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Abstract Hyaluronic acid is one of the most valuable polysaccharides due to its
enormous and unique biofunctionality in the human body, which renders it of
highest interest for pharmaceutical and cosmeceutical applications. Within this
chapter, we will give an overview of the development of hyaluronic acid as a
commercial product, including the various origins, recombinant production, optimi-
zation of the production process as well as purification strategies. The main scope
will be on microbial production of hyaluronic acid, the biosynthetic pathway, the
different fermentation processes and strategies for overproduction, as well as opti-
mized downstream processing. We will also give an overview of the commercial
producers and their current production processes as well as the patents which are
currently active in that field. In addition, we will present and discuss applications in
the field of cosmetics, pharmaceuticals as well as material science. In sum, we will
give a current and comprehensive overview of hyaluronic acid production in the
year 2021.
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1 Introduction

As native polysaccharide, hyaluronan or hyaluronic acid (HA) is present in various
parts of the animal and human body, but can also be found in the surrounding
environment of microbial strains. Based on its nowadays known enormous health-
promoting properties and biofunctionality, such as the unique water-binding capac-
ity, it arose a high interest even from the beginning on. From the historical point of
view, hyaluronic acid was first mentioned as an unusual uronic acid-containing
carbohydrate polymer with an extremely high molecular weight as extracted from
the vitreous of bovine eyes in the year 1934, which also resulted in the name, based
on hyalos (stands for glass in the Greek language) and uran (an abbreviation for
uronic acid) (Meyer and Palmer 1934). Soon after its discovery, the unique proper-
ties of this new biopolymer were described to be different from other glycosamino-
glycans (GAGs), and its monomer composition was described to be composed of
uronic acids and amino sugars, as well as traces of pentose (Meyer and Palmer
1934).

Over the next 10 years, HA was isolated from various animal organs, such as joint
fluid, the umbilical cord, and nowadays it is known that HA can be extracted from
almost all vertebrate tissues (Cowman et al. 2015a). In the year 1937, HA was for the
first time extracted from the capsules of Streptococci groups A and C, which proved
that it is also a microbial polysaccharide (Kendall et al. 1937). In the year 1948, the
first report of the kinetics of enzymatic hydrolysis of HA was published (Dorfman
1948) and 3 years later, the first data about the structure of HA in aqueous solutions
was published, describing the relationship between viscosity and velocity gradients
to be dependent on higher concentrations of HA (Ogston and Stanier 1951). A
random coil (irregular helical) confirmation of HA was determined via light scatter-
ing in the year 1955 for the first time (Laurent and Gergely 1955). In 1954, the
disaccharide repeating unit of HA was reported, based on enzymatic cleavage
experiments by the use of hyaluronidase from the Streptococcus, revealing that the
disaccharide unit is composed of glucuronic acid and N-acetyl-glucosamine, without
the presence of a pentose (Linker and Meyer 1954). In addition, the molecular
weight (M) of the repeating disaccharide unit was determined to consist of
397 Da, which reinforced the formerly hypothesized disaccharide structure. Unlike
sulfated polysaccharides, some of the initial proof of HA’s ability to interact with
living cells came from the observation that HA accelerates cell growth. It has also
been observed that HA initiates some cell aggregation. This was the first indication
of a unique binding of the polysaccharide to the cell surface and thus its highly
valuable pharmacological as well as cosmeceutical properties. In addition, the
different observed viscosities of HA solutions in presence of different inorganic
salts caused scientific interest. In contrast to many other polysaccharides, the highest
viscosity was observed in distilled water, and that phenomenon was proposed to be
related to pH and ionic strength of the solution. This kind of behavior has been
described for the first time by Fuoss et al. for polyelectrolytes (Fuoss 1948) and is
still now a state of common knowledge. Fundamental research on the
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Fig. 1 Chemical structure of hyaluronic acid which is composed of disaccharide repeats of
glucuronic acid and N-acetylglucosamine linked via B-(1-4) and pB-(1-3)-glycosidic bonds

physicochemical properties of HA has already begun in the year 1951 with the study
of Balazs et al. (Balazs 1979; Balazs and Laurent 1951). It also has been observed
quite early that the high viscosity of HA solutions can be completely destroyed by
illumination with UV light (Hvidberg et al. 1959) or exposure to X-rays in 1957
(Caputo 1957), indicating the quite unstable chemical structure of HA towards
various external influences or stresses. Complete degradation of the chemical struc-
ture of HA has, later on, been described for gamma radiation exposure as well as low
initial levels of ionization radiation in general (Kim et al. 2008b).

The native function as a highly valuable GAG in various parts of the human and
animal body was elucidated to play diverse functions in structural and physiological
maintenance of tissues, as well as the mediation of cell behaviors. It was shown to
contribute to keeping tissue homeostasis and to function as a cell-signaling molecule
via interaction with a variety of binding proteins. Based on its remarkable visco-
elastic behavior, it also functions as a lubricant for the joints (Abatangelo et al. 2020;
Dicker et al. 2014; Laurent and Fraser 1992). By that, this polysaccharide shows
health-promoting properties and a high biofunctionality as well as an enormous
water-binding capacity. Based on these highly valuable properties, HA is applied in
medical as well as cosmetical applications, making it one of the most valuable and
costly cosmeceutical polysaccharides. From the molecular structure (Donati et al.
2001), HA is a high molecular weight polymer of linear glycosaminoglycan which
consists of glucuronic acid (GlcA) and N-acetylglucosamine (GIcNAc) repeats
linked via B-(1-4) and fB-(1-3)-glycosidic bonds (Fig. 1). By that, it is highly
hydrophilic and charged, which renders its remarkable osmotic swelling capacity
(Chong et al. 2005). At the beginning of its commercial production, HA was mainly
obtained from the extraction of animal tissues and fluids, such as rooster combs,
cattle vitreous humor, and bovine synovial fluid (Boeriu et al. 2013). Amongst most
natural resources, rooster combs contain the highest content of HA with about 7.5 g/
L (Laurent and Fraser 1992). Despite the high yields, animal-derived HA raised and
experienced some concerns due to the risk of contaminations that can occur in the
form of protein, nucleic acid, bacterial, or viral material. By that, intensive
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purification is essential to achieve a certain level of HA purity and, as consequence,
HA production costs are much higher compared to many other microbial poly-
saccharides and polymers (Freitas et al. 2011). Therefore, the development of safer
and more sustainable sources and production routes is of high importance. Over the
years, HA production has gradually shifted towards animal-free methods by means
of microbial cell factories. Microbially, HA is naturally produced by some pathogens
like Streptococcus sp. and Pasteurella multocida (DeAngelis and Achyuthan 1996;
Sze et al. 2016). These bacteria use HA for encapsulating their cells by what they
could escape the host’s immune system, as HA masquerades the cells and protects
them from inducing the immune response (Cress et al. 2014). From an industrial
point of view, commercial HA production from these bacteria is complicated due to
their pathogenic nature, which categorizes them as risk class 2 organisms. By that,
large-scale industrial production is hampered by high regulatory hurdles and cost-
intensive safety issues as well as purification procedures, which results in the high
price of currently available HA products (Freitas et al. 2011).

2 Biosynthesis Pathway

Despite the unique properties, HA itself is a more “simple” polymer in regard to its
molecular structure when compared to the other highly diverse microbial polysac-
charides. Its biosynthesis follows the synthase-based pathway, which normally is
used for the production of homopolysaccharides, which only consist of one type of
carbohydrate monomers in their polymeric structure, such as cellulose or alginate
(Schmid et al. 2015). Cellulose is a real homopolysaccharide that only consists of
B-(1-4) linked glucose units and can be produced by eukaryotes (algae, plants) as
well as prokaryotic bacteria via the synthase-based biosynthetic pathway (Rehm
2010). In the case of alginate biosynthesis, the initial polysaccharide is formed by
polymerization of solely mannuronic acid (M) residues via the alginate synthase
(Alg8 in Pseudomonas aeruginosa), from which some of them are converted
towards guluronic acid (G) by the action of various epimerases, thus finally resulting
in the typical M:G ratio of the different alginate types (Rehm and Valla 1997). In the
case of HA synthesis, the HA synthase directly uses the two building blocks f-p-
glucuronic acid and f-p-N-acetyl-glucosamine and alternating links them via -(1-4)
and B-(1-3)-glycosidic bonds.

Two classes of HA synthase (HAS) have been described today (Table 1). Most of
the known HAS belong to Class I (Weigel 2015), while the HAS from P. multocida
is the only member of the Class II (Weigel and DeAngelis 2007). Furthermore, the
latter is the only known HAS coming from Gram-negative bacteria. In contrast to
the Class I, Class II HAS is not an integral membrane protein but a membrane-
anchored protein instead and has two protein domains which each has
a glycosyltransferase activity. On the other hand, The Class I HAS is defined as a
single domain integral membrane protein (Weigel 2015). Class 1 bacterial
HAS belongs to the glycosyltransferases and is integrated into the membrane
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Table 1 Comparison of Class I and Class Il HAS

Properties Class I Class II
Source organisms Streptococci, vertebrate, virus Pasteurella
multocida
Topology Integral membrane protein Peripheral protein
Protein domains 1 2
HA chain growth Reducing end: Streptococci, mouse, Non-reducing end
human
Non-reducing end: Xenopus laevis
Expression as soluble active Not possible Possible
protein (PmHAS' ")

polymerizing the precursor molecules by adding new moieties to the reducing end of
the polysaccharide chain (Weigel and DeAngelis 2007). It contain a core of four
transmembrane helices which are connected to at least one intracellular loop, in
which the consensus sequence of processive glycosyltransferases is included. The
same structure is found in cellulose and curdlan synthases (Heldermon et al. 2001;
Saxena et al. 1995). A combined glycosyltransferase and translocase activity
(Thomas and Brown 2010; Tlapak-Simmons et al. 1999; Weigel and DeAngelis
2007) or inclusion of an HA secreting ABC transporter (Ouskova et al. 2004; Schulz
et al. 2007) is hypothesized as a reaction mechanism. But in contrast, cellulose
synthase polymerizes at the non-reducing end, which is the main difference to the
bacterial HAS. However, the HAS from the frog claw Xenopus laevis was shown to
catalyze the polymerization at the non-reducing end (Bodevin-Authelet et al. 2005).
The Streptococcal HAS is described to contain six membrane regions, of which four
are integral and two are amphipathic, with an additional cytoplasmic domain
(Heldermon et al. 2001). The integral membrane regions translocate the growing
HA strands by forming a pore in the membrane, and the cytosolic part has the
function of a glycosyltransferase domain that is expected to have several activities.
These activities are described to include UDP-substrate binding and binding of the
disaccharide repeating unit (HA-GlcA and HA-GIcNAc) as well as the two trans-
ferase activities to add GlcA and GIcNAc to the growing polymer chain (Weigel
2015).

For the microbial production strains, Streptococcus zooepidemicus represents the
best examined organism which provided the most important insights on HA biosyn-
thesis (Sze et al. 2016). The corresponding operon, namely has, consists of five
genes: hasA, hasB, hasC, hasD, and hasE. The hasA gene encodes for HAS, the key
enzyme in HA biosynthesis. The hasB and hasC genes encode for UDP-glucose
dehydrogenase and UDP-glucose pyrophosphorylase, which generate UDP-GIcA.
The hasD and hasE genes encode for pyrophosphorylase and
phosphoglucoisomerase, which play an essential role in the generation of
UDP-GIcNAc (Blank et al. 2008). Different compositions of the has-operon in
bacteria have been described. For example, only the hasA, hasB, hasC genes are
present in the has-operon of Streptococcus pyogenes, while the precursor encoding
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genes for UDP-GIcNAc is located in another genomic region (DeAngelis et al.
1993). Streptococcus uberis, for example, carries only hasA and hasB located in
the operon while a hasC homolog is present at a distinct locus (Ward et al. 2001).
Overall, the biosynthesis of HA follows the synthase-dependent pathway in which
the HAS catalyzes not only polymerization, but also translocation and secretion
(Weigel 2015). Up to now the complete mechanism of HAS is not clarified based on
the complex structure and the integral membrane domains. Just recently, the first
three-dimensional atomic-scale model was presented, by which it was able to
identify nine HAS-specific sub-structural elements and to elucidate their roles in
HA biosynthesis (Agarwal et al. 2019). A combination of in silico modelling and
mutation experiments suggested a three-step molecular mechanism for the growing
HA chain from the reducing end in combination with overlapping binding sites of
UDP-GIcNAc and UDP-GIcA. This 3-step mechanism can be briefly summarized to
involve (a) Release of the bound UDP-substrate from the polymer (results in a
glycosyl enzyme intermediate), (b) Release of the two bases with catalytic activity
caused by the conformational change from UDP-release, (c) Glycosyltransfer reac-
tion ending up in a glycosidic linkage and complete release of the second catalytic
base 2. By that insights, a targeted engineering of HAS concerning substrate
composition and the M,, comes very close (Fig. 2).

3 Rheological Properties

The structure of HA (Fig. 1) allows the formation of several hydrogen bonds within
the molecule, which leads to a rod-like extended structure with high rigidity
(Khabarov et al. 2014; Scott and Heatley 1999). These structures may form second-
ary and tertiary structures like twisted ribbons and double helices with other mole-
cule strands (Scott et al. 1991; Scott and Heatley 1999). Depending on both
concentration and M,,, these molecules in solution exhibit different viscoelastic
properties, from solutions with low viscosity to high viscosity solutions with shear
thinning behavior. These effects can be simply explained by the overlapping of the
molecules, to form structural networks, leading to these properties. By that, it
becomes evident, that smaller molecule chains (low M,,) require higher concentra-
tions for overlapping compared to larger molecules (high M,,) (Dodero et al. 2019).
The concentrations at which polymer chains interactions may just occur are called
critical overlap concentration c*. For hyaluronan with My, between 0.9 and 6 MDa
values between 10.9 and 0.32 mg mL ™" are reported (Cowman et al. 2015b). These
effects lead to great variations in the flow behavior of HA solutions. For example, a
1% solution of high M, HA (1.1-4.3 MDa) is described as shear thinning with zero
shear viscosities of 1500-220,000 mPa s, while these values increase 10.5-12-fold
by doubling the concentration to 2% (Bothner and Wik 1987). A more recent study
shows similar zero shear viscosities of 900—117,000 mPa s of 1% solutions of HA
between 1.1 and 4.0 MDa, while the concentration dependency increases with
increasing My, (Dodero et al. 2019). On the other hand, low M,, HA (150 kDa)
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Fig. 2 Overview of HA biosynthesis pathway in S. zooepidemicus. In the cell, glucose is converted
to glucose-6-phosphate by hexokinase activity, then finally into UDP-glucuronic acid by reaction
steps which involve phosphoglucomutase as encoded by the pgm gene, UDP-glucose
pyrophosphorylase (hasC) and UDP-glucose dehydrogenase (hasB). On the other hand,
phosphoglucoisomerase (hasE) converts the glucose-6-phosphate to fructose-6-phosphate, which
finally will be converted into UDP-N-acetyl glucosamine by the amidotransferase (g/msS), mutase
(glmM), and acetyltransferase-pyrophosphorylase (hasD). The two precursors will be polymerized
by the hyaluronic acid synthase (hasA) to finally form hyaluronic acid

exhibits almost Newtonian (i.e., shear rate independent) flow behavior with viscos-
ities of about 40—100 mPa s (Ambrosio et al. 1999). As a viscoelastic material,
however, the viscoelastic properties of HA solutions are more important compared to
its flow behavior. Due to the entanglements as already described, above certain M,
and concentrations, HA forms pseudo-gel structures, which differ from real gel
structures, where the molecules interact via stronger intermolecular interactions,
such as ion-mediated interactions or covalent bonds. Considering the properties of
pure HA in solution, some studies have been conducted in the form of oscillatory
shear experiments, starting as early as 1968. HA shows the behavior of a Maxwell
fluid, exhibiting liquid behavior at lower frequencies and gel-like properties at high
frequencies, which are separated by a crossover frequency (Gibbs et al. 1968). These
first investigations by custom-designed oscillatory Couette type rheometers in 1968
showed a pH-dependency of this crossover frequency, where the lowest crossover
frequency was observed at pH 2.5 and attributed to increased chain stiffness at this
pH and was recently extended by combining modern oscillatory shear experiments
with micro-rheology (dynamic light scattering. This allowed an extension of the
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initial frequency range of 10~'=10" rad s ' to 1072~10° rad s ', and the observation
of the intermediate rubbery region and a second crossover frequency, which are
typical for non-crosslinked entangled polymer solutions (Dodero et al. 2019).
Despite the importance of understanding the rheological properties of HA at differ-
ent concentrations and My, and the availability of highly sensitive and versatile
rheometry, there is still a lack of further rheological behaviors like time- and
temperature-dependent behavior as most studies focus on the frequency dependency.
Another cause of this lack of basic characterization might be found in the recent
focus on the characterization of modified HA, HA blends and formulations, as
research of HA gets more application-focused and product-driven.

4 Fermentative Production

4.1 Natural Producers

Based on the history of HA production, the native microbial producers are of high
interest to replace animal-derived HA production. Most research focuses on their
exploitation to produce HA in high yields with certain purity level and M,,, which
highly affects its rheological properties and thus applications. Major microbial HA
production is obtained from the genus Streptococcus. Since they are known patho-
gens, high safety measures are required for handling the bacteria, and the HA
obtained thereof during fermentation and downstream processing.

Streptococci are facultative anaerobic bacteria that mainly produce lactate as the
main fermentation product. The composition of fermentation products changes
depending on the conditions applied and therefore optimization of process parame-
ters is essential to intensify HA production (Chong et al. 2005). For this, the effect of
different process parameters like aeration, agitation, pH, and temperature have been
intensively investigated (Liu et al. 2018). HA biosynthesis, as most
exopolysaccharides (EPS) pathways, is a metabolical energy-intensive process
where five ATPs are required to form one disaccharide unit (Armstrong et al.
1997). By that, aerobic conditions are much more favorable than microaerophilic
or anaerobic conditions since more energy for HA synthesis can be provided. Chong
and Nielsen (2003) reported that aerobic conditions resulted in 50% increase of HA
productivity and doubled the M, (Fong Chong and Nielsen 2003). On the other
hand, HA titer and M,, require different optimal pH and temperature therefore
highest titer and M,, might not be realized at the same time. Highest HA titer was
achieved at pH 7.0, while highest M,, at pH 8.0. Similarly, highest HA titer was
obtained at 37 °C, but lower temperature contributed to higher M,,. For this reason, a
two-stage fermentation represents a promising strategy for the optimal production of
HA with high M,, (Liu et al. 2018). Furthermore, as for most microbial EPS
production processes, one of the main issues of HA production is the increasing
viscosity of the fermentation broth, which finally limits the oxygen and mass transfer
rates in the bioreactor. The titers of microbial HA production vary depending on
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different factors such as the production strain, media composition as well as biore-
actor design, but the achievable titers from Streptococcus sp. fermentation are up to
6-7 g/L. (Lu et al. 2016; Zhang et al. 2006). While various carbon sources can be
used, glucose is the typical substrate and delivers the highest HA yields (Im et al.
2009). The product titer and M,, can be increased by different approaches like
temperature switches as well as the addition of intermediates and precursors for
HA biosynthesis (Jagannath and Ramachandran 2010). In addition, the process
variant can also strongly affect HA production and batch fermentation is commonly
used due to its simplicity and product flexibility for industrial producers, but
fed-batch processes are revealed to increase yields of HA production in combination
with reduced process times (Liu et al. 2011). Continuous processes for microbial
EPS production on an industrial scale are quite difficult to realize due to the high
dilution rates which are required for cell removal and, in general, can cause genetic
instability of the production strain what renders them unfavorable for commercial
application on microbial processes (Blank et al. 2005; Chong et al. 2005).

From the molecular biology point of view, most studies suggested that HAS is the
key enzyme as well as the limiting factor in HA production. Overexpression of
the endogenous hasA is described to increase HA titers of Streptococcus sp. (Izawa
et al. 2011; Zakeri et al. 2017). Competition of HA biosynthesis and biomass
formation for precursors needs fine-tuning of cell growth and HA production to
obtain maximal product titers. Elimination of competing pathways is a pivotal
approach for optimizing HA production. For this, typical overflow metabolites of
Streptococcus sp. such as lactate, acetate, formate, and ethanol were successfully
targeted to channel the carbon flux towards HA biosynthesis (Chong and Nielsen
2003). Furthermore, inactivation of the hyaluronidase-encoding gene is important to
prevent degradation of the HA produced. Deletion of hyaluronidase encoding gene
in S. zooepidemicus was successfully applied to improve the titer and M,, of
produced HA (Pourzardosht and Rasaee 2017). In general, most research for HA
production by Streptococcus sp. focus on optimization of the fermentation process
much more than on engineering of the production strain. This, on the one hand, can
be attributed to the limited genetic tools which are available for Streptococci and, on
the other hand, to the customers demand for green, biobased and not “genetically
engineered” products. But next to process optimization, strain engineering is an
essential and highly efficient way to further boost HA production towards economic
production, which gets more and more accepted by the customers and end-users.

4.2 Recombinant Production

Today, the majority of commercial HA is produced by the natural producer Strep-
tococcus sp. However, the pathogenic nature of Streptococci also raises some
concerns based on the presence of endotoxins which requires extensive purification
and limits the applications of HA in medical sectors (Liu et al. 2011). By that, many
efforts have been conducted to realize heterologous HA production by
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non-pathogenic microorganisms to reduce the complexity of the production process.
However, initial recombinant expression resulted in quite low product titers, which
rendered native HA production the most successful process for a quite long time (Liu
et al. 2011). By means of sophisticated metabolic engineering approaches and
especially synthetic biology-driven engineering, recombinant HA production
reached a competitive and even superior approach during the last years. Compared
to other important EPS, the HA biosynthesis comprises a minimalistic encoding
operon. For instance, the size of the has-operon in S. zooepidemicus is 6.8 kb which
is much smaller than the xanthan operon of Xanthomonas campestris, which is
14.5 kb in size, and even much less in size compared to the welan operon of
Sphingomonas sp. with 30.5 kb (Schmid et al. 2015). Interestingly, only hasA is
missing while the homologs of other has genes are readily available in the genome of
the recombinant hosts. By that, heterologous expression of hasA, supported by
overexpression of the native has homologs, is usually sufficient to direct the
engineered strain into HA production.

Recombinant HA production has been demonstrated in microorganisms, such as
Escherichia coli (Mao et al. 2009; Woo et al. 2019), Corynebacterium glutamicum
(Cheng et al. 2019; Hoffmann and Altenbuchner 2014; Wang et al. 2020),
Lactococcus lactis (Jeeva et al. 2019), Bacillus subtilis (Li et al. 2019; Widner
et al. 2005), and Pichia pastoris (Jeong et al. 2014). For this, the key enzyme of
HA biosynthesis, HAS, is isolated from the natural producer and heterologously
expressed along with overexpression of the native genes encoding for the precursors
formation of the selected host. Most studies utilized the Class [ HAS from Strepro-
coccus sp., whereas other studies utilized the Class Il HAS from P. multocida. The
product titer and M,, of the resulting HA vary depending on the engineered strains
and process parameters (Table 2). Early recombinant production often suffered from
low product titers, but just recently C. glutamicum was developed towards a highly
promising recombinant HA producer. By a series of metabolic engineering
approaches, Wang et al. have successfully designed an outstanding production strain
with HA titers of 74 g/L. (Wang et al. 2020). This is much higher compared to native
production in Streptococcus sp. with 67 g/L (Lu et al. 2016; Zhang et al. 2006).
However, such a high titer has to be compensated with low M,,. The average M., of
HA produced by the engineered strain was 53 kDa, which is significantly lower in
comparison to the one produced by Streptococcus sp. with 2 MDa. It is hypothesized
that a high HA titer could be achieved by rapid polymerization by the HAS (Cheng
et al. 2019).

Today, industrial-scale HA production by means of recombinant cell factories has
been conducted by Novozyme via an engineered B. subtilis strain. The related study
described the introduction of the hasA gene from S. equisimilis together with
overexpression of the endogenous fuaD, gcaD, and gtaB genes, which are homologs
of hasB, hasC, and hasD, respectively. Overexpression of fuaD resulted in signif-
icantly increased HA yields, while additional overexpression of gcaD or gtaB
showed only a minor impact on the production, indicating that UDP-GIcUA as a
precursor is the limiting factor for HA biosynthesis in B. subtilis. This is in contrast
to S. zooepidemicus where it was suggested that UDP-GIcNAc was the limiting
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precursor (Chen et al. 2009). Finally, the recombinant HA had a M, in the range of
1.1-1.2 MDa with a polydispersity index of 1.5 (Widner et al. 2005). Recombinant
HA production in eukaryotic microbes is rarely described and has only been
demonstrated for Pichia Pastoris (Jeong et al. 2014). By that approach, a HA titer
up to 1.7 g/L with a My, of 1.2 MDa by heterologous expression of hasA gene from
X. laevis along with the native hasC, hasD, hasE homologs could be achieved.
Similar to B. subtilis, UDP-GIcA is also the limiting precursor in P. pastoris.
Furthermore, it was demonstrated that expression of hasA under the regulation of
a weak promoter resulted in HA with higher M, in comparison to expression by the
use of a strong promoter. This was due to high level of HAS resulted in the rapid
exhaustion of the intracellular HA precusors, which led to a low ratio between the
precursors and HAS and might demonstrate the high processivity of the HAS. For
this, fine-tuning of the expression level of the HAS as well as the precursors genes
are essential to achieve optimal titers and desired M,,.

4.3 In Vitro Production

Apart from microbial fermentation, several studies have also explored the potential
of HA production via in vitro synthesis. This method is relatively new developed and
some studies reported the production of HA in vitro in small-scale reactions. In
principle, HA synthesis can be achieved by mixing the sugar nucleotide precursors,
cofactors, and the HAS protein. Due to the nature of membrane-spanning Class I
HAS, the research was mostly conducted on membrane fractions (Boeriu et al.
2013). Although in vitro HA production is possible, high costs of membranes,
sugar nucleotides and cofactors hampers its feasibility at a commercial scale (Sze
et al. 2016). For this, utilization of Class II HAS from P. multocida (PmHAYS) is a
better option since, unlike the class I HAS from Streptococcus, PmHAS is a
peripheral protein and therefore must not be bound to a membrane to perform its
function (DeAngelis 1996; Sze et al. 2016). In the year 2000, Jing and De Angelis
created a mutant of the peripheral PmHAS'~7%%, which showed high solubility in
combination with high activity (Jing and DeAngelis 2000). One-pot synthesis of
in vitro HA production includes the six enzymes: glucuronic acid kinase, UDP—
sugar pyrophosphorylase and pyrophosphatase for generation of UDP-GIcA;
GlcNAc-1-phosphate  kinase, = UDP-GIcNAc  pyrophosphorylases  and
pyrophosphatase for UDP-GIcNAc; as well as HAS for polymerization and resulted
in a titer of 2.7 g/LL by use of GlcA and GIcNAc as substrates (Gottschalk et al.
2019). Furthermore, Eisele et al. (2018) demonstrated in vitro HA synthesis, which
utilized sucrose and GlcNAc as the main substrates (Eisele et al. 2018). The strategy
involved several enzyme module systems which allowed in situ regeneration of
nucleotide sugars. For this, different recombinant enzymes have to be cloned,
produced, and purified before being used in the enzymatic synthesis. In addition to
the substrates and enzymes, additional components like NAD™ and UDP also have to
be added to the reaction mixtures. Finally, this approach achieved a final titer of 4 g/
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L with M, of 2.3 MDa. Further research is required to analyze the feasibility of
in vitro HA synthesis, especially in scaling up experiments. Efficient production of
the enzymes, substrates reutilization, as well as product separation, need to be
addressed to produce HA with high yield and purity (Boeriu et al. 2013).

5 Extraction and Purification

As HA is often applied in medical or pharmaceutical applications, the purification
process must guarantee that the final product is free from endotoxins and proteins. In
the case of microbial production by S. zooepidemicus, the removal of streptolysin
and proteins is of high importance, as these compounds might lead to lysis of red
blood cells or cause strong immune responses, respectively (Bitterman-Deutsch et al.
2015; Franz et al. 2011). HA from animal tissue must be purified from protein and
carries the inherent risk of contaminations with animal viruses or prions. Among
other regulatory criteria of medically applied HA (Huerta-Angeles et al. 2016),
recent sources state a required purity of a protein content below 0.3-0.1%,
depending on the application (Ferreira et al. 2021; Hyaluronate 2016). An ultrapure
HA with a protein content below 0.5% was described to be non-inflammatory at a
concentration of 1% (Balazs 1979). Endotoxin levels must be below 0.05 I.U. mgfl,
and residual ethanol or other organic solvents <0.5% and bacterial contamination
<100 cfu mg_1 (Ferreira et al. 2021; Hyaluronate 2016). These high demands on
purity, especially for injection purposes, require extensive purification processes
compared to other commercial EPS, resulting in the high market prices of HA.

In the case of HA production from animal sources, extraction steps precede the
purification process. The first described extraction was done by acetone precipitation
from bovine vitreous humor (Meyer and Palmer 1934). Later developed methods
include extraction using organic solvents, isopropanol or sodium acetate, as well as
quaternary ammonium salts. Enzymatic treatments using Alcalase, Papain, Pronase
(a mixture of endo- and exopeptidases), and Trypsin have been described as well
(Abdallah et al. 2020).

Following extraction from animal tissue or cell separation in the case of microbial
production, several purification methods and combinations thereof have been inves-
tigated to obtain the required purities (>99.5%) for pharmaceutical and medical
applications. Purification methods include precipitation with ethanol or 2-propanol
(isopropanol), tangential flow filtration and diafiltration, silica gel adsorption, pro-
tein electrodeposition, dialysis, and anion exchange chromatography (Abdallah et al.
2020; Cavalcanti et al. 2020). The main goal of the HA purification process is the
removal of protein and other compounds causing inflammation. From microbially
produced HA, the protein content after precipitation ranges from 12 to 14%, which
requires further purification steps. Mainly purification is applied by filtration, as this
is quite cheap compared to other methods such as enzymatic treatment, adsorption
methods or ion exchange chromatography (Ferreira et al. 2021).
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Highest reported theoretical purities from S. zooepidemicus fermentations are
described for protein concentration as low as 0.06% by combining precipitation,
silica gel adsorption, charcoal filtration followed by 5x diafiltration and sterile
filtration with a yield of 50% in respect to the unpurified precipitate (Rangaswamy
and Jain 2008). Another study reports an equally pure product with a protein content
of 0.07% by a combination of microfiltration and ultrafiltration in a diafiltration
setup, yielding 89% starting from a 1 g/l HA solution. However, these purification
steps require either very long treatment times (up to 74 h) or multiple processing
steps, which renders HA production very expensive or impractical for industrial
scale. A recently published study based on process simulation suggests an increase
in production costs of 30-78% for the production of ultrapure HA suitable for
injection compared to HA for topological applications, based on fermentative
production by Streptococcus sp. (Ferreira et al. 2021). Their approach, however,
targets the simultaneous production of both lower and higher purity grades with 90%
and 10% production ratios, respectively. A comprehensive overview of sources,
processing methods and purities of HA is shown in Table 3.

6 Commercial Producers

According to Grand View Research, the worldwide HA market size will reach USD
16.6 billion by 2027 and is projected to grow by an average annual growth rate of
8.1% for the coming years (Grand View Research 2020). HA market is anticipated to
rise with an increasing aging population. The global pandemic Covid-19 also has a
positive impact on the market, especially for injectable HA. Most HA product is
commercialized as sodium hyaluronate, but other derivatives such as hyaluronan
oligosaccharides or oxidized hyaluronic acid are also available. Contipro, one of the
key players in HA market, provides HA in different forms, including fibers, hydro-
gen, films, or micelles. Shiseido is the first company to conduct large-scale HA
production from non-animal sources. Today, most companies produce HA from
microbial fermentations, by means of S. zooepidemicus (Table 4). Novozymes is the
only company that is running commercial scale recombinant HA production from
non-Streptococci strain, by utilizing B. subtilis. Founded in 2000, Hyalose is a
USA-based company that focuses on the commercialization of technologies for
HA production, from conventional animal extraction, microbial fermentation, to
enzymatic HA synthesis.

7 Patent

Following its first discovery in the 1930s (Meyer and Palmer 1934), HA has
garnered much attentions due to its impressive characteristics. Since then, many
investigations focused on the exploitation of HA and its derivatives which results in
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Table 3 Overview over animal and microbial HA sources and downstream operations, including
their yields and purities of the final product. Adapted from Abdallah et al. (2020), Cavalcanti et al.

(2020)
Animal Downstream operations Product | Purity Source
sources yield
Swordfish Centrifugation 101.1 mg | 99.73% Murado et al.
eyeball Ultrafiltration—diafiltration from (0.009 mg/ | (2012)
Electrodisposition 25Lraw |mL .
extract protein)
Shark eyeball | Alcoholic precipitation w/ 481.8 mg |99.85% Murado et al.
0.5 M NaCl from (0.007 mg/ | (2012)
Alkaline process 25Lraw |'mL
extract protein)
Mussel Acetone treatment (removal of | 6.1 mg/g | n.a.? Volpi and Maccari
fat) tissue dry (2003)
Papain treatment weight
Sodium acetate/ethanol
precipitation
Ion exchange chromatography
Stingray liver | Acetone treatment (removal of |0.81 mg/g | n.a. Sadhasivam et al.
fat) tissue dry (2013)
Papain treatment weight
Sodium acetate/ethanol
precipitation
Ion exchange chromatography
Yellowfin Acetone precipitation n.a n.a. Mizuno et al.
Tuna eyeball | Actinase E treatment (1991)
Dialysation
Bigeye Tuna Cetylpyridinium chloride 0.42 mg/g |n.a. Amagai et al.
eyeball precipitation dry (2009)
KAc/ethanol precipitation weight
Acetone precipitation
Dialysis
Roster wattle | Papain treatment 17.9 mg/g | n.a. Nakano et al.
Dialysis (1994)
Cellulose acetate
electrophoresis
Rooster comb | Papain treatment 39.8 mg/g | n.a. Nakano et al.
Dialysis (1994)
Cellulose acetate
electrophoresis
Pronase treatment n.a n.a Swann (1968)
Chloroform treatment
Ion exchange chromatography
Organic solvents/aetate n.a n.a Swann (1968)
extraction
Chloroform treatment
Sodium acetate extraction 1 mg/g n.a Kang et al. (2010)
Dialysis Frozen
tissue

(continued)



176

Table 3 (continued)

M. Meliawati et al.

Chicken comb | Papain treatment 15 mg n.a. Rosa et al. (2012)
Ethanol purification (hexUA)/
Centrifugation g dry
tissue
Bovine Use of organic sodium salt 469.9 mg/ |n.a. Gherezghiher
eyeball Dialysis L vitreous et al. (1987)
humor
Bovine syno- | Use of quaternary ammonium | 250 mg/L | n.a. Matsumura et al.
vial fluid salt synovial (1963)
Dialysis fluid
Trypsin and pronase treatment | n.a. n.a Cullis-Hill (1989)
Chloroform treatment
Filtration
Pig eyeball Ultrafiltration—diafiltration 0.04 g/LL n.a Murado et al.
Protein electrodeposition vitreous (2012)
humor
Pig synovial Trypsin and pronase treatment | n.a. n.a Cullis-Hill (1989)
fluid Chloroform treatment and
filtration
Sheep syno- Trypsin and pronase treatment | n.a n.a Cullis-Hill (1989)
vial fluid Chloroform treatment and
filtration
Owl monkey | Organic solvents n.a n.a Balazs (1979)
eyeball Chloroform treatment
Organic sodium salt 291.8mg/ |n.a Gherezghiher
Dialysis L vitreous et al. (1987)
humor
Eggshell Papain treatment 39.02 mg/ |n.a Khanmohammadi
membrane g eggshell etal. (2014)
Trypsin treatment 44.82 mg/ | n.a
g eggshell
Isopropanol and sodium 53 mg/g |na
acetate eggshell
Silica gel and activated carbon
Microbial Downstream processing Product | Purity Source
sources recovery
Streptococcus | Precipitation: 2-propanol (3: 72.2% 99.2% Jagadeeswara
zooepidemicus | 1 v/v); filtration: 2 filtration Reddy (2013)
steps; ultrafiltration in
diafiltration mode; adsorption:
charcoal (1-2% w/v)
Precipitation: ethanol (3:2 to 3: | 78-82% 99% Han et al. (2004)

1 v/v); filtration; adsorption:
aromatic resin and activated
charcoal carbon (3% w/v each)

(continued)
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Table 3 (continued)

Precipitation: isopropanol, eth- | 60-70% 87-92% Nimrod et al.
anol, or acetone (1-1.5% v/v) (1988)

and cetylpyridinium chloride
(10% solution); adsorption:
activated charcoal (0.1% w/v)
Precipitation: ethanol (1:1 v/v); |n.a. 99.2% Won et al. (2008)
filtration (diafiltration mode);
adsorption: charcoal (2% w/v)
and gamma-alumina (1% w/v)
Precipitation: organic solvents | 99.3% 99.94% Hemant et al.
(1:1 to 3:1 v/v); adsorption: (2013)
bentonite (1% w/v) and acti-
vated carbon (3% w/v); ion
exchange chromatography

Streptococcus | Precipitation: ethanol (3:1 v/v) |n.a. 99.84% Bracke and

pyogenes and CTAB 0.32%; tangential Thacker (1985)
filtration (diafiltration mode)

Streptococcus | Precipitation: isopropyl alco- 14.3-50% | 99.8% Brown et al.

equi hol (2:1 v/v); filtration (1994)
Precipitation: ethanol (1-2:1 v/ | n.a. 90% Kim et al. (2008a)
v); enzymatic treatment:
protease

% n.a.: no values available

an increasing number of patents concerning HA. First patent applications on HA
were filled in the 1940s, and the number of patents keep growing over the years,
notably in the past 20 years (Fig. 3). According to the European Patent Office, more
than 100,000 HA-relevant patents have been submitted that cover various fields of
synthesis, processing, and applications. The USA is the country with the most
contribution in patent applications, followed by China and Japan. Shiseido holds
most numbers of the patents with more than 1841 patents. Pharmaceutical compa-
nies like Sanofi, Pfizer, and Rohto Pharma also have ample numbers of HA patents.
Furthermore, many universities are also among the major patent holders. More
recent patents encompass HA formulations with other substances for applications
in pharmaceutical, medical, and cosmetics fields. For example, W02021020950A1
describes hydrogels that comprised of HA and pluronic for prevention and treatment
of articular and cartilage injury.

8 Conclusion and Future Outlook

In conclusion, HA is a highly valuable polysaccharide with a broad range of medical
applications. Based on relatively low stability of HA compared to other polysaccha-
rides, the downstream processing is the main cost driving factor and must be
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Table 4 Some major companies in HA production and technology

Commercial
Company Country HA source brands Application fields
Contipro Czech Streptococcus | n.a.* Research, medical, pharmaceuti-
Republic zooepidemicus cal, cosmetics, nutrition,
veterinary
Shiseido Japan Streptococcus | n.a Cosmetics and pharmaceutical
zooepidemicus
Lifecore USA Streptococcus | Corgel Research, pharmaceutical
zooepidemicus
Anika USA Streptococcus | Orthovisc Therapeutic
Therapeutics zooepidemicus
LG Chem South Streptococcus | Hyruan, Pharmaceutical, cosmetic,
Korea zooepidemicus | Yvoire veterinary
Galderma Switzerland | Streptococcus | Restylane Cosmetics
zooepidemicus
Allergan USA Streptococcus | Juvéderm Cosmetics
zooepidemicus
Sanofi French Rooster Hyalgan Therapeutic
combs
Novozymes | Denmark Bacillus Hyasis, Pharmaceutical
subtilis HyaCare
Hyalose” USA In vitro Select-HA Process technology
synthesis

 n.a. means no information available
° The company focuses on commercialization of technology for HA production
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optimized in the future. As seen by the progress in heterologous expression, much
higher product titer can be obtained than native production strains or HA of animal
origins. By that, it can be expected that future large-scale production will be carried
out via optimized production strains to improve yields and thus the economy of the
whole production process. The in vitro synthesis of HA is not yet ready for large-
scale and economical production due to the high cost of the substrates and enzymes
production and purification. However, the progress in understanding and modelling
enzymes by new and highly sophisticated tools such as AlphaFold in combination
with targeted enzyme engineering might also improve the activity and stability of the
HAS soon. By that, the in vitro approach might be massively improved.

Nevertheless, the production of the various enzymes still has to be considered
when comparing the economics of the different process variants. An essential aspect
that might define the future production processes is the desired My, and purity for the
different applications. Here, the selection of the production strain, in vitro synthesis
by engineered enzymes or adapted downstream processing might be applied for HA
production with specific My,. In sum, the production of HA is of growing interest for
the cosmeceutical industry, and many reports on the progress in HA production can
be expected within the next years. Especially, the utilization of the latest molecular
biology tools and approaches based on synthetic biology will massively accelerate
the progress in HA research, thus making it a valuable polysaccharide of high
functionality.
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