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Hyaluronic acid (HA), one of the main components of the extracellular matrix (ECM), is extensively used in
the design of hydrogels and nanoparticles for different biomedical applications due to its critical role
in vivo, degradability by endogenous enzymes, and absence of immunogenicity. HA-based hydrogels and
nanoparticles have been developed by utilizing different crosslinking chemistries. The development of
such crosslinking chemistries indicates that even subtle differences in the structure of reactive groups or
the procedure of crosslinking may have a profound impact on the intended mechanical, physical and bio-
logical outcomes. There are widespread examples of modified HA polymers that can form either co-
valently or physically crosslinked biomaterials. More recently, studies have been focused on dynamic
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covalent crosslinked HA-based biomaterials since these types of crosslinking allow the preparation of
dynamic structures with the ability to form in situ, be injectable, and have self-healing properties. In this
review, HA-based hydrogels and nanomaterials that are crosslinked by dynamic-covalent coupling (DCC)
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1. Introduction

The ECM is a complex three-dimensional (3D) microenvi-
ronment that consists of proteins, glycoproteins, and polysac-
charides, secreted locally by cells." It provides structural, bio-
chemical, and biophysical support for cells, and any alteration
in the ECM properties can affect cellular behavior. Moreover,
the ECM supports tissue integrity and elasticity, and plays a
critical role in tissue regeneration, as well as promotes tissue
healing. Thus, there is an increasing demand to tailor bioma-
terials that mimic the natural ECM and provide a suitable
microenvironment for cells including stem cells, similar to the
natural stem cell niche. Hydrogels based on ECM components
have been extensively developed for biomedical applications
such as in vitro disease modeling, 3D cell culture platforms,
scaffolds for tissue engineering, drug delivery systems, and
biosensors.” Since HA is one of the major components in the
ECM, hydrogels using this biopolymer are of great interest. HA
is composed of p-glucuronic acid and N-acetyl-p glucosamine
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chemistry have been critically assessed.

and is abundant in the ECM of connecting tissues, synovial
fluid of joints, and the dermis layer of the skin.>* Within the
ECM, HA plays a vital role in sequestering proteins that are
produced by cells, and often HA with a very high molecular
weight (up to 10 000 kDa)® can be found. Commercially, HA is
isolated from rooster comb or genetically engineered bacteria
and are purified and degraded to yield HA fragments with
different molecular weights. High molecular weight HA plays
an important role in maintaining cell integrity, cell-cell com-
munication, hydration, and tissue integrity in vivo, and it exhi-
bits anti-angiogenic and anti-inflammatory properties,®”
however, upon injury or inflammation, the ubiquitous hyaluro-
nidase enzyme expression is upregulated that degrades
high molecular weight HA into low molecular weight HA
(<100 kDa), which exhibits pro-inflammatory, immune-stimu-
latory, and angiogenic characteristics® that stimulate wound
healing. These size-dependent effects of HA allow the tailoring
of materials for different applications. In vivo, HA is degraded
enzymatically using a ubiquitous enzyme hyaluronidase and
by oxidative processes; however, high molecular weight HA
could also be hydrolyzed under acidic or basic conditions.’
Interaction of HA with cells is regulated by molecular inter-
actions with specific cell surface receptors such as CD44,
RHAMM (receptor for hyaluronan mediated motility), LYVE-1
(lymphatic vessel endothelial receptor-1), and TLR-4 (toll-like
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receptor-4).° CD44 is also a known cancer stem cell marker
which makes them ideal candidates for developing targeted
drug delivery systems. Several HA-based nanoparticles and
molecular conjugates have been employed to deliver drug
molecules to CD44-positive cancer cells with high selectivity. It
was recently shown that HA also forms self-assembled nano-
particles with RNA molecules by hydrophobic interactions,
suggesting the potential role of such ECM components in sta-
bilizing circulating RNA molecules in vivo. "

To design HA-based biomaterials, both chemical and physi-
cal crosslinking methods have been explored.'™? Physical
interactions, including ionic interactions, chain entanglement,
electrostatic interactions, hydrogen bonds, van der Waals
interactions, or hydrophobic self-assembly, have been con-
sidered as physical crosslinking for HA hydrogels.'*'* Physical
crosslinking results in a rapid gelling process, and it avoids
the usage of toxic catalysts or crosslinkers. However, the dynamic
polymer network formed by physical or ionic crosslinking
undergoes disassembly upon swelling or by a competitive
ionic interaction with salts or negatively charged biopolymers
such as heparan sulfate in the biological milieu."® Chemically
crosslinked HA hydrogels, such as with 1,4-butanediol di-
(propan-2,3-diolyl) ether crosslinks, on the other hand, form
stable 3D networks that are normally considered “permanent”
and not reversible bonds (Fig. 1). These permanently cross-
linked biomaterials are used to develop aesthetic products in
the cosmetic industry, such as volumetric dermal fillers (e.g.,
Restylane Lift® distributed by Galderma and Juvederm®
Volift, and Juvéderm® Ultra Smile from Allergan). Hydrogels
based on dynamic covalent coupling (DCC) chemistry have a
reversible and adaptable polymer network, which allows the
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Fig.1 The schematic representative of HA chemical structure and
hydrogels developed by different crosslinking chemistries. Physically
formed HA hydrogels could be produced by ionic interactions, hydrogen
bonding, chain entanglement, hydrophobic force, and electrostatic
interactions. Dynamic bonded hydrogels developed by different chem-
istries have self-healing and self-recovery properties. This gel can be
injectable and various cell types can be encapsulated inside the hydro-
gel. Chemically crosslinked hydrogels can be formed by photocrosslink-
ing, and enzymatic and chemical crosslinking.
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development of hydrogels with tuneable physical and mechan-
ical characteristics, and stimuli responsive properties (e.g.
shear-thinning and self-healing properties).'® The DCC reac-
tion is a dynamic process that allows the exchange of mole-
cular components at equilibrium to achieve thermodynamic
minima of the system.'” This reaction includes esterification,
imine, hydrazone, and oxime formation, Diels-Alder reactions,
disulfide exchange reactions, and boronic ester formation.'®
DCC has been widely used for developing HA gels as it pro-
vides a mild, efficient, and biocompatible strategy that does
not release toxic by-products. In different studies, dynamic
covalent bonded hydrogels have been used to develop
materials with shear-thinning and self-healing properties with
tuneable physical and mechanical characteristics.’® However,
most of these dynamic processes showed slow formation and
exchange. Although the dynamic gelation process can be accel-
erated by increasing the polymer concentration, adding a cata-
lyst, or by tuning the pH, these methods compromise the bio-
compatibility of the hydrogels. Therefore, HA-derived hydro-
gels that undergo fast and efficient bioorthogonal DCC
without any toxic catalysts, or UV light under physiological
conditions have been greatly employed for different bio-
medical applications.

The present review aims to give an up-to-date overview of
HA-based hydrogels and nanomaterials that have been devel-
oped employing DCC. For this purpose, we first discuss the
chemical aspects of such reactions that modulate the coupling
efficiency under physiological conditions, and then we discuss
the scope and limitations of HA hydrogels and nanoparticles
formed by DCC for different biomedical applications.

2. DCC in HA hydrogels

Hydrogels are 3D networks produced from hydrophilic (macro)
molecules which can maintain a large amount of water in
their structures.'® These crosslinked polymer networks with
high water contents and rheological solid-like properties are
attractive materials for biomedical applications.”>*' Some
hydrogels that are synthesized by dynamic bonds can undergo
different structural changes in response to a given stimulus by
reversibly forming and breaking covalent bonds. These hydro-
gels are commonly described as “dynamic hydrogels”."”
Dynamic hydrogels can be responsive to different stimuli such
as light, temperature, pH, ligands, or biomolecules.®

Several natural and synthetic polymers have been utilized to
synthesize hydrogels for biomedical applications. Hydrogels
derived from ECM-based polymers mimic ECM characteristics
and have received significant attention as they can support
different cellular functions.”*** Among various types, HA is
widely used for engineering hydrogels for bio-applications,
due to its bio-functionality, as well as due to the availability of
reactive functional groups (carboxylic acids and hydroxyls) that
can be easily modified with different polymers, proteins, or
small molecules to engineer functional materials with diverse
bioactivity. HA hydrogels can be synthesized through covalent

This journal is © The Royal Society of Chemistry 2022
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and non-covalent crosslinking.>® Covalently crosslinked HA
hydrogels are generally more stable than physical networks;
static covalent bonds often result in more elastic materials,
while physical hydrogels typically exhibit a more viscous
behavior.>>*” DCC reactions are intermediary crosslinking
that can produce viscoelastic materials that stress relax and
deform under stress which facilitates cellular functions such
as spreading, proliferation, migration, and differentiation."® In
general, HA hydrogels produced by DCC have self-healing pro-
perties due to the reversible nature of dynamic bonds. Self-
healing hydrogels are particularly interesting because of their
unique abilities to repair structural damage and recover the
original functions, similar to the healing of natural tissues.
Besides, self-healing with shear-thinning properties facilitates
reversible sol-gel transitions that provide astonishing features
to hydrogels to form injectable materials that could be poten-
tially used as carriers for drug/cell delivery or for developing
bioinks for 3D printing. Therefore, self-healing HA hydrogels
as biomedical materials have received rapidly growing atten-
tion in recent years.?® Several studies have reported the use of
dynamic covalent crosslinking strategies to engineer HA-based
hydrogels for various bio-applications, as summarized in Table 1.

The DCC involves reversible bond formation and bond clea-
vage under thermodynamic control. The equilibrium and kine-
tics of the DCC can be affected by substrate structure and reac-
tion conditions, such as solvent, temperature, pH, or ionic
strength.'®*® To develop an ECM mimetic hydrogel for living
cells and tissues, the DCC is preferred to be performed at
neutral pH, to be tolerable by cells and tissues. The most
investigated DCC chemistry, including the formation of imine,
oxime, hydrazone, disulfide, and boronic ester products, and
the Diels-Alder reaction (Fig. 2) that has been employed are
summarized below.

2.1. Imine reaction (Schiff-base)

The Schiff-base reaction is among the most utilized cross-
linking reactions for ECM hydrogel formation.>" It involves the
nucleophilic addition of an amine to an aldehyde or a keto
substrate, followed by water elimination to form the imine
product.'® The reaction is compatible with aqueous conditions
and water is the only by-product that makes this reaction suit-
able for numerous biomedical applications. Hydrogels pro-
duced with imine bonds possess self-healing properties
because the imine reaction undergoes reversible imine-amine
exchange. Hydrogels based on this chemistry have been evalu-
ated for different biomedical applications. For instance, alde-
hyde-functionalized HA and the non-ECM component, N,O-
carboxymethyl chitosan, were employed for abdominal tissue
regeneration, and were evaluated in a rat model with an open
abdomen and abdominal wall defect.** The rats treated
with the HA/chitosan gel showed a rapid cellular response,
sufficient ECM deposition, and marked neovascularization. A
shortcoming of imine crosslinked gels is, however, the require-
ment of acidic pH for the crosslinking reaction and the poor
hydrolytic stability of the imine bonds. This leads to faster
degradation and swelling of the hydrogels. Furthermore, the

This journal is © The Royal Society of Chemistry 2022
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released aldehyde-functionalized polymer can interact with the
surrounding tissue and interfere with the biological process
in vivo.*>** This side reaction can also affect the crosslinking
density of the hydrogel and accelerate hydrogel degradation.

2.2. Oxime and hydrazone formation

Oxime and hydrazone-based hydrogel products require a con-
densation reaction between polymers having hydrazide or
alkoxyamine derivatives and aldehyde or ketone substrates,
generating water as a byproduct. Unlike imine reactions, these
nucleophilic reagents (hydrazide and aminooxy) have an elec-
tronegative heteroatom (N or O) at the alpha position, which
significantly changes the reactivity of nucleophiles and that of
the obtained products.®® Additionally, contrasting the amine
functional group, which is basic (pK, > 9), the hydrazide and
oxime residues are acidic (pK, =~ 4.5), which makes them more
nucleophilic. For this reason, hydrazone and oxime formation
reactions are efficient, selective under mild reaction con-
ditions, and provide crosslinks with greater intrinsic hydrolytic
stability as compared to imines.*® Both the reactions are
reversible in an aqueous environment and the hydrolysis
occurs swiftly at acidic pH.>® Therefore, careful selection of the
reacting substrates is important for the enhancement of the
hydrolytic stability of hydrazone and oxime bonds. It is well
known that hydrazone and oxime generally exhibit better
hydrolytic stability than imines due to the alpha effect.*® We
have previously developed a novel hydrazone-crosslinked HA
hydrogel using carbodihydrazide (CDH) as the hydrazide
moiety for hydrazone crosslinking with HA aldehyde as a sub-
strate, which was utilized for delivering therapeutic protein
namely, recombinant human bone morphogenetic protein-2
(rhBMP-2), which exhibited extraordinary hydrolytic and enzy-
matic stability with good mechanical strength and low swelling
ratio, resulting in efficient bone formation in vivo.>” Compared
to conventional hydrazone crosslinking (e.g., using adipic acid-
derived hydrazide (ADH)) CDH-mediated hydrazone cross-
linking displayed 15-fold higher stability at pH 5. This excep-
tional hydrolytic stability was attributed to the resonance-stabi-
lization of the N* positive charge during the formation of a
hydrazone bond (Fig. 3a and b). Additionally, the in vivo evalu-
ation of this hydrogel revealed neo-bone with a highly ordered
collagen matrix mimicking natural bone regeneration (Fig. 3d
and e). Moreover, it is interesting to note that besides the
structure of nucleophiles, electrophilic carbonyl functionality
also influences the hydrolytic stability of hydrazone and oxime
linkages. Hydrazone obtained from the keto substrate pos-
sesses enhanced hydrolytic stability as compared to the corres-
ponding aldehyde, and aromatic aldehyde forms a more stable
oxime than aliphatic aldehydes/ketones.**>®

However, the reaction employing ketone or aromatic alde-
hydes as electrophiles is much slower than the aliphatic alde-
hyde-based reaction, especially when the reaction is performed
at neutral pH.*> The slow reaction rate under physiological
conditions limits the use of hydrazone and oxime crosslinking
for many biological applications.’®*® It has, however, been
demonstrated that the hydrazone and oxime reaction rate

Biomater. Sci., 2022, 10, 6399-6412 | 6401
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Table 1 DCC strategies to engineer HA-based hydrogels for various bio-applications
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No. Main component DCC type Application Reference
1 Aldehyde-functionalized HA and methacrylate chitosan  Schiff base Injectable scaffolds for cell Han et al.***
transplantation

2 Aldehyde-modified HA and cystamine dihydrochloride  Schiff base Drug delivery and tissue regeneration Li et al.'”

3 Aldehyde-modified HA and carboxyethyl-modified Schiff base Drug delivery Qian et al.'®
chitosan

4 Oxidized HA and glycol chitosan, and adipic acid Schiff base and 3D bioprinting Kim et al.'**
dihydrazide hydrazone

5 Aldehyde-modified HA and hydrazide-functionalized Schiff base Load-bearing tissue engineering Ma et al.'*®
poly (y-glutamic acid)

6  Aldehyde-modified HA and collagen Schiff base Cartilage engineering Kong et al.'*®

7 Aldehyde-modified HA and N-succinyl-chitosan Schiff base Injectable biomaterial Sun et al.*”’

8  Aldehyde-modified HA and amino-modified HA Schiff reaction Injectable biomaterial Tan et al.'*®

9 Oxidized HA and adipic acid dihydrazide Schiff base 3D bioprinting Weis et al.**

10  Aldehyde-modified HA and N-succinyl-chitosan Schiff base Cartilage engineering Tan et al."*°

11  Monoaldehyde-modified HA and carbohydrazide- Schiff base Injectable biomaterial Hozumi et al.""
modified gelatin

12 Alkoxyamine-terminated pluronic F127 (AOP127) and Oxime Anti-adhesion barrier Li et al.*?
oxidized HA

13 Hydrazine-modified elastin-like protein and aldehyde- ~ Hydrazone Cell delivery Wang et al.'*?
modified HA

14  Acylhydrazone or oxime HA Hydrazone and oxime Bioconjugation Wang et al.>°

15  Aldehyde-modified HA and hydrazine-modified elastin- Hydrazone Cartilage regeneration Zhu et al.™**
like protein

16  Aldehyde-modified HA and hydrazide-modified HA Hydrazone 3D bioprinting Wang et al.'"®

17  Adipic dihydrazide-modified HA and dialdehyde Hydrazone Cartilage engineering Chen et al.**®
modified-pectin

18  Hydrazide modified HA and benzaldehyde terminated ~ Hydrazone Wound healing Liet al'"
F127 triblock polymers

19  Hydrazine-modified HA and aldehyde-modified HA Hydrazone Injectable biomaterial Lou et al.*®
and catalysts

20  Carbohydrazide-modified carboxymethyl cellulose and = Hydrazone 3D bioprinting Janarthanan
aldehyde-modified HA et al™®

21 Aldehyde and hydrazide-modified HA Hydrazone Protein delivery Paidisklondala

et al.

22 Gallol and hydrazide-modified HA, and aldehyde- Hydrazone Immunosuppressive tissue adhesive Samanta et al.>
modified HA

23 Norbornene-modified HA and aldehyde or hydrazide-  Hydrazone 3D printing Muir et al.**?
modified HA

24  Aldehyde and furan-modified HA with bis(oxamine) Oxime and Diels- 3D cell culture Baker et al."*°
PEG and modified peptide Alder

25  S-protected thiolated-HA Disulfide 3D cell culture Asim et al.***

26  Thiolated-HA and PEGDA Disulfide Cardiac tissue engineering scaffold Young et al.'**

27  Thiolated-HA and gold nanoparticles Disulfide 3D bioprinting Skardal et al.**

28  Thiolated-HA Disulfide 3D cell culture Bian et al.'**

29  Thiolated-HA Disulfide Soft biomaterial Wu et al.'*®

30  Thiolated-HA and acrylated-HA Disulfide Injectable biomaterial Cao et al."**

31  Thiol- and hydrazide-modified HA and oxidized Disulfide and Drug release Zhang et al.">’
alginate hydrazone

32 Thiolated-HA and thiolated-carboxymethyl cellulose Disulfide Drug release Deng et al.**®

33 Pyridyl disulfide-modified HA and macro-crosslinker Disulfide Protein delivery and cell encapsulation Choh et al.™®
PEG-dithiol

34  Aldehyde modified-HA and 3,3'-dithiobis (propionic Disulfide (in the Tissue adhesive Sigen et al.™*°
hydrazide) crosslinker)

35  Furan and dopamine hydrochloride, and Diels-Alder and Cartilage regeneration Yu et al.**
3-aminophenylboronic acid-modified HA boronate ester

36  Furan-ADH modified HA and furan-aldehyde modified  Diels-Alder Tissue adhesive Yu et al.'*?
HA

37  Furan and tyramine-modified HA and maleimide- Diels-Alder Cartilage engineering Yu et al.'*?
modified PEG

38  HA-furan-adipicdihydrazide and HA-furan-aldehyde Diels-Alder Growth factor delivery Hu et al.’

39  Furan-modified HA and maleimide-PEG Diels-Alder Cartilage engineering Wang et al.'*®

40  Norbornene modified-HA and methyltetrazine Diels-Alder 3D cell culture Delplace et al.***
modified-HA

41  HA modified with benzoxaborole Boronic ester Injectable scaffolds for tissue Figueiredo

engineering and cell therapy et al.*¥”

42 Phenylboronic acid-modified HA and poly (vinyl Boronic ester Drug delivery, 3D cell culture, and 3D Shi et al.™*®
alcohol) bioprinting

43  3-Aminophenylboronic acid-modified HA and a Boronate ester Drug delivery Oliveira et al.**
saccharide

44  Boronic acid-modified HA and fructose-modified HA Boronate ester Injectable biomaterial Figutﬂrﬂedo

etal.
45  Boronic acid-modified HA and maltose-modified HA Boronate ester Soft biomaterial Tarus et al.**!
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increases significantly by introducing electron-withdrawing
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The nucleophilicity of the reactant also influences the reac-
tion kinetics. In general, hydrazone formation is faster than
oxime formation, and reactions involving hydrazide substitu-
ents with a nearby acidic group provide higher reactivity.*"
McKinnon et al. designed a bis-aliphatic hydrazone-linked
hydrogel that forms most rapidly at physiological pH rather
than at acidic pH without requiring aniline catalysis.** Besides
modifying the substrate structure, catalysts have also been
used to accelerate hydrazone and oxime formation. The most
popular catalyst is aniline which promotes hydrazone and
oxime conjugation at pH 7 by lowering the activation energy
required for the rate-limiting dehydration step.** This catalyst
has wide application in bioconjugation for biomolecule modi-
fication, labeling, drug design, and delivery, and it has also
been used for hydrogel synthesis. However, it is known that
aniline catalysis in hydrazone/oxime formation is less efficient
at physiological pH as compared to acidic pH. For example,
100 mM aniline lead to a 400-fold reaction rate increase at pH
4.5, while the rate increase is only ~40-fold at neutral pH.** In
addition, aniline requires a large quantity (above millimolar
scale) as compared to the low substrate concentration (micro-
molar scale in many bioconjugation applications) to promote
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(a) Hydrolysis mechanism of hydrazone, oxime, and imine, (b) the chemical schematic of the major resonance structure of the CDH hydra-

zone, (c—e) histological examination of ectopic bone harvested after 7 weeks post-implantation stained with hematoxylin/eosin (H&E), Masson's tri-
chome, and picrosirius red, respectively,®” (f) reaction scheme of the salt stabilized transition state for hydrazone and oxime formation,*° (g) HA-
hydrazone and HA-thiol-Michael hydrogels containing rhBMP-2 indicating different bone forming profiles after ectopic implantation of the hydro-
gels, (h and i) histological evaluation of hematoxylin/eosin (H&E) stained cross sections of bone tissue obtained with HA-hydrazone hydrogels and
HA-thiol-Michael hydrogels, respectively, (j and k) Masson'’s trichrome staining of cross sections of bone tissue obtained with HA-hydrazone hydro-
gels and HA-thiol-Michael hydrogels, and (i-m) collagen thickness in neobone after picrosirius red staining of cross sections of bone tissue as
observed with a polarized light microscope with HA-hydrazone hydrogels and HA-thiol-Michael hydrogels.*
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the reaction at a reasonable rate. Therefore, several aniline
analogs are designed to achieve higher catalytic efficiency.?
Recently, a self-immolation approach using aniline derivatives
was used to accelerate hydrazone-cross-linked hydrogel for-
mation.*” In this study, the aniline released from the proani-
line in the presence of H,0, and in situ leads to an instant
increase in the rate of hydrazone formation by 10-fold. The
substitutions on the aryl ring of aniline for the enhancement
rate of the reaction are also reported.***®*” Aniline analogs
substituted with electron-donating groups have shown
enhanced catalysis at neutral pH as compared to aniline, and
aniline derivatives with ortho-proton donors that have pK,
values closest to neutral have been reported with the highest
catalytic efficiency.*®

Despite the catalytic efficiency, the major disadvantage of
aniline and aniline analogs includes cytotoxicity for bio-appli-
cations and poor water solubility. Thus, other types of biocom-
patible catalysts are highly demanded for the synthesis of
hydrogels with biomedical applications. Sulfonated amino-
benzimidazole has been reported as a cytocompatible catalyst
that has been utilized to develop hydrogels with both high
injectability and stability for biomedical applications.”® We
have recently developed non-nucleophilic catalysts, such as
carboxylate and aqueous salt solution, which exhibited signifi-
cant enhancement in the catalysis of hydrazone/oxime-based
hydrogel crosslinking with aldehyde and keto substrates at
physiological pH.>® The addition of different types of salts can
increase the reaction rate for hydrazone and oxime formation
by ~5-7 fold at physiological pH by stabilizing the rate-limiting
transition state as well due to the ‘salting out effect’ that
increases the local concentration of the substrates under
aqueous conditions.” Fig. 3f shows the reaction mechanism
for hydrazone and oxime formation at neutral pH that involves
the formation of a charged intermediate 1, followed by a de-
hydration step which is the rate-limiting step.>°

Evaluation of the bioactivity of the ECM mimetic hydrogel
as a result of crosslinking chemistry or the conjugation of bio-
active molecules is also crucial for tailoring functional 3D
scaffolds. We have recently evaluated the effect of crosslinking
chemistry of HA hydrogels on the in vitro and in vivo bioactivity
of thBMP-2.°" In this regard, two different hydrogels including
hydrazone crosslinked and thiol-Michael addition crosslinked
HA hydrogels were developed. Both the hydrogels revealed
similar physical and mechanical properties. However, they
showed differences in the biological activity of BMP-2 in both
in vitro and in vivo experiments. Subcutaneous implantation of
the two hydrogel systems encapsulated with identical BMP-2
concentrations in a rat model demonstrated a clear difference
in bone formation. In the hydrazone crosslinked hydrogel, the
volume of formed bone was significantly higher as compared
to the HA-thiol-Michael hydrogel (Fig. 3g). The differences in
bone formation were also reflected in the quality of bone with
hematoxylin & eosin (H & E) and Masson’s trichrome staining
of the newly formed tissue indicated better quality bone for-
mation with osteoblasts and connective tissue in the HA-hydra-
zone hydrogel group as compared to the HA-thiol-Michael
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hydrogel group (Fig. 1h-m). These results suggest that reactive
functional groups such as thiols in a hydrogel may interact
with the tertiary structure of the encapsulated protein to affect
the biological outcome. The bioactivity of HA-based hydrogels
could be easily manipulated by conjugating other bioactive
molecules. Recently, covalent grafting of the dopamine moiety
to a hydrazone crosslinked HA-chondroitin sulfate composite
hydrogel was reported to form a brain-mimetic 3D scaffold
that promotes neuronal network formation.>* Similarly, graft-
ing of gallic acid to the HA hydrogels rendered immunosup-
pressive characteristics by polarizing macrophages to the M2
phenotype and displayed antioxidant properties.”

2.3. Disulfide exchange

The disulfide exchange reaction involves a nucleophilic substi-
tution reaction between an active disulfide and a thiolate ion
which leads to the liberation of another thiolate ion. Although
this reaction is highly selective, the reaction product remains
sensitive to free thiols and dissolved oxygen in the system. The
disulfide bonds are, however, stable in the presence of other
nucleophiles and exhibit high resistance towards hydrolysis.
Though the reaction can be carried out over a broad range of
pH, it is more favorable under basic conditions.>® Normally
the reaction is performed at pH > 9 to ensure a sufficient
amount of thiolate which is the key intermediate that drives
the forward reaction. We have recently reported that by
employing thiols with different pK, values the reactivity for di-
sulfide exchange reactions could be manipulated.’® Disulfide
exchange reactions have been extensively used for biomaterial
modification, e.g., with pyridyl disulfide derivatives of biopoly-
mers having a labile pyridyl thiol to efficiently lead to hydrogel
formation by disulfide crosslinking. The by-product of this
reaction is pyridine-2-thione which is easily quantifiable by
UV-spectroscopy, thus, the reaction conversion can be con-
veniently monitored. The thiol-disulfide exchange reaction
has also been used to prepare a dual cross-linked self-healing
hydrogel for bone regeneration with a bisphosphonate-modi-
fied HA.>® Disulfide-crosslinked hydrogels are also developed
by air oxidation of different thiol-modified polymers. Such a
strategy leads to both intra and intermolecular crosslinks that
remain dynamic. The disulfide crosslinked hydrogels have an
advantage for cellular delivery applications as these bonds can
be cleaved by endogenous enzymes such as glutathione which
is released by cells over time enabling migration of cells within
the biomaterial.’*>” One limitation of such thiol-modified
material for delivering therapeutic proteins is, as stated, the
potential interaction of free thiols in the system with the ter-
tiary structure of the encapsulated proteins, which could affect
the in vivo outcome.”

2.4. Diels-Alder reaction

The Diels-Alder reaction is one of the reactions to form
carbon-carbon bonds between molecules. It involves the reac-
tion of a conjugated diene and a substituted alkene to form a
six-membered cyclic structure.’® The high atom efficiency and
good regio-and stereoselectivity in the absence of catalyst

This journal is © The Royal Society of Chemistry 2022
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make this conjugation strategy suitable for several bioconjuga-
tion applications.”® The Diels-Alder reaction is exothermic,
therefore the products formed are stable as the retro Diels-
Alder reaction is energetically demanding especially at room
temperature.>® However, when the reaction is carried out with
electron-rich dienes and electron-poor dienophile reactants,
for example, anthracene and tetracyanoethylene, the retro
Diels-Alder reaction can take place at room temperature.®®
Furthermore, the equilibrium of reversible Diels-Alder reac-
tions is not sensitive to water, which is a notable advantage for
hydrogel preparation.®® In a research study, Wei et al. syn-
thesized a self-healing dextran hydrogel using a Diels-Alder
reaction of fulvene-modified dextran and dichloromaleic acid-
modified poly(ethylene glycol) (PEG) substrates and the gela-
tion observed under physiological conditions.® Furan and
maleimide are other predominantly used substrates for hydro-
gel preparation using a Diels-Alder reaction.®” In this regard,
an injectable biocompatible HA hydrogel prepared by mixing
HA-furan and PEG-bismaleimide under physiological con-
ditions which were utilized for intrathecal delivery of bioactive
brain-derived neurotrophic factor to the injured spinal cord.®?
In subsequent studies, the HA-furan was replaced with the
more electron-rich HA-methylfuran to enhance the cross-
linking reaction at physiological pH.** The methyl-substituted
furan lowers the free energy of the transition state as compared
to the unsubstituted furan and leads to a 35-fold increase in
the rate constant. The short gelation time at physiological pH
and degradability at 37 °C makes it suitable for biomedical
applications that require degradable linkages, such as for
developing drug delivery systems or scaffolds for tissue
engineering.

2.5. Boronic ester

The reaction between boronic acids and diols is efficient and
reversible in an aqueous solution. By altering substrate struc-
ture, the hydrolytic stability of the resultant boronic esters can
vary.®®” Boronic ester formation occurs at neutral pH,
although it is more favorable at a high pH, where the boronate
ion exists at a high concentration. Attributed to the rehybridi-
zation of boron from sp> (boronic ester) to sp® (boronate ester)
and release of angle strain, the esters formed from hydroxybor-
onate species show higher hydrolytic stability than those
formed from boronic ester.®>°® The boronic esters are pH-sen-
sitive and undergo hydrolysis at acidic pH.®® Generally, acyclic
boronic esters and small unhindered cyclic esters have rapid
hydrolysis, while the hindered esters such as phenylboron
pinacolate hydrolyze at a slower rate.®® Boronic acid-containing
hydrogels have significant potential in sensor design, con-
trolled drug release, HIV-barrier, and 3D cell culture.®® Heleg-
Shabtai et al. designed a boronic acid-modified hydrogel for
the controlled release of anticancer drug gossypol.®® Here gos-
sypol is used as a crosslinking agent that forms a boronate
ester bond with phenylboronic acid-modified acrylamide copo-
lymer chains leading to hydrogel formation. The gel is disso-
ciated quickly in an acidic environment in the presence of
lactic acid, which resembles the in vivo microenvironment of
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cancer cells. This stimuli-responsive dissociation allows the
controlled release of gossypol.®® Phenylboronic acid-functiona-
lized hydrogels were also investigated as optical glucose
sensors for in vivo glucose monitoring systems.®”

Boronic acid-containing hydrogels have self-healing pro-
perties due to the exchange between the boronic acid/diol and
boronate esters. This exchange is most effective when the pH
is near the pK, value of boronic acids, which is usually around
8-9.°%9 Recently, a boronic ester-crosslinked hydrogel was
prepared from water-soluble diol-containing polymers and
2-acrylamidophenylboronic acid (2APBA) polymer. The intra-
molecular B-O coordination in 2APBA would promote boronic
acid-diol complexation and provides the self-healing of the
hydrogel at neutral and acidic pH, which were previously con-
sidered too low pH for boronic acid-containing materials.®

3. DCC HA nanoparticles

The cell surface receptors such as CD44 are overexpressed in
cancer cells as compared to normal cells.”® Due to the specific
binding of HA to the CD44 receptor, HA-based nanoparticles
are evaluated to develop targeted cancer treatment. HA nano-
particles have been reported to improve the delivery of small
molecule drugs, nucleic acids, and proteins to CD44 positive
cancer cells.”*””* Although HA of moderate molecular weight
above 100 kDa is considered more effective in binding CD44
receptors, liposomal formulations with low molecular weight
HA (20-40 kDa) were shown to improve tumor specificity and
reduce non-specific interactions as HA receptors that are ubi-
quitously expressed.”* HA-based nanoparticles were widely syn-
thesized either by inducing self-assembly with a chemical
modification or together with cationic biopolymers and by
coating HA on the nanoparticles. Anti-tumor drugs such as
doxorubicin (DOX) which are lipophilic and less soluble in
water were delivered specifically to CD44-positive cancer cells
by self-assembled HA-based nanoparticles.”” Dynamic covalent
chemistry such as imine linkage, oxime linkage, hydrazone
linkage, disulfide exchange, and boronic ester chemistry are
also utilized to synthesize HA-based nanoparticles.”®”°

As HA consists of glucuronic acid and N-acetyl glucosamine
repeat units with abundant carboxylate and hydroxy groups,
these functional groups were easily modified to develop bio-
active nanomaterials and hydrogels.®” The hydroxyls at the C2
and C3 positions of the glucuronic acid ring in HA can be oxi-
dized using sodium periodate to produce two aldehyde groups
per repeating unit of HA.®' This method leads to partial degra-
dation of the HA polymer chains. We have previously shown
that the incorporation of aminoglycerol units on the HA back-
bone allows site-specific oxidation of incorporated diols within
5-minutes of periodate treatment leading to aldehyde for-
mation without breaking the C2-C3 hydroxyls on HA.*?
Aldehyde-modified HA was also used to make pH-sensitive
self-assemble nanoparticles by conjugating them to small
molecule drugs and biopolymers through imine bond for-
mation. Lei et al. utilized the sodium periodate oxidation of
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HA and conjugated DOX and amino ferrocene (AFc) through a
Schiff base reaction (Fig. 4a). DOX and AFc conjugated HA
were self-assembled to form a pH-responsive drug-loaded HA-
based nanoparticle. They also observed the release of DOX and
AFc increases with a decrease in pH, which shows the more
release of drugs in the tumor microenvironment through DCC
bond cleavage.®* Hu et al. modified the HA with benzaldehyde
at multiple positions using covalent conjugation and used
DOX to form a Schiff base dynamic covalent bond with benz-
aldehyde. DOX-loaded HA was self-assembled to form pH-sen-
sitive nanoparticles.®* Aldehyde-modified HA was also conju-
gated to DOX and cisplatin through imine bond formation

View Article Online
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and chelation. These drug conjugates employing DCC were
loaded into nanoparticles by electrostatic interactions with
positively charged hydroxyethyl chitosan or chitosan using
layer-by-layer self-assembly.®>*® HA dialdehyde obtained by
the periodate treatment forms an imine bond with chitosan
leading to self-crosslinkable nanoparticles. Liang et al. used
HA dialdehyde and chitosan nanoparticles to deliver the
siRNA to treat bladder cancer.®” Oxidized HA was also utilized
to coat the nanoparticles with amine modification on their
surfaces, e.g., Liu et al. demonstrated the HA coating on
amine-modified silica nanoparticles that encapsulated CuS for
photothermal treatment.®® Other examples include di-alde-
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Fig. 4

(a) Schematic representation of the synthetic process of OHA (oxidised hyaluronic acid)-DOX/AFc prodrugs and self-assembly of nano-
particles,83 (b) the schematic illustration of the synthetic strategy for designing self-assembled HA-DEX-DOX nanoparticles,7'9

and (c) the schematic

representation of core-crosslinked hyaluronic acid polymeric micelles loaded with doxorubicin (DOX-CC-HAMs).%2
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hyde modified HA co-conjugated with DOX and dopamine
using a Schiff base reaction by forming the imine bond.
HA-DOX-dopamine (DAHA) conjugate was coated on chitosan-
coated gold nanorods (GNR) by the layer-by-layer assembly.
This nanoformulation was tested against breast cancer which
showed both pH responsiveness due to the presence of an
imine bond and a near-infrared (NIR) photothermal effect due
to the presence of GNRs.*

Together with the Schiff base reaction, hydrazone bond for-
mation is also used conventionally to form pH-sensitive nano-
particles. Our group recently reported the development of a
self-assembled nanoparticle where dexamethasone (DEX) con-
jugated HA (hydrazone chemistry) was used as the hydro-
phobic moiety (Fig. 4b). We successfully loaded DOX into the
HA-DEX nanoparticle (HA-DEX-DOX) by exploiting the hydro-
phobic interactions. Interestingly, the HA-DEX-DOX nano-
particle suppressed the DOX-induced platelet aggregation and
thromboinflammation, in human whole blood.”® Together
with CDH, ADH was also used to functionalize the acid group
in HA. Cai et al. modified the HA with ADH and used NHS/
EDC coupling to conjugate deoxycholic acid (DOCA) to
HA-ADH, which induced nanoparticle formation by self-assem-
bly.”" Similarly, hydrazone DCC chemistry was used to conju-
gate HA-ADH with curcumin (CUR). Curcumin is a small mole-
cule with promising antitumor effects and is poorly soluble in
water. The formation of HA-CUR conjugate through hydrazone
linkage immediately induces the self-assembly of the poly-
meric conjugate in water.”® Similar to CUR, other drugs having
carbonyl groups such as DOX were conjugated with hydrazide
functionalized HA through hydrazone linkage which also
self-assemble to form nanoparticles due to the high hydropho-
bicity of DOX.”" This acid labile pH-sensitive HA-DOX conju-
gate was more stable under physiological conditions as com-
pared to the HA-DOX conjugates obtained by Schiff-base
chemistry.

Nanoparticles obtained employing disulfide exchange reac-
tions have been developed to harness the excess availability of
glutathione, a disulfide reducing agent, in cancer cells as com-
pared to healthy tissue. The disulfide bond is stable to pH and
water and can be only reduced in the presence of other thiols
such as glutathione. Han et al. synthesized a bio-reducible di-
sulfide core-based HA micelle (Fig. 4c). They opened the redu-
cing end of HA and modified the C1 carbon with an alkyne
moiety. Disulfide-containing azide linker was synthesized to
conjugate with HA-alkyne through Huisgen cycloaddition. HA-
disulfide forms a crosslink at the core of the micelle that
allows intracellular disassembly of the nanoparticle by a thiol
exchange reaction. DOX was loaded into HA-disulfide micelle
with high loading efficiency (>80%) that was demonstrated to
effectively deliver DOX to cancer cells.”” Similarly, Han et al.
used Huisgen cycloaddition to conjugate HA with polycapro-
lactone. In this strategy, the carboxyl group of HA was
first modified with a pyridyl disulfide reagent using NHS/
EDC (N-hydroxysuccinimide/1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride) coupling chemistry, followed by
the incorporation of polycaprolactone to form nanoparticles.

This journal is © The Royal Society of Chemistry 2022
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The cleavage of pyridyl disulfide groups resulted in the for-
mation of disulfide-crosslinked HA-based nanoparticles.”®
Other strategies have also been developed to obtain disulfide-
modified HA nanoparticles. This includes conjugation of cysta-
mine using the traditional carbodiimide method that was
used as a functional handle to incorporate other hydrophobic
groups such as docosahexaenoic acid (DHA) and chlorin e6
(Ce6), which induced self-assembly.”* Cystamine was also con-
jugated at the reducing-end of HA that was later conjugated to
the NHS modified albumin to give HA-cystamine-albumin con-
jugate that formed micelle-like nanoparticles.”” Similarly,
alkyne moiety was incorporated at the reducing end of HA that
was used to conjugate poly trimethylene carbonate-co-dithio-
lane trimethylene carbonate (P(TMC-co-DTC) by click chem-
istry that yielded self-assembled nanoparticle formation.
These nanoparticles allowed efficient loading of thiol-contain-
ing drugs such as mertansine through disulfide-exchange reac-
tions.’® A similar strategy was used to obtain HA conjugated
poly-p,i-lactide (PDLLA) that formed self-assembled nano-
particles when mixed with star PLGA having a five-membered
disulfide ring at the terminal end. The HA-star PLGA nano-
particle was crosslinked at the core using dithiothreitol (DTT)
and loaded with docetaxel (DTX). These nanoparticles with
redox-sensitive groups showed less toxicity as compared to the
DTX-HA-PLGA nanoparticle without any disulfide crosslinks.””

Collectively with imine and hydrazone chemistry, boronic
ester DCC are also pH-responsive bonds that are less stable
under acidic pH conditions. Arylboronic esters were widely
used in biomedical applications due to the disintegration of
the boronic ester bonds in the presence of oxygen and reactive
oxygen species (ROS). Chen et al. synthesized the arylboronic
ester functionalized HA having a cholesterol moiety
which resulted in self-assembled nanoparticle formation.
Indocyanine green (ICG) and DOX were loaded into the nano-
particle for the combination of photothermal therapy and
chemotherapy. Irradiation of this nanoparticle using 808 nm
NIR laser-induced the production of ROS which disintegrated
the arylboronic ester releasing the loaded DOX.?” Other aryl-
boronic acid derivatives were also developed such as by conju-
gating 3-aminophenyl boronic acid (APBA) that was cross-
linked with tannic acid through catechol-boronate complexa-
tion to yield nanoparticles. pH-responsive.”® The phenyl
boronic acid derivative of HA was also used to conjugate cyclo-
dextrin to enable the encapsulation of small molecule drugs
such as PTX. To obtain nanoparticles, these modified poly-
mers were coated with polydopamine nanoparticles.
Conjugation of other targeting ligands such as triphenylpho-
sphonium (TPP) enabled dual targeting of these nanoparticles
(CD44 targeting via HA and mitochondria targeting via TPP).”
Boronic acid interaction with cell-surface sialic acid was also
utilized to improve cell-specific targeting as demonstrated
using APBA conjugated HA-ceramic (HACE) based nano-
particles.'® Additionally, the comprehensive research focused
on DCC crosslinked HA-based nanoparticles, the type of DCC
bond, and the applications of these nanoparticles are summar-
ized in Table 2.
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Table 2 HA-based nanoparticles using DCC chemistry

No. DCC type Application Reference
1 Schiff base siRNA delivery to treat bladder cancer Liang et al."*?
2 Schiff base Synergic chemotherapy and photodynamic therapy of breast cancer Y. Wzglg, Qian,
etal
Y. Wang, Yang,
et al'®
3 Schiff base Chemo-photothermal synergic therapy of atherosclerosis S. Liu et al.®®
4 Schiff base pH-Sensitive nanoparticles for antitumor applications X. Zhang et al.”®
5 Schiff base NIR/pH dual responsive materials for synergic chemo-photothermal therapy W. Xu et al.®®
6 Schiff base pH-Sensitive drug delivery for combined chemotherapy and chemo dynamic therapy Lei et al.®
7 Schiff base HA-coated silica nanoparticles for chemo - photodynamic combination therapy K. Chen et al.'**
8 Schiff base HA-coated nanoparticles for combined photothermal and gene therapy. Yanjun Liu et al."*®
9 Schiff base and disulfide HA coated nanoparticles for pH and redox sensitive drug delivery systems. Shao et al."*®
bond
10  Schiff base Self-assembled HA-based nanoparticles with aggregation induced emission. D. Wei et al."”
11  Hydrazone bond Anti-tumor targeted drug delivery Caietal”
12 Hydrazone bond pH-Responsive HA-based nanoparticles for enhanced cancer therapy and targeted Lai et al.”°
curcumin delivery
13 Hydrazone bond HA-based nanoparticles for combination therapy by suppressing inflammation and Rangasami et al.”’
promoting antitumor macrophage polarization
14  Hydrazone bond pH-Responsive HA-based nanoparticles for enhanced delivery of DOX Liao et al.”!
15  Hydrazone and disulfide Redox and pH dual sensitive HA nanoparticles for targeted DOX delivery M. Xu et al.**®
bonds
16  Hydrazone bond Enzyme and pH-responsive HA-based nanoparticles with synergic chemotherapy and Ren et al."*®
photodynamic therapy.
17  Hydrazone bond HA coated nanoparticles for non-small cell lung cancer combination therapy. Pang et al.">°
18  Disulfide bond Targeted and triggered release of DTX in the tumor reducing environments X. Wang et al.”’
19  Disulfide bond High drug encapsulation of HA shelled disulfide crosslinked nanoparticles Yue Zhang et al.”®
20  Disulfide bond HA/albumin micelle like nanoparticles for delivery of DOX Curcio et al.”®
21  Disulfide bond Disulfide cross linked HA nanoparticles for targeted tumor therapy H. S.9I3—Ian, Thambi,
etal
22 Disulfide bond Disulfide core-crosslinked HA micelle for targeted cancer therapy H. S.9I;Ian, Choi,
etal.
23 Disulfide bond PTX loaded redox sensitive HA-based nanoparticles to treat lung cancer. Song et al.*>!
24  Disulfide bond Redox sensitive HA-based self-assemble nanoparticles for targeted cancer therapy Lu et al.'>?
25  Disulfide bond GSH sensitive HA-based micelles for intracellular delivery of DOX to colon cancer cells Debele et al.'>*
and cancer stem cells.
26  Disulfide bond Redox sensitive HA - poly-L-histidine copolymer for treating tumor Lee et al.*>*
27  Disulfide bond Reduction sensitive HA-based prodrug micelles for targeting tumor. M. Li et al.’>
28  Disulfide bond Redox-responsive HA-based nanoparticles for synergic chemotherapy and Wang et al.**
photodynamic therapy against breast cancer
29  Boronic ester NIR light triggered pH-sensitive nanoparticles for dual chemo-photodynamic therapy Y. Chen et al.®”
30  Boronic ester HA-tannic acid nanoparticles as a smart antibacterial system Montanari et al.”®
31  Boronic ester pH-Responsive HA-coated fluorescent nanoparticles for intracellular delivery S. H. Kim et al.*’
32 Boronic ester pH-Sensitive self-assembling HA-based nanoparticles for tumor targeting and Jeong et al.*®®
penetration.
33 Boronic ester and Redox and pH dual sensitive HA-based nanoparticles for targeting glioma. M. Zhang et al.”®
disulfide bond
34  Boronic ester HA-coated silica nanoparticles for synergic chemo-photodynamic therapy Zhou et al.*>®
35  Boronic ester BODIPY conjugates HA-based nanoparticles for dual photodynamic and photothermal B. Chen et al.™™
therapy.
36  Boronic ester Radio sensitive HA-based nanoparticle for radioprotection Choi et al.®

4. Conclusion

Different crosslinking chemistries to develop HA-based hydro-
gels and nanomaterials have been pursued by several research
groups, including physical and chemical crosslinking
methods. However, DCC remains one of the most promising
methods to obtain materials that allow a catalyst-free cross-
linking strategy with high specificity and without any toxic by-
products. It should be noted that HA is not an inert molecule
and therefore different chemical modifications can change its
biological properties that could augment or limit its biological
effects. For example, if the scientific aim is to develop

6408 | Biomater. Sci, 2022, 10, 6399-6412

materials to deliver sensitive proteins, one should avoid using
chemical modifications with high thiol contents (affects their
tertiary structure).>' On the other hand, the modifications that
stabilize the proteins, similar to the natural ECM could
augment the biological outcome.>® Such design principles are
also important to develop nanomaterials. Specific incorpor-
ation of hydrophobic residues or chemical modifications such
as disulfide bonds could stabilize small molecule drugs and
promote intracellular trafficking of biologics. Because of the
dynamic nature of the covalent bonds in DCC, such chemical
reactions are best suited for stimuli-responsive drug release.
Employing HA to develop such biomaterials not only improves
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the biocompatibility of the drug carrier but also allows tar-
geted delivery of the cargo molecules. Thus, HA-based hydro-
gels and nanomaterials have shown considerable potential in
several bio-related areas, such as drug delivery, tissue regener-
ation, sensors, gene transfection, and other biomedical
applications.
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