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Polymeric hydrogels (PolyHy) have been extensively explored for their applications in biomedicine as biosensors, in tissue
engineering, diagnostic processes, and drug release. The physical and chemical properties of PolyHy indicate their
potential use in regulating drug delivery.
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| 1. Family of Hydrogels
Polymeric hydrogels can be classified based on different factors:
« Types of bonds in the reticulated three-dimensional structure:

o Physically cross-linked PolyHy: This hydrogel undergoes a transition from the three-dimensional state to the initial
state of polymeric chains in solution and thus constitutes the so-called ‘reversible ones’. Cross-links are formed via
attractive forces or interactions between the polymeric chains (Figure 1A), such as hydrogen bonding, hydrophobic

and electrostatic interactions . This group consists of multifunctional hydrogels based on the copolymers of
polyacrylamide and tannic acid that are cross-linked through hydrogen bonds 2.

+ Chemically cross-linked PolyHy: This type of hydrogel is more stable in comparison with the physically cross-linked
one due to the involvement of covalent bonds (Figure 1B). This indicates that they are irreversible, unless labile

covalent bonds are intentionally introduced into the cross-linked structure. For instance, the chemical cross-linking of
poly(vinyl alcohol) (PVA) hydrogels with citric acid has been successfully obtained to generate a controlled drug
release system. Citric acid is a cheap and non-cytotoxic reagent compared to other crosslinkers that cannot be
employed in biomedical applications due to their toxicity .

« Stimuli-responsive hydrogels. The advances in chemical synthesis, availability of new precursors, and improvement in
reaction mechanisms have resulted in the development of biomaterials that respond to environmental stimuli. This
promotes the conversion of static hydrogels to dynamic ones that respond to generated changes or specific inputs in
variables such as temperature and pH. Furthermore, the stimulus-sensitive PolyHy are known as ‘smart hydrogels’
because of their response to any slight changes in the environment, such as temperature, pH, ionic strength, light,
electric field, and biomolecules, by changing the degree of swelling. The response of the smart hydrogels depends on
the type of monomer or polymer used and/or structural modifications within the compound. The challenges in the
development of smart hydrogels that exhibit a rapid response to the stimuli of the medium are primarily based on
synthetic mechanisms 4IEIEIEIR],

« PolyHy can also be classified based on their charge. Hydrogels are composed of molecular structures such as
nonionic, cationic, anionic, amphoteric polyelectrolytes, or zwitterionic species. The development of zwitterionic
hydrogels further confirmed their potential application in wound dressing 191U The dual cross-linked networks
composed of anionic and cationic monomers improve the mechanical properties of hydrogels and thus find application
as injectable hydrogels 2. On the other hand, new synthetic methodologies have been introduced in the field of cell
adhesion to obtain composite hydrogels incorporating cationic groups in their structure to improve flexibility as well as
cell adhesion 121,

« Another classification involves natural and synthetic hydrogels. Due to the biocompatible, biodegradable, and non-toxic
nature, natural hydrogels find potential biomedical applications. Based on the type of natural polymer, there are three
biomaterials, namely protein-based, polysaccharide-based, and natural polyester-based hydrogels L4RSIAGIAT | this
review, we are interested in focusing on the biomedical applications of hydrogels based on polysaccharides, mainly.
Therefore, later, we dedicate a section to this type of biomaterial. On the other hand, synthetic hydrogels have
favorable properties for industrial applications, such as superior mechanical properties compared to natural hydrogels.



However, hybrid hydrogels with improved and intermediate properties between natural and synthetic hydrogels have
been manufactured. Biocompatible hydrogels functionalized with carbon nanotubes have been successfully
synthesized to stabilize hydroxyapatite. The cytotoxicity results of these materials show promising insights for their
application in bone tissue engineering 8. In addition, there is a group of biodegradable synthetic hydrogels, which
have been widely used for biomedical applications. Principally, in this group we can mention polymers, such as
poly(caprolactone), poly(glycolic acid), poly(lactic acid), poly(D,L-lactide-co-glycolide), and polyurethane 2. The
studies on fucoidan-modified PVA hydrogels have revealed substantial improvement in cell adhesion and
hemocompatibility, suggesting the utility of these hybrid materials as implants or vascular devices 29 In cell
microenvironment engineering, these materials provide very thin platforms that are utilized to seed the endothelial cells.
An attractive biocompatible scaffold based on modified gelatin and a biodegradable polyester of poly(D,L-lactic acid)
(PDLLA) was developed. The combination of these two biomaterials provides the ideal environment for
cytocompatibility and cellular interaction exhibited by gelatin. In addition, PDLLA provides appropriate mechanical
resistance for the graft tissue in corneal endothelial transplant 211,

* Based on their size, hydrogels are classified into those containing macroscopic structures and those containing
networks of smaller dimensions, such as microgels or nanogels. The conformation of hydrogels with micrometric
precision at the level of individual cells has allowed their application as artificial cells 2223 drug and cell carrier
systems 2423 and assembled elemental units in artificial tissue construction 2824, polysaccharide-based microgels
are one of the most commonly used hydrogels. Recent studies have focused on microgels that can stabilize and
release lipophilic particles. Microgels were prepared from corn starch via an oxidized-annealing process. Further, the
adsorption/release capacity of lysozyme by the microgels was evaluated. Studies showed that the oxidized-annealed
microgels exhibit high charge and release capacities over a wide range of pH and ionic strength values. This is
attributed to the electrostatic forces between the carboxyl groups generated by the oxidation-annealing process of the
microgel and lysozyme [28. The hydrogels embedded in microgels to form a hydrogel/microgel system have been
utilized as wound dressings. The carboxymethyl chitosan- and oxidized carboxymethyl cellulose-based microgels are
drug-loaded via the Schiff base reaction. The gel time, morphology, swelling ratio, weight loss ratio, mechanical
properties, release profiles of pH-sensitive drugs, and antibacterial activities were analyzed. The addition of microgels
was found to offer stability, improved mechanical performance, and sensitivity to drug release at different pH conditions
for the hydrogels. The addition of Ag compounds to the hydrogel/microgel composites demonstrated desirable
antibacterial properties, which ensured their possible application in wound dressing .

On the other hand, nanogels, which are also known as nano-sized hydrogels or hydrogel nanoparticles, are
nanostructured three-dimensional networks composed of functional polymers, whose sizes are in the sub-micrometer
region, typically from 20 to 200 nm. Hydrogel nanoparticles are formed by physical as well as chemical cross-linking
methods. Nanogels offer several advantages, such as biocompatibility, high swelling capacity, and high-water solubility.
In addition, they are classified as stimuli-responsive and nonresponsive hydrogels. Nanogels respond to fluctuations in
environmental factors, such as temperature, pH, pressure, electric and magnetic fields, molecular species, ionic
strength, or a combination of different factors. Therefore, nanogels are exceptional candidates for application in
biomedicine, such as biosensors, drug release, tissue engineering, diagnosis, etc. 2229130,
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Figure 1. Schematic representation of the types of cross-linking in a polymer hydrogel (PolyHy); (A) physical cross-linking
of different types of polymeric chains denoted by different colors, (B) chemical cross-linking consisting of covalent bonds
between the polymeric chains denoted by circles and non-binding interactions such as hydrogen bonds represented by
dashed lines.



| 2. Tissue Engineering Applications of Natural Polymeric Hydrogels

The hydrogels consisting of natural polymers have been recognized as prime candidates for designing tissue scaffolds.
This is attributed to the excellent characteristics such as cost efficiency, high compatibility, and biodegradability exhibited
by this type of hydrogels. Natural polymeric hydrogels, such as polysaccharides and proteins, were similar to the natural
extracellular matrix. Thus, the hydrogels are endowed with magnificent properties, such as cellular proliferation and
survival, to overcome certain challenges in tissue engineering BU[B2E3] Recently, a microbial polysaccharide-based
macroporous hydrogel was manufactured from salecan and gellan gum by a one-step method B2, These were obtained
via the association of polysaccharide chains by means of Van der Waals forces, hydrogen bonds, and hydrophobic
interactions. It should be noted that the manufacturing methodologies did not require crosslinkers or toxic monomers.
Instead, the salecan/gellan gum hydrogel that exhibits excellent biocompatibility and properties to mimic the native tissues
were utilized. In this context, cardiac tissue engineering has emerged as a branch of tissue engineering, which uses
combinations of cells, biological and/or synthetic materials, growth factors, differentiation factors, proangiogenic factors,
and monitoring, as a promising and challenging approach to induce the regeneration of heart tissue 4. This field of
research gave rise to the study of biocompatible hybrid systems 23], such as polysaccharide-based PolyHy, for application
in tissue engineering [B8I37],

Alginate (Alg) and chitosan (CS) are natural polysaccharides that are widely used in biomedicine, as well as food and
pharmaceutical industries 2839, This is attributed to the high biocompatibility and biodegradability of polysaccharides 12
(401 A recent study on the improvement of the mechanical tensile strength of decellularized extracellular cardiac matrix
(ECM) using Alg/CS hydrogels 41 showed a high swelling capacity, good mechanical resistance, moderate biodegradable
properties, and excellent cell viability. The results of the study reveal that CS- and Alg-based platforms find potential
applications in cardiac tissue engineering. In addition, other natural polymers, such as collagen, gelatin (Gel), and fibrin,
have been studied for myocardial tissue engineering. The collagen/CS composite scaffold has been widely used for
myocardial tissue engineering B&. Since collagen, which is the main component of the ECM within the myocardium, has a
fast degradation rate and poor mechanical properties 42431 it has been combined with other polysaccharides to improve
the characteristics of the composite PolyHy.

The research in tissue engineering aims to manufacture materials that mimic native tissues of the human organs. The
biomimetic materials capable of mimicking the structure and composition of the native extracellular matrices are essential
for successful organ tissue repair and transplantation in humans. Similarly, fibrin-agarose tissue-like hydrogels (FATLHSs)
have allowed successful biofabrication of different biological substitutes, and thus, delivered promising ex vivo and in vivo
results 44, These fibrin-agarose-based materials biodegrade and integrate into implanted areas and vital organs without
any histopathological alteration. Thus, FATLHs exhibit potential clinical uses in engineering applications due to their
biosecurity and biocompatibility. Furthermore, these artificial tissues combine to be stronger, and thus offer a stable
mechanical response along with favorable cytocompatibility 431,
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