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Abstract

The manufacture, purification, and applications of hyaluronic acid (HA) are discussed in
this article. Concerning the growing need for affordable, high-quality HA, it is essential
to consider diverse production techniques using renewable resources that pose little risk
of cross-contamination. Many microorganisms can now be used to produce HA without
limiting the availability of raw materials and in an environmentally friendly manner. The
production of HA has been associated with Streptococci A and C, explicitly S. zooepidemi-
cus and S. equi. Different fermentation techniques, including the continuous, batch, fed-
batch, and repeated batch culture, have been explored to increase the formation of HA,
particularly from S. zooepidemicus. The topic of current interest also involves a complex
broth rich in metabolites and residual substrates, intensifying downstream processes to
achieve high recovery rates and purity. Although there are already established methods
for commercial HA production, the anticipated growth in trade and the diversification of
application opportunities necessitate the development of new procedures to produce HA
with escalated productivity, specified molecular weights, and purity. In this report, we
have enacted the advancement of HA technical research by analyzing bacterial biomanu-
facturing elements, upstream and downstream methodologies, and commercial-scale HA
scenarios.

Keywords Hyaluronic acid - Fermentation - Streptococcus zooepidemicus - Extraction
Purification

Highlights

o In the medical, pharmaceutical, and polymer sectors, HA, a glycosaminoglycan, holds a prominent
position.

o The ideal method for producing sustainable HA is microbial production.

o Due to their advantages in downstream processing, precipitation and ultrafiltration are frequent
processes.

e HA production potential and the industrial-scale scenario are discussed.
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Introduction

In terms of biopolymers, hyaluronic acid belongs to the family of polysaccharides,
which are non-sulfated glycosaminoglycans. Hyaluronic acid contains recurrent units
(2000-2500) of P p-glucuronic acid and P N-acetylglucosamine [122]. Many bacte-
rial extracellular matrices, including Streptococcus, contain HA as a crucial component
and facilitate adherence and protection. Additionally, it can fool the host’s immune sys-
tem while infected by acting as a molecular spoof [147]. HA’s molecular weight (MW)
contributes to its predominant role in its biological activities and utility [68]; HA with an
MW higher than 10kDa is preferable for applications in orthopedics, engineering of tis-
sues, cosmetics, and ophthalmology [3, 49, 79]. Meanwhile, MW under 5kDa helps form
the products essential in angiogenesis and obstruct tumor furtherance [68, 134]. Due to
its biological functions, which include biocompatibility, angiogenic, and immunostimula-
tory provinces, HA has a wide variety of utilization in medicines encircling plastic surgery,
osteoarthritis (OA) treatment, targeted drug conveyance, skin moisturizers, ophthalmic sur-
gery, and wound alleviation; it also has some practical applications in drug formulations
and targeted drug delivery [36, 55, 79].

Karl Meyer and John Palmer discovered an unknown polysaccharide in the vitre-
ous humor of cattle in 1934. They also reported that the isolated polysaccharide contains
uronic acid and amino sugar. As a result, they gave the recently registered polysaccharide
the name “HA” [10], even though the term “HA” was first used to agree on the nomencla-
ture of the polysaccharide in 1986. Traditionally, HA has been distilled from tissues of ani-
mals like an umbilical cord, synovial fluid, rooster combs, and the vitreous humor of bovid
animals [106]. Even though the structure of HA is straightforward, it has several properties
like semi-flexibility. Also, it acquires a stretched worm-like arbitrary coil-like arrangement
in solution [40], showing a very different rheological nature. In the 1950s and 1960s, the
administration of the physicochemical properties of HA was concluded. HA chains were
entangled even at the lower concentration of 0.1%, resulting in an exceptionally elevated
and shears-reliant viscosity [82]. With the help of these properties, HA governed flow
resistance and water balance, stabilized structures, and acted as a lubricant [36].

Endre Balazs blew the first thoroughly purified, anti-inflammatory high MW HA across
rooster combs and umbilical cords, marking HA’s veritable evolution as a therapeutic
product [12]. Plastic intraocular lenses were made using HA in the early 1980s, becom-
ing a vital component in ophthalmic surgery. Numerous other applications of HA have
been introduced based on its characteristics and molecular weight. HA helps safeguard the
exposed tissues during eye surgery and empowers the reformation of the functional form
of the operated site [97]. Eyes lens treatment utilizing lower molecular weight HA deri-
vate-based solution directs to the elevated in vitro lens hydrophilicity [156]. Many clinical
investigations have manifested HA’s adequacy in treating osteoarthritis. HA can also be
used as an emphatic bone cement supplement component to obtain preferential biologi-
cal and physicochemical characteristics compared to traditional calcium phosphate cement
[41]. It also reduces swelling and helps in the continual production of HA, ultimately
enhancing mobility and strength. It also has a critical role in the wound alleviating proce-
dure. After an injury, the healing procedure depends upon a synchronized chain of events:
inflammation, granular tissue formation, reepithelization, and remodeling. For the arbitra-
tion of these cellular and matrix events, a versatile role is played by HA [151]. There-
fore, HA is utilized in abrasions, burns, pressure sores, and metabolic ulcers. HA-based
nanofiber mats are also made for clinical wound treatment [158]. It has also been used for
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skin treatments for ages. With the aging of humans, skin is also affected adversely, and HA
content is declined, especially after 50 years. HA with a lower molecular weight can pen-
etrate effortlessly across the skin and restore the HA content. A visco-elastic film is formed
after applying HA to the skin’s surface, preventing the penetration of any foreign materials
and retaining the skin’s moisture [151]. It also helps in curing skin lesions [87]. These are
the reasons that the market value of HA is comparatively higher than other microbial extra-
cellular polysaccharides.

Extraction of HA from rooster combs and other sources is a challenging, costly, and
contamination-prone process [22] with many technical impediments. To avoid this, con-
tamination-free microbial production of HA is being practiced nowadays using the bacte-
ria Streptococcus zooepidemicus [94]. It gives enhanced productivity and more adequate
recovery processes with the lowest chances of viral contamination [155]. S. zooepidemi-
cus is gram-positive, catalase, and oxidase-negative, facultative anaerobic cocci but also
an aerotolerant species [37]. Because of the remarkable productivity of HA using bacte-
rial strains, fermentation is more suitable for large-scale production. Although microbial
production has many advantages, it must be cost-effective compared to HA extraction
from animal sources. However, this production process is associated with the simulta-
neous production of other secondary metabolites including lactic acid, which further
complicates the downstream processing. To solve this problem, researchers sought genes
accountable for HA biomanufacturing, and bacteria such as Agrobacterium, Lactococ-
cus, E. coli, and Bacillus were used as a tool for genetic modification. Genetic modi-
fications were done in these bacteria to articulate HA genes, so they synthesize a good
amount of HA [44, 45, 100, 147].

There are numerous techniques for isolating and purifying HA. Maintaining the intrin-
sic qualities of polysaccharides throughout the process is crucial when choosing an iso-
lation method. Numerous techniques have been researched recently, including scorching
water extraction, which is frequently utilized on the theory that most polysaccharides are
more soluble in water and more durable in warm water [126]. Using enzymes for digestion
is another approach. When cost, purification level, and environmental impact are consid-
ered, HA extraction methods have benefits and drawbacks. Enzymatic extraction methods
are more expensive and time-consuming than the first two methods discussed previously.
It also requires a substantial amount of chemicals to hydrolyze the tissue and further heat-
ing to terminate the procedure. On the contrary, employing organic solvents eliminates the
need for enzymes and heat treatment, and it is also a rapid, more straightforward, and less
expensive process. Present extraction methods need optimization to guarantee an effective
separation for the highest purity today; this calls for a low-cost, quick, and environmentally
safe procedure [1].

This review presents an in-depth investigation of HA, highlighting potential production
and purification techniques, its industrial applications, and current technological advance-
ments to fulfill market requirements. Accordingly, the present review summarizes HA
development into its marketed product and discusses future anticipated segments for fur-
ther improving HA production for industrial uses. These targets included methods for pro-
ducing and purifying HA and industrial prospects for accountable commercial goods.

Production Strategies

Different HA production processes have been well-researched and employed for mass
production (Fig. 1, Table 1). In the beginning, the procedure of removing HA from
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Fig.1 Schematic representation of commonly used methods utilized for hyaluronic acid production includ-
ing extraction from animal tissues, and microbial and in vitro production [22]

animal tissues was employed for laboratory tests to characterize and identify the poly-
mer and learn more about its biological potential and applications. HA was extracted
from all the vertebrate tissues and described, such as the cartilage of sharks, the pericar-
dial fluid of the rabbit, pigskin, the umbilical cord, synovial fluid, and vitreous humor
of the eye [22]. As an alternative source of animal husbandry, HA extraction from fish’s
eyes was reported [6]. Pharmaceutical-grade HA was achieved in 1979, despite the
several extraction techniques that had been used in the past. Balazs found an effective
way to extract and purify HA from the human umbilical cords and rooster combs which
became the base for the commercial fabrication of HA [13]. HA is water-soluble. Water-
soluble components are mostly stored in compartmentalization or binding to membranes
in the cells, so for their purification polar organic solvents are used in the extraction pro-
cess, like methanol or ethanol [128]. Mostly HA when extracted is found in a complex
form with different biopolymers; for instance, members of the lectican family, such as
aggrecan and versican, as well as other proteoglycans, can combine to form a complex
with HA outside the cell [73, 116] which is non-desirable; therefore, extracting pure
and high molecular weight HA from animal tissues is a challenging procedure [22]. The
first challenge is the difficult extraction processes brought on by grinding, acid treat-
ment, and repeated extraction with organic solvents. Thus, the extraction processes have
always had technological limits. This unregulated degrading process has a significant
negative impact on both the yield and the polydispersity of HA [22]. Secondly, remov-
ing all the undesirable contaminants which form complexes with HA outside the cell
during its isolation process [52]. Isolating HA from these complexes is a complex pro-
cess that involves various purification steps including use of detergents, nonsolvent pre-
cipitation, precipitation with organic solvents, HA ion-pair precipitation, a proteolytic
enzyme, and so forth [22]. Other contaminants and degradation products were removed
by using ultrafiltration and chromatography techniques.
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Despite the thorough purification, the chances of contamination in HA extracted
from animal tissues with nucleic acid and proteins are high. The nature and quantity of
the contaminants can vary with the source of the extraction, as the content of proteins
and nucleic acid was high in the HA extracted from bovine vitreous humor and human
umbilical cord as compared to the one isolated from the bacterial capsule [127]. These
impurities can lead to different diseases also, so the purification process was constantly
improved over the years to accomplish the desired high standards of the product for
various medical applications. An essential source for the industrial synthesis of HA is
animal waste which offers up to multiple tones of pharmaceutical-grade HA every year.
Diosynth of the Netherlands, Genzyme, Pfizer of the USA, and Pharmacia of Sweden
are the primitive corporations that manufactured HA from animal tissue waste at the
commercial level. High MW HA varying from a few thousand to 2.5 MDa is obtained
from the extraction process and is available in the markets [79]. Extraction of HA from
animals was the first technique implied. Biotechnological production of HA was an
alternate process as it was cost-effective, less contamination-prone, and environmentally
friendly [32, 33, 37, 96].

Over the past two decades, bacterial fermentation evolved as an upstanding proce-
dure for producing HA, as shown in Table 2. Understanding their biosynthetic path-
ways is essential to the fermentative production of secondary metabolites (Fig. 2). HA
has a sugar backbone that is made up of fructose-6-phosphate and glucose-6-phos-
phate. Two different sets of reactions lead to the formation of HA. In the initial set,
glucose-6-phosphate is transformed into UDP-glucuronic acid in a series of reactions
governed by various enzymes at each step; this is the first precursor of HA, while
in the second assortment, to form the second precursor of HA, fructose-6-phosphate
is transformed into UDP-N-acetylglucosamine. Therefore, the higher growth rate of
cells is not suitable for HA synthesis (Fig. 3) [7].

Microorganism-based HA synthesis has been the subject of extensive research. Never-
theless, there are lots of limitations of organisms that may prevent its mass manufacturing,
which can be avoided by using enzymes from the class I HAS and class II HAS family
members in in vitro synthesis. Furthermore, due to their extremely low yields and inabil-
ity to serve as a substitute for industrial production, these cell-free systems are still not
optimal [36, 133]. The production of HA has been increased using specific nanoparticles
and genetic engineering, which involves introducing crucial genes (such as hasA, hasB,
hasS, and glmU) [133] associated with HA synthesis. The HA synthase genes from the
Streptococci are incorporated into various microbial hosts which include E. coli [161],
L. lactis [32], Bacillus sp. [150], and Agrobacterium sp. [100] through different plasmid
vectors such as pSIR3 (co-expressing hasA, hasB, and hasC genes). HA production could
sometimes be boosted sevenfold or its molecular weight increased by partially blocking the
glycolytic route and deflecting carbon flux toward HA formation [124]. The main obstacle
of generating HA with a comparatively uniform length has not yet been overcome.

Consequently, the medium’s viscosity at HA concentration greater than 4g/L restricts
oxygen transfer, resulting in an anaerobic surrounding that regulates carbon flow more
toward biomass formation than HA, resulting in polluting byproducts such as lactate [160].
Streptococci sp., peculiarly Streptococcus equi sub sp. zooepidemicus, are typically the
leading producers of HA. Streptococci, a gram-positive bacterium with 49 species and
eight subspecies, is exceptionally diverse and heterogeneous. It is based on serological
responses to various polysaccharide compositions of cell walls to categorize the Lance-
field Streptococci group. The S. zooepidemicus has been significantly explored by many
research groups for HA production.
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Fig.2 Biosynthetic pathway for HA in S. zooepidemicus. With the help of hexokinase, glucose is first con-
verted into glucose-6-phosphate, which indistinctly follows two different routes to form UDP-glucuronic
acid and UDP-N-acetylglucosamine. With the help of HA synthase both bound together to form hyaluronic
acid

Various fermentation modes have been studied for S. zooepidemicus, including con-
tinuous, fed-batch, and repeated batch fermentation [92, 93, 95]. Regulating the bacterial
growth rate utilizing continuous or fed-batch mechanisms to achieve increased metabolite
yield can counteract the specific growth rate’s intrusive effect on metabolic products [92].
The traditional method of producing HA in batches [29, 102] was changed to a fed-batch
module; a decrease in the fermentation time was observed with increased output [92].
Since the fermenter responds quickly, fermentation in a continuous mode for HA genera-
tion helps extend the growth cycle, minimize waste, and reduce MW polydispersity [64,
145]. To synthesize HA, a two-stage fermentation method with a fragmented control
approach was used since HA chain extension happens in the primary stage of fermentation,
and HA accumulation proceeds in the latter. The initial fermentation stage (31°C, pH 8.0)
and the accumulation stage (37°C, pH 7.0) were designed to increase the MW of HA. The
suggested two-stage fermentation produced an ideal outcome with high HA titers [91].

The HA (>1MDa) produced on an industrial scale, either by the fermentation of genet-
ically engineered bacteria or through the extraction of animal tissue, is suitable for use
in aesthetic and biological applications [94]. The potential of contamination with other
viruses, which have compatibility difficulties and require time-consuming, expensive DSP
removal techniques, affects the extraction of HA from animal tissue. The Streptococci C
and A groups started the bacterial fermentation process that produced HA, but the toxic
byproducts hampered them. The primary by-product of HA fermentation is lactic acid, and
as it accumulates, cell growth and HA synthesis are severely inhibited. Acetic acid produc-
tion also hampers HA production [94]. The HA biosynthesis pathway genes were inserted
into the genetically engineered bacterium (Gram +ve bacteria), which began producing
HA. The microbial biotechnological HA is manufactured using a B. subtilis-dependent
synthesizing system that combines three overexpressed native B. subtilis precursor genes
with expression constructs of the hasA gene from S. equisimilis. The HA manufactured by
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Fig. 3 Biosynthetic pathway of hyaluronic acid in S. zooepidemicus. This figure shows the conversion of
glucose into hyaluronic acid as well as the microbial biomass production running parallelly [94]

AT Ap?

genetically engineered B. subtilis is recognized as GRAS because there are no exo-endo-
toxins in the output streams [150]. Different plasmid vectors have been designed for the
expression of HA synthase genes and to produce HA from various host bacteria. Artificial
operons were created and then introduced into the B. subtilis genome using the plasmids
pNNBT20 and pNNBT21, respectively, to express HA synthase proteins [150]. L. lactis
has introduced the plasmids pEIrkA, pEIrkB, and pEIrkAB, each of which contains the
hasA, hasB, and hasA together with hasB genes from S. equi subsp. zooepidemicus [32].
Small-scale fermenters successfully synthesize HA with genetically engineered bacterial
cultures up to 6-7g/L yields. Intense media viscosity of the large-scale fermenters causes
impoverished mass-transfer rates and inadequate mixing for better yields [94]. Addition-
ally, because it relies on the growth circumstances, obtaining a monodisperse-HA in the
microbial biotechnological production process is troublesome.

Due to the disadvantages of mass manufacturing, through either bacterial or animal ori-
gins, utilizing hyaluronan synthase (has), a cell-free synthesis technique has been created.
Class I-has of P. multocida is integral membrane proteins that necessitate time-consum-
ing obstructions and have impeded functions without being intimately associated with the
phospholipid layer, making them the most practical options for commercial cell-free HA
propagation. After the membrane motifs (residues 704-972) were deleted, class II created
a soluble enzyme that catalyzes “pmhas1-703” that could manufacture the HA [71]. Class
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[I-has-based in vitro (cell-free) production methods can combine HA oligomers to pro-
duce 1-2 MDa HA with tuned processability and low polydispersity [72]. By forbearing
the accelerated accumulation of sugars at the oligomeric ends, the inclusion of HA oligom-
ers skips the first glycosidic linkage development, which is frequently a rate-limiting step
and results in the acquisition of a high MW-HA but falls short of creating larger quanti-
ties of HA. Since then, numerous researchers have experimented with cloning the genes of
host bacteria (non-pathogenic), such as E. coli, that code for Class-I or -II enzymes [101].
Enzymes from classes I or I work together in bacterial expression systems to lengthen the
HA polymer [161].

One of the more environmentally friendly methods for manufacturing high-value HA
is the creation of HA biosynthesis pathways employing fundamental molecular building
blocks in recombinant microorganisms [43]. In order to build a cell factory that produces
HA using a synthetic biology technique, it is essential to understand how HA’s biosynthe-
sis quality is primarily based on the “has” enzyme activity. A nucleoside inosine-based
synthesis approach was suggested using a genome-scale model (GEM), which highlighted
the need for carefully designed GEMs for further development of HA biogenesis and led
to a treble enhancement in HA titer ratio [10]. Using a two-stage induction technique and
two synthetic operons harboring the P. multocida hasA gene and B. subtilis hasB and hasC
precursor genes, the rational design-based biogenesis, a neoteric development in synthetic
biology, offers the foundation for static HA yield with 6.8 g/L. A new synthetic biology
technique produces twice more substantial HA outputs by keeping up with the glucose-
6-phosphate isomerase in S. zooepidemicus [30]. Carbon flow rerouting is one technique
for increasing HA yields; as part of the technique, numerous HA syntheses are accom-
plished by reducing the expression of glycolytic pathway enzymes and enabling the basic
physiological requirements of bacteria to be satisfied [162]. The expression of the driven
pathway enzymes, knock-out routes, antisense RNA-mediated attenuation, and additional
promoter inclusions have all been shown to work together genetically to shift the carbon
flux to HA generation, culminating in a 28.7 g/L HA concentration [31]. The recom-
mended efficient synthetic biology techniques were lab-scale results that urgently needed
scaling by applying synthetic biology machinery to create dominant HA-producing micro-
bial strains [111]. Streptomyces sp. might be utilized in a biorefinery context to establish a
microbial conversion strategy for the synthesis of HA as an enhancement to the lignocellu-
losic biorefinery. The fermentation technical advancements toward larger HA productivity
can be further expedited by creating a flawless downstream approach for expanded com-
mercial uses of HA.

Purification Strategies

Downstream and purification operations are crucial to overcoming obstacles and creating
HA with a high purity index and MW [160]. Most papers on HA downstream procedures
depend on laboratory-scale procedures, whereas only a few depend on industrial-scale pro-
cedures [118]. When under physiological pH, HA’s molecular structure causes it to hold
onto pollutants in its highly hydrated and negatively charged form. Since the publication of
the research, HA from different origins has been used to study the purification and separa-
tion procedures involving numerous downstream processes (Fig. 4). The filtration, adsorp-
tion, precipitation, and ion exchange procedure are the HA downstream process operations
that have received the most attention.
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Fig.4 Flow sheet diagram of purification strategies for extraction of HA from the fermented broth. The
purification process is divided into three main steps pre-purification, separation, and final purification pro-
cess [146]

Rangaswami et al. [114] improvised a single solvent precipitation system for the purifi-
cation procedure. In order to reduce the amount of solvent needed in other unit operations,
single-solvent precipitation was utilized. The ability to produce pure and uniform material
is the principal benefit of the precipitation process. However, the main drawback is the
requirement for the separation of salts following the precipitation procedure. If the precipi-
tation occurs intermittently, it is especially challenging to maintain stable product quality
throughout the entire precipitation process. Utilizing a single solvent precipitation system
decreases the proportion of salts in the solution and reduces the usage of solvent. Specifi-
cally, the solvent was used to dilute the HA in diafiltration, typically done at low concentra-
tions to enhance the HA’s quality. It resulted in 65% of the HA recovery (Mw~ 4 x 10° Da)
with less than 0.1% protein contamination [114]. Cleland and Sherblom [39] isolated HA
from the bovine nasal septum through precipitation utilizing cetylpyridinium chloride, and
96% glucosamines were obtained [39].

Similarly, Amagai et al. utilized the cetylpyridinium chloride precipitation technique for
HA extraction from fish eyeballs, yielding 10.5 mg of hyaluronan from a single tuna eye
[6]. The method of precipitating human umbilical cord remains using ammonium quater-
nary salt solution after treating it with sodium chloride solution was developed by Lago
et al. The hyaluronan ammonium quaternary salt complex is then dissociated from the
solid using a calcium chloride solution, and ethanol is used to precipitate it [§1]. Yang and
Lee used the co-precipitation method to aid HA recovery by conjugating chitosan with
magnetic nanoparticles. Here, a pH lower than a point of zero charges favored capturing of
HA; a total of about 39 mg per gram of particle was captured at pH 6 [157].

Organic solvent-based purification techniques were once considered expensive for large-
scale downstream operations. As precipitation results are very effective, organic solvents
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are frequently used in laboratory-level HA production studies. However, the cost is unsuit-
able for abundant quantities; many research reports suggest membrane technologies like
membrane filtration (MF), ultrafiltration (UF), or diafiltration (DF) are the best for large-
scale HA purification instead of using organic solvents. It has been found that tangential
flow MF and UF effectively separate HA from S. zooepidemicus broth medium. At this
stage, a serial procedure using microfiltration and ultrafiltration membranes was used that
produced not only a high yield (89%) but also used less water [164]. In a different method,
DF was used to extract HA that was produced by microbes. The highest purity grade (about
90%), with a yield greater than 90%, was reached after seven diavolumes. For example, HA
purity stayed unchanged with six diavolumes, whereas HA production declined by 20%
after ten diavolumes. The number of diavolumes explicitly characterized HA’s evolution in
yield and purity. Controlling the concentration of salts in the solution was essential for the
DF because salts could change the structure of hyaluronan due to the electrostatic shielding
of the carboxyl groups [107].

In a study, purification of HA was carried out by passing the HA solution through a
filter (0.22mm) and then UF and DF were carried out utilizing a 300-kDa membrane for
the further sterilization of HA after dilution with pyrogen free water [74]. The relevant
impact of electrostatic interactions between membrane materials and the solutes must be
considered when working with the purification and recovery of molecules via membrane
processes [27, 59]. A polyethersulfone UF membrane cassette with a nominal molecular
weight cutoff (NMWCO) of 300 kDa was used for HA separation under a pressure range
of 1-0-1.5 bar. After that, a 0.22-m cellulose acetate filter was used to filter the diafiltered
broth after it had been subjected to an adsorbent treatment of 1% activated charcoal for 2-3
h while being continuously stirred. The end outcomes revealed a high-purity HA with a
MW ranging from 0.6 to 1.8 MDa and an overall HA yield of roughly 0.8-1.0 g/L [113].

A low-cost procedure utilizing fish eyeballs is used to produce HA with a clinical grade
purity (more than 99.5%) by utilizing DF methodology [105]. In order to improve the accu-
mulation of the final yield and lessen environmental problems associated with conventional
methods, electrofiltration has been investigated as a post-synthesis step for HA. Compar-
ing electrofiltration-based HA extraction to filtration tests without an electrical field while
maintaining the same molecular weight and structure has increased concentration factors
[56].

The capacity of chemicals to be selectively retained on the surface of porous substances
serves as the foundation for the adsorption process. Adsorption is typically utilized in batch
mode to purify HA, followed by precipitation and filtration. Activated charcoal, silica gel,
alumina, and resins are the most common adsorbents utilized for HA purification [35, 60,
114]. With a yield of 2.3 g/L, the glucuronic acid imprinted particles can be reused repeat-
edly without significantly decreasing adsorption capabilities [2]. In a different method,
a stiff and durable substance was made for the separation and isolation of HA by fusing
the mechanical properties of cryogel with the discriminating of glucuronic acid imprinted
polymer particles, and HA was isolated from the fish eye and microbially fermented broth
[139]. Wibowo and Lee carried out the HA adsorption with maximum adsorption capaci-
ties of 184 mg/g and 351 mg/g for Si-Quaternary ammonium-containing compounds and
choline surface-functionalized cotton fibers, respectively [148]. In the situation of high lev-
els of contamination, HA could be efficiently retrieved from a B. subtilis culture with a 15
mg/g capacity utilizing Si-QAC-modified antimicrobial cotton fiber.

The effectiveness of electrophoresis, a technique frequently used for protein separa-
tion and identification, depends on the gel employed as well as the density, size, and
purity of the target molecules. Because electrophoresis has a poor protein removal
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capability compared to other processes, it is uncommon to employ it for HA purifica-
tion. Hong et al. achieved HA quantification through capillary electrophoresis; hyaluro-
nate oligomers (80 kDa) were accomplished by using columns packed with a highly vis-
cous polyacrylamide matrix [61]. Grundmann et al. demonstrated that strong electrical
field strengths, short-length, and small-ID capillaries, as well as an adjusted buffer com-
position, may be used to achieve high separation efficiency in conjunction with quick
migration times. Additional tests revealed no worsening effects when injecting samples
containing protein, and the approach was effectively used on hyaluronan digest samples
[57]. In order to purify and recover HA, at the commencement of the processing stage,
Murado et al. documented employing protein electrodeposition in conjunction with dia-
filtration [105].

Pure HA is a commodity employed in the pharmaceutical, medical, biomaterial, and
cosmetic industries, which are discussed in the subsequent sections.

Applications

Its elemental composition and physical attributes determine the end-use of HA and
characteristics like viscoelasticity, lubricity, biocompatibility, immunostimulation, and
many more properties (Fig. 5, Table 3). OA treatment, joint injections, eye, and plastic
surgery, components for skin burns, and anti-aging treatments all contain HA [1, 42,
43,47, 117]. Due to its role in the extracellular matrix and the variety of derivatization
scenarios it can undergo, HA is frequently employed in drug delivery through various
channels, including cutaneous, topical, and ocular (intravitreal, periocular, subretinal),
oral, and nasal. HA can be integrated into various molecular architectures or coupled
with therapeutic molecules (as prodrugs) (microparticles, nanoparticles, gels, micro-
spheres, polymersomes, polyplexes, micelles, liposomes, implants, and many more).

Drug delivery
Svstems
Il Cancer Therapy u

' Odontology I

Dietary Il '
o)

Soft Tissue
Regeneration

[ ‘Wound Treatment

Ophthalmology

!

Rhinology and
Pneumology

Fig.5 Applications of hyaluronic acid in different biomedical aspects [22]
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Table 3 Application of hyaluronic acid in different fields

Drug delivery system
Hyaluronic acid gel systems
Amphipathic vector hyaluronic acid-PEI (HAP)

Hyaluronic acid-spermine conjugate

Cancer therapy
Hyaluronan—doxorubicin nanoconjugate

Hyaluronan—paclitaxel hydrogel
Paclitaxel-loaded hyaluronan nanoparticles

Delivers siRNA [84]

It was less toxic, effectively separated DNA from the
complex, and prevented nuclease degradation [159].

It increase the effectiveness of encapsulated DNA
transfection [125]

The conjugate significantly slows the spread of breast
cancer in vivo, increasing survival rates [25].

Anti-tumor effect on the human ovarian cancer [11].
A focused and effective chemotherapy regimen for

micelles cancer cells that overexpress CD44 [137]
Osteoarthritis
Durolane HA A quick, efficient, and secure single-injection tech-
nique that can help in the osteoarthritis treatment
[86].
Supartz (sodium hyaluronate) Improves gait pattern, strength of muscles and bal-
ance [23].

Hyaluronic acid-Chitlac, a lactose-modified
chitosan

Reduces inflammatory conditions caused by osteoar-
thritis [135].
Tissue healing

Sodium hyaluronate (Healon®) Maximum endothelium protection and remarkably

clear postoperative manifestations [109].

Hyaluronan-enhanced expanded polytetrafluoro-
ethylene

Great potential for cardiovascular transplant material
[24].

Prevented sciatic nerve extraneural scarring and
adherence to some degrees, and encouraged neural
regeneration and recovery [90].

Chitosan conduit combined with HA

Higher therapeutic efficacy and improved physicochemical characteristics are found in
the HA constructs. Targeting for skin disorders, the regulated release of proteins, cancer
therapy, antibiotics, and antiseptics are just a few examples of how HA is used in drug
delivery [19, 48, 50, 62, 63, 138, 142].

The realm of oncology is another area where HA may see more application. The stroma
of many tumors and the surrounding tissue matrix exhibit an elevated HA concentration,
which poses a challenge. Tumors of epithelial origin have a particularly notable rise in HA
levels. A dismal prognosis typically accompanies this process. Apoptosis, drug resistance,
and invasiveness are all caused by an increase in HA production. Increased interstitial pres-
sure is linked to an increase in HA in the tumor environment; the blood vessels can narrow
due to this condition. This condition causes drug resistance and hypoxia. In addition to the
aforementioned physicochemical characteristics, HA plays a significant part in the physiol-
ogy of tumors, particularly concerning its impact on the receptors of tumor cells [67, 70,
80]. This information can result in the development of several HA-based cancer therapeutic
strategies. First, it is essential to mention the conjugation of paclitaxel (PXT) and docetaxel
(DOX). Paclitaxel (PXT) and docetaxel (DXT) are anti-cancer chemotherapy drugs. Due
to its hydrophobicity and undesirable side effects, PXT alone is not suited for intravenous
administration [9, 83, 154]. The PXT-HA combination appears to overcome restrictions
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and is sufficiently hydrophilic. Hydrophobic drug molecules can be added to HA micelles
for targeted drug delivery to cancer cells.

Drugs that are hydrophilic and lipophilic can both be put into polymersomes. The pri-
mary benefits of the previously described structural modulations are the improvement in
solubility and the ability to target CD44 receptors on tumor cells. When HA is used to
alter mesoporous silica nanoparticles, cells overexpressing CD44 are more likely to take
them up. Dendrimers and liposomes are different nanomaterials with the potential to be
effective in cancer treatment. Moreover, HA-coated nanoparticles are highly desirable
for cancer treatment. NIR-loaded nanoparticles, oxide nanoparticles, gold nanoparticles,
Prussian Blue nanoparticles, functionalized graphene, and other particles are employed in
hyperthermia, which increases the temperature of tumor cells to around 42-46°C (related
to magnetic hyperthermia treatment). Immunotherapy, photodynamic, and sonodynamic
therapy also used HA-based nanoparticles [34, 7678, 85, 89, 149].

As HA occurs naturally in the joint capsule, synovial fluid, and articular cartilage,
orthopedics frequently uses it. This substance mainly treats joint conditions like OA or
rheumatoid arthritis. The most prevalent joint disease, OA, causes significant impairment
and reduces the caliber of living. In this disorganization, there is an imbalance in the mid-
dle of the formation and degradation of articular cartilage, with the latter occurring more
frequently [58]. In this state, intra-articular modifications such as a reduction in GAG, a
growth in proteoglycans and collagen-degrading enzymes, and maybe a rise in deposited
water may be observed. Endogenous HA changes depend on variations in its molecular
weight and amount [15, 104]. Reactive oxygen species are produced in more significant
quantities as a result of inflammation, and they are what cause collagen, laminin, and HA
to break down [17]. HA is a high molecular mass molecule naturally occurring in syno-
vial fluid and can neutralize free radicals [120]. By reducing chemotaxis and migration of
inflammatory cells, high molecular mass HA serves as an excellent barrier to the inflam-
matory process.

The crucial issue about the etiopathogenesis of OA relates to the inhibitory and stimula-
tory effects of HA on chondrocyte death and proteoglycan production, respectively. HA
directly contributes to the analgesic action [14, 15, 54, 103, 104]. The therapeutic effects
(pain reduction) of intra-articular HA preparations are well tolerated and supported by ran-
domized trials [4, 104]. The absence of systemic side effects from intra-articular injections
is a crucial benefit [132]. Patients are increasingly interested in oral HA administration in
addition to HA injections. On the other hand, oral formulations do not have any proven
therapeutic benefits for OA. According to the research that is now available on oral HA
formulations, oral supplementation may reduce pain and improve quality of life.

Numerous uses for HA exist in ophthalmology, both from a conservative and from a
practical standpoint. Due to its viscoelastic characteristics, it is widely employed as the
“lubricant” component and frequently makes up most artificial tear formulations used to
treat dry eyes. It soothes discomfort, hydrates the eye, and makes up for any sodium hya-
luronate deficiency in the tear film. The substance is frequently offered in an unpreserved
form. People who wear contact lenses utilize eye drops. The symptoms of dry eye are sig-
nificantly lessened by its noteworthy qualities, which include securing the tear film, reduc-
ing friction while blinking, and preventing dangerous particles from adhering to the eye.
More than 50% of respondents say they no longer want to wear contact lenses due to dry
eye. Because most ophthalmic solutions contain artificial ingredients and preservatives,
they leave residues on the eye’s surface, making it easy to distinguish treatments containing
HA from other eye drops. Additionally, the fluid frequently does not disperse evenly on the
eye’s surface, resulting in visible blurring and decreased vision. Because HA is hydrophilic
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and viscoelastic, it reduces friction and slows the evaporation of tears. HA replaces water
in these medications because they do not dilate conjunctival blood vessels, making them
safe to use during the winter [79, 98].

Orthokeratology is a method of treating refractive errors in patients by having them
wear a specific lens nightlong. Viscous artificial tears (established upon HA) were superior
to the saline solution when used to fit orthokeratology lenses. Amido bonds were used to
bind nisin to HA. This modified polysaccharide’s biocidal capacity (added in gels or solu-
tions) was testified on Gram-positive microorganisms with encouraging outcomes. In order
to prevent infections, eye surgery was carried out using HA conjugated with ciprofloxacin
and vancomycin. HA has an important role in the rapid restoration of a healthy ocular epi-
thelium and it also improves the amount of moisture retention and hence relieve dry eye
syndrome after surgery; it can also be added to artificial tears [20, 110, 121]. Since HA is
found in the vitreous humor of the eye, it can be utilized in the artificial vitreous humor
[112, 123]. Because of its biocompatibility and biodegradability, HA can substitute sili-
cone oil in vitrectomy and prevent adverse effects, cytotoxicity, silicone oil emulsification,
and second surgery [16]. Because of their many advantages, it is common for cataract sur-
geries to use ophthalmic viscoelastic devices (OVDs).

On the other hand, prolonged OVD retention durations may increase intraocular pres-
sure (IOP). IOP did not significantly increase using two OVDs (Healon 5, 2.3% sodium
hyaluronate Healon GV, and 1.8% sodium hyaluronate). The most popular treatment for dry
eye conditions is artificial tears. Comparing HA and carmellose (carboxymethylcellulose)-
based tears to regular saline solution, researchers found that the latter was superior in terms
of tear film stability and visual clarity [19, 26, 88, 99, 141, 163].

HA is currently among the active components in cosmetic drafting that are most fre-
quently used. Both industry professionals and consumers are constantly interested in the
general perception of skin regeneration. It is obvious that HA is one of the critical compo-
nents of good skin and serves as a health indicator for individuals [18]. Today, research is
being done to produce biopolymers with the proper molecular weight. Studies in the litera-
ture suggest that this particular element depends precisely on biological processes. Even
though HA was created long ago, its physical, chemical, and biological characteristics still
need to be studied [152]. The nasolabial folds and wrinkles can be removed, the horizontal
forehead lines can be reduced, the eyebrows can be raised, the nose can be positioned, the
lips’ shape and volume can be changed, the cheeks and chin can be modeled, and the body
contouring (enlarging and modeling the thighs, breasts, buttocks, and calves) can all result
in beautiful results. More recently, boosting the shape of the labia has also been shown to
be effective (labiaplasty). The fill effect lasts for around 6 months after intradermal or sub-
cutaneous injections of small amounts of HA. Products for the eyes, face, neck, and body,
as well as in anticellulite and anti-stretch mark cosmetics, use a high molecular mass HA
composition to build a protective layer that makes skin texture smoother and feel softer to
the touch [75, 136].

Numerous in vitro and in vivo studies have demonstrated the efficacy of HA therapy,
including its skin regeneration, chondroprotective, anti-aging, anti-inflammatory, and
immunosuppressive properties. Hyaluronan has many uses, but further study and tech-
nical advancement are still required to understand some current problems fully. In order
to understand the numerous biological functions and predict the consequences that can
fluctuate with the molecular mass of HA, additional thought must first be given to fea-
tures of HA metabolism and receptor clustering analysis. Diverse molecular weights of
HA can be included in some medications and cosmetic products. Therefore, research must
determine molecular weight’s relevance to HA’s effects. The primary goal is to develop
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next-generation products with high biocompatibility, a prolonged half-life, and permanent
in situ performance using HA-conjugated polymers. In order to properly designate the
efficacy profile and safety of these drugs, a clinical investigation is essential. So far, the
safety and effectiveness of these exciting and innovative substances have been the subject
of encouraging in vitro studies [50, 142].

Industrial and Market Aspects

The first HA product extracted from rooster combs patented was Healon [13]. The product
was a huge success when it was utilized as a viscoelastic material to replace and replenish
the deficiency of vitreous body fluid following an eye operation. This non-inflammatory
HA product’s introduction into the market led the way for many other HA-derived prod-
ucts that are beneficial in pharmaceutical, cosmetic, and biomedical applications. US Food
and Drug Administration approved the pioneer single-injection HA visco-supplementation
product Synvisc-One, which Genzyme manufactured in 2009. It gained massive popular-
ity because of its appurtenance and efficacy in alleviating pain in knee joints due to OA.
Following the significant quantum leap, the demand for easily usable HA-derived prod-
ucts has increased in several parts of the world, specifically Asia-Pacific and Europe. The
first HA dermal filler Restylane was created to treat minor to severe wrinkles and folds.
This product grew incredibly popular and is now widely used in over 65 nations. The use
of a production technique known as NASHA (non-animal stabilized HA), which forgoes
the utilization of animal tissues when HA is removed, is its distinguishing feature [140].
Many other HA products are on the market, such as wound dressing equipment to assist
wound medication after surgery, skin moisturizers [79], and scaffolds for administered
drug release and tissue engineering [3].

A collaborative industry-academic research team predicted that the worldwide market
for HA would be over $1 billion in 2005 after discovering that genetically engineered B.
subtilis can yield HA with a molecular weight of over 1000 kDa [150]. Hyaluronan’s effi-
cacy, lack of toxicity, and soaring future demand are driving the market, which grew to
$9.1 billion in 2020 and was anticipated to grow to $17 billion by 2027, expanding at a
compound annual growth rate of 8.1% [129]. Pharmaceutical-grade hyaluronan’s export
price in China, where most bioproduct is now produced, ranged between $2700 and
$50,000 per kilogram in 2020, based on pureness and molecular mass [38]. Around 500
million people worldwide suffer from knee OA, approximately 7% of the global popula-
tion, so the demand for viscosupplements has increased rapidly. The viscosupplementa-
tion market has seen a growth of approx one point three billion in the past decade and is
estimated to rise at a CAGR of 6.36% through 2025 [115]. In the USA, Synvisc-One, the
first single-injection HA viscosupplementation merchandise, was authorized in February
2009, and since then, its acceptance and demand for the product by medical and patients
have been rapid due to its convenience [94]. The convenience of HA single injection was
studied and was validated for its good efficacy, tolerance, and safety of one bigger dosage
of knee intra-articular injection by comparing a single 5-ml dose regime with typical three
doses of 2.5 ml of intra-articular HA administered at weekly intervals [131]. A simple cost
analysis study also revealed that single injections are cheaper than the 2-injection method
[21]. In 2015, GenVisc 850 of Orthogen Rx got FDA approval for OA-suffering patients.
By the name of brand ADANT, outside the USA, it has been endorsed in 60 other countries
with the help of Meiji Seika Pharma, and its partners are distributed well [129]. Bestow-
ing to the American Society of Plastic Surgeons (ASAPS), dermal fillers are the utmost

@ Springer



Applied Biochemistry and Biotechnology (2023) 195:7132-7157 7149

prominent and nonsurgical injectable method, significantly applied to rectify the soft tissue
defects of the face. HA injections are simple to use, productive, and also cost-effective (in
comparison to surgeries). The aesthetic sentience is expected to boost the HA market in the
coming years.

Future perspectives-

Due to its numerous cosmetic, pharmacological, and medicinal applications, HA is expe-
riencing a considerable increase in market demand. It is thought to contribute to virulence
and is the primary element of group A Streptococcal extracellular capsule. Additionally,
fermentation reactions using renewable carbon crude materials as a source of carbon and
nitrogen could lower production costs while having a more negligible carbon impact on
fulfilling the expanding demand for HA. Cetylpyridinium chloride and cold ethanol (4 °C)
are widely employed in the downstream process to extract the higher purity HA on a labo-
ratory scale. A low molecular weight of HA is produced using isopropanol as the solvent
before long ultrafiltration (100 kDa) and activated carbon adsorption, which lowers the
cost of producing HA on an industrial scale. To produce HA, the techno-economic study
recommends employing fed-batch manufacturing, wild strains, and solvent recycling after
recovery.

HA has some remarkable properties, and with the help of those, it has proven to be
exceptional for numerous and distinct applications in medical, cosmetics, and pharmaceu-
tics. Tremendous advancements have been made in the last few years in all HA-related
domains, ranging from diverse HA oligomer and polymer synthesis techniques to the evo-
lution of the top statistics for use in medicine. Most recent achievements in the yield of
HA and, more specifically, the illustration of the biosynthetic pathways in microorganisms
producing HA brings up undiscovered routes for the advanced optimization of the biotech-
nological processes used for the synthesis of HA with secured hosts. Furthermore, knowl-
edge of the process of regulation of molecular weight (in vivo) of HA has profited the
biotechnological yield of the well-defined HA merchandise with parochial polydispersity.
Inflamed by the evolution of the technology of producing HA and increased knowledge of
the HA biological functions, research to gain ground on current medical supplies and to
accrediting the new ideas in medical treatments will be set off.

Conclusion

The significant improvements in manufacturing and extracting HA from various sources
with its application and industrial scenario are explained in this paper. HA is utilized sub-
stantially in the pharmaceutical, medical, biomaterial, and cosmetic industries due to its
hydrophilic biopolymer with exceptional biocompatibility, viscoelasticity qualities, and
non-immunogenic and water retention capabilities. If natural microbe selection, fermen-
tation, and downstream qualities are considered, fermentation is the practical method for
producing HA and can satisfy industrial expectations. Microbial fermentation appears to
be the reassuring route for yielding high-MW HA as of right now. Even though there are
many sources of HA, the variety of bacteria that can make this chemical encourages more
extraordinary efforts in this area. The primary pre-downstream procedures involve standard
unit operations like centrifugation and numerous precipitations with polar solvents when
discussing the principal strategies for extraction and purification.
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In contrast, size exclusion chromatography is the most popular final purification tech-
nique. As demonstrated, hyaluronic acid’s effectiveness mostly depends on its molecular
weight, with various effects, including moisturizing, renewing, and anti-aging. It is nec-
essary to give more consideration to HA metabolism, receptor clustering studies, and
explanations of the multiple biological alterations and potential outcomes connected to
HA'’s molecular weight. It is necessary to conduct more research on the mechanism by
which HA exerts its biological effects, probable applicant for drug-delivery formula-
tions, and biomaterial entities with potential HA utilization domain extensions.

Abbreviation HA: Hyaluronic acid; MW: Molecular weight; OA: Osteoarthritis; MWCO: Molecular weight
cutoff; UDP: Uridine diphosphate; TMP: Transmembrane pressure; OVD: Ophthalmic viscoelastic devices;
GAG: Glycosaminoglycan
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