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Composite materials including organic–inorganic systems have drawn special attention due to their enhanced properties

such as adsorbents and heterogeneous catalysts. At the same time, large-scale production of environmentally benign

functionalized biopolymers, such as chitosan (CS), allows for constantly developing new materials, since CS reveals

remarkable properties as a stabilizing agent for metal-containing compounds and enzymes and as an adsorbent of

organic molecules. 
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1. Introduction

Chitosan (CS) is a natural polysaccharide composed of 2-amino-2-deoxy-D-glucose residues connected via 1,4-glycosidic

bonds, which is obtained by deacetylation of chitin (Figure 1)—the main component of the exoskeleton of crustaceans,

insects and the cell walls of fungi .

Figure 1. Deacetylation of chitin.

CS is a unique biopolymer that contains primary amines as well as hydroxyl groups and has exceptional properties and

wide application. The high adsorption capacity of CS is used for the capture of cations, anions, organic dyes and

pharmaceutical ingredients from wastewater. It is noteworthy that CS-based materials are also used as carriers for drug

delivery. In addition, various CS-based metal-containing nanocomposite materials have been effectively used in catalytic

reactions. CS can be also used for the development of promising inexpensive materials for the agricultural industry. The

constant demand for effective adsorbents for the removal of pollutants can be met by fine-tuning the structural properties

of CS using appropriate crosslinking agents or additives. Thus, the development of CS-based materials is a constantly

growing field requiring continuous research , which also causes the corresponding growth of the CS market .

There is a large number of synthetic polyamines, such as polyaniline (PANI) , polyalkylamines , polylysine 

 and polyornithine , which can be applied in adsorption, catalysis or medicine. Synthetic materials reveal excellent

antibacterial and adsorption properties. However, CS-based materials are still promising due to the low cost,

biocompatibility and biodegradability.

CS can be divided into the following types: technical, industrial, food and medical. This division depends on the CS

solubility in diluted solutions of organic acids (acetic, lactic and malic acids) and its characteristics such as viscosity,

molecular weight and deacetylation degree (DD). The most valuable for practical use is CS with high DD, low molecular

weight and high solubility, which make it a structure-forming agent and effective sorbent. Lowmolecular weight CS can be

produced using variety of methods, among which are oxidative depolymerization, plasma process, ultrasound treatment,

acid hydrolysis and enzymatic hydrolysis .
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2. Chitosan Modifications

In protonated form CS is capable ofinteracting with negatively charged molecules, nanoparticles (NPs) and cells . In

general, CS is able to participate in four main types of interaction: ionic, hydrogen, hydrophobic and complex formation.

This opens numerous methodsof CS modification. The reactive groups of CS (primary amino groups, primary and

secondary hydroxyl groups (C , C ), glycosidic bonds and acetamide groups).

Chemical transformations of CS include the formation of ethers (methyl, ethyl, carboxymethyl, hydroxyethyl) and esters of

both inorganic (nitrates, sulfates, xanthogenates) and organic (acetates) acids. Physical, chemical and mechanical

properties of CS-based polymers can be significantly improved by mixing, inclusion of solid fillers, grafting (insertion of

other functional groups), crosslinking and binding to other macromolecular chains, impregnation, interpenetration and ion

imprinting methods .

2.1. Grafting of Functional Groups

Grafting of additional functional groups can noticeably increase the number of adsorption sites in a CS molecule and,

consequently, its adsorption capacity . Recently, Olshannikova et al.  synthesized 2-(4-acetamido-2-sulfanilamide)

chitosan (Figure 2)—water soluble derivatives with molecular weights of 200, 350 and 600 kDa. 2-(4-Acetamido-2-

sulfanilamide)-CS was synthesized with high yield (75–83%) through the reaction of CS with 4-acetylsulfanilchloride in

DMSO medium. A synthesized CS derivative was used for the successful immobilization of different cysteine proteases:

ficin, papain and bromelain.

Figure 2. Structure of 2-(4-acetamido-2-sulfanilamide)chitosan (a)  and carboxymethyl CS/p-

dimethylaminobenzaldehyde metal complex (b) .

In addition to functional groups, other polymers can be grafted to CS as well. For example, Rostami et al.  grafted

cellulose to CS using EDTA (Figure 3). The CS-EDTA-cellulose network contained both acidic and basic sites on the

surface and was used as a multifunctional organocatalyst for the synthesis of 2-amino-4H-pyran derivatives with high

yields (85–96%) at room temperature via a one-pot reaction between ethyl acetoacetate aromatic aldehydes and

malononitrile in EtOH as a green solvent. The CS-EDTA-cellulose nanocatalyst was easily recovered from the reaction

mixture by using filtration and reused at least five times without any significant decrease in its catalytic activity.
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Figure 3. Structure of CS–EDTA–cellulose .

2.2. Gelation

Gelation is one of the most widely used methods of CS modification . Polymer hydrogels are hydrophilically crosslinked

macromolecular systems capable of retaining significant amounts of water, while preserving the properties inherent in

solids (certain shape, mechanical properties of the material during tensile and shear deformations). This combination of

properties determines a wide range of their applications: sorbents, gas separation and ion-exchange membranes,

structure-forming agents for food industry, drug carriers, artificial tissues and materials for soft and intraocular lenses 

.

Gels that meet these requirements can be obtained through physical interactions, which include electrostatic, hydrogen

and van der Waals bonds arising between polymer chains .

2.3. Formation of Nanoparticles

It has been proven that CS derivatives are especially effective while in the form of NPs . NPs are used as a method of

integration and storage of active substances and consist of macromolecular and/or molecular structures in which active

substances (drugs, enzymes, metal ions) are dissolved, stored, encapsulated or even adsorbed, or maintained at the

outer interface . Methods of CS NP synthesis include ionotropic gelation, emulsification and cross-linking, complexation

with PE, self-assembly and drying processes. Below are some peculiarities of these methods.

3. Chitosan-Containing Materials and Composites as Adsorbents

CS is known to be an environment-friendly and cost-efficient adsorbent for dyes and inorganic ions from wastewater.

However, CS has some drawbacks, including dissolution in anacidic environment and poor mechanical properties,
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resulting in unsatisfactory adsorption performances. Crosslinking allows for the enhancement of the mechanical properties

and pH-stability of CS. At the same time, the grafting of CS with functional groups is an effective way ofimproving its

adsorption performance .

3.1. Structured Chitosan Materials

The general method for preparation of CS beads consists of the dissolution of CS in acid medium and its subsequent

dripping in alkaline medium. There are many beading parameters (CS molecular weight and concentration, acid

concentration, NaOH concentration, temperature), which are the subject of optimization. Additionally, the subsequent

crosslinking of CS beads with various agents allows for further increase in their permeability, stability and adsorption

ability.

Diepoxyoctane (DEO)-crosslinked CS beads modified with spermine (SP) were synthesized (Figure 4) . SP was

chosen as an amination agent for the enhanced adsorption of Cr(VI) from aqueous solutions. As can be seen from Figure
4, DEO can interact with either –CH OH or –NH  groups of CS; thus, free –CH OH groups can further interact with ECH

and then with SP. Optimal CS–DEO–SP beads were prepared using 1.5 mg/L of SP for 5 h at 50 °C. The prepared beads

exhibited heterogeneous and porous surfaces. The obtained CS–DEO–SP beads were macroporous and had increased

surface area, pore volume and pore size by 4.9, 7.1 and 1.4 times, respectively, in comparison with initial CS beads. The

experimental data revealed that the adsorption of Cr(VI) ions on the CS–DEO–SP beads was extremely dependent on the

solution’s pH level. A maximum adsorption capacity of 352 mg/g was found at acidic condition (pH 2.0). Regeneration of

CS–DEO–SP was successfully performed via treatment with NaOH solution (1.0 mol/L). Regenerated CS–DEO–SP

beads allowed for the achievement of an adsorption capacity of 192.31 mg/g after five cycles of repeated use. Thus, high

adsorption capacity, acid stability and reusability render the CS–DEO–SP beads a promising and effective adsorbent for

eliminating Cr(VI) from metal plating wastewater.

Figure 4. Synthesis of CS–DEO–SP beads .

3.2. Chitosan-Based Organic/Inorganic Composite Adsorbents

In most cases, composite CS-based materials represent the combination of CS with inorganic compounds such as metal

oxides. Such CSoxide composites typically are obtained via preliminarily mixing CS solution with solid inorganic particles
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and the subsequent gelation of the resulting composite material.

A composite adsorbent made of CS and bentonite clay was prepared  and used for the adsorption of Cr(VI) ions from

aqueous solutions. A composite CS–bentonite clay was obtained by mixing bentonite with CS solution in 2% acetic acid

with further dripping in NaOH solution to form composite CS capsules, which underwent crosslinking with GA. The effects

of pH, adsorbent dosage, adsorbate concentration, temperature and contact time were studied in batch mode. The

experimental data were well-fitted to a Scatchard adsorption isotherm and the adsorption capacity was calculated from

theisotherm model. It was found that bentonite clay had a maximum adsorption capacity of 11,076 mg/g, while the

composite revealed an almost ten times higher maximum adsorption capacity (106.444 mg/g) for the removal of Cr(VI)

ions at 25 °C, pH 2 and a contact time of 60 min. The mechanism of adsorption included ion exchange, electrostatic

interaction and complexation.

3.3. Magnetically Separable Chitosan Composites

Magnetically separable composites based on various biopolymers are widely used for removal of different heavy metals

from aqueous solutions . Incorporating magnetic materials into the CS matrix and shaping CS in various forms such as

beads, membranes, hydrogels, etc., greatly boosts the separation problem of CS .

Moreover, Fan et al.  used two methods for the preparation of magnetic CS beads. The first method (embedding

method) was based on the most widespread approach—preliminarily synthesis of Fe O  NPs, mixing of magnetic NPs

with CS solution, and dripping of Fe O –CS solution in NaOH solution with further crosslinking with GA. The second

method (chemical coprecipitation method) was based on the dissolution of CS and precursors of magnetic particles (Fe(II)

and Fe(III)salts) in 3% acetic acid with subsequent dripping of this mixture in NaOH solution and crosslinking with GA.

Thus, two series of magnetic CS beads with different Fe O /CS mass ratios were prepared.

Synthesized magnetic CS beads were used for the adsorption of Ag , Cu , Hg , Cr  and Cr  from aqueous solutions

and recovery studies. Compared to the adsorption recovery index, the effort vector data visualization was more

straightforward and easier to use. While comparing the two magnetic CS bead synthesis methods based on the proposed

effort vector data visualization, it was found  that both synthesis methods allow for similar efficiency of heavy metal

adsorption and data distribution. Independent of the synthesis method, CS beads containing 0.3 g of CS and 0.7 g of

Fe O  NPs revealed best performance for the adsorption of the chosen heavy metal ions.

Though most researchers prefer to synthesize CS-based materials in the form of beads, which possess low flow

resistance and are hence convenient for continuous mode operation, for special applications, CS films and coatings can

be obtained.

CS nanocomposite films were prepared  using in situ precipitation of magnetic particles. The method of synthesis was

based on the above-described chemical coprecipitation. The difference was in the shaping of the resulting material: a film

was obtained by pouring the mixture (CS and iron salts) into Teflon Petri dishes and subsequently drying and rinsing it

with NaOH solution; no crosslinking agents were added.

4. Chitosan as Catalytic Support

4.1. Catalytic Metal–Chitosan Composites

The lives of NPs can be divided into three stages: preparation, storage and application. The stabilization of particles’

physical and chemical characteristics is critical and must be carefully controlled . Metal deposition on CS is a promising

area of research in the field of catalysis, since CS is a source of various functional groups that can effectively bind metal

ions or NPs . In the resulting catalytic materials, CS can serve as a reducing agent (due to the presence of

hydroxymethyl and amino groups) and stabilizer as well, which is able to control the sizes of metal NPs to some extent.

Any modifications to CS influence the concentration of functional groups and contribution of different interactions

(hydrogen bonds, electrostatic interactions, π–π stacking interactions, etc.). For example, it was found that the DD and

molecular weight of CS influences the sizes of Au NPs. At low CS concentration (0.005% and 0.01% (w/v)), individual

spherical Au NPs with a mean diameter of about 10 nm were obtained regardless of chitosan DD and Mw, while

anisotropic Au NPs were obtained at a concentration above 0.05% (w/v) .

The growth of larger polygonal Au NPs was promoted as the higher concentration and lower DD CS was used.

Chitooligomers (2.4 kDa, DD 94%) showed the highest reduction ability for Au(III) and the synthesized Au NPs exhibited
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aggregation. In general, it was concluded that the DD and concentration of CS is more important than Mw .

4.2. Chitosan-Containing Composite Biocatalysts

CS is widely used for the immobilization of enzymes as a part of support for covalent binding or encapsulation 

. The ability of CS to shape beads/microspheres, microcapsules, fibers, membranes, coatings, sponges and gels

has expanded its applicability as a support for the immobilization of a wide range of biomolecules and enzymes .

However, despite the advantages of using CS as a support for enzyme immobilization, CS beads and fibers are quite

fragile and mechanically unstable .

As previously mentioned, the mechanical properties of CS-based materials can be increased via covalent crosslinking

(i.e., with GA or ECH). However, the cytotoxicity of the aforementioned crosslinking agents may hinder the use of CS

hydrogels for pharmaceutical and biomedical applications. Thus, in contrast to CS-based adsorbents and metal-containing

catalysts, toxic GA is replaced with the safer TPP at the crosslinking stage. For example, Ji et al.  used CM prepared by

dripping of CS acid solution in the solution of sodium TPP (crosslinking agent) for further co-immobilization of 7α- and 7β

hydroxysteroid dehydrogenases (HSDH). It is noteworthy that the immobilization of these enzymes was carried out by

preliminary activation of CM with GA that is common for enzyme deposition on heterogeneous supports. CM-immobilized

HSDHs were used for the conversion of taurochenodeoxycholic acid (a component of chicken bile). The catalytic reaction

reached equilibrium within 4 h. The yield of reaction product (tauroursodeoxycholic acid) was about 62% after equilibrium

and the content of tauroursodeoxycholic acidin the reaction product was as high as 33.16% . A similar procedure was

applied by Singh et al.  for the immobilization of extracellular inulinase from Kluyveromyces marxianus on CS beads.

Under the optimized conditions, a maximum yield 65.5% of immobilized inulinase was obtained. The maximum hydrolysis

of inulin—84.5%—was observed at 125 rpm after 4 h using an immobilized enzyme. The developed immobilized

biocatalyst was successfully used for the hydrolysis of inulin for 14 batches.

De Freitas et al.  immobilized β-galactosidase produced by the yeast Kluyveromyces lactis NRRL Y1564 and delivered

an enzymatic activity of 4418.37 U/g  after 12 h of processing on the CS particles without any crosslinker (CS was

dissolved in 2% acetic acid, and then coagulating agent (KOH) was added during stirring). After coagulation, CS particles

were activated with GA, ECH or glycidol. GA was chosen as an optimal activating agent. The biocatalyst obtained by

immobilization in CS–GA allowed for the effective hydrolyzation lactose of milk (42.8% of conversion) and produced

lactulose (17.32 g/L).

5. Conclusions

CS provides a number of opportunities for the production of environmentally friendly adsorbents and catalytic supports

due to the existence of functional groups andthe ability to form different shapes (fibers, membranes, beads, NPs, etc.).

For adsorption purposes, the general trend is the use of crosslinking agents (preferably covalent crosslinking) and grafting

of functional groups, resulting in a noticeable increase in thenumber of adsorption sites. However, this approach (CS

modification) is rarely used in catalysis, especially inthe development of biocatalysts, since the high adsorption ability of

CS with respect to both inorganic and organic components may have a negative influence on the biocatalysts’ efficiency.

Thus, in the case of biocatalysts, CS can be used as a surface modifier of solid supports in an amount of less than 1

wt.%. This also contributes to the maximum availability of active centers of the immobilized enzymes.

At the same time, in the case of metal-catalyzed catalytic reactions, the high adsorption ability of CS can be used for the

development of catalytic systems, in which the inorganic part entrapped by CS is a catalytically active phase while organic

adsorbate is the subject of catalytic transformation. Thus, modified (grafted), CS-based materials are promising catalytic

supports. In the composition of catalytic supports, crosslinking agents are typically not used, as well as certain shaping at

a macro-level of the resulting catalytic materials.

The use of CS in biocatalytic processes is based primarily on its excellent gel-forming ability and the presence of amino

groups available for interactions in its composition. Thanks to gelation, it is possible to synthesize various stable forms of

solid supports for the immobilization of enzymes. Amino groups of CS are used for the covalent crosslinking of enzymes

via activating agents due to the formation of Schiff’s bases (GA) or amide bonds (carbodiimides), as well as the

crosslinking of CS itself in order to form particles of a certain shape. The combination of these properties allows for the

achievement of high activity and the operational stability of synthesized biocatalytic systems. CS is most widely used for

the immobilization of oxidoreductases (peroxidases, LACs and GOxs) and hydrolases (e.g., LIPs).
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Magnetically separable catalysts/biocatalysts obviously have the advantage of easy separation from the reaction mixture,

but most of these catalysts have the limitation of sensitivity to low pH. Thus, the further improvement of magnetically

separable CS-based composites is a promising area of research.

References

1. Aranaz, I.; Alcántara, A.R.; Civera, M.C.; Arias, C.; Elorza, B.; Heras Caballero, A.; Acosta, N. Chitosan: An Overview of
Its Properties and Applications. Polymers 2021, 13, 3256.

2. Boominathan, T.; Sivaramakrishna, A. Recent Advances in the Synthesis, Properties, and Applications of Modified Chit
osan Derivatives: Challenges and Opportunities. Top. Curr. Chem. 2021, 379, 19.

3. Crini, G. Historical Review on Chitin and Chitosan Biopolymers. Environ. Chem. Lett. 2019, 17, 1623–1643.

4. Zhang, M.; Zhang, F.; Li, C.; An, H.; Wan, T.; Zhang, P. Application of Chitosan and Its Derivative Polymers in Clinical M
edicine and Agriculture. Polymers 2022, 14, 958.

5. Chitosan Market Size, Share & Trends Analysis Report by Application (Pharmaceutical & Biomedical, Water Treatment,
Cosmetics, Food & Beverage), by Region (APAC, North America, Europe, MEA), and Segment Forecasts, 2020–2027;
Report ID: 978-1-68038-798-8; Grand View Research: San Francisco, CA, USA, 2020; Available online: https://www.gr
andviewresearch.com/industry-analysis/global-chitosan-market (accessed on 1 February 2023).

6. Kumar, N.; Joshi, N.C. Adsorption Applications of Synthetically Prepared PANI-CuO Based Nanocomposite Material. J.
Ind. Chem. Soc. 2022, 99, 100551.

7. Toumi, I.; Djelad, H.; Chouli, F.; Benyoucef, A. Synthesis of Hybrid Material and Evaluations in Adsorption of Congo Re
d and Methylene Blue Dyes: Structural Characterization and Adsorption Performance. J. Inorg. Organomet. Polym. 202
2, 32, 112–121.

8. El-Shazly, A.H.; Elkady, M.; Abdelraheem, A. Investigating the Adsorption Behavior of Polyaniline and Its Clay Nanoco
mposite towards Ammonia Gas. Polymers 2022, 14, 4533.

9. Hajjaoui, H.; Soufi, A.; Boumya, W.; Abdennouri, M.; Barka, N. Polyaniline/Nanomaterial Composites for the Removal of
Heavy Metals by Adsorption: A Review. J. Compos. Sci. 2021, 5, 233.

10. Peñas-Sanjuán, A.; López-Garzón, R.; López-Garzón, J.; Pérez-Mendoza, M.; Melguizo, M. Preparation of a Poly-alkyl
amine Surface-functionalized Carbon with Excellent Performance as a Pd(II) Scavenger. Carbon 2012, 50, 2350–2352.

11. Choi, W.; Min, K.; Kim, C.; Ko, Y.S.; Jeon, J.W.; Seo, H.; Park, Y.-K.; Choi, M. Epoxide-functionalization of Polyethylenei
mine for Synthesis of Stable Carbon Dioxide Adsorbent in Temperature Swing Adsorption. Nat. Commun. 2016, 7, 1264
0.

12. Huang, X.; Wang, L.; Zhang, J.; Du, X.; Wu, S.; Wang, H.; Wei, X. A Novel ε-Polylysine-modified Microcrystalline Cellul
ose Based Antibacterial Hydrogel for Removal of Heavy Metal. Int. J. Biol. Macromol. 2020, 163, 1915–1925.

13. Rivas, B.L.; Maureira, A.; Guzmán, C. Poly(L-lysine) as a Polychelatogen to Remove Toxic Metals Using Ultrafiltration a
nd Bactericide Properties of Poly(L-lysine)–Cu2+ Complexes. Polym. Bull. 2011, 67, 763–774.

14. Xue, W.; Liu, B.; Zhang, H.; Ryu, S.; Kuss, M.; Shukla, D.; Hu, G.; Shi, W.; Jiang, X.; Lei, Y.; et al. Controllable Fabricati
on of Alginate/poly-L-ornithine Polyelectrolyte Complex Hydrogel Networks as Therapeutic Drug and Cell Carriers. Acta
Biomater. 2022, 138, 182–192.

15. Huang, K.-S.; Sheu, Y.-R.; Chao, I.-C. Preparation and Properties of Nanochitosan. Polym. Plast. Technol. Eng. 2009,
48, 1239–1243.

16. Ma, F.; Wang, Z.; Zhao, H.; Tian, S. Plasma Depolymerization of Chitosan in the Presence of Hydrogen Peroxide. Int.
J. Mol. Sci. 2012, 13, 7788–7797.

17. Prasertsung, I.; Damrongsakkul, S.; Saito, N. Degradation of β-Chitosan by Solution Plasma Process (SPP). Polym. De
grad. Stab. 2013, 98, 2089–2093.

18. Li, J.; Cai, J.; Fan, L. Effect of Sonolysis on Kinetics and Physicochemical Properties of Treated Chitosan. J. Appl. Poly
m. Sci. 2008, 109, 2417–2425.

19. Tsao, C.T.; Chang, C.H.; Lin, Y.Y.; Wu, M.F.; Han, J.L.; Hsieh, K.H. Kinetic Study of Acid Depolymerization of Chitosan
and Effects of Low Molecular Weight Chitosan on Erythrocyte Rouleaux Formation. Carbohydr. Res. 2011, 346, 94–10
2.

20. Pierre, G.; Salah, R.; Gardarin, C.; Traikia, M.; Petit, E.; Delort, A.-M.; Mameri, N.; Moulti-Mati, F.; Michaud, P. Enzymati
c Degradation and Bioactivity Evaluation of C-6 Oxidized Chitosan. Int. J. Biol. Macromol. 2013, 60, 383–392.



21. Thadathil, N.; Velappan, S.P. Recent Developments in Chitosanase Research and Its Biotechnological Applications: A
Review. Food Chem. 2014, 150, 392–399.

22. Nurunnabi, M.; Revuri, V.; Huh, K.M.; Lee, Y.-K. Chapter 14—Polysaccharide Based Nano/microformulation: An Effectiv
e and Versatile Oral Drug Delivery System. In Nanostructures for Oral Medicine. Micro and Nano Technologies; Andron
escu, E., Grumezescu, A., Eds.; Elsevier: Amsterdam, The Netherlands, 2017; pp. 409–433.

23. Coquery, C.; Negrell, C.; Caussé, N.; Pébère, N.; David, G. Synthesis of New High Molecular Weight Phosphorylated C
hitosans for Improving Corrosion Protection. Pure Appl. Chem. 2019, 91, 509–521.

24. Olshannikova, S.S.; Malykhina, N.V.; Lavlinskaya, M.S.; Sorokin, A.V.; Yudin, N.E.; Vyshkvorkina, Y.M.; Lukin, A.N.; Hol
yavka, M.G.; Artyukhov, V.G. Novel Immobilized Biocatalysts Based on Cysteine Proteases Bound to 2-(4-Acetamido-2
-sulfanilamide) Chitosan and Research on Their Structural Features. Polymers 2022, 14, 3223.

25. Suresh, R.; Deepa, M.; Sudha, P.N.; Gomathi, T.; Pavithra, S.; Moganavally, P. Synthesis, Characterization, Biological a
nd Catalytic Activity of Carboxymethyl Chitosan Schiff Base Metal Complexes. IJMS 2022, 51, 423–431.

26. Rostami, N.; Dekamin, M.G.; Valiey, E.; Fanimoghadam, H. Chitosan-EDTA-Cellulose Network as a Green, Recyclable
and Multifunctional Biopolymeric Organocatalyst for the One-pot Synthesis of 2-Amino-4H-pyran Derivatives. Sci. Rep.
2022, 12, 8642.

27. ALSamman, M.T.; Sánchez, J. Recent Advances on Hydrogels Based on Chitosan and Alginate for the Adsorption of D
yes and Metal Ions from Water. Arab. J. Chem. 2021, 14, 103455.

28. Dragan, E.S.; Dinu, M.V. Advances in Porous Chitosan Based Composite Hydrogels: Synthesis and Applications. Reac
t. Funct. Polym. 2020, 146, 104372.

29. Ahmad, Z.; Salman, S.; Khan, S.A.; Amin, A.; Rahman, Z.U.; Al-Ghamdi, Y.O.; Akhtar, K.; Bakhsh, E.M.; Khan, S.B. Ver
satility of Hydrogels: From Synthetic Strategies, Classification, and Properties to Biomedical Applications. Gels 2022, 8,
167.

30. Berger, J.; Reist, M.; Mayer, J.M.; Felt, O.; Gurny, R. Structure and Interactions in Chitosan Hydrogels Formed by Com
plexation or Aggregation for Biomedical Applications. Eur. J. Pharm. Biopharm. 2004, 57, 35–52.

31. Boucard, N.; Viton, C.; Domard, A. New Aspects of the Formation of Physical Hydrogels of Chitosan in a Hydroalcoholi
c Medium. Biomacromolecules 2005, 6, 3227–3237.

32. Sánchez-Cid, P.; Jiménez-Rosado, M.; Romero, A.; Pérez-Puyana, V. Novel Trends in Hydrogel Development for Biom
edical Applications: A Review. Polymers 2022, 14, 3023.

33. Naskar, S.; Sharma, S.; Kuotsu, K. Chitosan-Based Nanoparticles: An Overview of Biomedical Applications and Its Pre
paration. J. Drug Deliv. Sci. Technol. 2019, 49, 66–81.

34. Shoueir, K.R.; El-Desouky, N.; Rashad, M.M.; Ahmed, M.K.; Janowska, I.; El-Kemary, M. Chitosan Based-Nanoparticle
s and Nanocapsules: Overview, Physicochemical Features, Applications of a Nanofibrous Scaffold, and Bioprinting. Int.
J. Biol. Macromol. 2021, 167, 1176–1197.

35. Liu, X.; Zhang, Y.; Ju, H.; Yang, F.; Luo, X.; Zhang, L. Uptake of Methylene Blue on Divinylbenzene Cross-Linked Chito
san/Maleic Anhydride Polymer by Adsorption Process. Colloids Surf. A Physicochem. Eng. Asp. 2021, 629, 127424.

36. Vakili, M.; Deng, S.; Liu, D.; Li, T.; Yu, G. Preparation of Aminated Cross-Linked Chitosan Beads for Efficient Adsorption
of Hexavalent Chromium. Int. J. Biol. Macromol. 2019, 139, 352–360.

37. Altun, T. Preparation and Application of Glutaraldehyde Cross-Linked Chitosan Coated Bentonite Clay Capsules: Chro
mium(VI) Removal from Aqueous Solution. J. Chil. Chem. Soc. 2020, 65, 4790–4797.

38. Warkara, S.G.; Meena, J. Synthesis and Applications of Biopolymer/FeO Nanocomposites: A Review. JNMES 2022, 2
5, 7–16.

39. Omer, A.M.; Dey, R.; Eltaweil, A.S.; El-Monaem, E.M.A.; Ziora, Z.M. Insights into Recent Advances of Chitosan-Based
Adsorbents for Sustainable Removal of Heavy Metals and Anions. Arab. J. Chem. 2022, 15, 103543.

40. Fan, C.; Li, K.; He, Y.; Wang, Y.; Qian, X.; Jia, J. Evaluation of Magnetic Chitosan Beads for Adsorption of Heavy Metal
Ions. Sci. Total Environ. 2018, 627, 1396–1403.

41. Kloster, G.A.; Valiente, M.; Marcovich, N.E.; Mosiewicki, M.A. Adsorption of Arsenic onto Films Based on Chitosan and
Chitosan/Nano-Iron Oxide. Int. J. Biol. Macromol. 2020, 165, 1286–1295.

42. Kang, H.; Buchman, J.T.; Rodriguez, R.S.; Ring, H.L.; He, J.; Bantz, K.C.; Haynes, C.L. Stabilization of Silver and Gold
Nanoparticles: Preservation and Improvement of Plasmonic Functionalities. Chem. Rev. 2019, 119, 664–699.

43. Bashal, A.H.; Riyadh, S.M.; Alharbi, W.; Alharbi, K.H.; Farghaly, T.A.; Khalil, K.D. Bio-Based (Chitosan-ZnO) Nanocomp
osite: Synthesis, Characterization, and Its Use as Recyclable, Ecofriendly Biocatalyst for Synthesis of Thiazoles Tether
ed Azo Groups. Polymer 2022, 14, 386.



44. Verma, D.K.; Malik, R.; Meena, J.; Rameshwari, R. Synthesis, Characterization and Applications of Chitosan Based Me
tallic Nanoparticles: A Review. J. Appl. Nat. Sci. 2021, 13, 544–551.

45. Sun, L.; Li, J.; Cai, J.; Zhong, L.; Ren, G.; Ma, Q. One Pot Synthesis of Gold Nanoparticles Using Chitosan with Varying
Degree of Deacetylation and Molecular Weight. Carbohyd. Polym. 2017, 178, 105–114.

46. Krajewska, B. Application of Chitin- and Chitosan-based Materials for Enzyme Immobilizations: A Review. Enzyme Micr
ob. Technol. 2004, 35, 126–139.

47. Biró, E.; Németh, Á.S.; Sisak, C.; Feczkó, T.; Gyenis, J. Preparation of Chitosan Particles Suitable for Enzyme Immobili
zation. J. Biochem. Biophys. Methods 2008, 70, 1240–1246.

48. Malmiri, H.J.; Jahanian, M.A.G.; Berenjian, A. Potential Applications of Chitosan Nanoparticles as Novel Support in Enz
yme Immobilization. Am. J. Biochem. Biotechnol. 2012, 8, 203–219.

49. Wang, D.; Jiang, W. Preparation of Chitosan-based Nanoparticles for Enzyme Immobilization. Int. J. Biol. Macromol. 20
19, 126, 1125–1132.

50. Verma, M.L.; Kumar, S.; Das, A.; Randhawa, J.S.; Chamundeeswari, M. Chitin and Chitosan-based Support Materials f
or Enzyme Immobilization and Biotechnological Applications. Environ. Chem. Lett. 2020, 18, 315–323.

51. Nunes, Y.L.; de Menezes, F.L.; de Sousa, I.G.; Cavalcante, A.L.G.; Cavalcante, F.T.T.; da Silva Moreira, K.; de Oliveira,
A.L.B.; Mota, G.F.; da Silva Souza, J.E.; de Aguiar Falcão, I.R.; et al. Chemical and Physical Chitosan Modification for
Designing Enzymatic Industrial Biocatalysts: How to Choose the Best Strategy? Int. J. Biol. Macromol. 2021, 181, 1124
–1170.

52. Bilal, M.; Iqbal, H.M.N. Naturally-derived Biopolymers: Potential Platforms for Enzyme Immobilization. Int. J. Biol. Macr
omol. 2019, 130, 462–482.

53. Chatterjee, S.; Lee, M.W.; Woo, S.H. Enhanced Mechanical Strength of Chitosan Hydrogel Beads by Impregnation with
Carbon Nanotubes. Carbon 2009, 47, 2933–2936.

54. Wahba, M.I. Porous Chitosan Beads of Superior Mechanical Properties for the Covalent Immobilization of Enzymes. In
t. J. Biol. Macromol. 2017, 105, 894–904.

55. Ji, Q.; Wang, B.; Li, C.; Hao, J.; Feng, W. Co-Immobilised 7a- and 7b-HSDH as Recyclable Biocatalyst: High-Performa
nce Production of TUDCA from Waste Chicken Bile. RSC Adv. 2018, 8, 34192–34201.

56. Singh, R.S.; Singh, R.P.; Kennedy, J.F. Immobilization of yeast inulinase on chitosan beads for the hydrolysis of inulin i
n a batch system. Int. J. Biol. Macromol. 2017, 95, 87–93.

57. de Freitas, M.F.M.; Hortencio, L.C.; de Albuquerque, T.L.; Rocha, M.V.P.; Goncalves, L.R.B. Simultaneous Hydrolysis of
Cheese Whey and Lactulose Production Catalyzed by β-Galactosidase from Kluyveromyces lactis NRRL Y1564. Biopr
ocess Biosyst. Eng. 2020, 43, 711–722.

Retrieved from https://encyclopedia.pub/entry/history/show/95224


