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Abstract: Thermostability is a crucial property of biological materials, especially in the case of their 

potential application in materials science, including such novel directions as Extreme Biomimetics. This 

approach includes research at high temperatures without destroying the 3D structure of selected 

biological materials that allow the development of novel nanostructured composites. Consequently, this 

article presents an overview of the characterization of such biomaterials as chitin, chitosan, spongin, 

collagen, keratin, silk, byssus, and conchiolin in the contest of their structure and thermostability with 

respect to future potential applications. The review also highlights the instrumental techniques used for 

thermal analysis of materials – thermogravimetric methods. The review covered the latest achievements 

in the issue of thermostability research of natural, renewable materials, and the information presented 

in this paper may be valuable in future practical studies.  
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1. Introduction 

A biomaterial is every material used to produce devices that substitute a part or function 

of the body in a secure, reliable, economical, and physiologically acceptable manner [1,2]. The 

definition of biomaterial is suggested by the European Society for Biomaterials Consensus 

Conference II: “A biomaterial is a material intended to interface with biological systems to 

evaluate, treat, augment or replace any tissue, organ or function of the body” [1,3]. The 

Clemson University Advisory Board for Biomaterials has identified a biomaterial as “a 

systemically and pharmacologically inert substance designed for implantation within or 

incorporation with living systems” [1,2,4]. Due to their wide application in medicine, 

biomaterials must be sterilizable and, consequently, thermostable [4–6]. The classification of 

biomaterials is shown in Figure 1.  

The purpose of sterilization is to get rid of all kinds of microorganisms that could cause 

infections. Several basic sterilization methods include gamma irradiation, steam, ethanol, or 

gas (ethylene oxide) sterilization. The method used depends on the type of material, as some 

materials may release toxic products during sterilization, e.g., some polymers such as 

polyacetal release toxic formaldehyde during gamma irradiation. Thermal analysis of materials 

also provides information on the sterilization method of such material, which can be used so as 

not to damage its structure [1–4,7–9].  
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Figure 1. Classification of biomaterials (according to [4]). 

Biological materials (i.e., bones, cellulose, spongin, collagen, silk, keratin, chitin, 

conchiolin, dentin) are produced only by biological systems [1]. There are several differences 

between biological materials and their artificial substitutes - biomaterials. Apart from the 

difference in the viability of biological materials, they are mostly immersed in body fluids. In 

addition, biological materials are considered nanostructured composites [1,2,4,10]. 

The rapid development of modern biomaterialogy is also due to sustainability, thanks 

to the use of naturally occurring and renewable biopolymers [1,6,11–16]. The renewable, 

structural biological materials discussed in this review, from the view of their thermostability, 

allow the use of naturally occurring biological structures to construct new composites to 

improve their physicochemical and material properties while maintaining their essential 

characteristics [17]. As a result, innovative materials are created with a number of potential 

applications, including bioinspired materials science [18] and extreme biomimetics [5,19,20]. 

According to the modern view [21], “Extreme biomimetics in materials science can be defined 

as the search for natural biomaterial sources outside the human comfort zone (temperature, 

toxicity, pH, salinity, pressure, etc.) for engineering inspiration to create inorganic-organic 

hybrid composites resembling their unique properties”. Thermostability of biological materials 

remains one of the key features for their future applications within the approach, which belong 

to extreme biomimetics and hydrothermal synthesis of hybrid composites. 

2. Thermogravimetric Analysis 

There are three most important techniques for thermal analysis of materials: Differential 

Scanning Calorimetry (DSC), Differential Thermal Analysis (DTA), and Thermogravimetry 

Analysis (TGA). The DSC measures the energy changes that occur when the sample is heated 

or cooled and the temperature at which these changes occur. This method is widely used to 

measure thermal stability, e.g., of polymers, drugs, glass, proteins, and other materials. DTA 

is a technique similar to DSC in which a test sample and a neutral reference sample are analyzed 

in the same thermal cycles. Then a graph is created containing the temperature difference as a 

function of time or temperature. This technique is most commonly used in the pharmaceutical, 

food, and environmental research industries [5,22–24]. TGA is the most commonly used 

method to analyze the thermal stability of materials. Currently, more modern methods of 

measuring the thermal stability of materials are also known, including Thermomechanical 

Analysis (TMA), Dynamic Mechanical Analysis (DMA), and Dielectric Analysis (DEA). 
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TMA measures the deformation of a material under a constant load as a function of temperature 

while the material is in a temperature-controlled program. Thanks to the DMA analysis, it is 

possible to determine the mechanical properties of the sample, e.g., the glass transition 

temperature of the material as a function of temperature and frequency simultaneously. With 

DEA, the capacity and conductivity of a material can be measured as a function of time (most 

commonly used for thermoplastics, thermosets, composites, adhesives, and coatings) [24]. By 

reviewing the thermal stability of several important and increasingly widely used materials, 

conclusions about their resistance at various temperatures and the range of possible 

applications can be drawn, including biomedical and industrial ones. 

TGA analysis is extremely useful for examining polymeric materials, composites and 

fibers. It provides information on the loss of the sample mass as a function of temperature or 

time increase. Thanks to this, it is possible to easily determine the thermal stability of the 

material, i.e., the maximum temperature at which a given material can be used and oxidative 

stability (rate of oxygen absorption on the material) [5,24–27]. Knowledge of thermostability 

and degradation kinetics is useful for planning and optimizing diverse industrial processes 

[24,28]. The change in sample weight results from thermal decomposition and the emission of 

gaseous products such as water and carbon dioxide. Sublimation or oxidation processes also 

take place. The main advantages of TGA are short analysis time and its simplicity, a small 

amount of sample needed to perform the analysis, and control over the course of the analysis 

throughout its duration. TGA analysis is performed using a thermogravimeter whose structure 

is shown in Figure 2.  

 
Figure 2. Schematic diagram of a thermogravimeter [5]. Reprinted by permission from [Springer Nature 

Customer Service Centre GmbH]: Springer Nature [Extreme biomimetics] (Editor: Hermann Ehrlich) [Chapter 

7: Thermogravimetric Analysis of Sponge Chitins in Thermooxidative Conditions] by Dawid Stawski 

[COPYRIGHT] (2017). 

The sample is placed in an oven connected to a thermobalance, and heating to the 

required temperature is started (measured with a thermocouple). The sample is placed in an 

appropriate holder made of aluminum or platinum (material that is thermostable and non-

reactive under the TGA analysis conditions), which ensures that the entire sample is heated 

under the same conditions. The analysis may be carried out under an inert atmosphere, e.g., 

nitrogen or argon, or in an oxidizing atmosphere (oxygen). The rate of decomposition depends 

on the rate of heating (the faster the heating, the higher the decomposition temperature – 10 
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oC/min is often used). The sample mass is then plotted against temperature or time using 

appropriate software [5,23,27]. 

3. Thermostability of Selected Biological Materials 

3.1. Cellulose. 

Cellulose is a natural biopolymer that belongs to structural polysaccharides made of   

D-glucose molecules linked by glycosidic bonds. It is found in the cell walls of plants and some 

algae, fungi, and bacteria. The properties of native cellulose mainly depend on the isolation 

process, the number of hydrogen bonds, chain length, crystallinity, and the distribution of 

functional groups in the chain - all these parameters give cellulose many unique properties 

[29,30]. Cellulose has many practical applications: cellulose-based paper is used as electrical 

insulation in cables and transformers. Cellulose esters are used in partition membrane materials 

[31,32]. This biopolymer is also of great importance in the textile industry - cotton used to 

make clothes consists of about 94 % cellulose [33]. In turn, bacterial cellulose (obtained from 

microorganisms, e.g., Gram-negative species of the genus Gluconacetobacter, Sarcina, 

Azobacter Achromobacter, Aerobacter, Salmonella, Rhizobium, Pseudomonas, and 

Alcaligenes), due to its biocompatibility, mechanical properties (resemble human tissues) and 

its microstructure, is used in biomedicine, regenerative medicine, and tissue engineering. In 

addition, bacterial cellulose is used in wound healing, as biosensors, and in the cosmetics 

industry. Despite the high production costs, bacterial cellulose is produced on an industrial 

scale in accordance with the principles of green chemistry due to its unique properties and 

possible biomedical applications [34].  

Cellulose nanocrystals with unique physicochemical properties are extremely popular, 

and they occur naturally and do not need to be synthesized [35,36]. Cellulose nanocrystals 

modified with sulfates and crystallized with sulfuric acid show low thermal stability. Studies 

are available in the literature showing an easy method of sulfate removal and final treatment of 

the resulting powder, e.g., acid gelling, the use of ethanol as a solvent, or drying with 

supercritical carbon dioxide. As a result, the dispersibility of the nanocrystalline cellulose 

powder is restored, and thermal stability is improved. Such a powder is widely used in the 

production of nanocomposite materials, optoelectronics, tissue scaffolds, biosensors, energy 

storage devices, and catalysts [37].  

It has been shown that cellulose nanocrystals hydrolyzed with phosphoric acid have 

higher thermal stability than hydrolyzed with sulfuric acid. The density of the surface charge 

in the acid form determines the thermostability of the western processes of de-esterification 

and degradation. Sodium nanocrystals of cellulose do not influence thermostability, which is 

proved in the literature [38]. Microfibrillar cellulose fibers are the most thermostable, despite 

the presence of many amorphous regions. On the other hand, acidic cellulose nanocrystals 

containing sulfates on the surface undergo degradation already at a temperature below 200 oC, 

while cellulose nanocrystals neutralized with sodium ions have higher thermal stability, up to 

about 300 oC [30]. The thermal stability of cellulose nanocrystals is very close to that of 

cellulose, which is well described in the literature [35,36]. Cellulose has a fairly high 

thermostability due to its crystallinity and a closed structure that hinders the heat flow caused 

by the high energy of hydrogen bonds. Higher extractive content results in lower cellulose 

crystallinity and smaller crystallite size. This leads to faster thermal degradation and lowers the 

thermal stability of lignocellulosic fibers, as confirmed in the available literature. Due to the 
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use of methods that allow the identification of the structure and size of crystallites in advance 

(FT-IR, XRD), it is possible to increase the thermal stability of the obtained composites [29]. 

Natural fiber reinforced nanocellulose is used in the production of thermoplastic composites. 

The physicochemical and thermal properties of nanocellulose are affected by crystallinity, 

which depends mainly on the source and method of cellulose treatment. Moreover, the degree 

of polymerization and the drying method affect the thermal degradation of cellulose samples 

[38,39]. A commonly used reaction is the oxidation of cellulose because the products of this 

process are of great importance in pharmacy, biomedicine, food and cosmetic industries, and 

polymer composites. The carboxyl and aldehyde groups present in cellulose greatly influence 

its thermal stability. According to the literature, 2,3-dialdehyde cellulose is the most 

thermostable. Reducing carboxyl groups located at the end of the polymer chain have a strong 

destabilizing effect on the thermal stability (the carboxyl group in the C6 position of cellulose 

reduces the thermal stability of the oxidized cellulose products). The difference in the thermal 

stability of these products is great since the cellulose-containing the C6 carboxyl groups begin 

to decompose at 172 °C, while the 2,3-dialdehyde cellulose only at 308 °C. To obtain the 

cellulosic material with the best thermostability, no carboxyl groups must be present at the C6 

position in the polymer chain, and their presence as reducing end groups must be obscured 

[40]. 

Thermogravimetric tests of cellulose are of great practical importance because, thanks 

to them, it is possible to determine the service life of insulation and membrane systems to 

produce energy from biomass and chemical agents that reduce the flammability of cellulose 

fibers [25,32]. Thermal degradation of cellulose and its compounds in nitrogen consists of a 

series of reactions, such as dehydration and pyrolysis of the cellulose skeleton. Below 300 °C, 

decomposition of glycosyl units occurs due to the loss of water, carbon dioxide, and carbon 

monoxide. Between 300 and 600 °C cellulose is depolymerized [25,31,33,35,41,42]. At 400 

°C, about 90 % of the cellulose is degraded, and the decomposition of the entire sample takes 

place at about 700 °C. Nitro and sulfate groups favor faster degradation of cellulose, while 

acetate groups significantly improve the thermal stability of cellulose. The thermal 

decomposition of cellulose in the air atmosphere takes place much faster because the oxygen 

present in the air acts as a catalyst accelerating the decomposition of cellulose. Therefore, an 

increase in the oxygen content reduces the thermal stability of cellulose [32,43,44]. The 

comparison of temperatures for individual stages of thermal decomposition of cellulose in 

nitrogen and air atmosphere is presented in Table 1. 

Table 1. The comparison of temperatures for individual stages of thermal decomposition of cellulose in nitrogen 

and air atmosphere (based on [25,32,42]). 

 In nitrogen In air 

Dehydration below 100 oC below 100 oC 

Pyrolisis of the skeleton 400 oC 360 oC 

Oxygen catalysis  475 oC 

Complete degradation 700 oC 670 oC 

 

Comparing natural and regenerated cellulose fabrics, it can be noticed that regenerated 

fabrics, e.g., viscose, are subject to thermal degradation faster due to the lower degree of 

polymerization. On the other hand, natural fabrics, such as linen or cotton, are more 

thermostable [33]. To improve the mechanical and thermal properties of bacterial cellulose to 

make composites for biomedical applications, collagen has been used and described in the 

literature. As a result of mixing BC in the form of films or powder with a collagen solution and 
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subsequent freeze-drying, a product with much better thermostability is obtained, while as a 

result of mixing with collagen gel, composites with unique properties are obtained. These 

studies proved that collagen has a positive effect on microbial cellulose's thermal stability and 

mechanical characteristics. Bacterial cellulose is degraded in the range of  250-350 °C, while 

BC modified with collagen solution is the most thermostable - its degradation takes place in 

the range of 275-400 °C (only 25 % of the sample weight is lost at temperatures up to 400 °C) 

[45]. The high thermal stability of cellulose and many known methods of its improvement 

make this biopolymer used as insulation paper in power transformers and is a big competition 

for low-ecological plastics. In order to improve the thermal stability of cellulose, the 

cyanoethylation reaction is most often used to replace some of the hydroxyl groups with more 

stable ones and less prone to thermal degradation. During the degradation of cellulose modified 

in this way, less water is also produced, promoting degradation, and accelerating the hydrolysis 

reaction. Replacing polar groups with nonpolar ones deteriorates the mechanical properties. To 

avoid this, nitrogen-containing additives are used, e.g., urea, dicyandiamide, and 

polyacrylamide. The basic additives neutralize the carboxylic acids formed during the 

degradation, remove the formed water molecules and ensure the stabilization of the reducing 

end groups. The only drawback of such additives is the formation of toxic and corrosive 

ammonia [46]. 

3.2. Chitin. 

Chitin is a naturally occurring structural polysaccharide composed of                                   

N-acetyl-D-glucosamine units [47]. Chitin differs from cellulose by using an acetamide group 

instead of a hydroxyl group at the C2 position of the glucose unit [26,48–50]. It has a highly 

ordered crystal structure [51], making it necessary to use methods that lower the crystallinity 

to synthesize its derivatives, e.g., gamma radiation and ultrasound. As a template for skeleton’s 

rigidification and biomineralization [52,53], chitin has been found in diverse species of yeast, 

fungi, and diatoms [54], as well in the exoskeletons of corals [55,56], marine and fresh water 

sponges (Figure 3) [57–61], as well as in all arthropods [62,63]. Unfortunately, in the case of 

marine crustaceans, chitin is one of the main pollutants in coastal areas. β-chitin obtained from 

squid is more reactive and more soluble than α-chitin obtained from shrimps and crabs due to 

weaker intermolecular hydrogen bonds. It is much easier to deacetylate to form more useful 

chitosan [28,64,65]. 

 

 
Figure 3. SEM image representing the nanostructural organization of chitin isolated from Aplysina fistularis 

demosponge. 



https://doi.org/10.33263/LIANBS120.000 

https://nanobioletters.com/ 7 of 29 

 

Chitin and its derivatives are very important in materials science, materials engineering,  

agriculture, chemistry, biochemistry, food and feed additives, biomedicine, and environmental 

science [66]; therefore, the synthesis of derivatives of this polysaccharide is still on trend 

[26,64,65,67,68]. Currently, chitin is an alternative to plastics. Moreover, research is ongoing 

on naturally pre-structured chitin scaffolds obtained from sponges for their implementation in 

regenerative medicine or environmental science [66]. Due to the biodegradability, 

biocompatibility, and non-toxicity of chitin,       large-scale research is carried out on chitin in 

medical, pharmaceutical, cosmetic, and biotechnological products and as a drug carrier 

[5,48,50]. 

TG analysis of chitin shows that the weight loss takes place at a temperature of 260 oC 

due to cleavage of the C-O-C bonds in the polymer chains. At the temperature of 360 oC, most 

of the sample was degraded into a charred material residue [26,64,65,67]. The decomposition 

takes place in two stages. In the beginning, at a temperature of 50-140 oC, capillary water 

accumulated in the micropores of the material evaporates. The presence of micropores makes 

chitin hygroscopic like other natural polymers. In the second main step, at a temperature of 

320-410 oC, depolymerization, ring dehydration, and functional group decomposition take 

place [5,28,48,49,69]. At a temperature of 400 oC, 85 % of the sample decomposes. The main 

products of the thermal decomposition of chitin are acetamide and acetic acid [70]. The high 

temperature at which chitin decomposition begins is influenced by its crystal structure. 

Comparing all 3 chitin crystal structures, it can be seen that α-chitin has inter- as well as 

intramolecular hydrogen bonds, making it a rigid crystal structure, and its thermal 

decomposition takes place at the temperature of 330 oC.           β-chitin has weak intermolecular 

forces. Therefore, its decomposition temperature is the lowest and equals 230 oC. Gamma 

chitin has a parallel and antiparallel structure; therefore, its thermal degradation is between the 

peaks for α and β chitin (around 310 oC) [26,50]. TGA evaluation of chitins from various 

sources in thermo oxidative conditions is shown in Figure 4.  

In the literature [71,72], there are also studies of chitin thermostability, in which various 

mathematical models were used, e.g., the iso-conversional procedure of Kissinger – Akahira - 

Sunose (KAS), which is recommended by the ICTAC committee. The KAS model is used in 

non - isothermal experiments. According to it, the heating rate does not affect the reaction 

mechanism for the adopted degree of conversion α. Kissinger – Akahira – Sunose proposed a 

new linear equation (1): 

ln (
𝑞

𝑇2
) = 𝑙𝑛 [

𝐴𝑅

𝑔(𝛼)𝐸
] −

𝐸

𝑅𝑇
          (1) 

q- linear constant heating rate 

T – temperature 

A – preexponential factor 

E – activation energy 

g(α) – reaction model 

For each conversion rate, if the reaction model is known, a line plot ln(q/T2) versus 1/T 

can be plotted, and E and ln[AR/g(α)E] can be determined from the slope and intersection, 

which allows us to calculate the factor A [71-73]. This model also allows for predicting 

lifetimes and preservation of the activation energy of degradation processes when the reaction 

model is unknown [72,73].  

The first degree of chitin degradation at around 100 °C is related to the vaporization of 

absorbed water. The second stage of decomposition takes place in the range of 235-510 °C and 
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is related to the evaporation and combustion of volatile compounds. As a result of the pyrolysis 

of the polysaccharide, acetic and butyric acid and other C2, C3, and C6 fatty acids are formed. 

At temperatures above 380 °C, the degradation mechanism is likely to change (the g(α)-

function will also change), evidenced by two exothermic peaks. The first (up to 380 °C) is 

associated with the depolymerization of chitin and the formation of volatile products that burn 

in an oxidizing atmosphere. In comparison, the second (around 453 °C) is associated with the 

degradation of the formed char [71,72]. 

 
Figure 4. TGA curves of α-chitins (thermo oxidative conditions) [5]. Reprinted by permission from [Springer 

Nature Customer Service Centre GmbH]: Springer Nature [Extreme biomimetics] (Editor: Hermann Ehrlich) 

[Chapter 7: Thermogravimetric Analysis of Sponge Chitins in Thermooxidative Conditions] by Dawid Stawski 

[COPYRIGHT] (2017). 

Due to its thermostability [74], recently, chitin has found applications within extreme 

biomimetics approaches. Biomimetic synthesis offers great opportunities for the development 

of many innovative biomaterials with unique properties for their implementation in tissue 

engineering, biomedicine, catalysis, electronics, etc. [75], e.g., the use of marine sponge α-

chitin scaffolds as a matrix for the production of zirconium dioxide nanophase from ammonium 

zirconium (IV) carbonate using hydrothermal synthesis under extreme conditions (150 oC) in 

order to use the resulting composites for bone and tooth repair and in catalysis    [75–77]; the 

use of β-chitin scaffolds obtained from marine cephalopods as matrices for the production of 

zinc oxide by the hydrothermal method at a temperature of 70 oC in order to use the resulting 

composites in dressing materials due to their antibacterial properties [72,75]; the use of α-chitin 

scaffolds in the synthesis of chitin - silicon composite materials because of chitin silicification 

at 120 oC for their use in tissue engineering and for the supply of medication [75,79,80]. Chitin 

of poriferan origin has been used as a template for producing 3D chitin-Fe2O3 composites by 

hydrothermal synthesis at 90 oC and pH 1,5 for their use in electrochemical capacitors [81]. 

Also, chitin of poriferan origin was used for the hydrothermal synthesis of chitin - germanium 

oxide nanocomposite at 185 oC, which exhibits specific physical properties, such as a strong 

enhancement of photoluminescence [82]. Recently, the production of multiphase structural 

materials based on sponge chitin (chitin-(Ti/Zr)O2) under hydrothermal conditions (160 oC), 

which show photoluminescent and photocatalytic properties, has been reported, too [80,83]. 

The available scientific research shows great opportunities for the development of chitinous 

materials due to their resistance during hydrothermal processes. Microscopic studies show that 

chitin and fungi with chitin cell walls do not degrade even at temperatures above 200 oC. Only 
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placing a sample of chitin or fungi with chitin cell walls in supercritical water  (p = 25 MPa) 

and heating it above 380 oC caused chitin degradation [73]. Wysokowski and co-workers [84] 

reported the deposition of calcium carbonate on matrices derived from marine sponges of 

Verongiida order due to biomineralization using the hemolymph of mollusks (e.g., snails) for 

the use of the obtained products in tissue engineering. 

Chitin-based 3D composite materials with metallic or oxide structures on the surface 

can also be produced by alternative methods such as electrochemical deposition and coating. 

Bioelectrometallurgy is one of the directions of extreme biomimetics. Using this approach, 

chitin can be metalized with copper and copper oxide at room temperature [85]. One of the 

new methods of isolating chitin from the sponge skeleton is microwave irradiation with 

following treatment with sodium hydroxide, acetic acid, and hydrogen peroxide. As a result of 

this treatment, chitin was not deacetylated to chitosan, and its structure was not destroyed. 

Moreover, all the properties necessary for the use of such ready–to–use 3D scaffolds in 

biomedicine are retained. Thanks to this method, it is possible to simultaneously produce 

naturally pre - fabricated 3D composites containing chitin as well as bioactive bromotyrosines 

[58,86]. Microwave-assisted demineralization allows the quick extraction of chitin without the 

use of aggressive chemicals (ready–to–use 3D chitin scaffolds are created in order to apply 

them in biomedicine and technology) [87]. 

3.3. Chitosan. 

Chitosan is a biopolymer obtained by deacetylating chitin in an alkaline environment 

[88]. It remains to be in the focus of intensive investigations due to diverse structural and 

physicochemical features as well as biodegradability, biocompatibility, anti-inflammatory, 

antimicrobial, antifungal, antioxidant, anticancer and wound healing properties [89]. It is a 

hydrophilic cationic polymer due to the presence of polar groups. Because of the fact that 

chitosan is also a structural polysaccharide, large amounts of carbon residues are formed as a 

result of its thermal decomposition [90–92]. As a result of incomplete chitin deacetylation    

(70-80 %), chitosans can be obtained. Due to their properties, which depend on the degree of 

deacetylation and crystallinity, they are widely used in industry, agriculture, and medicine, as 

well as in biocatalysis and drug delivery, mainly due to their cationic nature [28,89,91,82]. A 

large number of hydrophilic groups and chemically active amino groups, as well as the 

flexibility of the polymer chain, make chitosans able to coordinate metal ions. In addition, they 

are easy to obtain from renewable and natural sources, so they are used for wastewater 

treatment (also for removing metal ions from wastewater) [49,93]. Using the thermal analysis 

of chitosan [94], it is possible to predict the range of applications of this biomaterial, e.g., the 

thermal behavior of biosorbents in the process of disposal of heavy metals from sewage 

[28,82]. Due to the presence of amino groups, chitosan is considered to be the most promising 

N-doped carbon precursor for energy applications [95]. 

The thermal stability of chitosan has been the focus of several reports [96–99]. DSC 

and TGA analysis of chitosan show 3 stages of thermal degradation of this material. The first 

takes place at a temperature of 30-150 oC and concerns the evaporation of adsorbed water. 

Then, in the range of 100-170 oC, strongly bound water molecules are released [90]. In the third 

stage, the degradation of chitosan occurs in the temperature interval 230-400 oC - there is 

thermal degradation of the polymer chain and evaporation of volatile components [90–

93,95,100,101]. At the temperature of 750 oC, most of the sample is degraded. Water, carbon 

monoxide, carbon dioxide, ammonia, and acetic acid are released during thermal 
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decomposition. At temperatures above 450 oC, methane is released [95,102]. An analysis 

conducted in the air atmosphere provides additional information. Water evaporation takes place 

here already below 50 oC, while the second and third decomposition stages are similar to those 

taking place in an inert atmosphere. The greatest difference is above 400 oC, where the fourth 

stage of degradation is visible (in the air atmosphere). Strong oxidation takes place here, 

followed by thermal decomposition of the oxidized chitosan. This significantly increases the 

degradation efficiency, as only 4 % of carbon residues remain at the temperature of 600 oC. As 

much as 35 % of the sample remained in the analysis under a nitrogen atmosphere [90,91]. The 

comparison of temperatures for individual stages of thermal degradation of chitosan in air and 

nitrogen atmosphere is presented in Table 2. Comparing the thermal degradation paths of 

chitosan and its precursor - chitin, it can be seen that the thermal stability of chitosan is lower. 

This is due to the high degree of deacetylation of chitosan, which also reduces its crystal order 

[28,49].  

Table 2. The comparison of temperatures for individual stages of thermal degradation of chitosan in air and 

nitrogen atmosphere (based on [90–93,95,100,101]). 

 In nitrogen In air 

I step below 100 oC below 50 oC 

II step 100-170 oC about 180 oC 

III step 230-400 oC 220-360 oC 

IV step  above 400 oC 

The thermal stability of chitosan opens the key way to its applications in a broad variety 

of hydrothermal reactions [103]. Also, chitosan-assisted hydrothermal synthesis of diverse 

nanostructured composite materials has been reported [104–109]. 

3.4. Spongin.  

Spongin is a structural, fibrous biopolymer of poriferan origin (mostly bath sponges) 

similar to collagen and keratin. It occurs as the backbone of some marine sponges and is 

thermostable to around 300 oC [110,111]. The literature shows that spongin is not a pure protein 

but a biocomposite that also contains xylose, mineral phases, collagen structures, and halogens 

(I, Br) [5,21]. Its chemical and thermal properties are similar to keratin, e.g., it is resistant to 

gentle hydrolysis and enzymatic treatment [112,113]. There are comparisons of the structure 

and chemical composition of keratinized fibers of sponges for silk in the literature. The 

difference is that the spongin contains iodine, making it useful in pharmacology. The chemical 

formula for spongin has even been proposed: 20 (C39H62N12O17) + I2S3P10. The presence of 

halogens in the composition of the spongin makes it highly resistant to enzymatic treatment 

[114]. It is used in extreme biomimetics as a renewable biomaterial with a natural 3D scaffold 

architecture. Its use in the immobilization of enzymes, biomedicine, and tissue engineering is 

also well recognized today [5,80,110,114–116]. An example is the recently reported 

development of a new 3D          spongin - atacamite composite material, which is used in the 

construction of sensors, catalysts, and antibacterial filters [21]. Spongin is also used as a 

support for the immobilization of dyes (studies available in the literature confirm that this 

biomaterial is a good catalyst carrier) [115]. Sponge skeletons are also valued for their unique 

mechanical properties, i.e., porosity, flexibility, compressibility, absorbency, and durability of 

the 3D structure [113,115]. The properties and thermostability of spongin open up many new 

possibilities for developing new composite materials with the use of hydrothermal synthesis. 

The materials obtained in this way have a hierarchical and nano-structured organization and a 
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3D architecture on macro - levels and micro - levels. 3D scaffold (Figure 5) is isolated from 

marine demosponges, such as Hippospongia communis - their marine farming is found all over 

the world [111,112,114,117]. The spongin's particularly noteworthy properties are nanofibers' 

hierarchical structure and the triple helix's collagen structure - all these features are retained 

even after pyrolysis up to 1200 oC [19,80].  

 
Figure 5. Spongin-based 3D scaffold isolated from H. communis demosponge. 

The literature provides research on the transformation of a sponge skeleton into carbon 

at high temperatures without destroying its structure - as a result of the appearance of 

nanopores, the specific surface of the carbon increases, which favors its further processing 

towards using it as a catalyst [19,112,118]. In order to ensure optimal carbonization conditions, 

it is necessary to know the kinetics of the thermal decomposition of the spongin. Moreover, the 

available research proves that the heat treatment temperature increases the structure of the 

obtained carbon materials [118]. There are also studies on the carbonization of the sponge 

skeleton at a temperature of 1200 oC, resulting in a 3D turbostratic graphite that retains all the 

nanostructural features characteristic of the collagen triple helix. Then the resulting composite 

is galvanized with copper to obtain a hybrid (Cu/Cu2O) with unique catalytic properties, i.e., 

reduction of p-nitrophenol in an aqueous medium. This example shows the potential of extreme 

biomimetics in the progress of new composite materials. The copper hybrid obtained here is 

used in environmental protection [19]. 

 The use of sponge skeletons to immobilize enzymes, including laccase, is also of 

scientific interest. Such systems are used to degrade hazardous compounds: bisphenol A, 

bisphenol F, and bisphenol S. As a result, phenolic impurities can be removed from wastewater 

using environmentally friendly methods. Due to the immobilization of laccase, the possibility 

of its reuse has been increased [119,120]. Sponge scaffolds also adsorb dyes, e.g., 

anthocyanins. The resulting hybrid material shows antioxidant properties and is able to remove 

up to 95 % of free radicals from the solution, which has been proven in the literature. Such a 

material shows much better thermostability than the dye itself [121]. Another natural dye that 

adsorbs on the spongin-based skeletons of demosponges is carmine (cochineal). Like other 

dyes, adsorption causes electrostatic interactions and hydrogen bonds between the dye and the 

sponge skeleton - it makes the thermostability of hybrid materials better than pure spongin. 

Such hybrid material finds application in drug delivery systems [117]. There are also studies 
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available in the literature on the adsorption of sodium - copper chlorophyllin on the 

demosponge sponginess skeleton - such a hybrid material has an antibacterial effect against 

Gram-positive bacteria. The TG analysis of such a hybrid material shows that the greater the 

amount of adsorbed chlorophyllin, the better the thermal stability of the material (the 

thermostability of the hybrid is better than that of pure spongin) [116].  

In modern materials science, nanostructured composites are obtained using extreme 

biomimetics, e.g., a MnO2-based composite made with a carbonized spongin. Such a composite 

has much better electrochemical properties than manganese dioxide, due to which it is used in 

the storage and processing of energy from renewable sources [113,122]. In this way, a magnetic 

3D sponge scaffold with Fe3O4 nanocores was also obtained [110]. This composite has been 

used to remove cationic dyes, i.e., crystal violet and methylene blue, proving that it has good 

absorption capacity. As a result, it can be used for wastewater treatment as an ecological 

adsorbent and drug delivery. 

Moreover, the magnetic composite exhibits much better thermal stability than pure 

spongin [110]. A hematite-based composite can also be obtained from spongin by hydrothermal 

synthesis commonly used in extreme biomimetics. Such a hematite-spongin composite has 

been used as an anode material in capacitors because it positively affects the capacity of energy 

stores and its thermal stability is comparable to pure spongin. Another important application of 

sponge scaffolds is biocatalysis, e.g., during the transesterification of canola oil using methanol 

in the production of biofuels. For this purpose, lipase B is immobilized on 3D sponge scaffolds. 

As a result, lipase has better thermal and chemical stability. Its catalytic activity is maintained 

in a wide range of temperatures and pH, and it is possible to use it multiple times [123]. The 

above examples show that spongin, because of its high thermal stability, can be used to produce 

new composite materials with unique properties for use in biomedicine, electronics, 

biotechnology, catalysis, and nanotechnology [113,124]. 

Studies of spongin structures isolated from diverse marine sponges are available in the 

literature. Such biomaterials are used to produce 2D films for wound dressings and tissue 

regeneration. This is mainly due to high mechanical and thermal resistance, biocompatibility, 

and antioxidant properties [125]. 

From the analysis of the thermal degradation of spongin, the first degree of weight loss 

can be seen at 80-150 oC. It is caused by the evaporation of water from the sponge skeleton. 

The second degree of degradation occurs in the range of 200-420 oC and is associated with the 

degradation of the protein matrix - breaking of peptide bonds and thermal degradation of 

disulfide bridges and hydrogen bonds [111,112,117,118,126]. At a temperature of 1000 oC, the 

spongin sample is about 77 % degraded [108,114]. During thermal degradation of spongin, 

many gaseous products are formed, e.g., water, carbon dioxide, ammonia, nitrogen oxides, 

sulfur dioxide, hydrogen sulfide, and short-chain alkenes [118]. The literature also provides 

tests of the thermal stability of spongin-based materials, e.g., materials functionalized with 

silver or cobalt groups. As a result of the control of the thermal movement of the biopolymer 

matrix, they significantly increase the thermal stability of the material compared to pure 

spongin [112]. 

3.5. Collagen. 

Collagen is a structural protein with alternating hydrophilic and hydrophobic zones in 

the polypeptide chain and creates a triple helix structure [127,128]. Collagen is the main 

component of the skin; it is also found in connective tissue, where its fibrous structure protects 
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against mechanical damage. It also plays a crucial role in the biomineralization of both 

vertebrates [6,129,130] and invertebrates [4,131,132]. Currently, this biopolymer is widely 

used in medicine, the cosmetics industry, and the production of leather and fur products 

[127,133]. Due to its very good biocompatibility, collagen is used in tissue engineering [134] 

after modification to improve its physicochemical properties - unprocessed collagen has low 

stability and poor mechanical strength [133,135–137]. The most common form of collagen is 

collagen I, used mainly in the pharmaceutical, food, and biomedicine industries. It has very 

good mechanical properties but is easily subject to thermal degradation, limiting its possible 

applications [138]. 

The thermal stability of collagen depends on the source from which it was obtained. 

Collagen isolated from fish has lower thermostability than mammalian collagen, which limits 

its use and may be related to the living environment and the content of imino acids, i.e., proline 

and hydroxyproline. Collagen thermostability varies between 15 °C and 40 °C depending on 

its source [137]. Collagen is another natural biopolymer with great potential for biomedical 

applications as a biomaterial, which is why many studies are conducted on its chemical 

modification to improve its low thermal stability [138–140], limiting its use. Native collagen 

is poorly soluble in water. Therefore, modifiers are used to lower the isoelectric point. Also, its 

denaturation takes place at a temperature below 40 °C. Therefore, in order to increase its 

thermostability, physical modifications are made, e.g., UV radiation, and chemical 

modifications, e.g., glutaraldehyde, formaldehyde, hexamethylene diisocyanate [141]. The low 

thermostability of collagen is an obstacle in using this biopolymer, e.g., for the manufacture of 

packages in the food sector. Studies aimed at improving collagen's thermal stability and 

mechanical properties are available in the literature. For this purpose, collagen cross-linking is 

carried out with proteins of high thermostability, i.e., casein, keratin, and soy protein isolate. 

The obtained protein complexes show better thermal stability, tensile strength, and elongation 

at break. The best effect was obtained with casein after collagen cross-linking with the use of 

transglutaminase as the catalyst of the reaction. In the case of collagen, the peak temperature 

is 82 °C, and the collagen-casein complex cross-linked with transglutamate increased to 130 

°C [138].  

Depending on the source, collagen differs in molecular weight and the temperature at 

which individual stages of thermal degradation occur (it differs in thermostability). However, 

for all samples, there are 3 stages of thermal decomposition. The hydrogen bonds are broken 

in the first one, and the water evaporates. In the second stage, the weight loss of the sample is 

significant. It results from breaking the bonds in collagen, decarboxylation, and the formation 

of gaseous decomposition products, i.e., carbon dioxide, carbon monoxide, ammonia 

[127,135,137,142]. In the third stage, almost complete degradation of the sample occurs - at a 

temperature of         800 °C, over 97 % of the sample is degraded [127,143]. Table 3 shows the 

temperatures at which the greatest weight loss occurs during the various steps of thermal 

degradation using the example of native collagen.  

Table 3. Temperatures at which maximum weight losses occurred in air atmosphere for native collagen (based 

on [143]). 

 Temperature 

I step 111 oC 

II step 308 oC 

III step 570 oC 
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3.6. Keratin. 

Keratin is a structural protein that occurs naturally in hair, feathers, wool, and nails. 

Keratin is produced by the epidermis cells and protects the skin [144]. Keratin is also found in 

diverse marine organisms. Intermediate fibers are a component of the cytoskeleton and are the 

fibrous components of α-keratins, e.g., skin, hair, and nails, but are also found in living cells. 

From intermediate fibers, animals construct many different biomaterials with unique 

mechanical properties. These fibers are distributed mainly inside the cells, but in hagfish, they 

are secreted as mucus in stressful situations [145]. This biopolymer has very good mechanical 

properties because of the high degree of disulfide cross-links, hydrogen bonds, and 

hydrophobic effects [146–148]. The presence of disulfide bridges between cysteine residues 

contributes to the high thermostability of keratin [147,149,150]. The temperatures of keratin 

denaturation vary slightly depending on its source [151]. Still, the keratin found in the hair is 

the most persistent because its non-helical domains contain the most cysteine residues [5]. 

Keratin-based materials can be used in biomedicine, biotechnology, and tissue engineering due 

to their biodegradability and biocompatibility [152,153]. Keratin does not dissolve in water, 

but as a result of the research carried out, it was found that it dissolves well in ionic liquids. 

The use of keratin is becoming more and more common due to the development of efficient 

keratin extraction methods that do not cause significant deformation of the secondary structure 

of this fibrous protein [148,154]. 

There are three main stages in the thermal decomposition of keratin, in which there is 

a significant loss of mass of the sample. The first takes place at a temperature below 200 °C 

and is caused by the vaporization of water. The next stage takes place in the range of 200-400 

°C and is caused by the degradation of organized structures, and keratin matrix - volatile 

compounds such as carbon monoxide, carbon dioxide, ammonia, hydrogen sulfide, sulfur 

dioxide, methane, and hydrogen cyanide are released (sulfur compounds are released due to 

cleavage of the disulfide bond of the cysteine residue) [144,146,148,149,155–158]. The third 

step is in the range of 410-650 °C, and the total weight loss of the sample after this step is 95,5 

% [144]. The DCS analysis available in the literature shows that the temperature range over 

which cysteine degradation occurs is consistent with the temperature range over which the 

crystal transition (melting) occurs. These two processes are related to each other because 

cysteine residues greatly influence the thermostability of the keratin fibers. Breaking the 

disulfide bonds makes the fibers more susceptible to heat and weakens the conformation of the 

protein, leading to partial melting [159]. The high thermal stability of keratin compared to other 

biopolymers, e.g., collagen is a great advantage - it allows the creation of new materials with 

several different industrial and biomedical applications [150]. The literature presents studies of 

the thermal stability of feather keratin to produce new thermosetting composites based on spun-

bonded nonwovens with the addition of feather keratin. Studies have shown that nonwoven 

based on polylactide/chicken feathers exhibit much greater tensile strength and better thermal 

stability than keratin [148].  

3.7. Silk. 

Silk is a natural fibrous protein produced mostly by silkworms, scorpions, spiders, 

mites, and marine amphipods [160]. The silk fibers are composed of sub-fibers, the core of 

which is fibroin. Silk fibers mainly consist of fibroin and sericin - a protein referred to as glue, 

and are stable up to around 140 °C. Sericin-containing silk exists as a random coil or as an α-



https://doi.org/10.33263/LIANBS120.000 

https://nanobioletters.com/ 15 of 29 

 

helix structure, while silk without sericin appears as a β-sheet structure (the silk β-sheet 

structure is much more stable than the triple helix in collagen) [161,162]. Due to their 

properties, i.e., non-toxicity, biocompatibility, and biodegradability, silk-based materials can 

be used in biomedicine as medical materials, cosmetics, biotechnology, and food additives 

[163–165]. Silk fibers are also characterized by high strength and ductility due to the high-

order structure. In addition to natural silk, there are also materials based on regenerated silk, 

composite materials, and chemically synthesized artificial materials, e.g., by polymerization 

[166]. Studies of the influence of cosmic rays on the structure and stability of silk-based 

materials are available in the literature. They are very important in the context of designing a 

new generation of biomaterials used in the space environment. These studies showed that 15 

% of the surface was digested by ionizing molecules, e.g., atomic oxygen, and 80 % of the 

material was cross-linked with cosmic rays [162]. 

Spider silk is used in biomimetic research due to its many desirable characteristics 

[167,168]. As a result of the shrinkage of silk fibers, significant stresses are generated after 

wetting, which can be used in industry, mainly in robotics and various types of sensors [169]. 

Furthermore, through the chemical alteration of silk fibers, materials with better properties can 

be obtained [170], which will significantly expand the scope of their potential applications, 

e.g., the presence of siloxane bonds results in better thermal stability and resistance to oxidation 

and water resistance [171].  

The first stage of thermal decomposition of silk occurs at a temperature below 100 °C 

and is related to the vaporization of water [172–174]. The main stage of thermal degradation 

takes place in the range of 310-480 °C due to the breakdown of side-chain groups of silk fibroin. 

The last significant weight loss occurs in the range of 500-650 °C due to the breakdown of 

main chain groups of silk fibroin. In the literature, thermogravimetric tests of silk containing 

sericin and without this protein are available. It is worth noting that the sericin present in silk 

slightly reduces the thermal stability of silk [172,174–176]. At a temperature of 600 °C, about 

70 % of the sample is degraded [177]. Studies comparing the thermal decomposition of silk in 

nitrogen, air, and oxygen atmosphere are also available. 

The degradation of the sample in oxygen is the fastest, and in nitrogen - the slowest 

[178]. Thermogravimetric analysis of silk samples from outer space showed that their thermal 

stability decreased - at a temperature of up to 120 °C they lost about 40 % of their mass [162]. 

The literature also compares the thermal stability of silk obtained from various sources, e.g., 

cocoons and fibrous waste. These samples differ slightly in thermal properties, and additional 

treatment by annealing with water increased the glass transition temperature of the samples. 

The presence of a crystalline structure in the samples depends on the raw material and the 

treatment method. These studies are aimed at showing alternative methods of obtaining and 

processing silk in order to be able to control the structure and properties of the material [179]. 

The literature also describes the influence of water on the thermal stability of silk samples. 

Increasing the amount of water in the silk sample does not affect the material's thermal stability 

but increases the amount of free water that is removed at a lower temperature and lowers the 

glass transition temperature. Understanding the effect of water content on silk's thermal 

stability is critical to its use in construction materials [174]. The influence of temperature on 

conformational changes of both raw and processed silk fibers is also described in the literature. 

The elevated temperature causes the transition from the β-sheets structures to the β-turns. These 

tests aim to control the structure of the produced silk-based materials [180]. The available 

results of studies on the increase in crystallinity in silk fibroin are also interesting. This 
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biopolymer is obtained from silk fibrous waste (cheaply obtained from natural sources), which 

means that it contains a lot of amorphous structures that cause good water solubility, limiting 

its use in biomedicine. The research results prove that treatment in ethyl alcohol, especially in 

methyl alcohol, causes the growth of crystal structures in the sample, which creates favorable 

conditions for the use of this material in biomedicine. The increase in crystallinity also 

improves the material's thermal stability, causes an increase in the glass transition temperature, 

and decreases water absorption rates [181].  

3.8. Byssus. 

Byssus is a structural protein of molluscan origin whose fibers have an amino acid 

composition similar to collagen [182]. The polar or hydrophobic side chains of these amino 

acids are more elaborate than those of silk. It occurs in some mollusks, e.g., mussels. Byssus 

has a low degree of molecular orientation. It is heat resistant, just like silk. The literature 

describes that collagen is the main component of byssus fibers [183–186]. Byssus consists of 

two parts: rigid distal and flexible proximal. Each of them contains a specific type of collagen 

protein [4,184,187]. The distal threads take up about 80 % of the total length of the byssus and 

determine its extensibility and hardness [186,188]. It is assumed that the strength of byssus is 

six times greater than that of collagen contained in human tendons and is comparable to carbon 

fibers and Kevlar [187]. The properties of byssus fibers depend on the water content - dry fibers 

show elastoplastic behavior, while wet fibers are similar to elastomers. Due to the unique 

mechanical, thermal, and adhesive properties of byssus, it has a number of different 

applications. It can be used in dental and surgical adhesives, biosensors, tissue engineering, 

biomimetics, and biotechnology [4,187]. Byssus is the most sticky protein - wet adhesion in 

mussels is possible due to the presence of 3,4-dihydroxyphenylalanine (DOPA). The adhesive 

ability by adhesion can be used in biomimetics, but the problem is the spontaneous oxidation 

of DOPA. Therefore, it is important to control the DOPA redox reaction - the oxidized form 

shows cohesion and reduced adhesion. Such control exists in mussels because they have the 

so-called probe, a free radical diphenylpicrylhydrazyl (DPPH). Understanding redox control 

will allow the development of novel adhesive polymers [189–191]. There are also studies on 

the design of synthetic materials made of byssus in the literature. The development of research 

techniques makes it possible to trace selected proteins during the formation of strands from 

soluble precursors to solid fibers. Protein precursors spontaneously organize into complex 

architectures, and maturation takes place in subsequent regulated steps. This research allows 

using the unique properties of byssus, i.e., wet adhesion and self-healing ability, to produce 

new materials for biomedical and industrial applications [190]. The production of byssus-based 

materials focuses on using metal coordination chemistry mediated by histidine and DOPA to 

produce wet adhesives and self-healing materials. However, this is a minimalist action, as the 

complexity of byssus proteins is reduced to single amino acid groups. Intensive work is 

underway on biotechnological methods to obtain innovative materials based on byssus, using 

its unique properties and complexity of the structure, which will allow the structure and 

properties of the produced materials to be controlled in order to be used in industry and the 

production of construction materials. Biotechnological methods consist in the production of 

materials from purified proteins, recombinant proteins, and synthetic peptides. Modern 

methods of producing byssus-based materials in line with the principles of biomimetics also 

include emulsion-based drops that contain polymer precursor reagents. Thanks to them, it is 
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possible to produce materials with a hierarchical structure, heterogeneous composition, and 

unique properties, such as self-healing ability [186,191]. 

Thermal analysis shows a slight decrease in the weight of the sample up to 200 oC due 

to water evaporation. In the range of 230-320 °C, there is a greater mass loss due to the 

decomposition of the ordered structure and thermal decomposition of collagen fibers of byssus 

(similar to collagen, where at 217 °C, the structure degradation begins). The thermal behavior 

of byssus resembles that of silk fibers (main thermal decomposition above 300 °C), despite the 

different amino acid composition and conformation of these two biopolymers 

[183,184,187,188]. In the range of 550-600 oC, there is also a significant loss of sample mass, 

which is related to the degradation of the organic matrix and byssus proteins [188]. At a 

temperature of 900 oC, the sample weight of byssus is reduced by 70 % [184].  

3.9. Conchiolin. 

Conchiolin is an aggregate of proteins that contains a large proportion of the 

polysaccharide component. This structural protein is found in the tissues of mollusks. 

Conchiolin contains high amounts of glycine and alanine as well as hydrophobic residues. It is 

insoluble in water and acids. There are domains typical for collagen in the conchiolin; therefore, 

these proteins may show similar properties. Due to its biocompatibility, conchiolin is used in 

biomedicine, tissue engineering, wound healing, and bone engineering due to its ability to bind 

calcium [113,192–194].  

 
Figure 6. Conchiolin-based conchix (yellow) isolated during decalcification of molluscan shell. 

The material contained in the shells of mollusks is important in materials science, the 

cosmetics, pharmaceutical, feed industries, and biotechnology. The shells of mollusks are a 

waste of seafood consumed all over the world. One method of isolating Conchixes (organic 

scaffolds) (Figure 6) is demineralizing the shells with EDTA. The isolated material is used for 

research on the practical application of mollusk shells in the production of modern biomaterials 

[195]. 

There are few studies on the thermostability of conchiolin, but in the literature, we can 

find information that the conchiolin sample was pyrolyzed at temperatures up to   900 oC. 

Polypeptide assemblies were still present in the samples after pyrolysis, proving a very high 
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resistance of conchiolin to pyrolysis [193,194,196,197]. The thermostability of conchiolin and 

other reviewed natural polymers is summarized in Table 4. 

Table 4. Thermostability characteristics of the reviewed natural biopolymers. 

Biomaterial Temperature 

of the first 

stage of 

degradation 

Temperature 

of the second 

stage of 

degradation 

Temperature 

of the third 

stage of 

degradation 

Temperature of 

the fourth stage 

of degradation 

References 

Cellulose below 100 oC 

(in nitrogen and 
air) 

400 oC (in 

nitrogen) and 
360 oC (in air) 

475 oC in air  [25,31-33,35,41,42] 

Chitin 50-140 oC 235-510 oC   [5,28,48,49,69,71,72] 

Chitosan below 100 oC 
(in nitrogen) 

and below      

50 oC (in air) 

100-170 oC (in 
nitrogen) and 

180 oC (in air) 

230-400 oC (in 
nitrogen) and            

220-360 oC (in 

air) 

above 400 oC in 
air 

[90-93,95,100,101] 

Spongin 80-150 oC 200-420 oC   [111,112,117,118,126] 

Collagen 

(native) 

111 oC 308 oC 570 oC  [127,135,137,142,143] 

Keratin below 200 oC 200-400 oC 410-650 oC  [144,146,148,149,     

155-158] 

Silk below 100 oC 310-480 oC 500-650 oC  [172-174,177] 

Byssus up to 200 oC 230-320 oC above 300 oC 550-600 oC [183,184,187,188] 

Conchiolin pyrolysed up to 900 oC [193,194,196,197] 

4. Conclusions 

The renewable biological materials presented in this review can be used to develop new 

biocomposites with unique mechanical and physicochemical properties. Using nature's 

resources as a tool for materials science balances obtaining new materials with desired 

properties and maintaining low toxicity, biocompatibility, biodegradability, and ecofriendly 

approach. However, thermostability is a key parameter that must be considered in conducted 

research, especially due to big progress in extreme biomimetics and the development of a new 

generation of composite materials. The lowest thermostability of the discussed biopolymers is 

shown by collagen, which, depending on its origin, can decompose at a temperature 15 °C. The 

remaining biopolymers show much better thermal stability, which allows for their wide 

applications. One of the most thermostable biopolymers is spongin, the complete degradation 

of which takes place only at about 1000 °C. Due to the good thermostability of the described 

biopolymers, it is possible to produce a wide range of new materials with previously unknown 

properties using modern methods, such as hydrothermal synthesis. Such materials are used in 

many fields, i.e., biomedicine, biotechnology, pharmaceuticals, tissue engineering, catalysis, 

nanotechnology, and others. When selecting biological materials, it is also critical to 

understand their origin and the presence of potential contaminants, which will directly affect 

the mechanism of thermal degradation. It is extremely important to know the thermal stability 

of materials, both in terms of ongoing synthesis and potential applications. In particular, the 

next major step in the studies should be large-scale research in various science disciplines, for 

example, for medical, pharmaceutical, or biotechnological issues. 

5. Outlook 

The biopolymers presented in this review are naturally occurring and renewable 

compounds. Therefore, research into the development of methods for their use in the 

production of modern materials is a very important trend in the further progress of materials 

science. The extreme biomimetics approach will allow the use of all physical, chemical, 
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mechanical, thermal, and structural properties of these biopolymers to produce ecological and 

innovative materials with many potential applications and which can be an alternative to 

harmful and environmentally polluting artificial polymers. The knowledge of the 

thermostability of each of the biopolymers is crucial for the appropriate selection of methods 

for its modification, increasing thermal stability, and an indication of potential applications. As 

a result of the high thermostability of the materials discussed in this review, it is possible to use 

modern methods of biopolymer modification, such as hydrothermal synthesis. The 

development of extreme biomimetics in the production of materials based on the biopolymers 

discussed in this review creates many opportunities for their application, mainly in areas such 

as biomedicine, biotechnology, pharmaceuticals, tissue engineering, broadly understood 

industry (including construction materials, food additives), catalysis, electronics, 

nanotechnology and many more. As one of the most thermally stable biopolymers discussed in 

this review, spongin offers many opportunities to produce new biocomposites because the 3D 

structure is not damaged at extremely high temperatures. Moreover, the production of byssus-

based materials, which has unique adhesive properties, is still underdeveloped, as is the case 

of conchiolin, where research on its thermostability and the production of new materials based 

on it are still poorly described in the literature. The development of the chemistry of materials 

based on these biopolymers may contribute to the creation of unique materials with previously 

unknown properties and many possibilities for their potential practical application in the future. 
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