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Hydrogels are polymeric materials with a characteristic hydrophilic structure that enables the storage of large

amounts of water and biological fluids in their three-dimensional (3D) network. For hydrogel synthesis, the

incorporation of a cross-linking agent is important to achieve a better structuring due to its ability to form new

polymeric chains within the structure through a large variety of reactions between different polymeric molecules or

fibrous proteins.
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1. Synthesis of Hydrogels

 A hydrogel is generally obtained by synthesis through the hydrolysis and condensation of the chosen precursors,

causing the creation of a solid nanostructured network . In this sense, for the synthesis of the hydrogel, most of

the studies focus primarily on physical and chemical cross-linking methods (Figure 1), and the current challenges

by means of synthesis procedures are oriented to obtain structures with higher cross-linking density for specific

applications such as limbal stem cells  or hard-tissue engineering (TE)  and the use of green alternative

procedures, solvents and cross-linking agents to assess efficient hydrogel synthesis without impairing biological

properties such as biocompatibility and cytotoxicity .

Figure 1. Schematic overview of the different physical and chemical cross-linking methods of synthesis of

hydrogels.

2. Physical Cross-Linked Hydrogels
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When the liquid phase changes to a gel due to an environmental change (pH, temperature, mixing of two

components or ionic concentration) the hydrogels formed are known as physical hydrogels . Their main interest

lies in the absence of cross-linking agents in the synthesis.  Figure 2  shows schematically the formation of

physically cross-linked networks, specifying the interaction that constitutes the mentioned structures for each of the

four types of cross-links that generate physical hydrogels, as depicted in Figure 1  .

Figure 2. Formation of physically cross-linked hydrogels by (A) hydrogen bonding, (B) amphiphilic grafts and block

polymers, (C) ionic interactions and (D) protein interactions.

Hydrogen bonding. This cross-linking method is based on the formation of hydrogen bonds between the polymeric

chains to form a nanostructured network . However, Jing et al. (2022) showed that this type of bond has a strong

dependence on the pH of the gel. In their study, they obtained pH-responsive alginate/chitosan hydrogels whose

properties may be tuned depending on the pH of the solution .

Amphiphilic grafts and block polymers. This group is formed by molecules with the ability to self-assemble in

aqueous solutions to form hydrogels and polymeric micelles, in which the hydrophobic part of the polymer is

concentrated. Interestingly, block polymer-based hydrogels can also be formed via crystallization, as is shown by

Castillo and Müller (2009) in their study about the use of crystallization to produce a block copolymer material with

good hydrophilicity and suitable mechanical and physical properties to be used as potential biomaterials .

[7]

[8]

[9]

[10]

[11]



Synthesis of Hydrogels | Encyclopedia.pub

https://encyclopedia.pub/entry/25945 3/8

Ionic interactions. Hydrogel formation is favored by the presence of ions to form the internal network . This

method is normally carried out at room temperature and physiological pH. The resulting hydrogels are nontoxic, do

not cause skin irritation, are easily extensible and have adequate adhesion strength to be applied as a polymeric

film on the skin .

Protein interactions. This cross-linking method is based on the use of genetically modified proteins or through

antigen−antibody interactions. The former is produced by modifying the peptide sequence, enabling the control of

the hydrogels’ physicochemical properties. On the other hand, the addition of a free antigen as a cross-linking

agent generates a slight swelling of the hydrogel due to the replacement of the antigen bound to the polymer,

generating the release of antibodies together with a decrease in the cross-linking density .

3. Chemical Cross-Linked Hydrogels

Chemical cross-linking is an irreversible process, where covalent bonds can be induced by the methods described

below . This type of hydrogel is of special interest thanks to their good mechanical resistance after cross-linking.

For these hydrogels, there are mainly five ways to promote chemical cross-linking (Figure 1), whose specific

interactions and conditions for the formation of the cross-linked structures are represented in Figure 3  .
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Figure 3.  Formation of chemically cross-linked hydrogels by (A) enzymatic reactions, (B) chemical reaction

promoted by a cross-linking agent, (C) high-energy radiation, (D) free-radical polymerization and (E) click

reactions.

Enzymatic reactions. Enzymatic cross-linking requires the use of enzymes as reactants in order to reduce the

potential toxicity of the chemical reagents traditionally used . For this reason, there is a controversy, since some

authors have considered enzymatic cross-linking as a third cross-linking method, whereas other researchers

include it as a specific type of chemical cross-linking. This type of cross-linking is generally carried out with

biopolymers. Therefore, the formation of hydrogels can be favored by the presence of enzymes that act as

additives to generate new bonds between the polymer chains . In this line, transglutaminase is the most used

enzyme to carry out this type of cross-linking .

Reaction of complementary chemical groups. These hydrogels are formed by the use of agents that generate

secondary reactions to promote cross-linking of the hydrogel. This group includes aldehydes and those additives

that promote condensation reactions .

High energy radiation. This cross-linking method is promoted by the use of gamma radiation or an electron beam.

Recent studies have combined this cross-linking method with enzymes to produce a chemical gelling of hydrogels

obtained with macromolecules .

Free-radical polymerization. The manufacture of hydrogels following this route requires the use of synthetic, semi-

synthetic or natural hydrophilic polymers . It is also necessary to use enzymes as catalysts to favor the reaction

 or, most commonly, free radical initiators, which are compounds that can generate free radicals by different

stimuli. Temperature, UV irradiation, oxidation, microwave irradiation and gamma radiation have been used to

induce radical generation .

Click reactions. This term describes a type of rapid, spontaneous, versatile and extremely selective reactions that

do not lead to the formation of secondary products and result in high yields of heteroatom-linked molecular

systems with high efficiency in a wide variety of mild reaction conditions . The “click chemistry” approach allows

a wide variety of synthetic strategies to accomplish the cross-linking and chemical functionalization of hydrogels

with tailored properties. Several well-known reactions, which can be classified into three groups, comply with the

“click chemistry” approach for hydrogel manufacture. These three groups include: (1) copper-free click reactions,

such as Diels–Alder (DA), strain-promoted azide-alkyne cycloaddition (SPAAC), oxime-forming reactions and

radical mediated thiol-ene; (2) copper-catalyzed azide-alkyne cycloaddition (Cu-AAC), and (3) pseudo click

reactions, which include aldehyde-hydrazide reactions (Schiff-base reactions) and thiol-Michael addition .

In this section, different synthesis procedures have been discussed for hydrogel manufacturing, leading to mainly

two types of cross-linked structures, namely physical and chemical cross-linking. The main difference between

these two cross-linking approaches is the formation or not of covalent bonds, respectively, in the resulting structure

. Thus, physically cross-linked hydrogels have some advantages, such as remarkable versatility and the
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absence of chemical compounds to attain the desired cross-linked structure, which commonly harms fundamental

properties such as biocompatibility or causes toxicity problems once implanted within the body . Nevertheless, as

described previously, the main drawback of these methods is the reversible demeanor that they present and the

strong dependence on environmental parameters such as pH or temperature, which leads to unstable properties.

This is the main challenge for the physically cross-linked hydrogel, though they still represent a very interesting

strategy to reinforce hydrogels’ structure .

On the other hand, chemical cross-linking methods stand out for the better stability and mechanical properties of

the synthesized hydrogels, rather than physically cross-linked ones, due to the formation of covalent bonds.

However, most of the compounds used to induce secondary reactions or to form free radicals, as well as common

reagents for some click reactions are presumably toxic and negatively affect biological properties and induce

cytotoxicity issues . Therefore, the main challenge of these procedures would be to move towards the

implementation of the abovementioned green alternative compounds to induce complementary group reactions or

free radical initiators that do not harm the biological properties of the resulting systems . In addition, further

research to obtain specific enzymes would be another interesting approach to attain chemically cross-linked

structures avoiding the use of toxic compounds .

The combination of cross-linking procedures and materials is apparently the best solution to obtain adequate

hydrogel systems for biomedical applications . Not only combining polymers, but also including other materials

and further cross-linking stages could be beneficial in order to obtain suitable hydrogels for more specific and

demanding biomedical applications. This statement will be discussed in the following section.

References

1. Vareda, J.P.; Lamy-Mendes, A.; Durães, L. A reconsideration on the definition of the term aerogel
based on current drying trends. Microporous Mesoporous Mater. 2018, 258, 211–216.

2. Lai, J.Y.; Luo, L.J.; Ma, D.H.K. Effect of cross-linking density on the structures and properties of
carbodiimide-treated gelatin matrices as limbal stem cell niches. Int. J. Mol. Sci. 2018, 19, 3294.

3. Balcioglu, S.; Gurses, C.; Ozcan, I.; Yildiz, A.; Koytepe, S.; Parlakpinar, H.; Vardi, N.; Ates, B.
Photocrosslinkable gelatin/collagen based bioinspired polyurethane-acrylate bone adhesives with
biocompatibility and biodegradability. Int. J. Biol. Macromol. 2021, 192, 1344–1356.

4. Yao, G.; Liu, X.; Zhang, G.; Han, Z.; Liu, H. Green synthesis of tannic acid functionalized
graphene hydrogel to efficiently adsorb methylene blue. Colloids Surfaces A Physicochem. Eng.
Asp. 2021, 625, 126972.

5. Nahar, Y.; Thickett, S.C. Greener, faster, stronger: The benefits of deep eutectic solvents in
polymer and materials science. Polymers 2021, 13, 447.

[7]

[27]

[28]

[29][30]

[31][32]

[33]



Synthesis of Hydrogels | Encyclopedia.pub

https://encyclopedia.pub/entry/25945 6/8

6. Qureshi, M.A.; Nishat, N.; Jadoun, S.; Ansari, M.Z. Polysaccharide based superabsorbent
hydrogels and their methods of synthesis: A review. Carbohydr. Polym. Technol. Appl. 2020, 1,
100014.

7. Kesharwani, P.; Bisht, A.; Alexander, A.; Dave, V.; Sharma, S. Biomedical applications of
hydrogels in drug delivery system: An update. J. Drug Deliv. Sci. Technol. 2021, 66, 102914.

8. Akhtar, M.F.; Hanif, M.; Ranjha, N.M. Methods of synthesis of hydrogels … A review. Saudi
Pharm. J. 2016, 24, 554–559.

9. Man, Z.; Sidi, L.; Xubo, Y.; Jin, Z.; Xin, H. An in situ catechol functionalized ε-
polylysine/polyacrylamide hydrogel formed by hydrogen bonding recombination with high
mechanical property for hemostasis. Int. J. Biol. Macromol. 2021, 191, 714–726.

10. Jing, H.; Huang, X.; Du, X.; Mo, L.; Ma, C.; Wang, H. Facile synthesis of pH-responsive sodium
alginate/carboxymethyl chitosan hydrogel beads promoted by hydrogen bond. Carbohydr. Polym.
2022, 278, 118993.

11. Castillo, R.V.; Müller, A.J. Crystallization and morphology of biodegradable or biostable single and
double crystalline block copolymers. Prog. Polym. Sci. 2009, 34, 516–560.

12. Cheol Kim, H.; Na Lee, J.; Kim, E.; Hee Kim, M.; Ho Park, W. Self-healable poly(γ-glutamic
acid)/chitooligosaccharide hydrogels via ionic and π-interactions. Mater. Lett. 2021, 297, 129987.

13. Yuan, N.; Xu, L.; Xu, B.; Zhao, J.; Rong, J. Chitosan derivative-based self-healable hydrogels with
enhanced mechanical properties by high-density dynamic ionic interactions. Carbohydr. Polym.
2018, 193, 259–267.

14. Ullah, A.; Lim, S.I. Bioinspired tunable hydrogels: An update on methods of preparation,
classification, and biomedical and therapeutic applications. Int. J. Pharm. 2022, 612, 121368.

15. Chaudhary, S.; Chakraborty, E. Hydrogel based tissue engineering and its future applications in
personalized disease modeling and regenerative therapy. Beni-Suef Univ. J. Basic Appl. Sci.
2022, 11, 3.

16. Ribotta, P.D.; Colombo, A.; Rosell, C.M. Enzymatic modifications of pea protein and its application
in protein–cassava and corn starch gels. Food Hydrocoll. 2012, 27, 185–190.

17. Gaar, J.; Naffa, R.; Brimble, M. Enzymatic and non-enzymatic crosslinks found in collagen and
elastin and their chemical synthesis. Org. Chem. Front. 2020, 7, 2789–2814.

18. Perez-Puyana, V.; Jiménez-Rosado, M.; Romero, A.; Guerrero, A. Crosslinking of hybrid scaffolds
produced from collagen and chitosan. Int. J. Biol. Macromol. 2019, 139, 262–269.

19. Wolfel, A.; Romero, M.R.; Alvarez Igarzabal, C.I. Post-synthesis modification of hydrogels. Total
and partial rupture of crosslinks: Formation of aldehyde groups and re-crosslinking of cleaved
hydrogels. Polymer 2017, 116, 251–260.



Synthesis of Hydrogels | Encyclopedia.pub

https://encyclopedia.pub/entry/25945 7/8

20. Nezhad-Mokhtari, P.; Ghorbani, M.; Roshangar, L.; Soleimani Rad, J. Chemical gelling of
hydrogels-based biological macromolecules for tissue engineering: Photo- and enzymatic-
crosslinking methods. Int. J. Biol. Macromol. 2019, 139, 760–772.

21. Shahi, S.; Roghani-Mamaqani, H.; Talebi, S.; Mardani, H. Stimuli-responsive destructible
polymeric hydrogels based on irreversible covalent bond dissociation. Polym. Chem. 2022, 13,
161–192.

22. Zhong, Y.; Wang, J.; Yuan, Z.; Wang, Y.; Xi, Z.; Li, L.; Liu, Z.; Guo, X. A mussel-inspired
carboxymethyl cellulose hydrogel with enhanced adhesiveness through enzymatic crosslinking.
Colloids Surfaces B Biointerfaces 2019, 179, 462–469.

23. Campea, M.A.; Majcher, M.J.; Lofts, A.; Hoare, T. A Review of Design and Fabrication Methods for
Nanoparticle Network Hydrogels for Biomedical, Environmental, and Industrial Applications. Adv.
Funct. Mater. 2021, 31, 2102355.

24. Liu, Y.; Wei, H.; Li, S.; Wang, G.; Guo, T.; Han, H. Facile fabrication of semi-IPN hydrogel
adsorbent based on quaternary cellulose via amino-anhydride click reaction in water. Int. J. Biol.
Macromol. 2022, 207, 622–634.

25. Alavarse, A.C.; Frachini, E.C.G.; da Silva, R.L.C.G.; Lima, V.H.; Shavandi, A.; Petri, D.F.S.
Crosslinkers for polysaccharides and proteins: Synthesis conditions, mechanisms, and
crosslinking efficiency, a review. Int. J. Biol. Macromol. 2022, 202, 558–596.

26. Bhattacharjee, P.; Ahearne, M. Significance of crosslinking approaches in the development of next
generation hydrogels for corneal tissue engineering. Pharmaceutics 2021, 13, 319.

27. Bustamante-torres, M.; Romero-fierro, D.; Arcentales-vera, B.; Palomino, K. Hydrogels
Classification According to the Physical or Chemical Interactions and as Stimuli-Sensitive
Materials. Gels 2021, 7, 182.

28. Patil, S.; Jadge, D. Crosslinking of Polysaccharides: Methods And Applications Crosslinking Of
Polysaccharides: Methods And Applications. Pharm. Rev. 2016, 6, 1–9.

29. Feng, H.; Tian, C.; Zhang, G.; Zhang, L. Catalyst-free curing and closed-loop recycling of
carboxylated functionalized rubber by a green crosslinking strategy. Polymer 2021, 234, 124237.

30. Correa, R.F.; Colucci, G.; Halla, N.; Santamaria-echart, A.; Blanco, S.P.; Patr, I.; Barreiro, M.F.
Development of Chitosan Microspheres through a Green Dual. Molecules 2021, 26, 2325.

31. Li, C.; Wang, L.; Chen, Z.; Li, Y.; Li, J. Facile and green preparation of diverse arabinoxylan
hydrogels from wheat bran by combining subcritical water and enzymatic crosslinking. Carbohydr.
Polym. 2020, 241, 116317.

32. Ghavaminejad, A.; Ashammakhi, N.; Wu, X.Y.; Khademhosseini, A. Crosslinking Strategies for
Three-Dimensional Bioprinting of Polymeric Hydrogels. Small 2020, 16, 2002931.



Synthesis of Hydrogels | Encyclopedia.pub

https://encyclopedia.pub/entry/25945 8/8

33. Vasile, C.; Pamfil, D.; Stoleru, E.; Baican, M. New developments in medical applications of hybrid
hydrogels containing natural polymers. Molecules 2020, 25, 1539.

Retrieved from https://encyclopedia.pub/entry/history/show/63449


