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Abstract: Hyaluronic acid (HA) is a natural polyelectrolyte abundant in mammalian connective
tissues, such as cartilage and skin. Both endogenous and exogenous HA produced by fermentation
have similar physicochemical, rheological, and biological properties, leading to medical and dermo-
cosmetic products. Chemical modifications such as cross-linking or conjugation in target groups
of the HA molecule improve its properties and in vivo stability, expanding its applications. Cur-
rently, HA-based scaffolds and matrices are of great interest in tissue engineering and regenerative
medicine. However, the partial oxidation of the proximal hydroxyl groups in HA to electrophilic
aldehydes mediated by periodate is still rarely investigated. The introduced aldehyde groups in the
HA backbone allow spontaneous cross-linking with adipic dihydrazide (ADH), thermosensitivity,
and noncytotoxicity to the hydrogels, which are advantageous for medical applications. This review
provides an overview of the physicochemical properties of HA and its usual chemical modifica-
tions to better understand oxi-HA/ADH hydrogels, their functional properties modulated by the
oxidation degree and ADH concentration, and the current clinical research. Finally, it discusses the
development of biomaterials based on oxi-HA /ADH as a novel approach in tissue engineering and

regenerative medicine.

Keywords: hydrogel; hyaluronic acid; cross-linking; tissue engineering; regenerative medicine

1. Introduction

Hyaluronic acid (HA) is a glycosaminoglycan comprising repeating disaccharide units
of glucuronic acid and N-acetylglucosamine that is widely distributed in the extracellular
matrix (ECM) and plays a vital role in vertebrate tissue morphogenesis [1]. Isolated
first in 1934 by Meyer and Palmer [2], HA has an evolutionary history supported by
profound structural, physicochemical, and biological studies that resulted in an extensive
network of clinical applications in the late 20th century. Laurent [3] summarized HA
history research in the form of a tree, in which the great stages of development mark the
trunk. The initial structural studies and evolution of analysis techniques boosted research
on the macromolecular and physiological properties, followed by molecular recognition,
cell biology, and HA metabolism. These stages have extensive ramifications, and HA
development from Balazs’ studies crowned HA for clinical applications [4].

In the last 40 years, with studies on cell receptors and technological development,
tissue engineering has emerged as a science. Regenerative medicine is more recent, ap-
pearing during the 1990s. Until 2006, the focus of regenerative medicine was the research
and production of knowledge about stem cells. Since 2006, the focus has shifted to the
development of new products and therapies. Regenerative medicine is now much more
than stem cell technology, covering basic biology to clinical applications [5]. Although the
first exploration of exogenous avian HA, the fermentation product bio-HA is currently the
most commonly used in clinical applications.
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HA was first approved by regulatory authorities for use in human patients mainly
as a viscoelastic fluid for pain in osteoarthritis and as sheet formulations for preventing
surgical adhesions. Currently, extensive studies of HA hydrogels have led to applications in
tissue engineering and regenerative medicine [6,7], diagnostics [8], cell immobilization [9],
separation of biomolecules or cells [10], and the regulation of biological adhesions as
barrier materials [11] because of their desirable properties, such as adaptive chemistry,
biodegradability, biocompatibility, viscoelasticity, and chondrogenic potential [12].

Despite versatility as a biomaterial, HA requires chemical functionalization or cross-
linking reactions to improve stability and ensure the fidelity of the shape of the hydrogel
constructs [13]. Generally, the chemical or physical modifications of HA control maintain
the biological functions of the polymer and overcome degradation. In vivo, the resilience
of HA hydrogels depends on their rate of degradation by hyaluronidases and reactive
oxygen and nitrogen species, which can limit their effectiveness [14-18]. However, most of
the usual cross-linkers are medium or large molecules not metabolized by the human body
after HA degradation. Moreover, the cross-linking reactions require initiators or catalyzers
and further purification to remove excess reagents.

The partial oxidation of HA catalyzed by a periodate (NalOy) introduces aldehyde
groups in HA glucuronic acid, providing opportunities for cross-linking with small metabo-
lizable molecules such as adipic dihydrazide (ADH) by click reaction [19-23]. First, studies
have used HA /ADH hydrogels for nucleus pulposus regeneration [24-26]. Furthermore,
the improved injectability and in situ gelation motivate physicochemical studies aiming at
novel applications [21,27]. Recently, we characterized the structural changes modulated
by the oxidation degree and ADH concentration and the thermosensitivity of HA/ADH
hydrogels with different packings [28]. However, the lack of characterization studies still
limits understanding and developments.

This review focuses on the preparation and characterization of oxi-HA-based bio-
materials, compares the properties and benefits of oxi-HA /ADH regarding HA, presents
clinical studies, and discusses the potential of oxi-HA /ADH-based biomaterials for tissue
engineering and regenerative medicine.

2. Hyaluronic Acid Hydrogels
2.1. Molecular and Structural Domains

Hyaluronic acid (HA) is a nonsulfated glycosaminoglycan (GAG) comprising alter-
nating units of D-glucuronic acid and N-acetyl-D-glucosamine connected by (3-1,3- and
(3-1,4-glycosidic bonds (Figure 1a). HA is negatively charged in neutral aqueous solution
because of its pKa value, approximately 3—4, referring to the carboxyl groups. Additionally,
it forms a f3-sheet tertiary structure because of hydrophobic interactions and intermolecular
hydrogen bonds, enabling the aggregation of polymeric chains and formation of an ex-
tended meshwork (Figure 1b) [29]. The porous structure formed among the chains allows
the diffusion of small and large molecules such as proteins (Figure 1c).
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Figure 1. (a) Chemical structure of hyaluronic acid (HA). (b) HA tetrasaccharide unit with hydrophilic
functional groups (in blue), hydrophobic moieties (in red), and hydrogen bonds (dashed lines in
green). (c¢) Random coil structure of HA (blue: hydrophilic; red: hydrophobic) with the effect of
diffusion (free molecules with arrows).

2.2. HA Hydrogels

The HA networks form three-dimensional (3D) hydrogels due to physical cross-links
among the chains, maintaining a large amount of water in their swollen state [30]. However,
physically cross-linked hydrogels exhibit faster degradation behavior in vivo [12,27,31].
To overcome degradation and maintain the integrity of native HA, chemical or physi-
cal modification of the functional groups of native HA (carboxyl, hydroxyl, and amide)
is exploited. Various chemical conjugations and covalent bonds improve mechanical
strength and control stiffness, viscosity, solubility, degradation, and biological proper-
ties [14-18,27,32-34], maintaining biocompatibility and biodegradability [15,27]. HA, in
the salt form of hyaluronate, is preferably functionalized at the carboxyl and hydroxyl
groups of D-glucuronic and in the amino group of N-acetyl-glucosamine. Using carbodi-
imides or carbonyl diimidazole, the carboxyl group is covalently modified to form amide
bonds, while the hydroxyl group can be modified to ether formation, ester formation, hemi-
acetal formation, and oxidation, and -NHCOCHj; is modified by deacetylation, amidation,
hemiacetylation, and hemiacetal formation [16].

2.3. HA Hydrogels in Tissue Engineering and Regenerative Medicine

HA hydrogels are 3D carriers for growth factors and cells, resulting in the success-
ful regeneration of different tissues, including bone and cartilage, and the stimulation
of angiogenesis [31,35,36]. Additional biological functionalities come from coupling pro-
teins, amino acids, or therapeutic drugs [24,37]. Presently, HA is an appealing starting
material for biomedical applications due to its biocompatibility, native biofunctionality,
biodegradability, high viscoelasticity, chondroprotectivity, nonimmunogenicity, and ver-
satility [12,38,39]. A wide range of studies include tissue engineering and regenerative
medicine [6,7], diagnostics [8], cell immobilization [9], the separation of biomolecules or
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cells [10], and the regulation of biological adhesions as a barrier material [11]. Table 1
illustrates some HA-cross-linked hydrogels and their current applications.

Table 1. Applications of HA-cross-linked hydrogels in the biomedical field.

Biomaterial Application Reference
HA !-collagen matrix cartilage tissue repa.ir and neural [40,41]
regeneration
HA-gelatin hydrogels chomdrogeni diferentaton 124
HA-CHI 2 composite cartilage TE [36,46,47]
oxi-HA-resveratrol hydrogel cell carrier for chondrocytes [48,49]
PGS-PCL-Me-HA heart valve TE [50]
Alginate-HA myocardial TE [51]
thiolated-HA hydrogels Adipose-substitutes TE [52-54]
collagen-PEG-grafted-HA intradermal drug delivery [55]
oxi-HA-gelatin microspheres drug delivery [56]
HA-g-poly-(HEMA) lung TE [57]
HA-ADH 3-EDCI # drug delivery [58,59]
HA-DVS? viscosupplement [60,61]
HA-BDDE © viscosupplement [62-64]
HA-PRP’ regenerative medicine [65-67]

! hyaluronic acid, 2 chitosan, ® adipic dihydrazide,* 1-ethyl-3-(3-dimethyl aminopropyl)carbodiimide, ® divinyl
sulfone, ® 1,4-butanediol diglycidyl ether, 7 platelet-rich plasma, TE- tissue engineering.

2.4. HA/ADH Hydrogels

The most common method described in the literature to cross-link high-molar-mass HA
with ADH uses 1-ethyl-3-(3-dimethyl aminopropyl)carbodiimide (EDCI) as a catalyst [68,69].

Pouyani et al. (1994) developed a methodology for the chemical modification of high-
molar-mass HA (1.5 x 106 Da) with ADH in excess and EDCI. The reaction was carried out
in an aqueous acid solution (pH 4.0-4.75) and occurred only in the presence of the catalyst.
ADH is a bifunctional cross-linking agent used in excess for coupling to HA carboxylate.
The reaction ended by increasing the pH to 7.0, followed by elimination of the catalyst
due to toxicity. The obtained hydrogel showed potential as a three-dimensional matrix for
incorporation and controlled release of active compounds [70].

From the methodology of Pouyani et al. (1994), Lou et al. (2000) introduced modifica-
tions for the derivatization of HA with ADH, followed by cross-linking with a macromolec-
ular homobifunctional reagent, poly(ethylene glycol)-propionaldehyde. The polymer
network obtained under neutral aqueous conditions was suitable for in situ adminis-
tration. Furthermore, the authors obtained an adequate film for hydrophobic steroidal
anti-inflammatory or drug delivery at wound sites. The film did not require purification
and could be used directly after gelling [39].

Wang et al. (2006) cross-linked the carboxyl groups of HA with the amine groups of
glycol chitosan to form amide bonds. The carboxyl group of HA was initially activated in
an aqueous solution by EDC at neutral pH and added to a glycol chitosan solution. As a
result, the hydrogels had a soft and viscoelastic structure with adjustable biostability [71].

Zhang et al. (2010) studied collagen (Col) cross-linking with HA using genipin as a
cross-linker. Genipin spontaneously reacts with the amine groups of Col, and Col/HA or
Col/HA-ADH can be obtained directly by immersing the HA and HA/ADH hydrogels in
a genipin solution. Regarding HA-ADH, the amine groups of Col and pendant hydrazide
amino groups from HA-ADH promoted nucleophilic attack at C-3 of the genipin, opening
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the dihydropyran ring and forming a nitrogen-iridoid. The results suggested that HA-
ADH improved the cross-linking efficiency of genipin, producing hydrogels with enhanced
mechanical resistance, and the water absorption and degradation rate were reduced [72].
Despite the satisfactory results, the product required steps for purification that increase the
production time and cost.

ADH is a small, nontoxic, and nucleophilic dihydrazide quickly metabolized by
humans [73]. ADH forms spontaneous covalent bonds with HA, resulting in a 3D matrix
in a few minutes. In addition, the hydrogels are stable, biocompatible, and thermoresistant
biomaterials. In vivo, the HA/ADH hydrogels are gradually degraded by hyaluronidases,
maintaining the gel state for up to 5 weeks after injection [24,31]. Despite these advantages,
in vivo applications still face challenges because nonremoved EDCI can induce foreign or
inflammatory reactions [74].

3. Partial Oxidation of Hyaluronic Acid (Oxi-HA)

Compounds with hydroxyl groups on adjacent atoms, such as HA, undergo oxida-
tive cleavage when treated with periodically aqueous periodate (-IO4). This oxidation
is a simple and effective method to introduce reactive groups into polysaccharide struc-
tures [22,23,75]. In addition, periodate treatment oxidizes the proximal hydroxyl groups (at
the C2 and C3-carbons of glucuronic acid) to electrophilic aldehydes, thereby opening the
sugar ring during oxidation and leaving them available for cross-linking (Figure 2) [24,27].

Figure 2. Partial oxidation of hyaluronic acid (HA) with sodium periodate (NalOy) to form oxidized hyaluronic acid
(oxi-HA). In red, aldehyde groups, and in green, the bond breaks during oxidative cleavage.

Partial oxidation leads to the introduction of highly flexible links in otherwise rather
stiff and extended structures. In addition, the aldehyde groups along the backbone serve
as reactive chemical anchors for further reactions with nucleophilic molecules, allowing
the immobilization and stabilization of compounds (drugs, biomolecules, cells) [76,77] and
hydrogel formation [78,79].

HA partially oxidized with NalOy requires a prolonged reaction time due to extensive
intermolecular and intramolecular hydrogen bonding between the hydroxyl and carboxy-
late HA groups. This long time causes HA degradation and molecular weight reduction
by at least an order of magnitude [21,80]. Furthermore, after the reaction, dialysis must be
performed to remove by-products due to cytotoxicity [48].

Although NalO4 oxidation reduces the HA molar mass [80], the intrinsic viscosity
of the solution, at a constant HA molar mass, facilitates sterilization, passing through a
0.22 pm filter, the simplest method of sterilization [24]. Additionally, as a liquid solution,
oxi-HA can easily incorporate drugs and cells [24,37]. Figure 2 describes the partial reaction
between HA and NalQy.

In most chains, the extent of oxidization is governed by electrostatic repulsion be-
tween carboxyl groups, resulting in a high sensitivity of chain extension or compaction
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concerning ionic strength (Figure 3a). This approximation of the chains allows long-range
intermolecular associations to occur, benefiting cross-linking with small molecules, such as
ADH [21].
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Figure 3. (a) Approximation of the aldehyde groups of oxi-HA with increasing degree of oxidation

and (b) modified entanglement and cross-linking.

Partial oxidation allows HA stabilization. In approximation to each other, the N-
acetyl-D-glucosamine units provide a protective configuration to the entire HA molecule,
decreasing the amount of cross-linker required and favoring molecular stabilization
(Figure 3b) [81,82].

4. Oxi-HA Cross-linkings and Conjugations

Different strategies for cross-linking oxi-HA hydrogels are found in the literature,
providing the possibility to generate multifunctional materials. Sheu et al. (2013) developed
an injection therapy by applying an oxi-HA hydrogel cross-linked with resveratrol (Res) as a
chondrocyte carrier. The oxi-HA /Res hydrogel performed suitable cartilage restoration [48].
However, the matrix involves several steps of chemical reactions that use tetrahydrofuran,
a toxic and carcinogenic solvent.

An injectable hydrogel matrix of a chitosan-HA-based hydrogel was prepared by
Deng et al. (2017) using a similar strategy to Tan’s group (2009) for abdominal tissue
regeneration. Gelation occurred via a Schiff base reaction between the amine group of
chitosan and the aldehyde of oxi-HA. When applied in a rat model with a simulated open
abdomen and a significant abdominal wall defect, the hydrogel matrix produced a rapid
cellular response, suitable ECM deposition, and expressive neovascularization compared
to the control and fibrin hydrogel groups [31].

Cai et al. (2017) cross-linked oxi-HA with chitosan at different ratios of chitosan
oxi-HA to form in situ hydrogels for CD44-mediated chondrocyte binding studies. They
used CD44-expressing human primary chondrocytes, isogenic MCF-7 CD44-expressing
cells, and CD44-negative cells [83]; Liu et al. (2018) prepared oxi-HA /glycol chitosan (GC)
cross-linked hydrogels. In vitro and in vivo results showed that the hydrogels provided an
optimal environment for the proliferation of bone marrow mesenchymal stem cells, thus
being a promising candidate biomaterial for cartilage tissue engineering [84].

In recent studies, Li et al. (2020) cross-linked oxi-HA-based hydrogel with cystamine
dihydrochloride, a compound derived from cystamine, to treat gastric and mammary
tumors. As a result, the hydrogels exhibited excellent self-healing capacity, faster gel
formation, and better mechanical properties by increasing the cross-linker. Thus, the
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hydrogels were promising for various biomedical applications [85]. In addition, Bao et al.
(2021) prepared a hydrogel film of oxi-HA/GP for topical ocular stepwise release of
dexamethasone and levofloxacin as an alternative to conventional ophthalmic dosage
forms treating postoperative endophthalmitis [86].

Additionally, Lee et al. (2020) incorporated graphene oxide (GO) in an injectable
blended hydrogel of glycol chitosan (GC)/oxi-HA) with unique osteogenic functionalities.
The GO systems exhibited robust mechanical properties and stability, enhancing bone
tissue regeneration compared to the pure blend of hydrogel [87]. Han et al. (2020) exploited
oxi-HA-based hydrogels for stem cell protection. They cross-linked methacrylate chitosan
and oxi-HA through a Schiff-based reaction and electrostatic binding between chitosan and
HA. In addition, methacrylate chitosan enabled photopolymerization, achieving hydrogels
with high elasticity modulus and stability. Furthermore, the viability of stem cells in
these hydrogels was approximately (~92%) after extrusion. Therefore, the hydrogels were
considered candidates for therapeutic cell delivery and 3D printing of encapsulated cell
scaffolds, both suitable for tissue engineering [88].

Injectable systems encapsulating cells for skin and cartilage tissue engineering were
also studied by Kim et al. (2017) [89], and 95% of the encapsulated cells were viable,
consistent with the results from Nair et al. (2011) [90] and Sun’s group (2013) [91].

Tan et al. (2009) synthesized composite hydrogels of N-succinyl-chitosan (more
water soluble than chitosan) and oxi-HA and characterized their physicochemical and
mechanical properties [36]. Zhu et al. (2020) used these hydrogels for integration with
insulin-loaded micelles (ILMs) and epidermal growth factor (EGF) for diabetic wound
healing. These hydrogels were pH-responsive and promising for wound healing due to
fibroblast proliferation, collagen deposition, and myofibrils [92].

Martinez-Sanz et al. (2011) prepared different biomaterials suitable for injection and
in situ gelation involving multistep reaction and purification. Initially, they modified
the carboxylic groups of HA, adding 3-amino-1,2-propanediol in a reaction involving
hydroxyl benzotriazole. Sodium periodate quickly (5 min) transformed the diol-modified
HA into aldehyde-modified HA. The addition of rhBMP-2 provided specificity for bone
augmentation, healing, and filling bone defects as a substitute for autologous bone graft-
ing commonly present in clinical interventions [93]. In another example, Nimmo et al.
(2011) developed a cytocompatible material with potential for soft tissue engineering and
regenerative medicine, with an elastic modulus similar to that of central nervous system
tissue. They used a clean and one-step click reaction (Diels—Alder type) to cross-link the
HA. Furan-modified HA derivatives and cross-linked them with dimaleimide-PEG. The
furan/dimaleimide-PEG molar ratio controlled the mechanical and degradation proper-
ties of the cross-linked hydrogels [94]. In addition to the multisteps, the synthesis and
purification are complex because furan is flammable, toxic, and carcinogenic.

Sun et al. (2012) included dexamethasone (Dex) grafted onto N-succinyl-chitosan
before being cross-linked to the aldehyde groups of oxi-HA [91]. Then, cross-linked
HA /Dex produced beneficial results in the attenuation of osteoarthritis [95].

Fu et al. (2017) studied the cross-linking of oxi-HA with azide-modified polyethy-
lene glycol (PEG). First, they produced cyclooctyne-modified HA and quadruply azide-
terminated PEG. The components gelated in a few minutes and formed a robust HA-PEG
hydrogel with a slow degradation rate, high cross-linking density, stability, adequate me-
chanical properties, and biocompatibility [96]. However, despite the low toxicity of PEG,
the synthesis is complex and involves multiple steps.

Oxi-HA was also integrated into type I collagen to obtain hydrogels containing (3-
tricalcium phosphate (3-TCP) and the antibacterial drug tetracycline cross-linked with
natural oligomeric proanthocyanidins. The hydrogels were biocompatible, provided grad-
ual drug delivery, and are considered candidates for the treatment of advanced chronic
periodontitis [97].
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5. Oxi-HA/ADH Hydrogels
5.1. Partial Oxidation and Cross-linking Reactions

The partial oxidation of HA is an alternative to avoid the use of EDC in HA-ADH
hydrogels. Additionally, the cross-linking of oxi-HA with ADH presents benefits in terms
of the process because it is a spontaneous reaction. The oxidation degree is controlled by
the sodium periodate concentration and time of reaction, while the cross-linking degree can
be modulated by the ADH concentration and temperature, purity, and initial molar mass
of HA. The versatility of the oxi-HA/ADH hydrogels opens possibilities for applications
in tissue engineering [98] and regenerative medicine.

Figure 4 describes the cross-linking reaction of oxi-HA with ADH to form oxi-HA/
ADH hydrogels.
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Figure 4. Chemical cross-linking reactions of oxidized hyaluronic acid (oxi-HA in black with aldehyde
groups in blue) cross-linking with adipic dihydrazide (ADH in red) to form the oxi-HA/ADH hydrogel.

Figure 5 summarizes the main properties of oxi-HA /ADH hydrogels.
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Figure 5. Properties of oxi-HA /ADH hydrogels.
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5.2. Structural, Physicochemical, and Mechanical Characterizations of oxi-HA/ADH

The structural and physicochemical changes provided by the partial oxidation of HA
and the ADH concentration were well characterized in recent studies by our group [28,99].
The partial oxidation of HA with NalO; introduces dialdehyde groups into HA that
form highly flexible domains, leading to the compaction of chains and an increase in the
oxidation degree (Figure 3b). In contrast, at physiological pH, the polymeric chains of
nonoxidized HA overlap, forming a random coil structure with rigid domains and physical
cross-linking. The approximation of the chains by compaction allows the formation of long-
range intermolecular interactions and cross-linking with small molecules such as ADH.

The molar mass of oxi-HAs does not change substantially because molecular modifi-
cations occur only in the D-glucuronate residues. Thus, the N-acetyl glucosamine groups
remain intact and protect against total oxidation and the scission of the chains. Addition-
ally, the flexibility of the aldehyde groups reflects the increasing zeta potential, and the
compaction of the structures causes decreasing hydrodynamic volumes and a reduction in
the viscosity.

For a high degree of oxidation, steric hindrances induce diffusion limitations and
incomplete cross-linking despite the high number of aldehyde groups available in oxi-HA.
Therefore, an optimum oxidation degree and an optimum ADH concentration are needed
to achieve optimal cross-linking. In addition, the structural changes and ADH cross-linking
modulate functional properties, such as the gelation time, swelling, and stability of the
oxi-HA/ADH hydrogels: the gelation time increases with increasing oxidation degree
and ADH concentration; the moderate 65% oxidation degree and 4% ADH concentration
produce the highest stability and least amount of swelling.

Mechanical properties include G’ (elastic modulus) and G” (loss modulus) are essential
to hydrogels for clinical applications. In the liquid state, the formation of the intermolec-
ular network increases G’ over G’ “at the crossover point. The viscoelastic properties of
oxi-HA /ADH hydrogels depend on oxidation and cross-linking degrees. According to
Franca et al. (2019), G’ values at 37 °C to low, intermediate, and high cross-linking degrees
were approximately 1, 3000, 2000 Pa, and gelation times of 1153, 231, and 71 seg, respec-
tively and the compression force of the highly cross-linked hydrogels was approximately
3.50 & 0.03 N [28].

Oxi-HA/ADH hydrogels are thermosensitive, an advantageous property due to the
time available to handle the hydrogel before injection, fluidity of the hydrogel during
injection, and in situ gelation. Additionally, hydrogel morphology with interconnected
pores is essential for cell nutrition, proliferation, and migration related to cell growth. The
degradation of oxi-HA 65%/ADH 4% in PBS was slow, lasting 25 days. Oxi-HA/ADH
hydrogels have a high water-swelling capacity, which is essential for cell growth. This set of
properties makes oxi-HA /ADH hydrogels promising for applications in tissue engineering
and regenerative medicine.

The hydrogels cross-linked with GC had a modulus of elasticity G’ (6-19 Pa) slightly
greater than the viscous modulus G” (2-11 Pa), meaning a very soft and elastic hydrogel [71].
Oxi-HA integrated with type I collagen improved the swelling ratio by 420% compared to
collagen, with a mechanical strength of 25 kPa [97].

5.2.1. Click Reactions

The concept of click synthesis has been used in pharmacology and has emerged
as an innovative and versatile strategy to construct novel functional hydrogels that are
particularly suitable for biological applications. [12,100]. Click reactions are advantageous
over traditional cross-linking because they are irreversible and occur spontaneously under
mild conditions, producing a single product with high yield and chemoselectivity and
minimum by-products not requiring further purification [12].

HA and other biopolymers can potentially have a wide range of click reactions due
to their reactive functional groups. Referring to Schiff base reactions, they typically oc-
cur in HA by condensing aldehyde groups with primary amines, forming imine link-



Polysaccharides 2021, 2

486

ages [27,31,36,101]. The structural changes from partial oxidation introducing aldehydes in
the HA backbone allow spontaneous cross-linking with ADH by click reaction.
Figure 6 shows the main classes of biomedical applications of click hydrogels [102].

In situ forming %
hydrogel

a Patterned hydrogel

Click reaction
= High reactivity

= Bioorthogonality
High specificity
High yield

Microgel Nanogel

Figure 6. Properties of oxi-HA /ADH hydrogels and classes of biomedical applications: in situ form-
ing hydrogel, patterned hydrogel scaffolds, microgels, and nanogels. (Reproduced with permission
from Elsevier (Jiang et al., 2014)).

The most innovative application of click reactions is in situ gelation due to minimally
invasive in vivo intervention. A mixture of the two components, in a liquid state, could be
injected to become a gel inside the body at the desired site in a few minutes. Hydrogels can
entrap growth factors or cells as a functional provisional ECM in tissue engineering and
regenerative medicine. In general, hydrogels reduce cell death and the loss of bioactivity of
encapsulated drugs or growth factors [100] because of the absence of toxicity and side ef-
fects. In situ click hydrogels have demonstrated outstanding potential for injectable systems
for long-term sustained drug and protein release [102]. Notably, imine linkages undergo
hydrolysis under acidic conditions, limiting their use as injectable hydrogels at slightly
acidic pH [27,31,36,101]. Click reactions are also used to cross-link micro- and nanogels,
forming patterned hydrogels to guide cell growth and tissue regeneration [103-105].

5.2.2. Thermosensitivity

The variation in the temperature affects the interactions between the polymer seg-
ments (hydrophilic and hydrophobic) and water molecules, resulting in new packing.
Furthermore, the changes in solubility of the reticulated network cause the sol-gel transi-
tion phenomenon [106].

These hydrogels can be classified into two categories: thermosensitive negative or pos-
itive hydrogels [107]. For thermosensitive negative hydrogels, decreasing the temperature—
i.e., a lower critical solution temperature (LCST)—increases their water solubility. In this
case, the hydrogen bond between the hydrophilic segments of the polymer and molecules
is dominant. However, as the temperature increases—that is, above the LCST—the hy-
drophobic interactions between hydrophobic groups become stronger, and the hydrogen
bond becomes weaker, making them increasingly hydrophobic and insoluble and causing
gelation [108]. In contrast, thermosensitive positive hydrogels are formed after cooling
a polymer solution with an upper critical solution temperature (UCST). Thus, the water
solubility of the hydrogel increases as the temperature increases, and gelation occurs with
the decrease in temperature [108].

The most significant factor in polymeric systems is the level of solubility reached
above the LCST due to the entanglement and collapse of the polymeric chains in the
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network. Factors such as polymer concentration, chemical structure, and molecular weight
also affect the gelation process. Examples of polymers implemented as thermosensitive
hydrogels include poloxamers or pluronics [109,110], chitosan [111,112], gelatin [113],
cellulose derivatives [114], and synthetic poly(N-isopropylacrylamide) (PNIPAAm) and its
derivatives [109], which have been identified for broad applications in the fields of drug
administration and engineering of bone tissues [115].

Injectable hydrogels using hyaluronic acid have been explored as cell and biomolecule
delivery systems because they can be readily integrated into the gelling matrix [116-119].
This hydrogel allows formation in situ and an easy and homogeneous cell distribution
within any size or shape of the defect before gelation, in addition to allowing good physical
integration to the defect, avoiding an open surgery procedure, and facilitating the use of
minimally invasive approaches for material delivery [120,121]. Hydrogel formation for
many systems occurs almost instantly when the gelation temperature is reached [122].
Each system has advantages and disadvantages, and the choice of hydrogel depends on its
intrinsic properties and application [123].

5.2.3. Thermogelling Mechanisms

Several mechanisms underlying thermogelling in aqueous solutions are debated in
the literature. The phenomenon of sol-gel phase separation is governed by the balance of
hydrophilic and hydrophobic portions in the polymer chain and by the free energy of the
mixture. The free energy of association varies with enthalpy, entropy, and temperature
(Equation (1)) [122,124].

AG = AH — TAS. 1)

When dissolved in water, a polymer undergoes three types of interactions: between
polymer molecules, polymer and water, and water molecules. For polymers that exhibit an
LCST, the increase in temperature results in a negative free energy of the system, making the
water—polymer association unfavorable and facilitating the other two types of interactions.
In this case, the negative free energy (AG) is attributed to the higher entropy (AS) than
to enthalpy (AH) in the thermodynamic relationship (Equation (1)). Thus, the entropy
increases because of water—water associations, which are the interactions that govern the
system. This phenomenon is called the hydrophobic effect. Alternatively, some amphiphilic
polymers, which self-assemble in solution, show gel formation due to polymer—polymer
interactions when the temperature is increased [125-127].

For oxi-HA /ADH hydrogels at temperatures above 37 °C, the polymer shrinks, be-
coming hydrophobic, while at temperatures below 37 °C, the hydrogels are hydrophilic
and swell (Figure 7). This responsive behavior by segregating water molecules from chains
at temperatures above the phase temperature occurs due to the entropic gain of the system,
superior to the enthalpic increment of the connections between the water molecules and
polymer chains in this phase transition [28,128,129].

Bound water H H Loss of bound water to bulk solution

Hydrophilic Hydrophobic

Figure 7. Scheme of the oxi-HA /ADH hydrogel thermoresponsive behavior.
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5.2.4. Injectable Thermosensitive Hydrogels

The implantation of premolded hydrogels in the body requires invasive surgical
procedures that can cause pain and discomfort to the patient, in addition to cost and
time, causing limitations in clinical uses. In contrast, injectable hydrogels not only have
the distinct advantages of conventional hydrogels but can also be injected with minimal
invasiveness at injured sites, acquiring a local irregular shape, providing more comfort
(less pain) and a faster recovery period for patients, as well as lower costs and fewer
complications and side effects [130,131].

Three main mechanisms for material injectability are described in the literature [131]:

In situ gelling liquids for materials in a flowable solution or in liquid phase form
gels after injection only. A chitosan hydrogel with glycerol phosphate disodium salt is an
example that promotes growth factor delivery and chondrocyte encapsulation for cartilage
tissue engineering [111];

Injectable gels, for materials initially in the gel form but able to flow during injection
due to shear forces, revert to the gel state after application. The hydrogel of hyaluronic
acid with methylcellulose is an example of this case, with applications in drug delivery for
the repair of spinal cord injuries [132];

Injectable nano, micro, or macroscale particle gels immersed in a liquid phase before
and during the injection. In situ, they self-assemble or aggregate forming gels. Nano and
microparticles were developed from HA previously cross-linked hydrogels [60-62] or HA
coverage, including fluorescein isothiocyanate-conjugated mesoporous silica for target
cancer tumors and delivery drugs [133].

Injectable hydrogels have been widely developed as biomaterials for delivering drugs,
cells, and bioactive molecules such as growth factors and small stimulus biomolecules
for treatment of inflammatory and infectious diseases, tissue repair, and
regeneration [115,134,135]. HA is the most commonly used biomaterial in tissue engi-
neering and regenerative medicine [136,137].

6. Oxi-HA/ADH Hydrogels in Tissue Engineering and Regenerative Medicine

The aldehyde-hydrazide reaction in oxy-HA /ADH hydrogels has currently attracted
interest because of its high efficiency, cytocompatibility, simplicity, reversibility, and mild
reaction conditions. In particular, these hydrogels are promising approaches for tissue
engineering and regeneration [39].

Although still scarce, the works described in the literature show the potential that
these hydrogels offer for the treatment of various diseases:

Su et al. (2010) studied an oxi-HA/ADH injectable highly cross-linked hydrogel
for cell culture. The hydrogel filled the defect and was stable and biocompatible with
nucleus pulposus cells, allowing the development of aggrecan and type II collagen, the
main components of the ECM. These results suggest that the injectable hydrogel can play
a role in nucleus pulposus replacement and regeneration through minimally invasive
therapy [24].

Jia et al. (2004) obtained oxi-HA /ADH for gradual bupivacaine release through injec-
tion or in situ gelling. These hydrogels were considered safe and effective for prolonging
the blocking of local anesthetics in surgical and nonsurgical applications [80].

Hu et al. (2017) evaluated the in vitro and in vivo cytocompatibility and anti-adherent
effect of oxi-HA /ADH hydrogels with different human vertebral column cell types, aiming
to prevent postoperative epidural fibrosis. The injectable hydrogels filled irregular surgical
defects and gelled only in situ; therefore, they could prevent epidural fibrosis by inhibiting
the adherence of fibroblasts and reducing scar tissue formation. Furthermore, the hydrogels
presented reasonable biocompatibility with neural cells, Schwann cells, fibroblasts, and
myoblasts. In vivo studies showed that gelation was suitable to cover the exposed neural
structure at the laminectomy site [37].

Liang et al. (2018) investigated the viability and effects on radiotherapy treatment
using a combination of the oxi-HA /ADH hydrogel with carboplatin (a common platinum-
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based antineoplastic agent). The application aimed to improve the control of tumor growth
and treatment of malignant glioma. The results showed that the gelation time of the
biomaterial, 17 s, was suitable for intratumoral injection and hydrogel stabilization in a
mouse subcutaneous tumor model. However, for human brain tumor applications, the
gelation time had to be increased to approximately 3 min. These results demonstrate that
hy oxi-HA /ADH hydrogels are effective, convenient, and safe treatments that simplify
drug administration and avoid excess radiation for the treatment of glioma [138].

Kim et al. (2019) exploited oxi-HA/GC/ADH in 3D bioprinting of cell-laden con-
structs. The chondrogenic differentiation of ATDC5 cells demonstrated potential applica-
tion to cartilage tissue engineering [139].

The versatility of oxi-HA/ADH hydrogels enables improvements or combinations
with other compounds to obtain novel properties. Ma et al. (2017) cross-linked oxi-HA
in the presence of ADH and polyethylene glycol (PEG) to improve the toughness of oxi-
HA/ADH hydrogels. The in situ formation of the hydrogel containing PEG occurred
in approximately 20 s, and the PEG concentration was used to delay ADH cross-linking.
The PEGylated oxi-HA /ADH hydrogels were pseudoplastic fluids, although part of the
network structure was lost following PEG addition. PEG filled the internal pores of the 3D
structure, shrinking the hydrogel and decreasing the compression force with increasing
concentration [140]. Furthermore, PEG promoted better adhesion to the CD44 receptor
when gelled in situ [141]. This higher stability induced by PEG is useful for bottom-up
methods of cell culture, inhibiting biopolymer chain breaks, or avoiding damage inside
bioreactors used in tissue engineering [142].

Hsiao et al. (2019) applied oxi-HA /ADH hydrogel as a sustained release of epigallo-
catechin gallate [143,144] and piracetam [144], a potent antioxidative and cytoprotective
agent, respectively. They obtained synergic effects in the early intervention of tendinopathy
because the hydrogel has dual effects as a drug carrier and a mitigating agent of symptoms.
The dual effects were able to suppress nontenocyte lineage gene expression in Achilles
tendon-derived cells in vivo after excessive mechanical loading, opening novel possibili-
ties [144]. Hydrogels could mitigate tendinopathy changes, establishing new possibilities
for therapies [143].

The oxi-HA/ADH coverage on nanoporous silicon microparticles decreased drug
delivery and increased the compression and stress forces measured in the texturometer, in
addition to enhancing microparticle biocompatibility, as expected [99].

Liang et al. (2020) developed oxi-HA covalently conjugated to chitosan nanoparticles
for gene and drug delivery to treat bladder cancer. The nanoparticles (~100 nm) could
achieve the CD44 receptor and deliver therapeutic siRNA in vitro (T24 bladder cancer
cells). In vivo, nanoparticles could accumulate and interfere with the targeted oncogene
Bcl2 in bladder cancer [145].

An in situ cross-linkable oxi-HA- and HA-ADH-based hydrogel was developed by
Emoto et al. (2013) for the prolonged retention of cisplatin (for more than 4 days) against
peritoneal carcinomatosis from dissemination of gastric cancer. In a mouse model, the
cisplatin hydrogel decreased peritoneal cancer nodules, which were not observed for free
cisplatin [146].

Jia et al. (2006) developed microgels cross-linking HA-ADH and oxi-HA for reduced
enzymatic degradation in vocal fold restoration [73].

The rationale for the oxy-HA/ADH hydrogel actions in the reported studies are
the structural modifications introduced from partial oxidation, which provide flexible
domains in the HA chains, the dialdehyde formed allows for spontaneous cross-linking
with ADH by click reaction type, and the thermosensitivity of oxy-HA /ADH hydrogels,
which facilitates injectability and allows in situ gelation.

Despite its importance in medical applications, studies involving oxi-HA and HA/ADH
hydrogels are still scarce and isolated. In general, there is a lack of necessary connections
between the structure and functional properties to support the understanding of the results
and enable technological approaches of these materials for desired purposes.
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Aiming to contribute to oxi-HA /ADH applications in tissue engineering and regen-
erative medicine, in a previous study we prepared and characterized physicochemical,
mechanical, and gelation properties of oxi-HA/ADH hydrogels by varying the oxidation
degree and ADH concentration and compared them with HA [28].

The oxidation of the proximal hydroxyl in aldehyde groups promoted macromolecular
compaction. The structural changes also increased the zeta potential and decreased the hy-
drodynamic volume and viscosity. In addition, the extrusion force, injectability, and ADH
cross-linking benefited from click chemistry, where the ADH concentration modulated the
functional properties such as the swelling, stability, gelation time, porosity, surface rugosity,
and thermosensitivity of the oxi-HA/ADH hydrogels. Figure 8 summarizes the structural
changes and acquired properties of oxi-HA /ADH in comparison with HA. In addition,
micrographs of the surface and internal microstructure of the hydrogels are shown.
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Figure 8. Oxi-HA hydrogel images: (A,B) oxi-HA 44% with 4% ADH and 8% ADH, (C,D) oxi-HA 65% with 4% ADH and
8% ADH, respectively, and (E,F) oxi-HA 82% with 4% ADH and 8% ADH, respectively. (A-F1) Surface scanning electron
microscopy images and (A-F2) fracture scanning electron microscopy images. Structural changes from HA (G) to oxi-
HA/ADH hydrogels (H) as a function of their oxidation degree and cross-linking reaction (A/B, C/D, E/F). (Reproduced
with permission from Elsevier (Franga et al., 2019)).

The changes in HA properties explain the benefits in mixtures with other polymers,
such as alginate [51], chitosan [145], or PEG [140], modifying mechanical properties, and the
incorporation of a diversity of hydrophobic and/or large drugs, such as bupivacaine [80]
and epigallocatechin gallate [143,144], which would be difficult to incorporate in other
cross-linked HA hydrogels. The lower viscosity of the oxi-HA /ADH hydrogel benefited the
filling of irregular surgical defects and reduced epidural fibrosis, producing better-quality
tissue. Moreover, it was suitable to cover the exposed neural structure at the laminectomy
site [37].

The hydrogel morphology with interconnected pores promotes nutrition, proliferation,
and migration of cells, along with the higher swelling capability justifying its compatibility
with various types of cells [73,99,143-147]. The increased stability with ADH cross-linking
is promising for cell cultivation in vitro and repair and regeneration in vivo.

Like HA, oxi-HA belongs to the class of soft hydrogels, with stiffness and elastic
properties susceptible to modulation but adequate to tissue engineering of soft tissues. The
oxi-HA/ADH hydrogels covered noncompatible surfaces and promoted cell adhesion and
proliferation [99].
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The surface groups of the oxi-HA structure promoted cross-linking with chitosan
nanoparticles, and conjugation achieved the CD44 receptor. This targeting of the CD44 re-
ceptor is promising for extension to oxi-HA /ADH and opens possibilities of functionalities
previously attributed to HA high molar mass, such as anti-inflammatory activity and mod-
ification of osteoarthritis and pain relief [4], with the advantages of higher viscoelasticity,
lower viscosity, injectability, and in situ gelation of oxi-HA hydrogels.

Oxi-HA /ADH is also promising for the production of nanoparticles and microparticles
in microfluidic devices, for drug delivery or cell encapsulation [148], and to produce 3D
printed structures for therapy with adult cells or with stem cells, allowing for differentiation
for regenerative purposes [135].

The present review compares HA with oxi-HA and oxi-HA /ADH hydrogels, showing
structural differences and the advantages, relevance, and potential of oxidized hydrogels
in the applications described in the literature. Meanwhile, it highlights that, in addition to
applications, oxy-HA /ADH hydrogels still demand much basic research to understand
and interpret the results from tissue engineering and regenerative studies.

7. Conclusions

Oxi-HA/ADH hydrogels have unique properties that potentialize various approaches
to developing novel biomaterials for tissue engineering and regenerative medicine that can
improve existing therapies or motivate the development of novel therapies.

Further research must be conducted in the physicochemical, mechanical, and bio-
logical characterizations for a better understanding of oxi-HA /ADH hydrogel behavior
and to enable the project and construction of scientifically based structures for tissue en-
gineering and regenerative medicine. Furthermore, the developed hydrogels should be
standardized, allowing comparison of results in vitro and in vivo and enabling translation
for medical interventions.
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