

Publishing: Cham, 2017; pp. 276,https://doi.org/10.1007/978-3-

319-45340-8. 

99. Rohde, S.; Schupp, P.J. Growth and regeneration of the 

elephant ear sponge Ianthella basta (Porifera). 

Hydrobiologia2012, 687, 219–

226,https://doi.org/10.1007/s10750-011-0774-5. 

100. Pigatto, G.; Lodi, A.; Finocchio, E.; Palma, M.S.A.; 

Converti, A. Chitin as biosorbent for phenol removal from 

aqueous solution: Equilibrium, kinetic and thermodynamic 

studies. Chem. Eng. Process.2013, 70, 131–

139,https://doi.org/10.1016/j.cep.2013.04.009. 

101. Klapiszewski, Ł.; Wysokowski, M.; Majchrzak, I.; 

Szatkowski, T.; Nowacka, M.; Siwińska–Stefanska, K.; Szwarc–

Rzepka, K.; Bartczak, P.; Ehrlich, H.; Jesionowski, T. Preparation 

and characterization of multifunctional chitin/lignin materials. J. 

Nanomater.2013, 2013,https://doi.org/10.1155/2013/425726. 

102. Wysokowski, M.; Klapiszewski, Ł.; Moszyński, D.; 

Bartczak, P.; Szatkowski, T.; Majchrzak, I.; Siwińska-Stefańska, 

K.; Bazhenov, V.; Jesionowski, T. Modification of Chitin with 

Kraft Lignin and Development of New Biosorbents for Removal 

of Cadmium(II) and Nickel(II) Ions. Mar. Drugs2014, 12, 2245–

2268, https://doi.org/10.3390/md12042245. 

103. Anastopoulos, I; Bhatnagar, A; Bikiaris, D.N.; Kyzas, 

G.Z. Chitin Adsorbents for Toxic Metals: A Review. Int. J. Mol. 

Sci.2017, 18, 114,https://doi.org/10.3390/ijms18010114. 

104. Mabel, M.M.; Sundararaman, T.R.; Parthasarathy, N.; 

Rajkumar, J. Chitin Beads from Peneaus sp. Shells asa Biosorbent 

for Methylene Blue Dye Removal. Polish J. Environ. 

Stud.2019,28,2253–2259, https://doi.org/10.15244/pjoes/90359. 

105. Machałowski, T.; Wysokowski, M.; Petrenko, I.; Fursov, 

A.; Rahimi-Nasrabadi, M.; Amro, M.M.; Meissner, H.; Joseph, 

https://doi.org/10.1007/s12274-018-2008-x
https://doi.org/10.1126/sciadv.aax2805
https://doi.org/10.3390/catal7050147
https://doi.org/10.1016/j.scitotenv.2017.09.213
https://doi.org/10.1016/j.nbt.2018.05.1180
https://doi.org/10.1089/10763270360728062
https://doi.org/10.3390/ma8010096
https://doi.org/10.1016/j.dyepig.2016.08.019
https://doi.org/10.3390/ijms17101564
https://doi.org/10.1515/chem-2016-0025
https://doi.org/10.1016/j.jhazmat.2017.12.055
https://doi.org/10.3390/md14010001
https://doi.org/10.3390/md16050172
https://doi.org/10.1016/j.ijbiomac.2010.05.009
https://doi.org/10.1002/adom.201600454
https://doi.org/10.1533/9780857098887.1.46
https://doi.org/10.1166/jcc.2013.1009
https://doi.org/10.1007/978-3-319-45340-8
https://doi.org/10.1007/978-3-319-45340-8
https://doi.org/10.1007/s10750-011-0774-5
https://doi.org/10.1016/j.cep.2013.04.009
https://doi.org/10.1155/2013/425726
https://doi.org/10.3390/md12042245
https://doi.org/10.3390/ijms18010114
https://doi.org/10.15244/pjoes/90359


Iaroslav Petrenko, Yuliya Khrunyk, Alona Voronkina, Valentine Kovalchuk, Andriy Fursov,  

Dmitry Tsurkan, Vjatcheslav Ivanenko 

Page | 1014 

Y.; Fazilov, B.; Ehrlich, H.; Jesionowski, T. Naturally pre-

designed biomaterials: Spider molting cuticle as a functional 

crude oil sorbent. J. Environ. Manage 2020, 

261,https://doi.org/10.1016/j.jenvman.2020.110218. 

 

 

© 2020 by the authors. This article is an open access article distributed under the terms and conditions of the 

Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 

https://doi.org/10.1016/j.jenvman.2020.110218

