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Hyaluronan — A multipotent biomolecule in the field of medicine
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Hyaluronan, a natural biomolecule, has immense potential in the field of medicine. This glycosaminoglycan present
naturally in the human body and seen more in connective tissue, skin, and eyes essentially functions as lubricant and
helps strengthen bones. Hyaluronan supplements have been used for a plethora of medical applications including

cancer and osteoarthritis therapy, wound healing, and regenerative medicine. The revolutionary discoveries in the
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field of nanotechnology and biopolymers have indeed paved the way for better and more precise uses of hyaluronan
by way of newer designs and composites for improved drug efficacy. At the same time, caution has to be exercised,
as few recent studies imply the positive role of low molecular weight hyaluronic acid in the progression of some
cancers. The present review elaborates on the range of existing applications across various fields ranging from
medical treatment to organ development, and sheds light on the possibilities of maximizing its effectiveness.

1. INTRODUCTION

Hyaluronan or Hyaluronic Acid (HA) is an unbranched polysaccharide
of repeating units of disaccharides with around 2000-25,000 units of
D-glucuronic acid and N-acetyl-D-glucosamine [1]. Its secondary
structure is a 2-fold helix consisting of intramolecular hydrogen
bonds. It possesses a multitude of alcohol and carboxylic acid groups
along with a single amide functional group facilitating numerous ways
of chemical modifications. It was found that the protein content of
this glycosaminoglycan was of great importance, as by removing the
protein component, it was found that HA no longer retained its useful
therapeutic properties [2]. HA behaves as a stiffened coil in dilute
solutions, which allows it to be in a liquid state and shows viscoelastic
properties in concentrated solutions. The formation of stiffened coils
was attributed mainly to the intramolecular hydrogen bonding and also
to the mutual electrostatic force of repulsion between the carboxyl
groups. The size of the molecule was shown to decrease with an
increase in the ionic concentration [3]. This molecule is synthesized on
the plasma membrane by macrophages, tumor, and stromal cells [4],
aided by three different classes of HA synthase (HAS) enzymes (HAS
1, 2, and 3), and simultaneously secreted into the pericellular space [5].
Being a crucial component of the extracellular matrix (ECM), HA is
the major cause of varying morphologies in the cell [6]. It also plays
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a major role in signal transduction pathways and induces migratory
and proliferative signals inside the cell [3,7]. During immunological
inflammation reactions, there is an increase in the degradation of
ECM components, including HA. As HA gets broken down into its
oligomers, they interact with dendritic cells and induce the maturation
and expression of macrophage genes to upregulate and maintain the
intensity of the inflammatory response [3]. Since its production occurs
on the plasma membrane, the cell can take up the biomolecule through
phagocytosis, receptor-mediated endocytosis, or other methods [1].
HA molecules have an impressive water-holding capacity, as each
can retain up to a thousand times its molecular weight due to its
dynamic system of intramolecular hydrogen bonds and the flexibility
of the molecule. This characteristic allows it to be used as a hydrant
in moisturizers [3,8]. It has also been found useful in many other
industries, including pharmaceutical industries by acting as a potent
vehicle for drug delivery, and in the medical industry by serving as
a pain-killer, anti-cancer, and anti-inflammatory agent. This review
elaborates on the myriad applications of the HA molecule alone and in
association with other molecules.

2. PRODUCTION

Commercially, HA is majorly used in pharmaceutical, cosmetic, food
and biomedical industries due to its biocompatibility [9]. It is generally
found in vertebrates and also in some bacteria like Streptococcus
and Pastuerella multocida, which produces HA as a protective layer
outside the cell as it helps protect the cell against any exterior damage
and also helps in the attachment and colonization of the bacteria on the
particular substrate [10].
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2.1. Biosynthetic Pathway

The biosynthesis of HA is catalyzed by the action of an enzyme,
namely, HAS. It is synthesized on the plasma membrane; whereas
glycosaminoglycan is synthesized in the Golgi apparatus [11]. HAS has
several isoforms depending on the organism in which it is present. In the
case of humans, it is found in almost all organs but significantly present in
the connective tissue. It is present in higher concentrations in the vitreous
humor, umbilical cord, and synovial fluid of joints [12]. In the case of
all natural producers, HA synthesis initially starts from the pathway of
glycolysis. The two important molecules of glycolytic pathway glucose
— 6 — phosphate and fructose — 6 — phosphate give rise to two other
molecules UDP-GlcUA and UDP-GIcNAc, respectively, which majorly
act as precursors for HA synthesis. Once these two molecules are
available in the cell, the enzyme HAS uses these as substrates for the
synthesis of HA intracellularly, which is then released into the ECM
of the cell [12]. HAS structure elucidations have suggested that they
consist of multiple membrane-spanning domains with intracellular loops
toward the inner side of the cell membrane. It was in the bacteria group
A Streptococci, that the first gene encoding the enzyme was identified.
The operon included the gene hasA4 encoding the enzyme HAS, hasB
gene coding for the enzyme UDP-Glucose dehydrogenase and hasC
gene that codes for UDP-Glucose Pyrophosphorylase [11].

HAS is grouped into two classes; Class 1, which is a single-domain
integral membrane protein, and Class 2, which is a two-domain/soluble
anchored membrane protein. Class 1 enzymes are generally ubiquitously
present in the bacterium Streptococcus, vertebrates, and viruses, and are
comparatively more complex than Class 2. On the other hand, Class 2
HAS enzyme has been found in P. multocida [13]. This classification of
the HAS enzymes is based on the structural topology and amino acid
sequence homology. Structural homology was observed between class 1
HAS of eukaryotes and class 1 HAS of microorganisms — it was made
by assembling five transmembrane domains containing a motif protein
on the glycosyltransferase domain in the cytoplasmic region which has a
key role in the binding of UTP — sugars to the enzyme which is essential
for the polymerization of HA [11]. As glucose-6-P acts as the major
precursor for the synthesis of HA, the first step involves the conversion
of glucose to glucose-6-P, which is catalyzed by the enzyme hexokinase.
Further, the reactions are split into two pathways to form the monomers
important for the production of HA, namely glucuronic acid and
N-acetyl glucosamine. The first pathway resulting in the formation of
glucuronic acid starts with the conversion of glucose-6-P into glucose-
1-P, catalyzed by the enzyme phosphoglucomutase. Pyrophosphorylase,
an enzymatic product of gene hasC, leads to the conversion of glucose-
1-P to UDP-glucose, that on further oxidation gets converted to
glucuronic acid, the first precursor of HA. This reaction is catalyzed
by the enzyme UDP-glucose dehydrogenase encoded in the gene /asB.
In the second pathway which involves the formation of the N-acetyl
glucosamine, the glucose-6-P formed is then transformed to fructose-
6-P with the help of the enzyme phosphoglucoisomerase encoded by the
gene haskE. A set of enzymes called aminotransferases marks the amino
group on fructose-6-P and the transfer of the glutamine residue results in
the formation of glucosamine-6-P, the modification of which leads to the
formation of glucosamine-1-P. Glucosamine-1-P is further acetylated
and phosphorylated, leading to the formation of the second precursor.
The enzyme HAS polymerizes both these precursors, finally forming the
polymer HA [14,15] as depicted in Figure 1.

2.2. Hyaluronan in Morphogenesis

HA-rich matrix maintains a hydrated environment that enables
cell migration by interacting with cells via hyaluronic acid binding

proteins (HABP). This can occur in granulation tissue and the initial
inflammation stage in wound repair. Fibroblasts reach the wound site
to produce pro-inflammatory cytokines that lead to the production
of HA by endothelial cells. This promotes adhesion and thus the
functioning of lymphocytes that are cytokine-activated, leading to an
immune response at that site. Separation of cells from the matrix and
mitosis is also facilitated by HA, thus promoting cell proliferation
[16]. Cell migration can be prevented by the high binding of
pericellular HA in cartilage with membrane proteoglycans. HA/
HABP interactions also mediate the proliferation, differentiation,
and maintenance of dormancy of stem cells like hematopoietic stem
cells (HSCs), mesenchymal stem cells (MSCs), and even human
embryonic stem cells (hESCs). Interactions between receptor for
HA-mediated motility (RHAMM) and HA/CD44 are essential for the
HSCs to migrate into and for homing into the bone marrow where
they remain undifferentiated [17]. When MSCs are stimulated by
platelet-derived growth factor, they increase the expression of CD44,
which facilitates their migration by interactions with extracellular
HA. This mechanism is vital for localization of MSCs for wound
healing and regeneration of tissues. In terms of medicine, stem
cell delivery using HA matrices improves cell survival and slowly
releases them as the HA matrix is subject to enzymatic degradation.
Neural stem cell (NSC) maturation and proliferation in the stroke
cavity is promoted by the delivery of HA hydrogel-containing NSCs.
By interacting with its signaling receptors, HA can maintain the cell
structural integrity, lead to inflammatory response, and stimulate
tissue repair.

2.3. Strategies to Improve Industrial Production

The large-scale manufacturing of HA is predominantly based on
extraction from tissues of animals, bacterial fermentation using
bacterial strains, and enzyme technology. The extraction of HA
from animal tissue is one of the traditional methods used and is still
followed for commercial production, but its use is limited due to
certain disadvantages — the endogenous hyaluronidase activity and the
harsh conditions used for extraction causing the degradation of the HA
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Figure 1: Biosynthetic pathway of Hyaluronic acid.
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produced within the animal tissue. Contamination risks with viruses
also pose a major problem [18]. Although the extraction protocols
have been modified over the years, low yield is another major
limitation of this method. Over the last two decades, the production of
HA using bacterial fermentation technology has emerged as a mature
technology. HA from microorganisms was found to be feasible in
terms of its biocompatibility and non-immunogenic nature that is due
to its structural similarity across various species [19].

In recent years, strains of Streptococci sp. are generally used from
which promising yields of HA have been obtained on the industrial
scale. Media optimization and strain improvement strategies are
employed to increase the yield of HA. Streptococcus zooepidemicus
is the commonly used strain for HA production. Hence, understanding
the biosynthetic pathway is important as it provides information
regarding the precursors, intermediates, and enzymes involved in the
process of formation of HA. Since stages of cell growth and synthesis
of HA share the same intermediates, there exists competition for the
same, and therefore specific growth at high rate is not favorable for
HA production. However by optimizing the fermentation conditions
and media, the HA titer was found to be improved. The combined
use of both batch and fed-batch culture was shown effective for HA
synthesis; the two-stage culture strategy seemed to increase production
of HA by 32% [20]. Improved HA synthesis has been obtained by strain
improvement using random mutagenesis and by selecting the strain
containing depolymerizing enzyme which decreases the molecular
weight of the enzyme and also reduces streptolysin toxin. Fermentation
using such strains which were non-hemolytic and hyaluronidase free
increased the molecular weight of HA 6-7g/L [11]. Studies on the
large-scale production of HA have to resolve problems like selective
separation of UDP to prevent product inhibition, development of
sugar nucleotide substrate using simple, low-cost technologies,
large scale production of robust enzymes for the synthesis of HA,
etc. [21,22]. In vivo, the HAS catalyzes the conversion of nucleotide
sugars UDP-GIcNAc and UDP-GIcUA to produce HA [11]. Class 1
HASs are less suitable for the production of HA as these enzymes
are integral membrane proteins and research on these would require
performance on membrane fraction, which is less suitable for large-
scale production [23]. Class 2 HASs produced by P. multocida are
better enzymes for the production of HA; this enzyme has shown
intracellular location when expressed in Escherichia coli [24].

3. APPLICATIONS

The uses of HA span across various biomedical fields. Cell growth,
adhesion, migration, and proliferation are some of the biological
processes aided by HA, other than inflammatory responses, joint
lubrication, structural stability of organs, embryonic development [25],
angiogenesis, tumor progression, and metastasis [4]. It also regulates
many other biological processes concerned with inflammation, immune
response, and tissue damage. The biocompatibility, biodegradability,
and susceptibility of HA to chemical modification have proven to
be helpful for researchers to develop HA-based biomaterials that
have higher prospects in clinical and therapeutic applications. The
construction of hydrogel matrices utilizes HA. It also acts as a tool in
tissue engineering, a vehicle for drug delivery, and a tissue filler or a
surgical device. As opposed to synthetic polymers such as polyethylene
glycol (PEG), HA-based materials can enhance the biological activity
of cells by facilitating changes in cellular behavior, like interactions
with HA-based biomaterials [25]. The HA characteristic of binding
to cell surface receptors can be exploited for drug-targeting purposes.
The interaction and binding of cell surface receptors with HA lead to

activation of signaling pathways that are involved in cell functioning,
inflammatory response, wound healing and tissue development,
tumor growth, and progression [26]. An increase in the levels of
HA is also a considerable biomarker to predict the progression of
COVID-19 [27]. High molecular weight HA has anti-inflammatory
effects that cause downregulation of apoptotic pathways and provide
protection to the respiratory epithelial cells [28]. It causes reduction in
the production of pro-inflammatory cytokines during T-cell mediated
liver injury [29]. It promotes maintenance and inhibits proliferation in
regulatory T-cells [30].

3.1. Hyaluronan in Osteoarthritis (OA) Treatment

Matrix metalloproteinase 13 (MMP13) is the main protein that has been
shown to be degraded in the ECM in the chondrocytes of osteoarthritic
patients. HA has helped in the treatment of OA by downregulating
MMPs through CDA44, the adhesion molecule in a normal OA
chondrocyte [31]. Different concentrations of HA have shown varying
efficacies. Pre-treatment with Interleukin-1 beta (IL-1f) and monensin
has depicted enhanced activity of HA while pre-treatment with IM7
has resulted in the reversal of the HA inhibitory effect. HA has also
been shown to block phosphorylation of p38 induced by IL-1f at
lower concentrations [32]. Intra articular HA blended with platelet-
rich plasma (PRP) deemed a major advancement in the treatment of
OA than treatment with PRP alone. HYAJOINT Plus is a combination
of single cross-linked HA with a single PRP. There is significant
reduction in the VAS pain, Western Ontario and McMaster Universities
Osteoarthritis Index (WOMAC) pain and WOMAC stiftness exceeding
clinical significance [33]. HA conjugated with tyramine and gelatin
combined with epigallocatechin-3-gallate (EPCG) was used to prepare
injectable composite hydrogel. Such HA-EPCG conjugated hydrogel
greatly enhanced the degree of adhesion. Hydrogels like HA-EPCG
can quaff a large amount of water and on injection, generate an anti-
inflammatory microenvironment that influences regeneration [34].
Astragalus polysaccharides (APS) and HA were encapsulated in the
nanostructure; APS was used as a therapeutic agent and hydrogel-
encapsulated HA was used to deliver the agent. The upgrading of the
functions of MMPs, particularly MMP9 and MMP13 induced by IL-
18 were diminished by this nanostructure with much less cytotoxicity.
The cytokines and proteinase in the chondrocytes were protected
and their survival was prominently enhanced by the APS-HA loaded
nanoparticles [35]. HA-based polymers were also synthesized by
combining sulfo-dibenzocyclooctyne-PEG4-amine linkers and poly
N-isopropylacrylamide (PNIPAM). Such derivatives prepared by
PNIPAM grafting were unique, thermoreversible, capable of self-
assembly, and enabled facilitated injection at room temperature.
HA-L-PNIPAM could be successfully used as a viscosupplement
treatment for OA thanks to its high viscoelastic value combined
with enhanced resistance to enzymatic and reactive oxygen species-
mediated degradation. In light of their versatility, they can also be
used for a variety of different other applications as well [36]. There
also exist different types of HA with different biocompatibility. Of
the three kinds of injectable HA, namely, Avian-CL-HA (obtained
from rooster comb and is a cross-linked HA), Avian-HA (derived
from rooster comb), and Bio-HA (biological fermentation), Avian-
HA and Bio-HA demonstrated similar levels of biocompatibility
while immunostimulatory activity was seen more in Avian-CL-HA
injections. One of the reasons for this is its cross-linking structure
or an appreciable amount of (I — 3)-f-D-glucan impurity in the
formulation [37]. Some of the mechanisms by which HA alleviates
OA are represented in Figure 2.
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3.2. Hyaluronan in Ophthalmology

HA is a naturally occurring constituent of the eye and is found in
conjunctiva, corneal epithelium, lacrimal glands, and tears [38]. Hence,
ophthalmic products with HA in the formulations are biocompatible and
are commonly used viscosurgical devices to lubricate and protect the
ocular cavities. It is also used during surgical procedures to replenish
vitreous fluid during ophthalmic operations. It is the main ingredient in
products such as eye drops and artificial tears [38]. Derivatives of HA
like urea-crosslinked HA (HA-CL) and HA-cysteine ethyl ester are
being studied for the formulation of eye drops with enhanced ocular
residence time. Drug intravitreal injections have wide applications
used in ophthalmology, but the short-term effect of the drugs leads to a
need for repeated injections, which can cause side effects. The drug can
be encapsulated into a hydrogel mixed with HA. This results in a gel
that is highly biocompatible, facilitates a more stable release of drugs,
and can sustain drug effects for more than 6 months. Nanoparticles can
also be administered through intravitreal injection [39].

3.3. Hyaluronan as a Biomaterial

Due to the ubiquitous and biocompatible nature of HA, it is selectively
used in three-dimensional applications such as tissue engineering,
bioprinting, and regeneration of tissues. The 2D culture of tissues
created many issues with visualizing and analysis of the phenotype of
the tumor, as their morphology seemed different. This was remedied
by culturing them in a microenvironment created by a microcarrier
HA bead that replicate the conditions in vivo [40]. Initially, HA or its
hydrogels could not be used for organ regeneration or bioprinting,
since it could not retain its structure in 3D. Hence, HA was modified
using Au NPs to enable cross-linking, so that it hardens slowly in 96 h,
giving enough time for the arrangement and processing of the tissue
to be grown [40]. Regeneration of bone tissue has also been attempted
using a 3D polyetheretherketone scaffold coated with methylacrylated
hyaluronic acid hydroxyapatite [41].

HA can be used effectively as a wound-healing agent or a dermal filler
by harnessing the regenerative capacity of amniotic fluid-derived stem
cells. The principle behind this was thought to be paracrine signaling,
and any process that increases this signaling could improve wound
healing. Photocrosslinkable HA hydrogels are being manufactured for

this process, to enhance the effectiveness and reduce the time taken to
heal in murine systems [40].

3.4. Other Biomedical Applications

HA has been used for drug delivery as it is non-toxic, has low
molecular weight and is easily biodegradable [42], and can be
used in different formulations such as micro and nanoemulsions,
nanolipid carriers, ethosomes, niosomes and polymeric micelles.
NP-associated HA carries small molecular drugs or nucleotides
within an organic matrix such as lipid, PLGA, PEI, chitosan, or
inorganic materials like iron, silica, and gold [43]. Hydrogel formed
from HA stays intact, thus allowing the easy release of insulin
into the surrounding tissue [44]. Medication-related osteonecrosis
of the jaw can be prevented by vascular endothelial growth factor
locally delivered through a heparin-HA hydrogel carrier [45].
HA-curcumin conjugate can be used for the treatment of diabetic
wounds [46]. Fragmented and native HA has been successfully
used to treat autoimmune diseases due to its anti-inflammatory
and immune-tolerant nature [1,47], by targeting the CD44 receptor
for chronic autoimmune diseases such as Type 1 diabetes, and
for other autoimmune diseases such as rheumatoid arthritis and
multiple sclerosis [48]. Nanoforms of HA have also been used in
cancer therapy by CD44 receptor-mediated cell internalization of
the conjugate; intracellular enzymes hydrolyze the HA derivatives,
releasing the drug inside the targeted cancer cells [49-51].

4. CHALLENGES

HA has many complex biological functions but also has certain risks
when used exogenously in the body. Its connection with inflammation,
cancer, and other human pathologies complicates the process of
formulations and clinical trials. Various precautions must be followed
to establish long-term safety of HA-based products and biomaterials.
Intra-articular HA injections are commonly used to treat symptomatic
knee OA, where viscosupplementation is associated with an increased
risk of serious side events [52,53]. In case of some tumors like the
pancreatic ductal adenocarcinomas, HA has been found to act as a fuel
for cancer cells by triggering the hexosamine production biosynthetic
pathway [54]. In the tumor microenvironment, HA has been found
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62 Thomas, ef al.: Journal of Applied Biology & Biotechnology 2024;12(6):58-64

to show dual characteristics. It is thought that increased rates of
catabolism of HA could lead to more accumulation of low molecular
weight HA which in turn paves way for inflammatory and precancerous
microenvironment [55]. There are also concerns about cell delivery by
employing HA-based biomaterials in tissue engineering and cancer
therapy, since they may trigger cell migration and hence the metastasis
of remaining tumorous cells after chemotherapy. The use of HA
may not promote, but rather prolong proliferation of remnant tumor
cells, which is a crucial metric in verifying the use of HA to improve
chemotherapy techniques. The HA-based biomaterials designed for
in vivo employment degrade rapidly due to enzymatic, ROS, and
hydrolysis processes. The HA polymer has a swelling capacity that
limits its mechanical stability and impairs its effectiveness for cell
growth. Fragmented or low molecular weight HA levels are associated
with various diseases such as pulmonary fibrosis and cancer [56].

5. FUTURE PERSPECTIVES

HA has applications in pharmaceutical, medicinal, and cosmetic products as
it has extraordinary and diverse properties. From HA polymers to materials
of clinical significance, there have been huge developments in HA-related
fields. The use of microorganisms for the biosynthetic production of HA
paves the way for the optimization of the biotechnological processes
and the use of safe hosts. This provides an opportunity to regulate the
molecular weight of HA by metabolic engineering that can be used to
refine and manage the molecular weight of the HA. These advancements
in the production of HA will further help research in enhancing the
prevailing medical products and novel therapies in the coming years [12].
The HA metabolism, fragmentation, dose regimen for diverse therapeutic
responses, mechanisms, and relevant downstream pathways remains
poorly understood, limiting the broad use of the HA. The key factors that
control the molecular weight during HA biotechnological synthesis are yet
to be studied and clarified to create strategies for producing more consistent
and size-defined HA. Further study on metabolic engineering is needed
to enhance the production of HA and identify biosynthetic pathways with
cost-efficiency and higher sustainability.

6. CONCLUSION

Hyaluronic acid, a biomolecule once known only to be the main part of the
acrosome in sperms, is now being vastly used in a variety of fields ranging
from cosmetics to medical industries. The molecular weight of HA,
which serves as both an advantage and disadvantage, can be controlled
and manipulated according to its usage in the future, thereby increasing
its value manifold. So far, this compound used either in the crude form or
in conjugation with other molecules, seems to have pros that far outweigh
its cons without much debate. The field of nanotechnology has helped a
long way in the therapeutic applications of many biomolecules including
HA. Due to the ongoing research on this biomolecule, every aspect of it,
ranging from its production to its applications can be made much more
efficient with probable new discoveries along the way.
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