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Hydrogels are attractive biomaterials with favorable characteristics due to their water uptake capacity. However, hydrogel

properties are determined by the cross-linking degree and nature, the tacticity, and the crystallinity of the polymer. 
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1. Introduction

Novel biomaterials have been developed in the last decades. One of the most exciting for researchers is one of the first

biomaterials, known as hydrogel . The first hydrogel described arose in 1960, where the cross-linking network was

based on polyhydroxyethylmethacrylate (pHEMA) . A hydrogel is a tridimensional polymeric structure with swelling

and collapse properties, flexibility, biodegradability, biocompatibility, and softness . The ability of hydrogels to absorb

water arises from hydrophilic functional groups attached to the polymeric backbone, while their resistance to dissolution

arises from cross-links between network chains . Variations in concentrations, structure, functionality of the monomer,

and the cross-linker used in such gels can modify the structure . Besides, these biocompatible materials have been

widely used in the biomedical field due to their high ability to absorb drugs  and nanoparticles .

In hydrogel synthesis, monomers or polymers and an initiator are usually necessary. The latter will be responsible for the

formation of monomeric free radicals that give rise to the growth of macromolecular chains. Monomers have unique

properties that can form a macromolecular known as a polymer. In addition, a cross-linking agent is relevant because a

characteristic of any hydrogel is its cross-linked structure, which is achieved through that agent . The cohesion forces

that allow the cross-linking of the polymer have a covalent character, and other forces such as electrostatic, hydrophobic,

dipole–dipole interactions, or hydrogen bonds intervene . Typically, hydrogels are classified into two categories:

physically cross-linked hydrogels and chemically cross-linked hydrogels , which obtain different properties based on

each synthesis.

In recent years, many efforts have been made on research approaches based on the synthesis of new hydrogels with

better mechanical properties, which is one of these systems’ weak points, and provides them with a certain degree of

“intelligence”. Since they are systems in an aqueous medium, it is necessary to consider the traditional variables such as

temperature, concentration, pH, and ionic strength. Moreover, some hydrogels are capable of responding to external

stimuli such as pH, temperature, electricity, light and biological molecules as enzymes during the swelling and shrinking

process. Therefore, several studies have made it possible to improve mechanical, optical, or swelling behavior, adding

another compound with hydrophobic properties to the hydrophilic monomer.

Hydrogels are composed of hydrophilic polymers, which are desirable materials in polymer science. They have different

properties that make them potentially useful in a wide variety of applications, such as in biomedical applications, self-

assembly, or catalysis . Hydrophilic polymers might be considered as those polymers that contain polar functional

groups such as hydroxyl (-OH), carboxyl (-COOH), and amino (-NH ) groups that make them soluble or swelled by water.

A hydrophilic polymer that has received much attention is poly(vinyl alcohol) (PVA) because it has a great promise as a

biological drug-delivery matrix  and is nontoxic. Similarly, hydrophilic polymers can be cross-linked through chemical

bonds, leading to the formation of hydrogels, which are materials that have attracted particular attention in the biomedical

field . The research of hydrophilic polymers has been complex because the physical properties of solubility or

swellability depend on different factors, such as the type of polymer, molecular weight, the ratio of polar groups, and

degree of cross-linking. High molecular weight and a high degree of cross-linking will reduce the hydrophilicity of the

molecule .

Hydrogels are attractive materials owing to their excellent features and properties. Besides, because of such a wide

variety of response triggers, hydrogels can serve as sensors or actuators or can be utilized in controlled drug delivery
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systems, biosensors, tissue engineering scaffolds, and others , because of their biomimetic properties and multi

functionalities .

2. Cross-Linking Strategies to Obtain Physical Hydrogels

Hydrogels can be cross-linked through physical or reversible networks, which hold them together by molecular

entanglements or physicochemical interactions such as hydrogen bonds, hydrophobic interactions, charge condensation,

or supramolecular chemistry. The interactions that occur in this type of hydrogels are weak. However, they are numerous

and contribute to the presence of complex behaviors. Since the interactions depend significantly on external stimuli (pH,

ionic strength, the composition of the solvent, or the temperature), they allow hydrogels to be highly versatile concerning

the environment, unlike covalently bonded materials. Some of the gist hydrogels made up by the physicochemical are

explained below.

2.1. Crystallization

Physical cross-linking of a polymer to form a hydrogel can also be achieved by crystallization through freeze–thaw cycles

in homopolymeric systems or by forming stereocomplexes. The crystallization and degree of crystallinity determine the

final properties of the resulting polymers. Polymeric crystallization can occur from dilute solutions or the molten state .

In the first case, crystallization occurs by evaporating the solvent, resulting in the appearance of single crystals based on

a chain-folded model, which presents aligned chains . This crystallization process includes crystal nucleation and

crystal growth:

Crystal nucleation: The initial stage consists of the formation of tiny crystals or nuclei. It requires a certain degree of

supersaturation, which increases the driving force for splitting the solution into a low and a high entropy region .

Several factors affect the crystal nucleation, such as temperature, volume, ionic strength, ionic species ratio, flow rate,

and foreign particles .

Growth: It is characterized by the growth of the nuclei due to the alignment of molecular chain segments while part of the

initial volume disappears. Polymers crystallize with chain-folded layers known as lamellae, which can be grouped forming

spherical structures called spherulites. Polymers present crystalline phases when the lamellar chains are arranged in

regular patterns and the amorphous phase when the lamellae are arranged irregularly. Generally, the polymers will

crystallize from the melt in spherulitic structures . The diameter of the spherulites is dependent on the nucleation sites,

the molecular structure of the polymer, and the rate of cooling .

The crystallinity degree (%) measures the order in the molecular arrangement of polymers. It is calculated according to

the following formula:

(1)

where,  is the density of the completely crystalline polymer,  represents the density of the completely amorphous

polymer, and 

is the density of the sample. The degree of crystallinity is dependent on the cooling rate and structure of the polymer . It

can range from a completely amorphous polymer (close to 0%) to a semicrystalline polymer (approximately 95%).

Freeze–thaw crystallization involves the formation of microcrystals in the structure. Examples of this type of cross-linking

are xanthan  or PVA hydrogels . The formation of resilient and resilient PVA gels is attributed to the formation

of PVA crystallites that act as physical cross-linking sites in the network. The hydrogel properties depend on the

concentration and molecular weight of the PVA, temperature, freezing time, and some freeze–thaw cycles . It has been

studied that by adding alginate to the PVA solution before subjecting it to the freeze–thaw process, the properties of the

system can be modified (by increasing the concentration of alginate, the mechanical resistance increases, which causes a

decrease in the drug release) .

Another form of crystallization is the formation of stereocomplexes . Stereocomplexes are formed by stereoselective

interactions between polymers with complementary stereoregular structures (the functional group is located only on one

side of the monomer) that interact to form a system of properties different from those of the original constituents. It has

been suggested that the forces involved in the formation of the complex are Van der Waals forces . The formation and
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composition of the complexes between sterically complementary polymers are conditioned by medium composition or

temperature .

2.2. Amphiphilic Copolymers

Amphiphilic hydrogels containing both hydrophilic and hydrophobic units represent one of the major polymeric

biomaterials , as Figure 1 shows. In other words, amphiphilic copolymers can aggregate in water to form micelles and

hydrogels in which the hydrophobic segments of the polymer self-assembly . Copolymers typically form hydrogels with

fragments of different nature or modified copolymers. The latter can be formed by a water-soluble polymer to which

hydrophobic fragments have been attached or hydrophobic chains modified by water-soluble fragments .

Figure 1. Schematic illustration of amphiphilic polymer.

By the PEG biocompatibility and PLA biodegradability (or its copolymer with glycolic acid (PLGA)), the hydrogels formed

by these copolymer blocks have been extensively investigated. Drug release can occur by passive diffusion and by

degradation of the system. Multiple triblock polymer systems with hydrophobic segments in between have been proposed,

for example, PEG-PLGA-PEG at low concentrations in water form micelles and high concentrations form thermoreversible

hydrogels. The critical gelation concentration and the sol-gel transition temperature are highly dependent on the blocks’

molecular weights and composition. PEG-PLGA-PEG copolymers gel when there is a change from room temperature to

37 °C if the concentration is high enough. Cross-linking is thought to occur by hydrophobic interactions .

Another example is the copolymers of PLA and polyoxyethylene (PEO), PLA-PEO-PLA, formed by polymerization of L-

lactide with PEG. It has been suggested that these hydrogels can retain hydrophilic drugs in the PEG phase and

hydrophobic drugs in the PLA domains. Likewise, they can be applied by injection to administer specific proteins .

Copolymers containing fragments of different nature, such as composed of PEG and polybutylene terephthalate (a

hydrophobic polyester) have also been investigated. Feijen et al.  studied that films or microspheres can be

formed, and they tested the release of various proteins (lysozyme, bovine serum albumin). They also studied the

hydrolytic degradation of polymers, concluding that as the percentage of polybutylene terephthalate increases, the

degradation will be lower. Furthermore, modifying the water/polymer ratio during emulsification could control the release of

proteins.

Polymers with hydrophobic domains can also crosslink in aqueous environments through reverse thermal gelling (sol-gel

transition). Polymers or oligomers with this ability are known as gelling agents and are moderately hydrophobic .

Gelation occurs when a hydrophobic segment attaches to a hydrophilic polymer forming an amphiphilic polymer.

Amphiphilic polymers are generally soluble in water at low temperatures; as the temperature increases, the hydrophobic

domains add to minimize the hydrophobic surface area, reducing the amount of structured water around them .

Gelation temperature depends on the concentration of the polymer, the length of the hydrophobic block, and the chemical

structure of the polymer. Some hydrophobic segments that can undergo reverse thermal gelation at temperatures close to

physiological ones are PLGA, polypropylene oxide, poly(N-isopropyl acrylamide) (PNIPAAm), polypropylene fumarate,

polycaprolactone, polyurethane, polyorganophosphazene .

Different polysaccharides (such as chitosan, dextran, pullulan, carboxymethyl curdlan) can also be modified by adding

hydrophobic segments that self-assemble to form nanohydrogels. Sunamoto et al.  obtained cholesterol-modified

pullulan nanoparticles. These 20–30 nm nanoparticles (nanohydrogels) can be loaded with different proteins such as α-

chymotrypsin, bovine serum albumin, insulin ; or drugs such as adriamycin . By covalently binding galactoside

lactoside to pullulan, nanoparticles are obtained whose cellular target is RCA lectin (specific receptor for β-D-galactose).

Another example is chitosan glycol-modified with palmitoyl chains that assemble into unilamellar polymer vesicles in the

presence of cholesterol . These vesicles are biocompatible and hemocompatible and can encapsulate water-soluble
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drugs . Chitosan has also been modified with various hydrophobic fragments to form pH or temperature-sensitive

hydrogels; for example, D-L-lactic acid  and/or glycolic acid , polyacrylic acid (PAAc) , and PNIPAAm . Other

polymers such as carboxymethyl dextran have also been modified with poly(N-isopropyl acrylamide)-co-N,N-dimethyl

acrylamide to form thermo-sensitive hydrogels . Finally, another example along similar lines is the modification of

carboxymethyl curdlan (polysaccharide with antitumor activity) with a sulfonylurea to form nanohydrogels by self-assembly

.

2.3. Hydrogel Cross-Linking by Charge Interactions

Cross-linking (or de-crosslinking) can be achieved in situ by pH changes that cause ionization or protonation of ionic

functional groups and cause gelation. Charge interactions can occur between a polymer and a small molecule or between

two oppositely charged polymers to form a hydrogel. When a polyelectrolyte combines with a multivalent ion of opposite

charge, a physical gel known as an ionotropic hydrogel is produced .

If two polyelectrolytes of opposite charges are mixed, they can gel or precipitate depending on their concentration, ionic

strength, and pH of the solution; the product is called complex or polyionic. In pioneering work in the area, calcium

alginate capsules were stabilized, coating them with an alginate-poly(L-lysine) coacervate complex .

Starch graft copolymers with neutralized acid monomers generate anionic starches that can gel through charge

interactions. Prado et al.  reported the formation of a novel interpolyelectrolyte complex (IPEC) between cation-ized

corn starch by introducing the 2-hydroxy-3 (N,N,N-trimethylammonium) propyl group and κ-type carrageenan as

counterpolyanion. It should be noted that carrageenan is made up of galactose and/or anhydrogalactose units, sulfated or

not, linked by alternating bonds. The κ-type consists of alternating galactose units with a sulfate group at carbon four and

unsulfated anhydrogalactose units. Gao et al. developed a simple, nontoxic, water-based strategy to fabricate magnetic

nanoparticles/hydrogels nanocomposites in which highly crystalline Fe O  nanoctahedra can be fabricated in situ within a

negatively charged hydrogel matrix . Besides, Katayama investigated electrostatic interactions in polyampholyte gels,

which contain anions and cations in their skeleton . They observed that they deflated at neutral pH (pH = 7), while at

various pH values, both higher and lower, they swelled. The reason is that, at neutral pH, charges attract each other in

such a way as to result in a deflation of the gel. Conversely, if one of the charges is neutralized and the other ionized, the

gel swells. It is important to note that both van der Waals forces and hydrogen bonds cause collapse at low temperatures,

while hydrophobic interactions cause the opposite effect. Electrostatic interactions can be attractive and repulsive,

depending on the nature of the gel.

2.4. Interactions by Hydrogen Bonds

Hydrogen bonding interactions can be used to produce hydrogels in vitro by freeze–thaw cycles. An example is a project

developed by You et al. in which they report a hydrogel with a hydrogen-bonding system consisting of weak hydrogen

bonds between N,N-dimethylacrylamide (DMAA), and acrylic acid (AAc) and strong hydrogen bonds between 2-ureido-4

[H]-pyrimidinone units. The hydrogels have unique properties through optimization between the radii of the monomers and

a balance of the interactions .

Yoshimura et al. prepared biodegradable hydrogels by a simple procedure: esterifying starch with succinic anhydride,

using 4-dimethylaminopyridine as catalyst and dimethylsulfoxide or water as a solvent, followed by neutralization with

NaOH, dialysis, and precipitation with methanol. These hydrogels were obtained in the absence of a cross-linker. The

authors hypothesize that gelation occurred due to aggregation of polymer chains by regeneration of hydrogen bonds

during dialysis .

2.5. Stereo-Complexing

Stereo-complexing refers to the interactions between polymeric chains, or small molecules, of the same chemical

composition but different stereochemistry. Natural polymers can be cross-linked by stereo-complexing grafting. The

grafting of L-lactide and D-lactide oligomers to dextran induces spontaneous gelation in water . Dextran is a

polysaccharide similar to amylopectin, consisting of highly branched glucose chains, whose predominant bond is α (1→6)

with α (1→3) and α (1→4) branches. These hydrogels show excellent biocompatibility and biodegradability. They do not

require organic solvents, chemical crosslinkers, or the formation of hydrophobic domains. However, the main drawback of

stereo- complexation is the restricted polymer composition range that can be used; small changes in stoichiometry can

weaken or eliminate the stereochemical interaction .
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Some physical hydrogels have found interesting applications. For example, Mehyar et al. investigated two physical

hydrogels (one based on hydrogen-bonded starch and the other based on calcium alginate, with ionic interactions) as

possible substrates for antimicrobial agents. In these systems, diffusivity depended on the hydrogel-agent pair, being the

highest with the following combinations: trisodium phosphate, starch hydrogel, and sodium acid chlorite-alginate hydrogel

.

2.6. Protein Interactions

Cross-linking by protein interactions can be accomplished through the use of genetically engineered proteins or antigen–

antibody interactions. By employing genetic engineering, a genetic code can be designed that originates peptide

sequences with specific physicochemical properties, and even synthetic amino acids can be obtained . Tirrell  and

Cappello  were pioneers in this field.

Cappello et al.  created a high molecular weight protein-polymer based on a sequence of silk-like amino acids and

elastin, in which the insoluble silk-like segments associate in sheets or strands linked by hydrogen bonds. A particular

subset of these silk-elastin-type protein compositions, called ProLastins, gelled in physiological solution. The sol-gel

transition can be controlled by modifying the temperature, the conditions of the solution, and the additives, which can

prevent or promote the crystallization of the chain through hydrogen bonds.

Tirrell et al.  used recombinant DNA methods to create artificial proteins that undergo reversible gelation in response to

changes in pH or temperature. Proteins are composed of terminal leucine zipper domains flanking a flexible central

segment formed by a water-soluble polyelectrolyte. The formation of coiled aggregates of the terminal domains in near-

neutral aqueous solutions and at room temperature triggers the formation of a three-dimensional polymeric network, in

which the polyelectrolyte retains the solvent and prevents chain precipitation. Increasing the pH or temperature

dissociates the terminal aggregates, causing the dissolution of the hydrogel. The mild pH and temperature conditions in

which the hydrogel is formed suggest that these hydrogels could be applied in encapsulation or controlled drug and cell

release.

Another cross-linking by protein interactions is that formed by antigen-antibody interactions. For example, Miyata et al. 

proposed modifying a PAAm hydrogel to give it the ability to reversibly swell in a buffer solution in response to a specific

antigen. The system was prepared by binding an antigen and the corresponding antibody to the polymer network; thus,

antigen–antibody binding increases the cross-links of the PAAm hydrogel. The competitive binding of free antigen in the

medium causes a change in the hydrogel volume due to the breaking of these non-covalent cross-links. Furthermore, it

was shown that the hydrogel behaves with shape memory and that gradual changes in antigen concentration can induce

pulsatile permeation through the lattice.
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