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Abstract: Hyaluronic acid (HA), a natural polysaccharide present in human connective tissues, is widely used in biomedicine because
of its excellent biocompatibility and biodegradability. However, products based on natural HA have several drawbacks, leading to
widespread studies on the modification and processing of HA to improve its clinical use. This review discusses common methods of
modifying HA, including physical and chemical modification as well as crosslinking. It focuses in detail on various chemical
modification strategies from the perspective of the resultant chemical bonds, systematically organizes HA chemistry according to
bond types, and refines the design rules for linking chemistry in relation to degradability, mechanical properties, responsiveness, and
safety. It then summarizes the latest applications of HA-based products in the fields of ophthalmology, bone and joint treatment,
aesthetic medicine, wound healing, and drug delivery. Finally, it explores challenges for the clinical application of HA and provides an
outlook on future research directions. By summarizing the applications of HA across distinct biomedical domains, we hope to provide
new ideas and directions for its further development and use.
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Introduction
Hyaluronic acid (HA) is a linear polysaccharide composed of p-glucuronic acid and N-acetylgalactosamine units,
alternately linked by p-1,4 and B-1,3 glycosidic bonds." HA, which is a substance prevalent in human connective tissues,
was first identified and extracted from the vitreous humor of bovine eye in 1934,% and has since been comprehensively
studied. Its excellent biocompatibility and ease of chemical modification processes have resulted in its extensive
application in disease treatment and the advancement of functional biomaterials. The primary origins of HA are derived
from animal-derived extracts and fermentation processes involving microorganisms.” Its biosynthesis and degradation
depend on two key enzymes: hyaluronan synthase and hyaluronidase.*® Hyaluronan synthase is located in cell
membranes and is responsible for synthesizing HA and releasing it into the extracellular environment, whereas
hyaluronidase degrades HA to produce low-molecular-weight fragments. The molecular weight of physiological HA
ranges from a few thousand to several million Daltons, with the molecular weight affecting its physiological function.”
Through the interaction with cell surface receptors, including cluster of differentiation 44 (CD44) and hyaluronan-
mediated motility receptor (HMMR), high-molecular-weight HA has anti-inflammatory, antiangiogenic, antiproliferative,
and antinociceptive effects, whereas low-molecular-weight HA is associated with the promotion of inflammation,
angiogenesis, and cell proliferation.®

As a natural polymeric material, HA has excellent water retention, low immunogenicity, and good biocompatibility.
Thus, it has drawn considerable interest in the biomedical field. However, products based on natural HA have several
drawbacks, such as rapid physiological degradation, inadequate mechanical characteristics, which limit their use in

International Journal of Nanomedicine 2025:20 15063—15108 15063
Received: 15 August 2025 © 2025 Yang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
A 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work

Accepted: 29 November 2025
Published: 15 December 2025

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0003-1773-1646
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Yang et al

Graphical Abstract

>

® Q/\ Dry eye disease

AR (e o .
K= @ h
An&a Attack SSS AH /‘tif
jco 3 JE \
T 4/ \S
Drug carrier h/ . Ophthalmic
Surge
A urgery
~ OH
‘ OHO 0] AH 3
% !’S Contact
Wound on wh HO OH O:I<\JH _HA lenses
repair . ) -
%M h Hyaluronic acid /Ax
0 =
s S “ o " \k w
I é%;%‘ AH Joint injection
Filling and oibuns

~ .\ Cartilage

shaping A .
-\ repair

Skin moisturization
and anti-aging

clinical application.>® Consequently, a variety of HA modification methods have emerged, including physical and
chemical modification. Physical modification aims to alter the properties of HA through processing methods such as
heat treatment, ultrasonic treatment, electrospinning, and physical crosslinking. Chemical modification mainly involves
grafting or chemical crosslinking by targeting the carboxyl, hydroxyl, or N-acetyl groups of HA via amidation,
esterification, etherification, and free radical polymerization.

Previous reviews have mainly focused on the chemically reactive sites of HA and the various reactions that take
place. However, few have provided a general framework based on the chemical bonds formed during HA modification.
Therefore, this review aims to outline particular strategies for the chemical modification of HA-based materials from the
perspective of the resulting chemical bonds, summarizing their properties and corresponding clinical applications. For
example, the borate ester bonds formed between HA and boronic acid derivatives have excellent dynamic reversibility
and are highly sensitive to environmental changes (eg, pH, sugar molecules, and peroxides), which render borate ester-
modified HA highly applicable in various biomedical applications, including biosensing platforms, controlled drug
release formulations, and stimuli-responsive hydrogel matrices.” Furthermore, the disulfide bonds formed through the
crosslinking of thiolated HA are dynamic, degradable, and redox-responsive, which is highly beneficial for uses in drug
delivery systems, tissue engineering, and related fields.'® '?

HA and its derivatives exhibit a diverse array of clinical applications. In ophthalmology, in addition to acting as a
lubricant to alleviate dry eye symptoms, HA and its derivatives are used to protect the corneal endothelium, improve
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surgical safety, and minimize inflammation in cataract surgery. In addition, they can be used as a vitreous substitute in
vitrectomy and have a wide range of prospects for use as contact lens materials to improve the wearing experience.
Clinical studies have demonstrated that HA exhibits significant therapeutic potential for managing osteoarthritis and
various articular disorders, as its viscous properties contribute to joint lubrication and cartilage protection. Injecting HA
can improve joint lubrication, reduce pain, and promote cartilage repair and bone healing.'>'* In aesthetic medicine, HA
is widely used as a dermal filler to enhance the aesthetic qualities of facial wrinkles and skin indentations. HA fillers are
effective in boosting the moisture content and elasticity of the skin, achieving cosmetic results.'>'® Finally, HA serves as
an exemplary vehicle for drug delivery systems, as it can enhance drug targeting, increase bioavailability, and improve
drug stability. Therefore, it is increasingly studied for the targeted delivery of antitumor drugs, anti-inflammatory drugs,
and vaccines. However, its clinical translation requires addressing the potential toxicity of residual cross-linking agents
(eg, butane-1,4-diol diglycidyl ether [BDDE]) and ensuring compliance with ISO 10993—5/-10 standards for cytotoxicity,
skin sensitization, and implantation testing before progressing to the next stage of registration and clinical application.
In this review, we delve into the modification and processing methods of HA and the current status of its clinical
application, aiming to provide references and insights for future research. By summarizing the applications of HA in
different biomedical fields, we hope to provide new ideas and directions for its further development and use (Scheme 1).
In order to enhance the scientific validity and credibility of the research, this review covered relevant studies since
January 1, 2005 in PubMed, Web of Science, Scopus and other databases. Using “hyaluronic acid” as the core term,

Boolean combinations were constructed with keywords such as “crosslink,” “ester,” “borate,” “amide,” “ether,” “Schiff

base,” “disulfide bond,” “microneedle,” and “drug delivery.” The inclusion criteria comprised original experimental,

preclinical, and clinical studies containing details of chemical covalent modification or physical processing, while
conference abstracts and studies with missing data were excluded. Evidence was prioritized from randomized controlled
trials, in vivo animal studies, cell-material composites, and pure in vitro physicochemical studies, with the aim of

providing high-quality, reproducible, and comprehensive evidence for HA-based research and translation over a 20-year
period.

Application of HA in ophthalmology HA in the treatment of joint diseases
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Scheme | Modification, processing, and biomedical applications of hyaluronic acid.
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Overview of HA

Molecular Structure and Function
HA is an important biopolymer belonging to the glycosaminoglycan family. It comprises alternating disaccharide
subunits, specifically N-acetylgalactosamine and p-glucuronic acid (Figure 1),° and demonstrates remarkable molecular
weight variability, spanning from several thousand to millions of Daltons. Its broad molecular weight distribution enables
HA to perform diverse physiological roles in biological systems. The physiological functions of HA are molecular
weight-dependent. High molecular weight HA (>1000 kDa) mainly contributes to the viscoelasticity of synovial fluid and
vitreous humor and exhibits anti-inflammatory, anti-angiogenic, and antioxidant effects.'” Medium molecular weight HA
(250-1000 kDa) is involved in embryonic development, tissue repair, and ovulation and facilitates the expression of
genes in several cell types, such as macrophages, endothelial cells, eosinophils, and certain epithelial cells.'"® Low
molecular weight HA (10-250 kDa) and oligomeric HA (<10 kDa) play crucial roles in promoting fibroblast prolifera-
tion, neoangiogenesis, and inflammation inhibition. They also suppress tumor proliferation in vivo, induce apoptosis, and
restore sensitivity to chemotherapy.'®

The structural characteristics of HA correlate directly with its functional versatility, with different molecular weight
ranges providing distinct biological activities.” HA is highly hydrophilic and biocompatible and can form stable colloids
with water molecules, which gives it good lubricity and viscoelasticity. Consequently, it plays important roles in
biological systems such as synovial fluid, skin tissue, and ocular environments.”® Furthermore, HA is essential for
cellular communication and modulates various physiological activities including cell growth, motility, and specialization
through its interaction with specific membrane receptors.”! Currently, at least six distinct types of HA receptors have
been recognized in the human organism, each exhibiting unique tissue distributions and functionalities. CD44 is
recognized as the receptor with the highest level of expression across various tissues; it mediates HA endocytosis,
signaling, migration, and proliferation on the epithelial surface, immune, and tumor cells, and its clustering can be
induced by high molecular weight HA.?*> Receptor for hyaluronic acid-mediated motility (RHAMM/CD168) is pre-
dominantly found in macrophages, fibroblasts, and tumor cells, where it contributes to cell proliferation, migration,
invasion, and drug resistance across various tumors, as well as to spindle checkpoint regulation; its intracellular variant
can also bind HA.>* Lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-1) is localized to the endothelium of
lymphatic vessels and hepatic sinusoids, where it facilitates HA clearance from lymphatic fluid and has been associated
with tumor lymphatic metastasis. HA receptor for endocytosis [hyaluronan and receptor for endocytosis (HARE)], also
present in hepatic and lymph node medullary sinusoids, efficiently removes HA fragments from the blood through lattice
protein-mediated endocytosis.>* Layilin is found to be expressed across various types of epithelial and mesenchymal
cells, mediating HA-induced adhesion and morphological changes, although it remains less extensively studied.*® Toll-
like receptor (TLR)-4, predominantly found in immune cells, recognizes low-molecular-weight HA fragments and
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Figure | Structure of the disaccharide repeat unit of hyaluronic acid. Adapted reprinted with permission from Ref.® based on CC BY License, Copyright © 2018 by the
authors. Licensee MDPI, Basel, Switzerland.
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triggers the NF-kB pathway, promoting inflammatory reactions. Moreover, molecules such as TLR-2, sialic acid-binding
immunoglobulin-like lectin (Siglec)-9, cell migration-inducing hyaluronidase 1 (CEMIP), and transmembrane protein
(TMEM2) can act as co-receptors for HA or its fragments, participating in immunomodulation and tissue repair.*®
Overall, CD44 and RHAMM have the broadest functional roles; LYVE-1 and HARE are key to humoral clearance; and
TLR-4 and related receptors mediate damage-associated signaling. Different receptors exhibit selectivity for HA
molecular weight, tissue microenvironment, and pathological state, providing potential targets for drug delivery, tumor
diagnosis and therapy, and inflammation regulation. In contemporary biomedical research, HA has been recognized as a
potential agent for the regeneration of tissues. Its exceptional biophysical characteristics render it particularly suitable as
a biological scaffold material, leading to growing interest in its utilization for soft tissue reconstruction and cutaneous
wound management.”’

Biosynthesis and Metabolism

The biosynthesis and degradation of HA are dependent on two key enzymes, hyaluronan synthase and hyaluronidase.*®
Hyaluronan synthase is located in cell membranes and is responsible for synthesizing HA and releasing it into the
extracellular environment, whereas hyaluronidase plays a crucial role in the degradation of HA to produce low-
molecular-weight fragments. The synthesis and degradation of HA are regulated by factors including cell type, micro-
environment, and physiological or pathological state. For example, HA synthesis typically increases during inflammatory
responses, promoting healing and repair.?’ In addition, recent research has indicated that HA metabolism is strongly
associated with the development of pathological conditions such as arthritis, diabetes, and tumor development. Therefore,
acquiring a comprehensive insight into the mechanisms that govern the synthesis and metabolism of HA is important for
developing new therapeutic strategies.

Tissue Distribution and Physiological Role

HA is present in all human anatomical systems, with particularly high concentrations observed in cutaneous tissues,
articular structures, ocular components, and diverse connective tissues. It serves essential functions in tissue hydration
and structural integrity. It is mainly produced by synoviocytes, fibroblasts, and chondrocyte.”® In the skin, HA is
concentrated in the dermis and holds significant importance in retaining moisture, promoting cell migration, and
regulating inflammatory responses.?’ It is also a principal constituent of synovial fluid, where it provides lubrication
and cushioning, reduces friction, and protects the articular cartilage. HA is closely related to joint health, with low levels
of HA linked to the onset of conditions like arthritis.* In addition, HA plays an important physiological function in the
eye and is involved in maintaining the stability and clarity of intraocular fluid.>' In conclusion, HA is not only crucial in
physiological processes but also exhibits various regulatory functions in a range of pathological conditions, making it an
important target for regenerative medicine and biomaterials research.

Extraction and Preparation

The synthesis of HA has long been of interest to both research and clinical medicine. Since Meyer and Palmer made the
initial observation of HA within the vitreous humor of bovine eyes in 1934,> it has been identified and isolated from
numerous animal tissues, including rooster combs, human umbilical cords, and animal eyeballs. The complete extraction
process involves pretreatment, extraction, separation and purification, and drying. Currently, commonly used extraction
methods include salt extraction and enzymatic extraction. The addition of inorganic salts and enzymes helps dissociate
HA-protein complexes in animal tissues, while enzymes also hydrolyze proteins, nucleic acids, and other impurities,
facilitating HA extraction.”® Kang et al** successfully extracted HA from chicken combs by degreasing tissue homo-
genates with acetone and performing multiple extractions with sodium acetate solution, yielding approximately 500 mg
of dry HA from 500 g of frozen rooster combs. Tissue extraction is complex and has low efficiency; enzymatic extraction
has become a major research focus because of its high efficiency. Commonly used enzymes include neutral protease,

pepsin, trypsin, and papain. Urgeova et al*> compared HA extraction from eggshell membranes using pepsin, trypsin, and
papain and found that trypsin was the most effective, yielding 44.82 mg of HA per gram of eggshell membranes when

digested at pH 8, 37 °C, with a trypsin dosage of 50 U/g. However, sourcing HA from animal tissues has several
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limitations, such as complex preparation, low efficiency, high cost, environmental contamination, high immunogenicity,
and increased risk of pathogen transmission.’®>® In the past few years, microbial fermentation has emerged as the
predominant technique for obtaining HA because of its higher yield, lower production cost, and improved safety.
Microbial fermentation uses microorganisms to convert substrates into the desired product. The main strains used are
Streptococcus zooepidemicus®® and Streptococcus equi,*® with S. zooepidemicus serving as the primary microbial source.
Because wild-type S. zooepidemicus strains can be pathogenic and produce toxins, engineered nonpathogenic strains are
typically employed. Methods for developing nonpathogenic strains include genetic engineering, mutation breeding, and
cell fusion breeding. Advances in these techniques have made HA production from nonpathogenic bacteria increasingly
common. Currently, HA synthesis is also achieved via heterologous expression of hyaluronan synthase in hosts including
Bacillus subtilis,4l Lactococcus lactis,42 and Corynebacterium glzﬂamicum.“3 Recombinant Escherichia coli IM109 co-
expressing hyaluronan synthase from Pasteurella multocida and UDP-glucose dehydrogenase (HasB) from E. coli K5,
cultured in supplemented batch conditions, produced 2.0-3.8 g/L in 1 L bioreactors—about 7-fold higher than shaker
flask cultures (0.5 g/L).** Recombinant Lactococcus lactis NZ9000 carrying the pSJR3 plasmid (co-expressing hyalur-
onan synthase, UDP-glucose dehydrogenase, hasC genes) achieved a final HA yield of 1.8 g/L in a 2.4 L bioreactor.** Jin
et al*® improved the HA synthesis in B. subtilis by integrating the leech-derived hyaluronan hydrolase LHyal gene and
optimizing LHAase expression through sequence modification and N-terminal His-tag fusion, achieving 19.38 g/L HA
accumulation after 100 h of fermentation in a 3 L fermenter. In conclusion, multiple pathways are available for
obtaining HA.

Biocompatibility and Safety

HA demonstrates excellent biocompatibility and controlled degradation properties, which make it exceptionally appro-
priate for a wide range of biomedical and cosmetic uses. This naturally occurring polysaccharide exhibits minimal
immunogenicity while actively facilitating cellular attachment and proliferation. For example, in soft tissue repair, HA is
widely used in biomaterials such as hydrogels and scaffolds, which effectively support cell growth and tissue
regeneration.®’ Despite its high safety profile, local discomfort or allergic reactions may still occur; therefore, individual
patient differences and potential risks must be carefully evaluated during clinical application.*” Overall, the safety and
effectiveness of HA have been extensively confirmed through clinical practice, and future studies should continue
exploring its potential applications in emerging fields.

Modification of HA
Physical Modification

Various physical modification techniques are used to adjust the molecular structure, weight, gelation, and other properties
of HA. Commonly used techniques include heat treatment, ultrasonic treatment, electrospinning, and physical cross-
linking, which are described in the following sections. Several other methods for the physical modification of HA are
also available, including mechanical shearing, freeze drying, and radiation treatment, which each play a unique role in
different application scenarios. However, they are not discussed further here.

Heat Treatment

Heat treatment is a common HA modification method. This technique improves the thermal stability and mechanical
properties of HA, ensuring it remains mechanically strong in high-temperature environments, without compromising its
biocompatibility.*® Thermal processing profoundly influences the physicochemical characteristics of HA; for example, it
increases its crosslinking density, which enhances its mechanical strength and compression resistance.*” In addition, heat
treatment promotes HA hydration and improves its distribution and release characteristics in organisms, which is
particularly important for the development of drug delivery systems.’® Notably, the rate at which a drug is released
can be modulated through controlling the heat treatment conditions, thereby improving therapeutic efficacy. Heat-treated
HA is widely used in the preparation of biomedical scaffolds to promote tissue regeneration and repair.”’
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Ultrasonic Treatment

Ultrasonic treatment is an emerging modification technique that alters the physical and chemical characteristics of HA.
Owing to its ease of operation and efficiency, this technique has garnered significant interest for the development and
modification of biomaterials.’? Ultrasonic treatment significantly alters the molecular structure of HA and promotes
crosslinking and polymerization, resulting in improved mechanical properties and biocompatibility.”® Ultrasonic irradia-
tion reorganizes the molecular chains of HA via mechanical vibrations. This reorganization creates a tighter three-
dimensional (3D) network structure that provides better stability and durability, including in living organisms.*® Despite
the advantages of ultrasonic treatment, such as its short processing time, nontoxicity, and high efficiency, it has some
limitations. For example, the ultrasonic treatment parameters (eg, frequency and power) must be strictly controlled to
avoid excessive damage to the HA molecules.”® In addition, ultrasonic treatment may lead to the degradation of HA;
therefore, adequate experimental verification is required to ensure that the materials perform as expected in practical
applications.”

Electrospinning Technology

Electrospinning is an advanced method for producing polymeric nanofibers under the action of an electric field. For HA,
electrospinning can produce nanofibers with very high specific surface areas and excellent pore structures, which are
highly promising for application in tissue engineering and drug delivery mechanisms. Electrospun HA nanofibrous
scaffolds demonstrate excellent potential for tissue engineering, as they significantly enhance cellular attachment and
growth while maintaining superior biocompatibility both in vitro and in vivo.>> Furthermore, the process of electrospin-
ning can be integrated with other methodologies, including 3D printing to enable the design of more complex
structures.>®

Physical Crosslinking
Physical crosslinking entails the establishment of crosslinked structures through various noncovalent interactions,
including hydrogen bonds, electrostatic forces, and hydrophobic interactions. This type of crosslinking does not usually
involve chemical reactions. In contrast to chemical crosslinking, physical crosslinking exhibits a milder nature and allows
for greater reversibility. It operates by producing physical crosslinks between polymer chains to form a stable 3D network
structure. For example, in solution, polymer chains can become entangled due to hydrophobic interactions or hydrogen
bonding, leading to a physically crosslinked network structure. The formation of such structures can significantly
improve the mechanical and physical characteristics of a material, such as its strength, durability, and elasticity.””>*
The mechanical properties and functional characteristics of physically crosslinked polymeric networks are modulated
by multiple physicochemical parameters, with temperature, pH, and ionic strength being the most critical. Changes in
temperature significantly affect the dynamic behavior of polymer chains, which in turn affects the crosslink density and
mechanical properties of the material. For example, when the temperature increases, some physically crosslinked
polymers soften, resulting in a decrease in their mechanical properties.”’ In addition, changes in pH can modify the
ionic states of polymer chains, consequently impacting the strength and stability of the physical crosslinks. Some
hydrogels have different swelling characteristics and drug release behaviors in acidic and alkaline environments,
which are closely related to their crosslinking mechanisms.> Tonic strength also has a significant influence on physical
crosslinking, especially in electrolyte solutions, where changes in ionic concentration directly affect the interactions
between polymer chains and thus the crosslinking strength. Increasing the ionic strength has been shown to enhance the
structural integrity and load-bearing capacity of hydrogels.” By modulating these factors, researchers can design
physically crosslinked HA-based materials with excellent properties for specific applications, which will highly benefit
the domains of biomedicine, drug release, and tissue engineering.

Chemical Modification
The chemical modification of HA mainly involves grafting or chemical crosslinking via the amidation, esterification,
etherification, and free radical polymerization of the carboxyl, hydroxyl, or N-acetyl groups. This section outlines
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particular strategies for the chemical modification of HA-based materials from the perspective of the resulting chemical
bonds, including ester, borate ester, amide, ether, disulfide, imine/Schiff base, and carbon—carbon double bonds (Table 1).

Ester Bonds (-CO-0O-)

HA can form ester bonds (-CO-O-) through esterification reactions with alcohols at either the carboxyl or hydroxyl
group, with esterification of the carboxyl group being more prevalent. A wide range of alcohols can be used, including
simple nontherapeutic ones like ethanol, propanol, and aromatic alcohols, as well as therapeutically active ones like
steroids. Ester bonds significantly influence the physicochemical and biological characteristics of HA without changing
its backbone, leading to numerous unique applications. For example, esterification can alter the polymer stability and
water solubility of HA, as well as its cell adhesion capabilities. The water solubility of esterified HA is influenced by the
specific type of alcohol involved as well as the degree of esterification. The most common ethyl and phenyl esters of HA
are almost entirely insoluble in water, whereas some steroidal esters of HA are water-soluble. Esterified HA derivatives
are generally biocompatible, biodegradable, and exhibit excellent processing properties. These characteristics have
resulted in their extensive implementation in biomedical fields, including as drug carriers in various formulations,
such as microspheres, films, and tablets, as well as in pharmaceutical dressings and implantable materials.

Many drugs are conjugated with HA via ester bonds to prepare targeted drug delivery systems. For example, HA—
dexamethasone conjugates with a conjugation efficiency of over 98% have been successfully prepared for the specific
delivery of dexamethasone to inflamed pulmonary tissues.®’ These conjugates release active dexamethasone upon
cleavage of the ester bond, thereby enhancing the effectiveness of current glucocorticoid therapies while minimizing
associated adverse effects. Another research group developed a novel lubricating microneedle system to treat osteoar-
thritis based on a covalent conjugate formed by ester bonding between HA and the drug difluorochlorothiazide
(Figure 2).”* The microneedle system consisted of a double-layered soluble microneedle where the inner layer contained
the covalent conjugate and the outer layer comprised a self-adhesive lubricating copolymer. This design effectively
reduced skin damage while providing sustained drug release through hydrolysis of the ester bond, physical diffusion, and
breakthrough of the lubricating coating. Pang et al”> successfully prepared HA-quercetin (QT) conjugates by attaching
the hydroxyl group of quercetin to hexanedihydrazide-modified HA via succinate. After a single tail vein injection of QT
solution or HA-QT conjugated micelles at a dose equivalent to 8 mg/kg QT in rats, QT was detectable in plasma for up to
24 h with the HA-QT micelles, whereas free QT disappeared rapidly from circulation within one hour. This indicates that
QT was continuously released from the HA-QT micelles over an extended period. The half-life of the drug was
significantly increased from 0.17 h for free QT to 3.3 h for the HA-QT micelles. The mean residence time in plasma
was also markedly prolonged to 4.3 h, which was 23.2 times longer than that of free QT. To simultaneously inhibit
osteosarcoma recurrence and repair bone defects, Yu et al’® embedded curcumin chitosan nanoparticles (CCNPs) into a
methacrylate-esterified HA/sericin hydrogel (CCNPs-SF/HAMA). The gel exhibited a flattened pH-responsive release
profile over 32 days: at an acidic microenvironment (pH 5.5), the cumulative release was 77%, lower than that of bare
CCNPs (92.6%), and at physiological pH 7.4, the release was only 55%, compared with 72.8% for the CCNPs alone.
These results confirm that the HAMA network reduces the risk of systemic drug spikes while sustaining a low local dose
in the tumor.

In conclusion, HA derivatives with ester bonds offer valuable and versatile functionality for clinical use. By
modulating the ester bond structure, novel HA derivatives with specific functionality can be designed to meet different
clinical needs. This demonstrates the broad application prospects of HA in regenerative medicine, drug delivery systems,
and other biomedical applications.

Borate Ester Bonds (B—O-C)
In recent years, the borate ester bonds (B—O—C) formed between HA and boronic acid derivatives have attracted
considerable attention because of their dynamic reversibility and high sensitivity to environmental factors, including

pH levels, sugar molecules, and peroxides. Shi et al®* fabricated a dynamic self-healing hydrogel by grafting 3-
aminomethylphenylboronic acid onto a HA backbone via borate ester bonding and combining it with polyvinyl alcohol.

Owing to the sensitivity of the phenylboronic acid ester in the presence of biologically significant levels of H,O,, the
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Table | Chemical Modification Strategies of Hyaluronic Acid

environment

Bond Type (Schematic) Typical Reagents & HA Reaction Site Degree of G’'(Pa) & Degradation Drug Release Pattern Biocompatibility & Crosslinker Residue References
Reaction Conditions Substitution | Injectability Trigger Risk

Ester bonds Succinic anhydride/DMAP -OH (any hydroxyl group) 5-25% 80-400 Pa; good pH>7.5, Sustained — Zero Acid anhydride easily cleared, residual <I0 [61]
(-CO-0-) 2540 °C, 6-12 h shear thinning esterase ppm; mild inflammation
Borate ester bonds PBA, pH 8.5, 0-5 °C -OH (cis-diol) 3-15% 30-200 Pa, ultra-fast | pH<6.5, H,O, Pulse/acid trigger PBA low toxicity; high concentration (>1 mM) [62,63]
(B-0-C) self-healing inhibits cell proliferation
Amide bond EDC/NHSpH 5.5-6.5, 4 °C -COOH (after oxidation) 10-30% 150-800 Parigid- Protease Continuous — linear EDC by-product urea readily dialysable, [64,65]
(-CONH-) flexible adjustable (Collagenase) residue <5 ppm; occasional local fibrosis at

high DS
Ether bonds BDDE/PEGDES0 °C, 4-8 h, -OH (any hydroxyl group) 1-8% 300-1200 Pa HAase, ROS Skeletal enzymolysis — two-phase BDDE residues <2 ppm are safe; >0 ppm are | [66,67]
(-C-0-C-) NaOH Injectable, high (OH) potentially chromosomally toxic

resilience

Disulfide bonds Ethyl thioate, pH 7.4, RT -OH — SH (modified first) 2-10% 100-600 Pashear GSH, pH| Reduction Trigger — Sudden Para-thiol flavour; fast GSH response, [11,68]
(-5 thinning Release complete in vivo 24 h break, low toxicity
Imine/Schiff base bonds Adipaldehyde/dopamine, pH —NH, 5-20% 20-150 Paself- pH<5.0, Acid Trigger — Pulse Free aldehyde needs to be quenched; no [69,70]
(-C=N-) 6.5-7.0, RT healing hydrolysis cytotoxicity in the presence of excess amine,

24 h survival > 90%
Carbon—carbon double bonds Methacrylic anhydride (MA) —OH—MA-HA 20-60% 500-3000 Pa, light Esterase; Diffusion — zero level Unreacted MA <10 ppm safe; high DS film [71-73]
(C=C) + Photoinitiation 365 nm UV curing hardcoat alkaline brittle, need copolymer toughening

Abbreviations: DS, degree of substitution; DMAP, 4-dimethylaminopyridine; H,O,, hydrogen peroxide; PBA, phenylboronic acid; EDC, [-ethyl-3-(3-dimethylaminopropyl)carbodiimide; NHS, N-hydroxysuccinimide; BDDE, |,4-

butanediol diglycidyl ether; PEGDE, poly(ethylene glycol) diglycidyl ether; NaOH, sodium hydroxide; HAase, hyaluronidase; ROS, reactive oxygen species; GSH, glutathione; RT, room temperature; MA, methacrylic anhydride.
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hydrogel served as a proficient targeted drug delivery system that responded to H,O, and reactive oxygen species (ROS).
Furthermore, the hydrogel supported the survival of neural progenitor cells by protecting them from ROS-induced
damage in the presence of H,O,. In a separate investigation, Liu et al®* synthesized an injectable cream-like hydrogel
using epigallic acid and HA-based microspheres bonded to polyvinyl alcohol via dynamic borate bonding. The prepared
formulation was designed to inhibit the formation of abdominal adhesions following surgical procedures. Notably, it
exhibited excellent multifunctionality, with swift gelation, self-repair, antioxidant ability, anti-inflammatory properties,
and inhibition of cellular adhesion. These studies highlight the promising applications of HA derivatives containing
borate ester bonds in the progression of biosensors, drug delivery systems, and smart hydrogels.

Amide Bonds (—-CONH-)

Amide bonds (-CONH-) can be introduced into HA through various chemical modification strategies. A common
method is to react the activated carboxyl group of HA with amino groups to create stable amide linkages; for example,
bipartite amino compounds such as hydrazides can be used as crosslinking agents to promote the intra- or inter-
molecular crosslinking of HA through amidation reactions. The free amino group generated by deacetylating the
N-acetyl group (-NHCOCHj;) of HA can also serve as an active site for amide bond formation. For example, it can
react with activated carboxylic acids to produce amide derivatives or engage with the carboxyl group of HA to create
self-crosslinked hydrogels. Deacetylation treatments, however, can degrade HA even under mild conditions;** there-
fore, HA modification is generally not carried out using this method. Finally, carbon—carbon bonds containing cis-diol
groups can be easily oxidized, leading to the formation of reactive aldehyde groups and amide bonds through Schiff
base reactions (Figure 3A).”’

The chemical modification of HA to form amide bonds can be used to adjust its hydrophilicity, stability, and
functionality to meet specific application requirements. For example, Hong et al® combined the photosensitizer chloride
e6 with HA via amide bonding to form a photoresponsive hydrogel that produced ROS upon exposure to light, which in
turn achieved an antibacterial effect (Figure 3B). Another research group synthesized biotinylated HA by grafting HA
with adipic dihydrazide via amide bonding and then combining it with biotin.”® The prepared hydrogel was combined
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with sodium alginate and bioprinted to create a 3D hydrogel scaffold. The scaffold exhibited good biocompatibility and
significantly increased the expression levels of genes associated with chondrogenesis.

The amidation of HA also improves its biocompatibility and biodegradability, increasing its safety and efficacy in
clinical settings. For example, Nguyen et al’® extracted and purified HA from the eggs of Liparis tessellatus and grafted
it with a variety of naturally occurring phenolic acids (eg, gallic, caffeic, and ferulic acids). They then grafted the
antimicrobial peptide nisin onto HA via amide bonding to further enhance its biological activity. The experiments showed
that all grafting reactions were successful. This study introduced a new avenue for the chemical modification of HA,
establishing a basis for the creation of polymers characterized by extended in vivo retention times and stronger
bioactivity. Another research group developed a novel nanotherapeutic diagnostic agent by conjugating the
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photosensitizer IR808 to HA via amide bonding and loading then complex onto the surfaces of single-walled carbon
nanotubes.® This agent generated ROS upon light activation, enabling phototherapeutic effects. Additionally, the
fluorescence of IR808—initially quenched by the composite structure—was restored through the action of endogenous
enzymes, facilitating the accurate detection of residual tumor cells during subsequent treatments. This method presents a
promising strategy for tailored cancer treatment and demonstrates the capabilities of HA-based nanotechnology in
oncological applications.

HA derivatives with amide bonds also demonstrate significant potential in the field of drug delivery systems. The
bioavailability and targeting ability of drugs can be improved by linking them to the carboxyl groups of HA by amide
bonding. Hou and colleagues®' developed a novel drug delivery system that utilizes HA-modified porous silica
nanocarriers. The porous silica nanocarrier was embedded with Ag,S quantum dots to enhance the photothermal effect,
and its surface contained a sensitive linker to enable it to be loaded with the anticancer drug doxorubicin. Finally, HA was
covalently linked to the amino-functionalized carrier via amide bonding to achieve confinement and targeted drug
release. Thus, this platform exhibited a photothermal chemotherapeutic effect and controlled drug release, highlighting its
potential for combined oncology treatment regimens. Another group synthesized hydrogel coatings with redox-respon-
sive properties from catechol HA and cystamine via amide bonding.®” This coating was capable of intelligently releasing
drugs and hydrogen sulfide into microenvironments exhibiting inflammation and oxidative stress, while also offering
better biocompatibility and drug release responsiveness compared to conventional drug coatings. The coating demon-
strated not only remarkable hemocompatibility and anti-inflammatory properties but also facilitated the regeneration of
endothelial cells while hindering the proliferation of smooth muscle cells and macrophages. This effectively reduced
restenosis following stent placement and ensured the efficacy and safety of the interventional device.

Overall, the amide bonding of HA is of great significance for biomedical applications, as it not only enhances the
mechanical robustness and stability of HA, but also broadens its range of applications, providing new possibilities for its
use in the fields of drug delivery, tissue engineering, and biomaterial research. With further research, the amidation of HA
is expected to hold considerable importance in the advancement of biomedicine.

Ether Bonds (-C-O-C-)

Ether bonds (—C-O—C-) constitute one of the pioneering chemical crosslinking techniques used in the modification of
HA. The crosslinking of HA was first reported in 1964 when Laurent et al®® employed 1,2,3,4-diepoxybutane as a
crosslinking agent in a strongly alkaline environment (pH 13-14). Several commonly used crosslinking agents,
including BDDE, 1,2,7,8-diepoxyoctane, and glutaraldehyde, operate by generating ether bonds. Specifically, the
epoxide groups (-CH(O)CH,) of BDDE and 1,2,7,8-diepoxyoctane undergo nucleophilic ring-opening reactions with
the hydroxyl moieties of HA to create stable ether bonds. Meanwhile, glutaraldehyde can form Schiff bases (imines)
with amines and hemiacetal/acetal bonds with hydroxyl groups under acid catalysis. Although both acetal and ether
bonds contain C-O-C units, their properties differ significantly. Ether bonds are almost irreversible at physiological pH
and require strong acids or free radicals to break, making them suitable for long-term filling applications. In contrast,
acetal bonds contain ketodiethyl carbon, which is highly susceptible to acid catalysis owing to electronic effects,
allowing HA scaffolds to degraded on-demand in mildly acidic environments (eg, tumors, intracellular lysosomes, and
wounds) without cytotoxicity. Imine bonds, meanwhile, can reversibly break and reorganize near physiological pH,
endowing hydrogels characteristics of shear-thinning and the capacity for rapid self-healing. Compared with “static”
bonds such as ether and amide, imine bonds are sensitive to water and slowly hydrolyze under neutral conditions,
decreasing crosslink density over time. The overall biocompatibility of the HA hydrogels is good, but potential
aldehyde toxicity must be managed using strategies such as oxidation control, covalent co-cross-linking, and catalyst/
coordination stabilization in practical applications.

Ether linkages exhibit a marginally higher degree of chemical stability compared to amide linkages, and both are
relatively resistant to hydrolysis under physiological conditions. Ether-crosslinked HA gels are long-lasting, but their
suitability for drug delivery depends on overall network properties, including crosslinking density, degradable co-
crosslinkers, enzymatic/oxidative degradation, and hydrophilicity, rather than solely on bond type. Common degradation
pathways of ether-crosslinked HA gels include: enzymatic cleavage, oxidative degradation, and hydrolysis. (1)
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Enzymatic cleavage: HA glycosidic bonds (B-1,3 vs B-1,4) are recognized by enzymes such as hyaluronidase and
macrophage-secreted -D-glucosidase. Degradation accelerates as crosslink density decreases and the backbone becomes
exposed. (2) Oxidative degradation: high levels of ROS (H,0,, -OH) at lesion sites cleave both the HA backbone and
cross-linker C-C/ether bonds, producing low-molecular-weight fragments.®’ (3) Hydrolysis: normal ether bonds are very
stable under physiological conditions of pH 7.4 and a temperature of 37 °C, with half-lives up to several years.** To
improve drug delivery efficiency, introducing cleavable motifs into ether cross-linking matrices has emerged as an
effective strategy. Cleavable ether bonds, such as borate esters, break under mildly acidic or high-ROS conditions,
reducing the half-life from years to tens of hours. By incorporating these motifs into reactions between HA hydroxyl
groups and bis-epoxy crosslinkers, a series of stimuli-responsive gels can be obtained. For instance, boronate-HA/
polyvinyl alcohol gels released 80% of interleukin (IL)-10 in 0.5 mM H,O, arthritic synovial fluid over 24 h,
significantly suppressing local inflammation®* and offering a path toward precision drug delivery with ether-crosslinked
HA hydrogels. In addition, the moderate polarity of ether bonds allows the crosslinked HA to remain hydrophilic, which
helps to maintain the high water-absorption capacity of HA. This is beneficial for dermal fillers, as it enhances the filling
effect. Simultaneously, ether crosslinking significantly improves the mechanical characteristics of HA hydrogels, result-
ing in increased elasticity and durability. Finally, ether bonds are less likely to trigger immune reactions or cytotoxicity,
making them safe and suitable for long-term implantation and other biomedical uses.

Within the field of aesthetic medicine, hyaluronic acid is extensively utilized as a dermal filler owing to its excellent
physicochemical properties and remarkable filling effect. Endogenous HA exhibits a brief half-life within humans,
primarily because of the action of hyaluronidase; therefore, commercial HA fillers are often chemically crosslinked to
enhance their anti-enzymatic ability, thus extending their longevity in the body. Ether crosslinking is widely used because
of its simplicity and low reaction temperature. However, the cross-linking reaction is often incomplete, and unreacted
cross-linkers may remain in the final product. These residues possess cytotoxic and sensitizing potential and must
therefore be strictly controlled. According to prevailing industry standards and regulatory requirements, the acceptable
upper limit of BDDE residue is 2 ppm (ie, 0.002 mg/mL). There is no uniform standard for polyethylene glycol
diglycidyl ether (PEGDE), and the industry generally refers to the BDDE residue limit, which is a safety threshold
established based on toxicological evaluations and animal experimental data. To achieve this standard, manufacturers
typically implement a multi-step dialysis or buffer-cleaning process after the cross-linking reaction to remove free and
single-ended BDDE/PEGDE molecules.®® In response to these issues, Choi et al*® developed a new dispersion process to
enhance the quality of BDDE-crosslinked HA fillers. In this method, the solution is dispersed at low temperature,
allowing the solvent to naturally penetrate the solute after mixing, forming a homogeneous mixture. This approach
significantly improves the viscoelasticity and cohesion of the fillers in both laboratory and industrial settings, addressing
the poor homogeneity and inefficient cross-linking observed in traditional BDDE cross-linking processes. Despite the
generally favorable safety profile of cross-linked HA fillers, local inflammatory reactions with delayed granuloma
formation are recognized potential complications. These adverse reactions are typically delayed hypersensitivity
responses, appearing weeks to months after injection as redness, swelling, hardness, or nodules.®” The precise mechan-
isms remain inadequately elucidated; however, they may encompass the following elements: (1) activation of T-cell-
mediated immune responses by residual cross-linking agents or their degradation products acting as semi antigens; (2)
degradation of HA fragments triggering macrophage aggregation and granulation tissue formation; and (3) improper
injection techniques leading to product aggregation and the formation of foreign body reaction foci. Kim et al*® reported
in vivo that mice injected with 0.2 or 0.3 mL of HA-PEGDE filler exhibited elevated tumor necrosis factor (TNF)-a and
IL-1B expression, as well as cyclooxygenase (COX)-2 protein expression, at both 1 and 4 weeks post-injection. In
contrast, the HA-PEGDE filler resulted in increased mRNA expression of inflammatory cytokines solely during the first
week following subcutaneous administration, with no notable differences detected at the four-week mark. This indicates
that HA-PEGDE exhibits a more favorable profile than HA-BDDE concerning inflammation. Regarding cytotoxicity,
Jeong et al® investigated the impact of varying concentrations of BDDE and PEGDE (0—1000 ppm) on keratinocytes and
fibroblasts within a cell culture environment. Neither cross-linker exhibited cytotoxicity at low concentrations (025
ppm), whereas BDDE showed cytotoxic effects at higher concentrations (50—1000 ppm). They also observed that cells
exposed to HA-BDDE filler had more dead cells than those exposed to HA-PEGDE filler at equivalent concentrations.
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Another study reported that BDDE exhibited significant cytotoxicity above 100 ppm, whereas PEGDE maintained a
safety threshold of 500 ppm, suggesting superior biocompatibility at the same residue level.”® Therefore, another group
of researchers compared the toxicity and biocompatibility of HA fillers with different crosslinking agents (BDDE and
PEGDE).*® They found that PEGDE-crosslinked HA had better physical properties, lower cytotoxicity, and a reduced
inflammatory response.

Biomaterials based on ether-crosslinked HA are also widely used for tissue repair. For example, interpenetrating
polymer networks of N-isopropylacrylamide and glutaraldehyde-crosslinked HA exhibit thermoresponsive self-shrinkage
behavior and tissue adhesion properties that accelerate wound healing (Figure 4A).”" Another group of researchers
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Figure 4 (A) Schematic synthesis of poly(N-isopropylacrylamide) (PNI)- hyaluronic acid (HA) hydrogel and its characterization. Adapted reprinted with permission from
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synthesized a similar hydrogel intended for application as a cellular carrier, with the objective of facilitating the repair of
the nucleus pulposus within intervertebral discs.”? These studies demonstrate the biocompatibility and tissue-regeneration
ability of crosslinked HA hydrogels.

Ether-crosslinked HA has also been studied for use in ophthalmology. Synthetic corneas made from biogenic
materials, such as human amniotic membranes, decellularized porcine corneal stroma, and collagen, suffer from poor
transparency, low mechanical strength, and susceptibility to tearing. Artificial corneal materials, such as Boston
keratoprosthesis and osteo-odonto-keratoprosthesis, also exhibit certain limitations. Based on this, Luo et al’* prepared
a novel artificial corneal material by crosslinking HA with bionanocellulose using BDDE (Figure 4B). The composite
exhibited favorable cytocompatibility, outstanding optical characteristics, resistance to sutures, and excellent moisture
retention, making it a promising candidate for artificial corneal transplantation or the repair of the ocular surface.

Lai et al’*

presented a pioneering method for the real-time quantitative synthesis and analysis of ester-crosslinked HA
hydrogels. This approach utilized a microfluidic system in conjunction with electrospray-differential mobility analysis.
By regulating the synthesis parameters in the microfluidic system, such as the pH, temperature, duration of the reaction,
and molar ratio of HA to BDDE, HA hydrogels exhibiting customized particle dimensions and characteristics were
effectively produced. Notably, there was a significant relationship between the synthesis conditions and particle size
distribution. This research demonstrated the capabilities of microfluidic platforms for the efficient generation of
homogeneous and precisely characterized hydrogel nanoparticles, thereby facilitating their utilization in tissue engineer-
ing and biomaterials.

Ether-crosslinked HA hydrogels have numerous applications across various domains including dermal fillers and soft
tissue repair. Their high chemical stability, good hydrophilicity, strong mechanical properties, and low toxicity render
these materials highly suitable for applications in the domains of biomedicine and tissue engineering.

Disulfide Bonds (-S-S-)

Natural HA does not contain disulfide bonds (-S—S-), but disulfide linkages can be introduced through reactions between
disulfide-containing compounds and reactive groups on HA, such as hydroxyl groups, or amino groups introduced via
amino modification. Two main methods are used. The first introduces an amino (-NH,) group via chemical modification,
which then reacts with disulfide crosslinking agents to introduce disulfide linkages (Figure 5).°> The second uses ethyl
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thioesters or other sulfide reagents to introduce sulthydryl (—SH) groups to form thiolated HA. Sulfhydryl groups can
form disulfide bonds with other sulthydryl groups in oxidizing environments. In this manner, thiolated HA can be used to
form biocompatible self-crosslinked hydrogels without the use of crosslinking agents.'' Owing to the reducing nature of
biological compounds such as glutathione and nicotinamide adenine dinucleotide phosphate, disulfide linkages are
reduced back to sulfhydryl groups within the cellular environment. This reversible crosslinking behavior makes HA
with disulfide bonds suitable for the synthesis of smart responsive hydrogels.'?

In tissue engineering, disulfide-crosslinked HA is commonly used to create biological scaffolds with remarkable
biocompatibility and robust mechanical properties. These scaffolds facilitate not only the attachment, growth, multi-
plication, and specialization of cells but also are essential in maintaining the cell’s phenotype. In one study, disulfide-
crosslinked HA was compounded with gelatin to prepare composite hydrogels that effectively supported the growth of
chondrocytes and the repair of cartilage tissue.”® Disulfide-crosslinked HA has also been used to enhance the resistance
of scaffolds to degradation and prolong their retention in the body, thereby improving the effectiveness of tissue repair.

Disulfide-crosslinked HA also has promising applications in drug delivery. Hydrogels or nanocarriers prepared with
disulfide-crosslinked HA offer effective loading and slow-release of anticancer drugs.”” In one study, researchers
embedded the anticancer drug sulforaphane in a disulfide-crosslinked HA hydrogel and found that drug release within
the tumor microenvironment via reduction reactions effectively inhibited the stem-cell-like characteristics associated with
breast cancer.”® Zhang et al®® designed a nanogel composed of lactoferrin and phenylboronic acid that exhibited targeted
drug release capabilities. It swiftly released encapsulated doxorubicin in environments with elevated glutathione levels,
making it an excellent candidate for effective glioma-targeted therapy.

Researchers have also examined the application of disulfide-crosslinked HA hydrogels for wound repair owing to
their biocompatibility and self-healing ability. These hydrogels can form a protective film over wounds, thereby
preventing infection and facilitating the process of wound recovery. For example, Yang et al”® engineered a disulfide-
crosslinked HA hydrogel with antimicrobial properties that effectively inhibited bacterial growth and demonstrated good
self-healing ability during wound healing. The modifiable nature of these hydrogels renders them ideal for a range of
applications in wound healing.

In summary, disulfide-crosslinked HA exhibits significant potential for applications within the field of biomedicine,
especially in tissue engineering, drug delivery, and wound repair. It has already shown good research progress and
application potential. With further research and technological development, disulfide-crosslinked HA is anticipated to
have a considerable impact in these domains.

Imine/Schiff Base Bonds (-C=N-)

Imines, also referred to as Schiff bases, are characterized by the functional group —C=N-. They are typically generated
through the condensation reaction involving either an aldehyde group (—-CHO) or a ketone group (—CO-) in conjunction
with an amine group (-NH2). Natural HA can undergo chemical modification to establish imine bonds by first
introducing the necessary functional groups, followed by a condensation reaction. Three main strategies are used: (1)
condensation of aldehyde-modified HA with amine-containing compounds in a weakly acidic to neutral environment (pH
4-7); (2) condensation of amino-modified HA with aldehyde-modified polymers, proteins, or small molecules (eg,
glucuronide aldehydes or oxidized chitosan); and (3) condensation of aldehyde-modified hyaluronate with hydrazine
groups (-NHNH,) to form an acylhydrazone bond (-C=N-NH-C(=0)-); a more stable derivative of the imine bond).
Imine bonds are relatively stable in neutral or alkaline solutions (pH > 7), with a half-life of 6-12 h. Under acidic
conditions (pH < 5), however, they are prone to hydrolysis, with a shortened half-life of 1-3 h, leading to degradation of
the crosslinked material. Notably, this property imparts pH-responsiveness to imine-crosslinked HA (Figure 6A).'%%!'°! In
addition, imine-crosslinked HA hydrogels usually exhibit self-healing behavior, because the imine bonds can be
dynamically broken and reorganized in aqueous solution.®” In comparison, acylhydrazone bonds are more stable under
physiological conditions. Their stronger conjugated systems render them more resistant to hydrolysis, with a half-life of
2-5 days. This stability can be further enhanced to 1-3 weeks if the material is additionally mixed and crosslinked with

BDDE, making acylhydrazone bonds more suitable for long-lasting crosslinked hydrogels (Figure 6B).'*%!'%3
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Imine-bonded HA finds extensive application within biomedicine. In tissue engineering, the modification of HA with
imine bonds provides it with superior physicochemical properties for the construction of biocompatible scaffolds. For
example, Chen et al’’ formulated a modified adhesive HA hydrogel incorporating aldehyde groups and methacrylate,
which demonstrated improved adhesion and stability (Figure 6C). These properties were attributed to its diverse

anchoring mechanisms, including amide bonding, hydrogen bonding, and physical intercalation facilitated by dynamic
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Schiff base reactions. The hydrogel was durable and stable for at least seven days, even in humid environments, with
adhesion strengths of 43 and 52 kPa for skin and glass, respectively. Notably, these values far exceed those of
commercially available fibrin glue (~10 kPa) and HAMA hydrogels (~20 kPa).

The imine modification of HA also improves its ability to respond to acidic environments and regulate cellular
behaviors. Xiao et al'® conducted a study focusing on a bifunctional platform that is activated by acidic conditions. In
this platform, they incorporated C-X-C (Cys-Xaa-Cys) motif chemokine ligand 12 (CXCL12), which is also known as
stromal cell-derived factor (SDF-1a), alongside arginine carbon dots and calcium ions, all embedded within an oxidized
hydrogel composed of HA and gelatin methacryloyl (Figure 6A). In an acidic environment, the Schiff base bonds in the
hydrogel were broken, sustaining the release of CXCL12 and enhancing the movement and enlistment of intrinsic
mesenchymal stem cells. In addition, the recruited cells metabolized the arginine carbon dots, resulting in the production
of nitric oxide in the presence of calcium ions. This process activated the cyclic guanosine monophosphate signaling
pathway, subsequently fostering angiogenesis. This composite hydrogel demonstrated good potential for coupling
osteogenesis and angiogenesis and provided an effective strategy for bone regeneration.

Imine-bonded HA has also demonstrated excellent performance in drug delivery systems. HA-based carriers can link
or encapsulate multiple drugs through imine bonds and achieve slow drug release in vivo, significantly improving
bioavailability. For example, researchers constructed a copper—doxorubicin—anlotinib nanoconjugate bound via copper-
hydrazide coordination, hydrazone linkages, and Schiff base bonds.'®* The release of doxorubicin from this complex
significantly enhanced copper-mediated chemodynamic therapy, whereas anlotinib effectively inhibited copper ion-
induced tumor angiogenesis. This multifunctional platform enabled the multidimensional treatment of hepatocellular
carcinoma with targeted synergistic chemotherapy, chemokinetic therapy, and antiangiogenesis.

Hydrogels with dynamic Schiff base crosslinks have significantly higher stability and structural integrity when

subjected to external forces. For instance, Wu et al’®

prepared a self-assembled herbal polysaccharide hydrogel from
glycyrrhizic acid (a natural compound derived from licorice root) and a HA derivative via dynamic Schiff base
crosslinking, and incorporated deferoxamine as a functional component to promote wound healing. Dynamic crosslinking
significantly enhanced the stability of the hydrogel, making it less prone to disintegration under physiological conditions.
Furthermore, it enabled the efficient delivery of deferoxamine to the trauma site to promote angiogenesis.

In summary, imine-bonded HA has a broad spectrum of potential uses within the domains of tissue engineering and
drug delivery systems. Future studies should explore the mechanism of HA modification using imine bonds and specific

applications of these materials in different biomedical fields to promote their clinical translation and use.

Carbon—Carbon Double Bonds (C=C)

HA that has been modified to incorporate carbon—carbon double bonds (C=C) presents numerous prospective applica-
tions within the biomedical sector. The main methods of C=C bond formation in HA include esterification, acrylation,
and grafting via click chemistry. A prevalent technique employed in this context is methacrylation, which facilitates the
formation of HAMA. In this process, methacrylic anhydride interacts with the hydroxyl groups present in HA to
introduce methacryloyl groups (~CH,=C(CH3)CO-). HAMA is relatively stable under physiological conditions, but
may be hydrolyzed in alkaline environments or by esterases. A similar strategy involves acrylation, whereby acryloyl
chloride or acrylic acid interacts with the hydroxyl groups of HA or amino groups found in amino-modified HA when
subjected to alkaline conditions, resulting in the formation of HA acrylate.'® Derivatives of HA that contain either
acryloyl or methacryloyl groups can undergo crosslinking using 365 nm UV light, visible light, or free radical initiation
to create biocompatible hydrogels (Figure 7).”""? Taking advantage of this, Wang et al'’® conjugated HAMA with 1,4-
dihydrobenzothiazol-4-one-3-carboxylic acid via disulfide bonding to develop sequential bifunctional supramolecular
hydrogels aimed at ROS scavenging and stabilizing hypoxia-inducible factor 1 subunit alpha (HIF1A), targeting the
therapeutic management of myocardial infarction.

Another key method of introducing C=C bonds to HA is fumaric acid modification. In this approach, HA undergoes
esterification or acrylation with a fumaric ester to introduce a conjugated C=C bond. When this double bond is
conjugated to a carbonyl group (eg, fumaric acid or an acryloyl group), further modification with sulthydryl or amine
groups is possible via Michael addition. In addition, modified HA bearing fumarate groups as dienophiles (2n electron
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Figure 7 Schematic diagram of the preparation of methacrylated hyaluronic acid (HAMA)/tetrahedral framework nucleic acid (tFNA)-GLI3K hydrogel. Evaluation of
HAMA/tFNA-GLI3K hydrogel in vivo for skin repair and wound healing in general observation. Adapted reprinted with permission from Ref.”' based on CC BY License,
Copyright © 2024, The Author(s).

acceptors) can undergo Diels—Alder reactions with dienes (4x electron donors) to form reversible C=C bonds, enabling
dynamic crosslinking in HA-based hydrogels. Finally, the use of click chemistry to introduce C=C bonds typically
involves a reaction between azide-modified HA (HA-N3) and alkynyl (—-C=C)-containing compounds (eg, propargyl
esters). This reaction forms a conjugated C=C bond, which can be used for subsequent functionalization or

polymerization.
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HA with C=C bonds shows considerable potential for the construction of drug delivery systems. The C=C bonds
facilitate chemical modification and crosslinking, which are essential for the regulated release of pharmaceuticals. As an
example, Qi et al'®” combined HAMA with polyvinyl alcohol to form a 3D-crosslinked hydrogel using dynamic borate
ester bonding and photocrosslinking techniques. The dual network structure not only improved the mechanical char-
acteristics of the hydrogel but also facilitated the localized activation of platelet-rich plasma along with a prolonged
release of growth factors. Therefore, it effectively promoted the regeneration of the endometrium and reinstated uterine
functionality. In addition, photocrosslinking technologies can be employed to fabricate hydrogels based on HA with
tunable network structures, enabling dynamic and sustained drug release in vivo. This method improves the bioavail-
ability of pharmaceuticals while enabling precise drug release under particular physiological conditions.

In the domain of tissue engineering, chemically modifying HA with C=C bonds can significantly improve its
mechanical characteristics and biocompatibility, rendering it more appropriate for use as a scaffold material. For
example, hydrogel particles combining C=C bond-modified HA and hyperbranched poly(acrylate-capped thioketone-
containing ethylene glycol) scavenge ROS and neutralize pro-inflammatory cytokines. The introduction of C=C bonds
enhances the mechanical strength of HA hydrogels, making them more stable under physiological conditions.'®

Although a variety of C=C bond-modified HA derivatives have been developed, the direct incorporation of C=C
bonds into the HA backbone has been less studied. Buffa et al”® synthesized a novel HA derivative, 4,5-anhydro-N-
acetylglucosamine hyaluronan (AHA), which contains a double bond between the 4 and 5 positions of the
N-acetylglucosamine ring. AHA can react with a wide range of oxidizing agents, resulting in higher chemical reactivity
and biological activity. In addition, AHA is selectively cytotoxic to a wide range of cancer cell lines without significant
effects on normal human dermal fibroblasts, which signifies its promise as a potential anticancer agent.

C=C-bond modified HA shows good prospects for application in pharmaceutical distribution and biological tissue
engineering. In the future, as research in this field continues to deepen, further HA-based therapeutic solutions are
expected to emerge to meet clinical demands for efficient and safe treatment.

Biomedical Applications of HA

HA has been used in a wide variety of clinical disciplines due to its unique physicochemical properties, ie, high water
binding capacity, viscoelasticity, biocompatibility, and biodegradability. These areas include, but are not limited to,
ophthalmic surgery, osteoarthritis treatment, aesthetic and orthopedic medicine, and advanced drug delivery systems. In
the following sections, each therapeutic area will be reviewed (Table 2).

Application of HA in Ophthalmology

Dry Eye Disease

Dry eye disease, referred to as keratoconjunctivitis sicca, represents a prevalent eye disorder marked by an atypical
composition of the tear film and inflammation affecting the ocular surface. Patients often experience foreign body
sensation, irritation, pain, and blurred vision. Studies have linked the onset of dry eye disease to factors such as being
female, being over 50 years of age, connective tissue disease, contact lens use, certain medications (eg, diuretics and
antihistamines), and hematopoietic stem cell transplantation.'**

HA has been extensively investigated for its therapeutic potential in managing dry eye disease. As a fundamental
component of the tear film, HA contributes to ocular surface hydration and protection. However, when administered in
therapeutic formulations, HA is rapidly cleared and degraded in the body. Therefore, researchers have explored various
approaches to ensure the long-term effectiveness of HA formulations. The main strategies involve continuous replen-
ishment (“open source”) and metabolic regulation or degradation resistance (“throttling”).

“Open source” methods aim to counteract the rapid clearance of HA by continuously replenishing it. Long-term
contact lens wearers are more prone to dry eye symptoms; however, the frequent use of eye drops can be inconvenient
and may lead to poor treatment compliance. To address this problem, researchers embedded the metabolically engineered
soil bacteria Corynebacterium glutamicum as a biofactory in a hydrogel-based contact lens (Figure 8A).'” The bacteria
effectively regulated the rate of HA release by modulating the hydrogel’s composition and degree of crosslinking,
thereby sustaining therapeutic effects for at least 3 weeks. In vivo living contact lenses are still in the early stages of
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Table 2 Application of Hyaluronic Acid

Realm Modelling Level Materials Endpoint Indicator Safety Instructions Conversion Requires Additional | References
Content
Ophthalmology (dry eye) In vitro model PVA, HA, C. glutamicum Sustainably reduces the coefficient of Cytotoxicity test only Increase data on corneal epithelial [109]
friction on contact lens surfaces models, in vivo in animals and in
immunologically abnormal
populations; develop relevant
industry and regulatory standards
Ophthalmology (dry eye) Animal model (rabbit) HA, TIMP3 Not only maintains corneal surface Non-cytotoxic Further evaluation of the correct [11o]
moisture, but also protects corneal dosage of the product
epithelial integrity by inhibiting the
overexpression of matrix
metalloproteinase (MMP-9), which is
associated with dry eye disease
Ophthalmology (post cataract Clinical model HA Highly concentrated ha preparations more | Non-cytotoxic Determination of thresholds [
surgery) effective in relieving postoperative dry eye
symptoms
Ophthalmology Animal model (rabbit) Mannose chitosan with Phased drug release, long-lasting Slight conjunctival and Large animal testing, long-term [12]
oxidised hyaluronic acid therapeutic effect corneal irritation (eg safety evaluation
to prepare hydrogel films congestion) but no
loaded with intraocular irritation
dexamethasone and
levofloxacin
Ophthalmology Animal model (New BDDE cross-linked HA, Excellent manoeuvrability, longer Good biocompatibility Large animal testing, long-term [113]
Zealand white rabbit) EGCG degradation cycle and high drug release safety evaluation
capability for effective removal of
intraoperative chlorotrifluoroethylene
residues and maintenance of normal
intraocular pressure in the postoperative
period
Ophthalmology In vitro model Cobalt, HA Not only does it guarantee wearer Non-toxic to human Large animal testing, long-term [114]
comfort and the optical properties of the | epithelial corneal cells, safety evaluation
material, but it also has good anti-protein | more than 95% active
deposition and antimicrobial activity.
Joints (arthritis) Clinical model HA There was no significant difference in No adverse events Larger samples and long-term [I15]
analgesia with the placebo group. In studies are needed
addition, patients with lower baseline pain
levels showed less improvement and did
not meet criteria for clinically meaningful
pain relief
Joints (rheumatoid arthritis) Animal models (mice) HA, T™PF, human serum Promotes fibroblast-like synovial cell No cytotoxicity Large animal testing, long-term [I116]
albumin, celastrol, plasmid | apoptosis, inhibits macrophage safety evaluation
for pro-apoptotic gene inflammation, restores synovial
PUMA homeostasis and effectively treats
rheumatoid arthritis
(Continued)
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Table 2 (Continued).

Realm Modelling Level Materials Endpoint Indicator Safety Instructions Conversion Requires Additional | References
Content

Joints (cartilage regeneration) Animal model (SD rat) HA, adamantine-rhein, Significantly reduces the MI1/M2 Good biocompatibility Large animal testing, long-term [117]
CeOx macrophage ratio and decreases safety evaluation

inflammatory cytokine levels, thereby
promoting cartilage regeneration and
restoring joint function

Joints (gouty arthritis) Animal model (SD rat) Urease, HA, platinum, Thermal induction promotes macrophage Non-cytotoxic Expansion using hybrid exosomes [118]
polydopamine, aggregation, reduces uric acid levels in the derived from other types of cells to
resveratrol joint cavity and accelerates tissue repair reduce the difficulty of

transformation

Joints (psoriatic arthritis) Animal model (SD rat) Nicotinamide, diclofenac, Stimulates the migration of epithelial cells | Not mentioned Conduct preclinical studies for [119]
tacrolimus, HA to the lesions, accelerates the skin from further validation

the inflammatory phase to the
proliferative phase, and promotes the
recovery of the skin barrier function

Joints (septic arthritis) Animal model (SD rat) HAMA copolymerised Accurately targets and removes bacterial Good biocompatibility Releasing standards, maximum [120]
with divinylglycerol diacid | infection and its associated inflammatory tolerated dose, repeated-dose
ester, response, reducing synovial hyperplasia toxicity, large animal infection
Vancomycin, macrophage- | and cartilage damage models
platelet membrane

Joints (osteoarthritis of the knee) Clinical model HA Provides effective joint lubrication, Some patients reported Determination of optimal dose for [13,121]

reduces pain and improves function in mild local discomfort, use, long-term safety data
osteoarthritic knees transient joint swelling

and allergic reactions, but

most did not experience

serious adverse effects

Joints In vitro model Adult porcine Promote cell proliferation and maintain Poor cell viability, limited Introduction of enhanced [122]
mesenchymal stem cells, chondrocyte differentiation effectively matrix distribution and injectability and stability
HA low functional properties

Joints (cartilage repair) Animal model (rabbit) Photopolymerised glycidyl | Significantly facilitated mandibular cartilage | Good biocompatibility Clarify magnetic imaging human [123]
methacrylate modified repair and enabled non-invasive dose, safe dose for large animals
hyaluronic acid, monitoring of the regeneration process
hydroxyapatite, Fe304 based on magnetic resonance imaging

Joints (osteoarthritis, cartilage repair) | Animal models (rat, HA, GelMA, barium Conversion of mechanical energy into Good biocompatibility The use of animal models that more | [124]

rabbit) titanate, polydopamine electrical signals under ultrasound closely mimic human locomotor
activation promotes directed migration habits and biomechanics, as well as
and chondrogenic differentiation of bone expanded sample sizes.
marrow mesenchymal stem cells.

Joints (osteoarthritis) Animal models (mice) GelMA, PBA, hyaluronate | Protecting cartilage extracellular matrix by | Good biocompatibility The use of animal models that more | [125]
methacrylate, regulating the balance between closely mimic human locomotor
dihydromyricetin mitochondrial apoptosis and habits and biomechanics, as well as

mitochondrial autophagy for precise expanded sample sizes
intervention in osteoarthritis
Aesthetic medicine (anti-aging) In vitro model Bioactive glass and HA Effectively boosts the skin’s water content | >70% cell viability Further animal experiments [126]

(immortalised human
keratinocytes)

and promotes collagen and elastin
synthesis, leading to structural remodelling
and increased skin thickness
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Aesthetic medicine (tissue defects)

Aesthetic medicine (anti-aging)

Aesthetic medicine (scar removal)

Aesthetic medicine (scar removal)

Aesthetic medicine

Aesthetic medicine (wound repair)

Drug delivery (anti-tumour)

Drug delivery (osteosarcoma)

Drug delivery (pancreatic cancer)

Drug delivery
(Glioblastoma multiforme)

Drug delivery (anti-tumour)

Drug delivery (osteoarthritis)

Clinical model

Animal models (mice)

Animal model (New
Zealand white rabbit)

Animal models (mice)

Animal model (SD rat)

Animal model (SD rat)

In vitro experiment

Animal models (mice)

Clinical model

Animal models (mice)

Animal model (nude
mice)

Animal model (rat)

HA

HA, lithium calcium
silicate

HA

Adipose stem cells, HB-
PEGDA, HA-SH and
short RGD peptides

Hyaluronic acid
methacrylamide, filipin
methacrylamide and black
phosphorus quantum
dots, eumelanedin and
vascular endothelial
growth factor

Gel-DA, CuPDA NPs
modified with HA-PBA,
metformin

N-(2-Aminoethyl)-
glucosamide, HA,
bortezomib

Alendronate, hyaluronic
acid, octadecanoic acid

PEGPH20, albumin-bound
paclitaxel, gemcitabine

miR-18la, poly-L-
arginine, HA, lipid
nanoparticles
HA-CuMOF@DOX

Celecoxib, HA

Promotes collagen and elastin synthesis;
treats congenital or acquired depressions
due to subcutaneous soft tissue loss

Significantly enhances the expression of
collagen and angiogenesis-related genes,
thereby stimulating the regeneration of
mature blood vessels and boosting
collagen production in the dermis and
filler areas

Significantly reduces the risk of scar
formation and promotes healing

Promotes angiogenesis, accelerates wound
healing and reduces burn scar formation

Combines self-healing and controlled
release properties; effectively promotes
tissue regeneration, collagen deposition
and angiogenesis

Significantly promotes wound healing
through bactericidal, anti-inflammatory,
pro-angiogenic and accelerated
extracellular matrix and collagen
deposition mechanisms.

Enabling targeted drug release for
enhanced therapeutic efficacy

Targeted delivery, greatly enhancing in vivo
anti-tumour activity while reducing
systemic toxicity

Significantly improved drug penetration
and efficacy in animal models; failed to
extend overall survival in clinical models,
development terminated

Efficient delivery of miR-18la to
glioblastoma cells and inhibition of their
proliferation

Nude mice bearing HepG2-ADR cells had
80.69% tumour growth inhibition

Not only can it effectively encapsulate the
drug, but also prolong its release time in
the joint cavity, significantly enhancing the
therapeutic effect

Fewer adverse events

No significant
cytotoxicity at low
concentrations, extensive
cell death at high
concentrations

Good biocompatibility

Good biocompatibility

Good biocompatibility

Good biocompatibility

Relative cell viability was
68.7% for normal cells
and 31.1% for malignant
cells

Highly toxic to tumour
cells

Adverse events were 2%
higher than in the control

group

Good biocompatibility

Good targeting of cancer
cells and biocompatibility
with normal cells

Good biocompatibility

Define the optimal injection dose

Drug loading doses, large animal
experiments

Large animal experiments and long-
term safety assessment

Large animal experiments and long-
term safety assessment

Large animal experiments and long-
term safety assessment

Copper ion release limit, large
animal testing

Further animal experiments

Supplementary information on
effects on normal cells and data
from large animal experiments

Microenvironmental changes must
be tracked with real-time imaging or
dynamic markers; patient screening
should integrate tumour
heterogeneity, HA metabolism
kinetics and systemic distribution

In-depth discussion of therapeutic
mechanisms, long-term safety
assessment

Further assessment of in vivo safety
and relevant preclinical trials are
required

Experimental data on large animals
and long-term safety assessment

[127,128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

(Continued)
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Table 2 (Continued).

Realm

Modelling Level

Materials

Endpoint Indicator

Safety Instructions

Conversion Requires Additional
Content

References

Drug delivery (tuberculosis)

Drug delivery (breast cancer)

Animal models (mice)

Animal models (mice)

HA, Mycobacterium avium
subspecies paragordosum,
polyvinylalcohol

HA, gold, adriamycin,
polyethyleneimine

Significant activation of dermal dendritic
cells and increase in specific T cells

Simultaneous delivery of
chemotherapeutic and immunotherapeutic
agents to enhance oncology treatment
efficacy

Good biocompatibility

Biocompatible and
reduces drug toxicity

Additional clinical trials are still
needed to validate the efficacy and
long-term safety of HA in different
vaccine formulations.

Large animal experiments and long-
term safety evaluation

[140]

[141]

Abbreviations: PVA, polyvinyl alcohol; HA, hyaluronic acid; TIMP3, tissue inhibitor of metalloproteinases 3; BDDE, |,4-butanediol diglycidyl ether; EGCG, (—)-Epigallocatechin-3-gallate; PUMA, p53 upregulated modulator of apoptosis;
CeOx, cerium oxide; Fe3Oy, iron(lllll) oxide; GelMA, gelatin methacrylate; PEGPH20, polyethylene glycol glucosidase a; HepG2-ADR, HepG2 adriamycin-resistant cell line; PBA, phenylboronic acid; HB-PEGDA, hyperbranched
polyethylene glycol diacrylate; HA-SH, thiol-functionalised hyaluronic acid; Gel-DA, Dopamine-modified gelatin; CuPDA NPs, Cu-loaded polydopamine nanoparticles; HA-PBA, phenylboronic acid modified hyaluronic acid; miR-181a,
microRNA-181a-5p; HA-CuMOF@DOX, copper-based metal-organic frameworks modified with doxorubicin -loaded hyaluronic acid.
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Figure 8 (A) Schematic of the fabrication process of the bacterial ring-implanted contact lens (CL) and its characterization. Research Team fabricated laboratory CL
prototypes in a two-step molding process: (1) Addition of PVA-VS/PVA bacterial solution Lens functional ring fabrication (2) Crosslinking (3) Ring transfer and addition of
PVA-VS transparent solution Lens field of view fabrication @ Moulding and crosslinking @ Contact Lens. Adapted reprinted with permission from Ref.'®® based on CC BY
License, Copyright © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH. (B) Chemical structure and morphology of monoblock bottlebrush B and triblock
bottlebrush ABA. Two BB polymers (Bottlebrush polymers are a type of biomimetic polymer whose structure draws inspiration from lubricin, a key protein component in
synovial fluid. Featuring a bottlebrush-like molecular configuration, they effectively mitigate friction damage and demonstrate excellent lubricating properties in both in vitro
and in vivo experiments) were designed and used with or without HA in different settings. The chemical structures (left) and morphology (right) of the monoblock (B) and
triblock (ABA) polymers are presented. The synthesis of ABA involves attaching an A group (blue group, no corresponding scientific name) to the B base. It is synthesized
from a B-type block copolymer by adding CuCl,, 4,4'Dinonyl-2,2'-Dipyridyl, 2-(dimethylamino)ethyl methacrylate, methyl methacrylate, and CuCl. Adapted reprinted with
permission from Ref.'*® based on CC BY License, Copyright © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH.

transition from laboratory proof-of-concept to preclinical testing in animals and have not yet entered Phase I or any
human clinical trials. The authors who proposed the concept emphasized that safety and comfort validation must be
completed before subsequent clinical translation can be considered. Although in vitro cytotoxicity tests did not reveal
significant issues, data from corneal epithelial models, in vivo animal studies, and immunologically abnormal populations
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remain lacking. Currently, bacteria are embedded only in a 1-mm annulus around the periphery of the lens, using a
polyvinyl alcohol—vinyl sulfone (PVA-VS) secondary crosslinked network with a nominal aperture size of 10-30 nm,
whereas the bacterial diameter is approximately 0.8 um, theoretically preventing their passage. However, the authors did
not provide quantitative data on bacterial “leakage.” In addition, no temperature-controlled, pH-induced, or antibiotic-
dependent suicide genes were introduced, and the lenses were disposed of solely by rinsing with a standard care solution,
with no mandatory sterilization step. From a regulatory perspective, product definition, quality control standards, and
clinical endpoints are all treated as “off-the-shelf” and require a “case-by-case” De Novo/Live Biotherapeutic Product
(LBP) pathway globally. Consequently, the approval timeline, costs, and uncertainty are substantially higher than those
for conventional Class III medical devices. Therefore, despite the remarkable technology of living contact lenses, long-
term ocular surface safety data must be established before these devices can realistically enter clinical trials.
“Throttling” methods aim to reduce the clearance of HA by increasing its degradation resistance or reducing the
activity of degrading enzymes. In the human body, the metabolism and degradation of HA are primarily due to the action
of hyaluronidase, although metalloproteinases also contribute indirectly. Therefore, increasing the tolerance of HA to
hyaluronidase or inhibiting metalloproteinases can effectively reduce its clearance and prolong its residence time in

tissues. Galassi et al''”

successfully synthesized a new material, HA-3, with higher resistance to hyaluronidase
degradation by covalently functionalizing HA with TIMP metallopeptidase inhibitor 3 (TIMP3, previously referred to
as metalloproteinase inhibitor 3 [MMPI]). HA-3 not only maintained moisture on the surface of the cornea but also
inhibited the overexpression of matrix metallopeptidase (MMP-9), which has been associated with dry eye disease,
thereby protecting the integrity of the corneal epithelium. In addition, the lubricating properties and biocompatibility of
polymers can be enhanced by blending with HA, thereby doubling the effectiveness of dry eye disease treatments. For
example, researchers have constructed triblock (ABA) bottlebrush polymers that rapidly adhere to multiple surfaces,
including cartilage, the ocular surface, and contact lenses, thereby establishing a robust and biocompatible lubricating

protective layer (Figure 8B).'*

Ophthalmic Surgery

HA is increasingly used in cataract surgery to safeguard the corneal endothelium, improve surgical safety, and minimize
the inflammatory response. HA-based eye drops can significantly improve ocular surface health after surgery. For
example, in a randomized controlled trial, the Ocular Surface Disease Index (OSDI) scores of patients treated with
0.15% HA-based eye drops after cataract surgery were significantly lower than those of patients treated with 0.1% HA-
based eye drops, suggesting that formulations with higher HA contents are more effective in relieving postoperative dry
eye symptoms.''! In addition, the biocompatibility and slow-release properties of HA have facilitated the synthesis of
various drug-loaded biomaterials to prevent or treat post-cataract surgical complications. For example, Bao et al''?
prepared hydrogel films from mannose chitosan and oxidized HA and loaded them with the corticosteroid dexamethasone
and antibiotic levofloxacin. These hydrogel films exhibited phased drug release, with a rapid release of levofloxacin and
prolonged release of dexamethasone. This dual-drug delivery mechanism is a promising therapeutic option for post-
operative endophthalmitis. Thus, HA has become an integral part of modern cataract surgery as an effective ophthalmic
surgical aid.

HA has also shown importance in vitrectomy. HA mimics the biomechanical properties and functionality of the
vitreous humor, leading to its widespread use as a vitreous substitute to maintain structural integrity and function within
the eye. Crosslinked HA maintains postoperative intraocular pressure and promotes retinal recovery. For example, Chen
et al''® developed BDDE-crosslinked HA that showed good handling, a longer degradation time, and effective drug
release capabilities in vitro, effectively removing intraoperative residual trifluorochloroethylene and maintaining normal
intraocular pressure during the postoperative period.''> The anti-inflammatory properties of HA also help to reduce

113
1

postoperative inflammation, thereby improving recovery.11 The crosslinked HA prepared by Chen et al’ ~ was loaded

with the anti-inflammatory agent epigallocatechin gallate, further improving the anti-inflammatory effect.
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Contact Lenses
Contact lenses are an increasingly popular method of vision correction; however, many wearers experience issues such as
dry eye symptoms and discomfort. HA is widely used in contact lens care products because of its excellent lubricating
and moisturizing properties. In addition, HA can be used as an additive in contact lenses themselves, significantly
improving their moisture retention and comfort.'** For example, HA-coated contact lenses reduce ocular discomfort by
enhancing moisturizing properties, wettability, and mechanical performance.''*'*> They also improve lens safety by
effectively reducing protein adsorption and providing antimicrobial activity against major ocular pathogens.''* Further
studies revealed that HA contains approximately 4-6 hydrogen bonding donor/acceptor sites per disaccharide unit, which
bind 20-30 water molecules to form a highly viscoelastic hydration shell 2—4 nm thick.'*® This hydrated layer allows tear
proteins (eg, lysozyme, albumin) to overcome additional resistance, thus reducing protein precipitation.'*” Additionally,
HA, as a negatively charged polysaccharide, can repel negatively charged bacterial surface proteins (eg, Staphylococcus
aureus surface proteins) through electrostatic interactions, forming a physical barrier that inhibits bacterial adhesion to
cells or material surfaces. Regarding antimicrobial activity, healthy skin and mucous membranes serve as the first line of
defense against infection. HA promotes corneal epithelial wound healing by stimulating epithelial migration, adhesion,
and proliferation, enhancing extracellular matrix remodeling, and activating CD44."*® An intact barrier naturally
improves resistance to bacterial invasion. Furthermore, Ruppert et al'*® demonstrated that HA reduces pathogenic
bacterial adherence and infection by modulating the expression of lipocalin 2 (LCN2), an antimicrobial peptide
component of epithelial cells, and IL-8, a pro-inflammatory factor, via regulation of the NF-kB signaling pathway, a
key component of the intrinsic immune response. Although HA exhibits some antimicrobial effects, it requires
combination with other antimicrobial components to enhance its effectiveness for contact lens safety. For example,
Ferreres et al''* developed a biocompatible antimicrobial coating on contact lenses using cobalt, a low-toxicity
antimicrobial metal, in combination with HA. This coating maintained wearer comfort and optical properties while
demonstrating effective anti-protein deposition and antimicrobial activity against major ocular pathogens, including
Pseudomonas aeruginosa and Staphylococcus aureus.

Additionally, HA is gradually released from the contact lens onto the ocular surface, providing a sustained lubricating
effect.'® In summary, the incorporation of HA in contact lens materials and care solutions has markedly enhanced user

comfort and has become a key component of modern eye care.

HA in the Treatment of Joint Diseases

Arthritis

HA, as an effective biological agent, is widely used in the treatment of osteoarthritis. It operates by improving the
viscoelasticity of the synovial fluid, providing lubrication, reducing joint pain, and promoting cartilage repair and
regeneration. Intraarticular injections of HA are considered a low-risk and effective solution for the nonsurgical treatment
of osteoarthritis, especially for patients who do not respond well to nonsteroidal anti-inflammatory drugs."® In a clinical
trial of patients with osteoarthritis, the HA group reported significant improvements in pain and functional scores, along
with more favorable postoperative recovery compared to the control group.'?! However, in another study, intraarticular
HA injections showed no superiority over the placebo, with all groups reporting similar pain relief scores after six
months.''® In addition, patients with lower baseline pain levels showed less improvement and did not meet clinically
relevant criteria for pain reduction. In summary, the therapeutic efficacy of HA in osteoarthritis requires further
investigation. Currently, most HA-based treatment strategies rely on HA complexes or drug-loaded delivery systems,
which show greater potential for promoting cartilage repair and regeneration.

Rheumatoid arthritis is a persistent systemic autoimmune disorder. Similarly to osteoarthritis, the potential of HA in
rheumatoid arthritis treatment is gradually gaining attention. However, HA-based treatments may be particularly
advantageous in rheumatoid arthritis owing to its anti-inflammatory properties and ability to bind to immune cell
receptors, which render it a highly suitable vehicle for administering therapeutic agents or biologically active
compounds.’®® Several researches have revealed that HA effectively reduces levels of inflammatory markers and

improves quality of life in patients with rheumatoid arthritis.'?'
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In addition, HA may have a synergistic effect when combined with other treatments such as biologics to improve
efficacy and reduce side effects. For example, researchers have used HA microneedle-assisted dual delivery systems to
deliver both BCL2 binding component 3 (BBC3; also known as p53-upregulated modulator of apoptosis (PUMA)) and
the natural product celastrol.''® This combination promoted the apoptosis of fibroblast-like synovial cells and inhibited
the inflammatory response of macrophages, thereby restoring synovial membrane homeostasis and effectively treating
rheumatoid arthritis. Another group designed a ROS-responsive microcapsule (denoted as HA@RH-CeOx) to deliver
nanoenzymes and the anti-inflammatory compound rhein (RH) to M1 macrophages in the inflamed synovium. In a
rheumatoid-arthritis rat model, the injection of HA@RH-CeOyx significantly decreased the M1/M2 macrophage ratio and
reduced inflammatory cytokine levels, thereby promoting cartilage regeneration and restoring joint function. Although
research on HA-based treatments for rheumatoid arthritis is still in the early stages, the available findings suggest that HA
has good clinical potential (Figure 9A).'"”

HA-based treatments may also benefit patients with other types of arthritis, including gouty arthritis, psoriatic
arthritis, and septic arthritis. For instance, Xu et al''® prepared an intelligent targeted drug delivery system to treat
gouty arthritis by combining platinum-in-HA and M2 macrophage-derived exosomes. The prepared system promoted
macrophage accumulation, decreased intraarticular urate levels, and promoted tissue repair through thermal induction.
Another group developed a novel HA-integrated multilayer microneedle platform for the therapeutic management of
cutaneous and articular manifestations in patients with psoriatic arthritis.''® By loading the anti-inflammatory drug
diclofenac and immunosuppressant tacrolimus into separate layers, the system enabled targeted drug delivery to both the
skin and joint cavities. In addition, Yu et al'*® designed a nanoparticle system for treating septic arthritis by copolymer-
izing HAMA with divinylglycerol diacid ester, loading it with the antibiotic vancomycin, and encapsulating it within
macrophage—platelet membranes (Figure 9B). The prepared system durably retained the loaded drugs and selectively
targeted the site of infection, significantly enhancing treatment effectiveness. HA has also been studied for the treatment
of synovitis'>' and adhesive capsulitis (also known as frozen shoulder).'>

Despite the promising clinical results of HA-based treatments for arthritis, there is a risk of complications. Common
adverse reactions include pain, swelling, and localized infections.'> In a study on the injection of HA for the treatment
of knee osteoarthritis, some patients reported mild local discomfort and transient joint swelling, although most did not
experience serious adverse effects.'?! In addition, some studies have reported allergic reactions after administering HA
injections; however, this is relatively rare.'* Therefore, in clinical applications, medical personnel should adequately
assess their patients to ensure the safety and effectiveness of HA treatment. Further studies should explore the optimal
use of HA to minimize complications and improve therapeutic effects.

Cartilage Repair

Owing to the increasing incidence of cartilage injuries and degenerative joint diseases, effective strategies for cartilage
repair are urgently needed in clinical practice. HA is a promising biomaterial in this regard because of its unique
biological propertiecs. HA occurs naturally in cartilage tissue, where it promotes cell attachment and proliferation,
regulates inflammatory responses, and enhances cartilage regeneration.'* Furthermore, its biocompatibility and biode-
gradability provide it with broad application prospects in tissue engineering. However, HA-based hydrogels often have
rapid degradation rates and poor mechanical properties, restricting their use in cartilage tissue engineering.'>* To
overcome these limitations, researchers have designed multifunctional hydrogels based on allyl-modified, aldehyde-
modified, thiolated, and phenolized HA. The modification of HA can also help to improve the bioefficacy and therapeutic
effect, thereby enhancing the clinical potential of HA-based hydrogels.

Several researchers have combined HA with other biomaterials such as collagen and gelatin to form composite
hydrogels with better mechanical properties and bioactivities. For example, composite hydrogels comprising HA and
gelatin can effectively support chondrocyte growth and proliferation and promote cartilage matrix formation.'>> HA
crosslinked with type I collagen forms lacuna-inspired HA microcarriers that inhibit chondrocyte dedifferentiation by
regulating the Wnt/B-catenin signaling pathway, thus promoting cell proliferation and extracellular matrix remodeling.'>®
Furthermore, based on the role of cell-to-cell interactions (eg, N-cadherin) in promoting the development of tissues such
as cartilage, Di Caprio et al'*? developed a new strategy involving adult porcine mesenchymal stem cell spheroids. These
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Figure 9 (A) ROS-responsive microcapsule (denoted as HA@RH-CeOx) for the delivery of nanoenzymes and anti-inflammatory compounds to M| macrophages in the
inflamed synovium. Adapted reprinted with permission from Ref.'"” License Number: 6122230896477. Copyright © 2023, American Chemical Society. (B) Vancomycin-loaded
HA-based nanoparticle system for targeted drug delivery. Adapted reprinted with permission from Ref.'?® License Number: 612225013203 1. Copyright © 2025 Wiley-VCH
GmbH. (C) Preparation and characterization of dihydromyricetin (DMY)-loaded dual-responsive microspheres. Adapted reprinted with permission from Ref.'? License
Number: 6122250601990. Copyright © 2023 Wiley-VCH GmbH.

spheroids were combined with HA hydrogel particles to form an injectable complex that promoted cellular contact and
signaling to support cartilage tissue formation.
Nanomaterials have also emerged as valuable tools for enhancing the functionality of HA-based materials in the

repair of cartilage. For example, Rong et al'*

utilized modified HA to construct a composite hydrogel scaffold that
effectively promoted the repair of lower cartilage. Notably, by integrating superparamagnetic nanoparticles into the
scaffold, they achieved noninvasive monitoring of the regeneration process via magnetic resonance imaging. Han et al'**
incorporated nanomaterials into modified HA to achieve a therapeutic effect. Specifically, they added piezoelectric
nanomaterials that converted mechanical energy into electrical signals under ultrasound activation, thereby promoting the

targeted migration and chondrogenesis of bone marrow mesenchymal stem cells.
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The potential of HA-based nanogel systems for sustained drug release presents promising opportunities for develop-
ing novel therapeutic strategies in cartilage repair. These nanogels can maintain therapeutic drug levels in the osteoar-
thritic microenvironment for over a month, thereby improving cartilage penetration and contributing to repair and
regeneration processes.'”>’ Recent studies have also focused on integrating mitochondrial modulation into HA-based
drug delivery strategies. For example, Xia et al'*> developed a HA-based nanoplatform that delivered drugs in a targeted
manner by responding to the osteoarthritic microenvironment (Figure 9C). This system released dihydromyricetin
according to specific biochemical signals, which protected the extracellular matrix of chondrocytes by regulating the
balance between mitochondrial apoptosis and mitophagy, thus facilitating precise intervention in osteoarthritis.

Another promising avenue in cartilage tissue engineering is 3D or four-dimensional (4D) bioprinting using HA-based
bioinks. These techniques allow the fabrication of complex scaffolds that better mimic the microenvironment of natural
cartilage."”® For example, 3D-bioprinted HAMA-based scaffolds, especially those with storage moduli above 30 kPa,
have been shown to significantly enhance chondrogenesis.'”” Modified HA-based 4D-bioprinted scaffolds with multi-
layered curved structures have also demonstrated improved efficiency in cartilage regeneration.'®® This approach is
expected to enable personalized treatment plans for patients with bone and joint diseases and offers new directions for
cartilage repair.

In conclusion, research on the application of HA in cartilage tissue engineering is progressing. Its unique biological
properties make HA an ideal material for the repair of cartilage. With continuous research, the properties of HA-based
cartilage scaffolds will be further optimized, which will promote their widespread clinical use. Future research should
focus on improving the degradation characteristics and mechanical properties of HA-based biomaterials and composites
to satisfy the requirements of cartilage tissue engineering.

Application of HA in Aesthetic Medicine

Skin Moisturization and Anti-Aging

The largest organ of the human body is the skin. It has numerous functional roles, including protection, sensation, and
temperature regulation. With age, the skin undergoes a series of physiological changes such as a decrease in collagen and

HA, leading to dryness, wrinkles, and loss of elasticity.'®!

HA provides effective hydration owing to its unique molecular
structure, which enables it to form hydrogen bonds with water molecules, thereby absorbing water and maintaining skin
moisture balance. Therefore, its loss is a significant factor in dryness and manifestations of aging.

HA has been shown to significantly increase the moisture content of the skin and reduce transdermal water loss,
demonstrating its broad efficacy in enhancing skin hydration.'®*'®® It has also been shown to upregulate the expression
of proteins associated with skin barrier function, such as aquaporin 3 (AQP3) and keratin, which in turn improves the
skin’s moisturizing and protective capabilities.'> HA further improves skin hydration by promoting skin cell proliferation
and migration and enhancing skin repair.'®* Consequently, HA is widely used in skin care products and medical aesthetic
procedures to enhance the skin’s moisture content and overall appearance.'®

HA also exhibits significant anti-aging effects. HA exerts an antioxidant effect that can effectively remove free
radicals from the human body, thereby slowing the process of skin aging.'°® For example, HA reduces collagen
degradation by inhibiting the activity of matrix metalloproteinases, which protects the structural integrity of the skin.
In addition, it promotes skin cell proliferation and enhances the skin’s self-repair ability, thereby improving overall skin
health.'®” In one study, HA was found to significantly reduce UV-induced skin damage, minimize the formation of
wrinkles, and increase the skin moisture content, demonstrating its anti-aging potential.'®® HA also promotes collagen
synthesis by providing a favorable microenvironment.'® Moreover, HA has excellent biocompatibility and biodegrad-
ability, allowing it to be absorbed by the skin safely and further exert its anti-aging effect.

Clinical studies have shown that skincare products containing HA can significantly increase the moisture content and
smoothness of the skin, improve skin texture, and achieve good anti-aging effects.'®* Consequently, HA has become an
important ingredient in moisturizing and anti-aging products and has received widespread attention. The relative
molecular mass and degree of polymerization of HA have a significant impact on its moisturizing effect: low-
molecular-weight HA better penetrates the skin, whereas high-molecular-weight HA establishes a protective film on
the skin surface to prevent water loss.'>'® The lipophilic nature of the stratum corneum can impede the penetration of
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HA into the epidermis and dermis. Therefore, various transdermal delivery techniques have been developed, such as
iontophoresis,17o fractional CO, lasers,171 low-frequency ultrasound,172 microneedle-assisted drug delivery, and the use
of ionic liquids.'”® HA injections have also been widely used in aesthetic medicine to improve facial contours and reduce
wrinkles through filler effects, with good clinical results.'”* Therefore, HA is not only important in basic skin care, but
also shows broad application prospects in modern anti-aging medicine.

Filling and Shaping

HA is an important dermal filler in aesthetic medicine, where it is used to restore the volume and shape of the face and
improve wrinkles and other signs of aging. For example, HA injections can effectively fill wrinkles and hollows around
the eyes, thereby restoring their natural contours.'?” Furthermore, injectable HA fillers are effective at increasing the
moisture content of the skin and promoting the synthesis of collagen and elastin, resulting in structural remodeling and
increased skin thickness.'”® HA contouring can be used to treat congenital or acquired depressions resulting from

subcutaneous soft tissue deﬁciencies,128

including temporal depressions, tear troughs, facial asymmetry, zygomatic
depressions, and soft tissue loss following facial mass resection. In addition, HA contouring is widely applied in
procedures such as rhinoplasty, lip and chin augmentation, and overall facial contouring to meet contemporary aesthetic
preferences. Studies have shown that soft gels with G’ values of 50-160 Pa are suitable for the superficial dermis or
dynamic areas such as the lips, allowing fine lines to be smoothed while naturally deforming with facial expressions.
Medium-modulus products with G’ values of 180-300 Pa are appropriate for the mid-cheeks, malar muscles, and other
areas experiencing volume loss, providing support while maintaining smooth transitions. High-modulus gels with G’
values of 350—-600 Pa are used for supraperiosteal or deeper scaffolds that require strong lifting power and resistance to
deformation, such as the chin, jawline, and dorsal nasal contouring; these gels are less prone to postoperative displace-
ment and have longer-lasting effects.'”>!7

In addition to facial contouring, HA injections are increasingly used for body and intimate area augmentation. These
applications include chest and buttock enhancement, as well as penis contouring in men and vulvovaginal rejuvenation in
women. HA injections into the penile shaft have been shown to significantly increase girth and improve aesthetic
outcomes, while glans injections also show potential for managing premature ejaculation.'”” However, owing to the risk
of serious complications from improper injection, these procedures require highly skilled practitioners and are associated
with limited patient uptake. In contrast, HA injections in female intimate areas are more commonly performed in clinical
practice. HA-based augmentation of the vulvar skin and vaginal wall has been reported to improve vaginal laxity and
enhance vulvar aesthetics.'”® HA injections in certain areas (eg, the G-spot) can also enhance sexual pleasure. While this
approach is appealing, caution is warranted owing to the risk of complications associated with excessive or improperly
administered HA injections.'””

Dermal tissue fillers based on HA or HA-based hydrogels offer limited long-term support and low tissue-inductive
activity. Therefore, researchers have explored composite fillers comprising HA and other biomaterials to enhance their
filling capacity and plasticizing properties. For example, the HA/lithium calcium silicate filler prepared by Huang et al'*’
significantly enhanced the expression of collagen- and angiogenesis-related genes, which stimulated the regeneration of
mature blood vessels and promoted collagen secretion in the dermis and filler areas. In addition, when HA fillers were
combined with laser treatments, skin thickness and overall quality were synergistically enhanced.'*® However, the use of
HA fillers poses several risks, including vascular obstruction, skin necrosis, and other complications. Consequently,
physicians must remain vigilant throughout injection.'®' Early diagnosis and treatment of vascular events under

ultrasound guidance can also help to prevent skin necrosis.'®

Wound Repair and Scar Prevention

The application of HA in wound repair and scar prevention has attracted widespread attention. HA promotes wound
healing through three primary mechanisms: (1) promoting cellular growth and motility, (2) enhancing collagen synthesis
and extracellular matrix formation, and (3) regulating the local microenvironment. Notably, HA enhances the movement
and growth of both fibroblasts and keratinocytes by binding to cell surface receptors and activating downstream signaling
pathways. Recently, the rate of cellular migration within a wound healing model was found to significantly increase when
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HA was present, although this effect varied based on both the molecular weight and concentration of HA utilized.'®*> HA
also enhances cell adhesion regulating the composition of the extracellular matrix, which in turn facilitates cell migration
and proliferation.'®* In terms of collagen synthesis, HA promotes collagen synthesis and matrix remodeling by regulating
the expression of various growth factors, including isoforms of transforming growth factor beta,'® leading to a
significant increase in collagen deposition at wound sites during the remodeling stage of wound healing.'®® Finally,
HA facilitates wound healing by modulating the surrounding microenvironment. The initial stages of wound healing are
often accompanied by an inflammatory response; HA can facilitate this process via its moisturizing and anti-inflamma-
tory effects. HA also inhibits the secretion of proinflammatory cytokines, including interleukin 6 and tumor necrosis
factor, which helps to attenuate the local inflammatory response.'®” HA can further improve the microenvironment by
promoting angiogenesis and local oxygenation, thus creating favorable conditions for cell migration and proliferation.'®®
These regulatory effects not only accelerate wound healing but also improve the strength and elasticity of the healed
tissue, thereby reducing the risk of scar formation.

Clinically, HA has been shown to facilitate efficient healing processes and diminish the likelihood of scar develop-
ment across a range of wound types, such as surgical incisions, burn injuries, and chronic ulcers associated with
diabetes."™ For example, one study found that treating postoperative wounds with crosslinked HA gels significantly
reduced the risk of scar formation and improved healing."*® The use of HA is not limited to surgical procedures but can
also be used to prevent postoperative adhesions, further increasing its clinical potential in the perioperative period.'?®'%?
HA-based wound dressings promote the healing of burns, reducing the risk of infection and improving the healed
appearance. For example, Dong et al'*! loaded adipose-derived stem cells into an HA-based hydrogel, which improved
their survival in vivo. The hydrogel not only promoted angiogenesis but also expedited wound healing and diminished
the formation of burn scars in a mouse model.'*' Additionally, the antimicrobial properties of HA help to prevent
infections during healing.'*?

Chronic diabetic ulcers pose a significant challenge for biomedicine owing to their high morbidity and difficulty in
healing. To improve the therapeutic outcome, Wang et al'** formulated a novel type of self-healing dynamic hydrogel
based on HA and structural color microspheres (Figure 10A). The hydrogel microparticles comprised a photothermally
responsive reversible framework with a dynamically crosslinked hydrogel filler, providing them with self-healing and
controlled drug release capabilities. Notably, they effectively promoted tissue regeneration, collagen deposition, and
angiogenesis, while the structural color microspheres enabled the drug release mechanism to be tracked, thereby
providing a new integrated solution for diabetic wound management. Another group developed composite hydrogels
based on modified HA, copper-loaded polydopamine nanoparticles, and metformin (Figure 10B)."*? In diabetic Sprague—
Dawley rats, the prepared hydrogels significantly promoted wound healing, primarily through mechanisms such as
bacterial eradication, inflammation suppression, angiogenesis stimulation, and the expedited accumulation of extracel-
lular matrix and collagen. More importantly, this novel biomaterial effectively reduced the inflammatory response
through the removal of ROS and suppression of the NF-«B signaling pathway.

Overall, the application of HA in wound repair and scar prevention provides new insights and strategies in clinical
biomedicine. Further novel biomaterials based on functionalized HA hydrogels are emerging.

HA in Drug Delivery Systems

Advantages of HA as a Drug Carrier

HA is increasingly recognized as a promising vehicle for targeted drug delivery applications, not only because of its good
biocompatibility and biodegradability, but also its ability to enhance drug targeting, increase bioavailability, and improve
drug stability. HA is absorbed gradually into the body after application, eliminating the need for subsequent surgical
extraction of the implant material. It also reduces the side effects of drug release, thus enhancing the safety and efficacy
of their clinical application.'”*'®” At the same time, the molecular structure of HA allows it to interact with a variety of
cell surface receptors, especially the CD44 receptor, which is highly expressed in several types of tumor cell.'”*'*?
Through this specific binding, HA promotes drug accumulation at the tumor site, which enables targeted release and
reduces toxicity to normal cells.'”* This targeted delivery mechanism is used not only in tumor therapy but also in other

diseases such as ophthalmic diseases and arthritis.”’° HA can also improve the intestinal absorption of certain drugs by
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Figure 10 (A) Schematic representation of smart responsive structural color microspheres in trauma management. Adapted reprinted with permission from Ref.'*? based
on CC BY License, Copyright © 2024 The Author(s). (B) Preparation of metformin@copper-loaded polydopamine nanoparticle hydrogel (Met@CuPDA NPs/HG) dressing and
its application on diabetic rat model with full-thickness skin defect and infection. Adapted reprinted with permission from Ref.'>* based on CC BY License, Copyright © 2023
The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.

inhibiting P-glycoprotein activity, which in turn increases their oral bioavailability.*°" This study demonstrates both
theoretical and empirical evidence supporting the implementation of HA in targeted drug delivery platforms.

HA also shows good potential for prolonging drug release. The high viscosity of HA enables it to form a gel-like
structure that can effectively control the rate of drug release. By modulating the crosslinking degree and network
structure of HA-based microcapsules, sustained drug release can be achieved, thereby avoiding the phenomenon of
“sudden release” that is common in traditional drug delivery systems.'*”** Additionally, HA composites with other
polymers have shown good slow-release properties, offering novel approaches for developing sustained-release
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pharmaceutical formulations.'***°° For example, HA can form complexes with drugs through electrostatic interactions or
hydrogen bonding, which can improve the drug stability and release rate.'*!

The ability of HA to improve drug stability in complex biological environments is of high importance for drug
delivery systems. Its high hydrophilicity enables it to interact with water to form a protective film, thereby reducing drug
degradation and inactivation. In one study, a complex of HA with certain antitumor drugs showed better drug stability,
effectively extending the half-life of the drug in vivo and improving its bioavailability.”” Such composite systems are
one of the most effective ways of enhancing drug stability. When combined with other materials, HA significantly
improves both the physicochemical characteristics of pharmaceutical compounds and their biological compatibility, while
simultaneously enhancing the precision of drug delivery to target sites. For example, compounding HA with synthetic
polymers such as polyvinyl alcohol or polylactic acid can form composites with optimal mechanical properties and
excellent biological compatibility, along with enhanced drug delivery efficiency and improved cellular attachment
capabilities compared to conventional materials.**

HA has an adjustable relative molecular mass and facile chemical modification potential, making it an ideal drug
carrier. Different properties can be achieved by modulating the relative molecular mass. For example, high-molecular-
weight HA possesses the remarkable capability to adhere to cell surface receptors with precision via electrostatic
interactions, facilitating the intracellular uptake of drugs and further enhancing their bioavailability.'*® In addition, HA
has been used to prepare drug delivery systems that are responsive to the tumor microenvironment, such as pH-sensitive
HA-drug conjugates, that increase drug release in the tumor microenvironment, thereby enhancing antitumor effects.?’
For example, the conjugation of HA with anticancer drugs can enhance their therapeutic effect by achieving targeted drug
release under the acidic conditions of the tumor microenvironment.'** Furthermore, by modifying HA to introduce other
functional groups, specific tumor types can be targeted. For example, conjugating HA microspheres with bone-resorbing
drugs has been shown to enhance the therapeutic effect toward bone tumors.'*> The successful application of HA-
modified nanocarriers in drug delivery systems demonstrates their potential for tumor therapy.

HA-based drug carriers have been prepared in various formulations, including nanoparticles, micelles, microcapsules,
and hydrogels, each of which has certain advantages. Micelles are only 20—50 nm in size, with a hydrophobic core that
solubilizes small molecules such as adriamycin and paclitaxel. Their release is triggered by intracellular acidic or
reducing environments, which induce nucleosome-shell dissociation. CD44-mediated rapid endocytosis allows the
drug to escape lysosomes and enter the cytoplasm within 2—4 hours, making micelles suitable for deep tumor penetration.
However, their drug-loading capacity is usually less than 10%, and hemodilution can lead to premature micelle
dissociation.?%¢ Nanoparticles, with sizes ranging from 80-200 nm, can be loaded with nucleic acids, proteins, or
insoluble small molecules. Drug release occurs stepwise via backbone lysis, hyaluronidase degradation, or pH/glu-
tathione/ROS-responsive mechanisms. Approximately 20-30% of nanoparticles are taken up by the reticuloendothelial
system, while the remainder accumulates in tissues with high CD44 expression. Their half-life is extended to 6—12 hours,
their surfaces are easily functionalized, and carrier residues must be cleared by the kidneys or enzymatically.”"’
Microcapsules, with diameters of 20200 pum, can encapsulate vaccine antigens, growth hormones, or other active
proteins within their inner core, while the outer shell is composed of HA and other biomaterials. Drugs are initially
released by diffusion and subsequently through enzymatic digestion of the outer shell. Subcutaneous injection forms a
localized drug reservoir, with macrophages modulating the release rate. The effect can last from 1 week to 3 months,
providing low burst release and preserving protein activity; nevertheless, excessively large particles may induce foreign
body reactions.”®® Hydrogels form a three-dimensional network through in situ cross-linking, can be injected or 3D
printed, and can carry antibodies, stem cells, or nucleic acids. Drug release occurs via a combination of network
diffusion, hyaluronidase degradation, and shear thinning, with local retention exceeding 7 days. Hydrogels also provide
an extracellular matrix-like microenvironment that supports cell function and tissue repair. Additionally, HA hydrogels
can be combined with other biomaterials to create composites with enhanced drug-loading capacities and
biocompatibility.'** Nonetheless, higher cross-linking degrees reduce drug-loading capacity, and overly rapid degrada-
tion can cause abrupt release, necessitating a balance between mechanical strength and release behavior through cross-
linking density or dual-network design.?” In summary, micelles are suitable for rapid intracellular release, nanoparticles
excel in multi-load co-delivery and stimulus-responsive release, microcapsules provide long-lasting sustained release,
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and hydrogels enable localized three-dimensional retention while supporting cells. This allows clinical selection of a
single or combination of strategies depending on lesion depth, target cell type, and therapeutic duration. HA-modified
nanoparticles can effectively encapsulate drugs and release them under specific conditions, such as in the highly acidic
and reducing tumor microenvironment, where the degradation of HA can promote drug release.’'’ In addition, HA-
modified nanocarriers can provide simultaneous imaging capabilities when combined with other functional materials,
such as gold nanoparticles or graphene quantum dots, thus providing new strategies for integrated cancer treatment.'**
HA microcapsules have also shown promise for tumor-directed drug delivery, where tumor targeting is achieved by
modulating the surface properties and release mechanisms of the microcapsules.”'' HA hydrogels form a physically or
chemically crosslinked 3D network structure that effectively encapsulates drugs and regulates the drug release rate
according to exogenous environmental factors (eg, pH and temperature). Additionally, HA hydrogels can be integrated
with other biomaterials to form composites with enhanced drug-loading capacities and biocompatibility.?'? These
properties demonstrate their versatile therapeutic potential in oncology, tissue engineering, and regenerative medicine.

HA in Targeted Therapies

HA has good clinical prospects in several fields, especially in the delivery of antitumor drugs, anti-inflammatory drugs,
and vaccines. In recent years, HA-modified antitumor drug delivery systems have made progress in clinical trials, and
many studies have focused on the clinical application of HA as a drug carrier, particularly in the targeted delivery of
oncology drugs. For example, PEGylated recombinant human hyaluronidase (PEGPH20) has been used to pretreat the
tumor microenvironment to reduce the HA content, thereby improving the distribution and efficacy of antitumor drugs
such as paclitaxel.”"? Indeed, pretreatment with PEGPH20 significantly increased the concentration of paclitaxel in
tumors and enhanced its antitumor activity. Although PEGPH20 significantly improved drug penetration and efficacy by
degrading HA in animal models, it failed to prolong overall survival in the Phase IIl HALO-301 study of patients with
metastatic pancreatic ductal adenocarcinoma (PDAC) exhibiting high HA expression, and was therefore not approved for
marketing, with development subsequently terminated.'*® This outcome serves as a reminder that the preclinical linear
reasoning of “matrix degradation — improved blood flow — enhanced chemotherapy efficacy” is unreliable for
remodeling the HA-rich tumor microenvironment. Changes in the microenvironment should be monitored using real-
time imaging or dynamic biomarkers, and patient screening should not rely solely on static “HA-high” tissue slices but
should also consider tumor heterogeneity, HA metabolism kinetics, and systemic distribution. Systemic enzymatic
digestion of HA carries a risk of off-target toxicities, such as thrombosis, highlighting the need for local controlled
release, nanocarriers, or precise strategies targeting the HA receptor axis. Stromal interventions must be integrated with
immune, vascular, or metabolic regulation to prevent the vicious cycle of “degradation—re-fibrosis.” Moreover, combina-
tion regimens should be optimized in terms of timing rather than merely superimposed. HA-modified nanocarriers have
also demonstrated promising results in the treatment of glioblastoma, with HA-modified lipid nanoparticles effectively
delivering miR-181a to glioblastoma cells and inhibiting their proliferation.'*”*'* Although a wide range of chemother-
apeutic agents is available for tumor treatment, multiple drug resistance (MDR) has become a major challenge in
chemotherapy, particularly as the dose and frequency of drug administration increase, mainly owing to the overexpres-
sion of P-glycoprotein (P-gp).?'” Inhibition of P-gp expression and function via redox disruption has shown considerable
potential for reversing MDR. Sun et al'*® constructed a nanoscale system of copper-based metal-organic frameworks
modified with doxorubicin-loaded HA (HA-CuMOF@DOX) to induce mitochondrial damage, reduce intracellular
adenosine triphosphate (ATP) levels, and downregulate P-gp, thereby overcoming the drug resistance of the drug-
resistant human hepatocellular carcinoma cell line (HepG2-ADR) through dual regulation of aggravated redox home-
ostasis dysregulation. In vitro experiments demonstrated that the nanoparticles exhibited effective targeting of cancer
cells while maintaining biocompatibility with normal cells, and HA-CuMOF@DOX was successfully internalized by
HepG2-ADR cells. In vivo experiments showed that nude mice bearing HepG2-ADR tumors achieved 80.69% tumor
growth inhibition. This study represents a significant advance in the development of effective treatments for drug-
resistant tumors. These advances in clinical studies suggest that HA, as a key component of drug delivery systems, can
effectively improve the therapeutic effects of antitumor drugs and provide new ideas and approaches for targeted tumor
therapy.
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HA has also been widely applied in anti-inflammatory drug delivery systems, especially in combination with
nonsteroidal anti-inflammatory drugs, owing to its high drug-carrying capacity and targeted delivery properties. For
example, HA nanocapsules containing celecoxib not only effectively encapsulate the drug but also prolong its release in
the joint cavity, which significantly improves its therapeutic efficacy.'*” In addition, HA can be chemically crosslinked
with drugs to form hydrogel nanoparticle systems with controlled release properties, thus prolonging the intra-articular
residence of the drug while simultaneously augmenting its therapeutic efficacy against inflammation (Figure 11A).>'°

HA offers excellent opportunities for vaccine delivery. It can bind to a wide range of biologically active molecules
and form a stable system that improves the efficiency and bioavailability of vaccine delivery. HA can effectively enhance
the stability of antigens and prolong their release in the body, thus improving the strength and continuity of the immune
response. Additionally, the presence of HA as an endogenous component of cells and tissues helps to reduce the risk of
immune rejection. The properties of HA can be optimized via molecular weight adjustments and chemical modifications
to suit the requirements of different vaccines. Crosslinked HA hydrogels offer controlled vaccine release, further
enhancing their immune response.”'’

HA-based vaccine carriers are increasingly employed in clinical trials, with promising results in terms of enhancing
the immune response. In one study, the use of HA-modified microneedle patches for vaccine delivery significantly
increased the activation of dermal dendritic cells and increased specific T cells (Figure 11B).'*° Despite these encoura-
ging results, more clinical trials should be conducted to verify the efficacy and long-term safety of HA in different
vaccine formulations. Overall, the application of HA as a vaccine carrier is promising, especially for improving vaccine
immunization efficacy and patient acceptance, which are of significant clinical importance (Figure 11C).*'®

The development of versatile pharmaceutical platforms is a key topic in current drug delivery research. These systems
aim to achieve efficient drug delivery and targeted therapy by combining multiple functionalities. For example,
researchers have developed HA-based triple-drug delivery systems that can deliver both chemotherapeutic and immu-
notherapeutic drugs, thereby enhancing the effectiveness of tumor therapy.'*"*'* In addition, the use of superparamag-
netic iron oxide nanoparticles as drug carriers allows for more precise drug delivery by targeting tumor cells.”'® These
multifunctional drug delivery systems not only improve the bioavailability of drugs but also reduce side effects and
improve the patient experience. With further development of nanotechnology and biomaterials science, future drug
delivery systems will become more intelligent and able to self-adjust according to changes in the tumor microenviron-

ment to achieve more personalized treatment.?*°

Summary and Outlook
As a crucial biomaterial, HA has been widely applied in several clinical disciplines. Continuous innovation in its
modification and processing technologies, as well as the expansion of its clinical applications, has brought unprecedented
opportunities to this field. Over the past five years, HA research has shifted from simple “chemical modification—property
characterization” to more complex “focal microenvironmental response—cell fate regulation.” In 2024-2025, the focus is
expected to move away from merely “discovering another new bond” toward enabling HA derivatives to release specific
signals in specific spatiotemporal patterns, marking the transition from general-purpose polysaccharides to precision
biomaterials. Chen et al*?' developed an HA-based microgel that responds to MMP-2, which is overexpressed in OA
joints, thereby achieving an enzyme-triggered intelligent drug release. In vitro experiments demonstrated that the
microgel exhibits a controlled degradation rate, excellent cartilage adhesion and lubrication properties, and can effec-
tively inhibit macrophage activation and reduce inflammatory factor production while protecting chondrocytes. In vivo
experiments further confirmed that the microgel had a retention time of up to 18 days in an OA rat model, significantly
alleviating OA symptoms, reducing bone spurs and ectopic mineralization, improving cartilage structure, decreasing
inflammatory cell infiltration, protecting chondrocytes, and slowing disease progression. This in-depth analysis of current
research trends demonstrates the diversity of HA and its potential in various medical fields, including tissue engineering,
drug delivery, joint therapy, and dermatological aesthetics, which are increasingly recognized by both academia and
industry. However, the clinical use of HA still faces multiple challenges.

First, the physicochemical properties of HA restrict its application in certain areas. The low mechanical strength of
pure HA means it cannot withstand high mechanical stress, restricting its use to non-weight-bearing applications. HA-
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Figure 11 (A) Schematic diagram of rigid scaffold production and application. The inorganic and organic components can tightly bind with HA and become a part of the scaffold,
while bioactive components are relatively freely attached and easily released. Adapted reprinted with permission from Ref2'7 based on CC BY License, Copyright © 2019 The
Authors. Published by Elsevier B.V. (B) Scheme of mycobacterium-loaded microneedle patches and altered frequencies of immune cells in the dermis after Mpg-microneedle patch
application. Adapted reprinted with permission from Ref.'** based on CC BY License, Copyright © 2023 Lee, Seo, Lee, Kim, Kim, Lee, Oh, Shin, Jin, Jeong and Kim. (C) Schematic
illustration of synthetic procedures of HA-DOPA Gd** hydrogel for the sustained in situ vaccination effect and real-time monitoring of distribution in vivo. With the intratumoral
release of DOX and PD-1 inhibitors, synthetic hydrogels improve the suppressive immune microenvironment and enhance antitumor responses through ICD and M| macrophage
polarization in mouse STS models. Adapted reprinted with permission from Ref.2'® based on CC BY License, Copyright © 2023 The Authors. Advanced Healthcare Materials published
by Wiley-VCH GmbH.

based hydrogels typically suffer from slow degradation and inadequate mechanical properties, which limit their use in
cartilage tissue engineering.'>* While crosslinking agents such as BDDE and divinyl sulfone can enhance the mechanical
properties of HA hydrogels, they may compromise their biocompatibility and degradability. Additionally, the biodegra-
dation rate of HA-based products is difficult to precisely control. HA degrades in vivo owing to the interaction between
hyaluronidase and free radicals, and the degradation rate is determined by the molecular weight and crosslinking degree.

International Journal of Nanomedicine 2025:20 hetps: 15099



Yang et al

Rapid degradation may reduce therapeutic efficacy, whereas overly slow degradation may affect tissue repair or trigger
chronic inflammatory responses.

Second, existing HA preparation and modification techniques have many limitations. For example, physical processing
technologies—most commonly heat treatment—tend to produce unstable products with limited tunability, making them
unsuitable for meeting the demand for tailored biomaterials suited to different application requirements. Cutting-edge
physical processing technologies such as ultrasonic treatment and electrospinning present significant technical challenges,
difficulties in mass production, and high costs. Meanwhile, chemical modifications such as sulfation and acetylation may
reduce the biocompatibility of HA, leading to immune reactions or inflammation. In drug delivery, HA is typically used to
load small-molecule drugs, proteins, or nucleic acids; however, the loading capacity is limited, and the drug release rate is
difficult to precisely regulate. Crosslinking or chemical modifications may affect the drug-binding efficiency and reduce the
therapeutic efficacy. Therefore, the development and utilization of HA in the biomedical field are yet to expand further. The
comparison of the efficacy of HA of different molecular weights in treating the same disease has long been a focus of
research and debate. Some scholars argue that the therapeutic effect of HA may not depend solely on the physical properties
associated with its molecular weight, such as viscosity, but more importantly on its pharmacological role as a signaling
molecule, for example, by regulating inflammatory pathways and cellular behaviors through binding to cell surface
receptors such as CD44. Currently, there is no clear evidence of a simple linear relationship between molecular weight
and clinical efficacy, and the determination of the optimal molecular weight requires further high-quality clinical studies.

Looking ahead, HA research is likely to focus on developing multifunctional HA-based materials, applying HA in
emerging fields, and promoting the clinical application of HA. A promising avenue is the development of intelligent
crosslinking strategies, such as enzyme-sensitive crosslinking, photocrosslinking, and dynamic crosslinking, with the aim
of modulating the degradation rate, mechanical properties, and controlled release ability of HA-based products. HA
composites with nanomaterials, such as nanogold, graphene, carbon dots, and silica nanoparticles, also offer significant
promise for drug delivery, imaging, and tissue engineering. The complexation of HA with other natural biomaterials (eg,
gelatin, chitosan, and collagen) enhances its biological properties and applications.*** In addition, HA can be used in
biomimetic material design to develop tissue scaffolds with stiffness gradients and adjustable porosity, thereby mimick-
ing the architecture of the natural extracellular matrix. For instance, a “cartilage—bone integrated” layered scaffold can be
constructed by dividing HA into two layers according to interfacial requirements. The upper layer (cartilage side) is
cross-linked with dynamic disulfide bonds at a low substitution degree (DS = 5%), imparting shear-thinning and self-
healing properties, and is gradually degraded in the joint microenvironment over 648 h via glutathione-triggered
cleavage, enabling the sustained release of TGF-B1 to induce cartilage formation. The lower layer (bone side) is
cross-linked with high DS (=20%) ether bonds (BDDE/PEGDE), providing a 1-2 MPa compressive modulus and an
anti-enzymatic lifespan of 6—12 months, while supporting the slow release of BMP-2 to promote bone regeneration and
repair. This design enables the outcomes typically achieved through the traditional two-step “bone followed by cartilage”
grafting strategy to be realized in a single surgical procedure.

The application of HA in emerging fields, such as in the regulation of the tumor microenvironment and the construction
of drug delivery systems, is another key research topic. By combining antibodies and peptides, HA-based products can be
modulated to targeted tumor cells or specific tissues. The HA-based controlled drug-release system can be activated by
external stimuli, including pH changes, enzymatic activity, and light exposure, thereby enhancing therapeutic precision,
whereas bilayer/multilayer sustained-release systems achieve the synergistic delivery of different drugs. In addition, the
development of 3D bioprinting technologies will make personalized medicine a reality, providing more precise solutions for
regenerative medicine by printing synthetic cartilage, blood vessels, and skin scaffolds using HA hydrogels. The develop-
ment of microneedle patch technology will also promote the application of HA in topical drug delivery, painless
vaccinations, and anti-aging treatments. Finally, the clinical application of HA will be promoted, and its long-term efficacy
and safety will be verified through large-scale randomized controlled trials to provide a scientific basis for clinical
promotion.”** To accelerate the clinical translation of HA, it is necessary to standardize key parameters such as the
upper limit of DS, control of free aldehydes, and enzyme residue assays, in addition to defining quality attributes and
immunogenicity evaluation templates, thereby providing a foundation for future regulatory guidance.
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In conclusion, although HA has extensive potential in the field of biomedicine, it faces many challenges for practical
applications. The focus of future research should be on developing novel modification techniques and promoting clinical
applications, as well as on improving the functionality and adaptability of HA, in order to promote its application in
advanced biomedicine.
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