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ABSTRACT
The growing, existing demand for low-cost and high-quality hyaluronic acid (HA) needs an 
outlook of different possible production strategies from renewable resources with the reduced 
possibility of cross-infections. Recently, the possibility of producing HA from harmless microor
ganisms appeared, which offers the opportunity to make HA more economical, without raw 
material limitations, and environmentally friendly. HA production is mainly reported with 
Lancefield Streptococci A and C, particularly from S. equi and S. zooepidemicus. Various modes of 
fermentation such as batch, repeated batch, fed-batch, and continuous culture have been 
investigated to optimize HA production, particularly from S. zooepidemicus, obtaining a HA yield 
of 2.5 g L−1 – 7.0 g L−1. Among the different utilized DSP approaches of HA production, recovery 
with cold ethanol (4°C) and cetylpyridinium chloride is the ideal strategy for lab-scale HA 
production. On the industrial scale, besides using isopropanol, filtration (0.22 um), ultrafiltration 
(100 kDa), and activated carbon absorption are employed to obtain HA of low molecular weight 
and additional ultrafiltration to purify HA of higher MW. Even though mature technologies have 
already been developed for the industrial production of HA, the projections of increased sales 
volume and the expansion of application possibilities require new processes to obtain HA with 
higher productivity, purity, and specific molecular weights. In this review, we have put forth the 
progress of HA technological research by discussing the microbial biosynthetic aspects, fermenta
tion and downstream strategies, industrial-scale scenarios of HA, and the prospects of HA 
production to meet the current and ongoing market demands.
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Highlights

● Hyaluronic acid (HA) is a vital glycosamino
glycan polysaccharide.

● HA occupies a prominent place in medical, 
pharmaceutical, and polymer segments.

● Biological production is the preferred way for 
sustainable HA production.

● Fed-batch fermentation mode helps in attain
ing the higher titers values of HA.

● Discussed the Industrial-scale scenario and 
future prospects of HA production.

1. Introduction

Fermentative production of biomolecules is gain
ing a constant interest over chemical methods 
toward an environmentally friendly and sustain
able world. There is a growing demand for eco
nomically viable processes that avoid harming the 
environment. Thus, continuous research is needed 
to produce biodegradable polymers of microbial 
origin [1]. Hyaluronic acid (HA) is a vital glyco
saminoglycan polysaccharide in the vertebrate’s’ 
extracellular matrix of connective and epithelial 
tissue (joints synovial fluid, umbilical cord, eye;s 
vitreous humor, cartilage scaffolds) of vertebrates 
[2]. HA produced in mammals has an essential 
biological function. Therefore, the primary source 
of HA is animal tissues; however, extensive pur
ification protocols are required to prevent toxin 
contamination [3,4].

HA is an organic and linear glycosaminoglycan 
(GAG) biopolymer with the monomeric disacchar
ide units of D-glucuronic acid (GlcUA) and 
N-acetyl glucosamine (GlcNAc) connected 
through alternating glycosidic bonds β-(1! 3) 
and β-(1! 4), respectively (Figure 1) (Atkins 
and Sheehan, 1972). Hyaluronic acid (HA), 
a linear polymer of natural origin with the build
ing blocks of D-glucuronic acid and N- acetylglu
cosamine, differs from the other synthetic 
polymers such as PEG a remarkable biological 
activity with viscoelasticity, biocompatibility, 
water-retention, and non-immunogenic proper
ties. It has a molecular weight of approximately 
400 Da [5,6]. As a non-immunogenic polymer 
with a high water-holding capacity, the presence 
of -COOH and -OH groups makes HA as 
a promising role in biomaterials sectors toward 
designing tissue-culture scaffolds and drug- 
delivery systems [7–10]. Another primary applica
tion of HA lies in using cross-linked hydrogels 
preparation [11,12], which serves as self- 
assembled aggregates of proteins, drugs, nanopar
ticles, and gels [13].

HA has a broad range of applications in the 
medicine and pharmaceutical sectors with 1,000– 
5,000 USD/Kg, depending on its purity, size, and 
properties. The chain length of HA dictates the 
end-use of HA in different physiological and meta
bolic processes (Dymarska et al., 2016). HA with 
a 1.0 × 106 Da MW exhibits higher viscosity with 
moisturizing activities (Schulte et al., 2019). The 

Figure 1. A structure of hyaluronic acid monomers(Blue colour denotes the hydrophilic functional groups, yellow colour depicts the 
hydrophobic moieties and green-dashed lines shows the presence of hydrogen bonds).
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naturally anionic (-ve charged) HA polymer can 
bind to more water (expand 1,000 times volume) 
and form a viscous gel which serves as a lubricant 
and shock absorber (space filler) for joints and 
surrounding tissues, respectively [14]. The HA 
with 1.0 × 104–1.0 × 106 Da MW is used to 
fabricate various cross-linked products with penul
timate usage in chronic wound healing. Further, 
the HA network also helps connective tissues 
(vocal folds, cartilage, and vitreous humor) viscoe
lasticity maintenance [2]. The biocompatibility 
coupled viscoelasticity properties make HA 
a probable candidate for different biomedical 
applications such as drug delivery, tissue engineer
ing, ophthalmic surgeries, and arthritis treatment 
[15]. HA oligosaccharides with ≤1.0 × 104 Da 
utilized for the proliferation of fibroblasts and 
blood vessels with tumor suppression properties 
[Wanget al.,2020; 15, 50, 72]. The antioxidant cap
ability of HA is attributed to its interaction with 
the oxygen-derived-free radicals. The inhibition 
ability of HA in migration and aggregation of 
macrophages makes HA an inflammation media
tor. The high-water absorption capacity of nutri
ents and solutes HA present in the ECM of injured 
tissues helps to promote inflammation signaling in 
wound healing and cell proliferation and motility 
in wound repair [16].

HA is a signaling molecule in various etiological 
complications such as tumorigenesis, immune 
abnormalities, and inflammations. The HA-based 
cell signaling (Ras, c-Src, and mitogen-activated 
protein, MAP, kinases) is activated through the 
interaction of HA with RHAMM/CD44 cell sur
face receptors. The cell signaling property of HA is 
the basis for different cell functions such as cell 
proliferation, cell adhesion, cytoskeletal rearrange
ment, cell differentiation and wound healing [17]. 
The ability of HA in wound healing through cell 
signaling (via CD44 receptor) makes a key com
ponent in regenerative medicine [2,18]. The pre
sence of CD44 receptors makes the internalization 
of HA during wound occurrence, which helps in 
the substrates/waste products diffusion from the 
injury site and helps in cell proliferation toward 
tight junctions formation through the interaction 
with the keratinocytes [19,20]. The cell signaling 
feature of HA with CD44 receptor also aids the 
internalization of fibroblasts to the wound site 

from the surrounding tissues, which triggers the 
cell signaling cascade toward the cell;s growth and 
motility [21]. The cell signaling property of HA 
with hyaluronan-mediated motility (RHAMM) 
receptor also aids in the wound healing process 
by facilitating the cellular movement through the 
activation of several protein kinases, which works 
toward tissue repair and inflammation [22,23].

Since the 1930s, HA has been majorly 
extracted from animal tissues like vitreous, 
cockscomb, umbilical cord, and others. After 
that, it was obtained by fermentation using 
pathogenic bacteria. However, both methods of 
HA production require extensive purification 
protocols to prevent toxin contamination which 
are expensive and may cause cross infections 
[24]. Recently, the possibility of producing HA 
from microorganisms appeared, which offered 
the opportunity to create a more straightfor
ward, economical, without raw material limita
tions, and environmentally favorable [24]. 
HAs disaccharide units show the structural 
property in ß configuration, a very energetically 
stable structure with functional groups of (car
boxyl, hydroxyl, acetamido, and anomeric car
bon). The rigid conformation of HA;s backbone 
is embedded with hydrophobic -CH groups with 
alternate polar groups connected through hydro
gen bonds (intra- and intermolecular) [6].

The comprehensive technological review on 
HA emphasizing the possible biosynthetic 
approaches, properties-based industrial applica
tions, and the ongoing technological improve
ments to meet the market demands serves as 
the knowledge treasure for HA-based research. 
Hence, the present review encompassed 
a nutshell of HA evolution to its marketed pro
duct with the discussion of future foreseen seg
ments for further enhanced production of HA 
with industrial-targeted usage with the inclusion 
objectives of

(i) biosynthetic approaches of HA production 
by microbes

(ii) insights about the utilizing fermentation 
strategies and DSP approaches of HA production

(iii) techno-economic aspects and industrial 
application scenario of HA production

(iv) prospects toward foreseeable industrial 
commodities as HA.
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2. Microorganisms and biosynthesis of 
hyaluronic acid

HA production using microorganisms has been 
studied for a long time. However, some critical 
restrictions related to the organisms that avoided 
its mass production remain a big challenge. 
Genetic engineering, by inserting essential genes 
related to HA synthesis, and distinct nanoparticles 
have been used to increase the production of HA. 
In some cases, it was even possible to increase the 
HA production sevenfold or to increase the mole
cular weight of HA by partially inhibiting the 
glycolytic pathway and thus redirecting the carbon 
flux toward the production of HA [25]. However, 
the key constraint of producing HA of relatively 
uniform length has not yet been resolved. In addi
tion, obstacles regarding the viscosity of the med
ium over 4 g L−1 of HA that limits the oxygen 
transfer creates an anaerobic environment that 

directs the carbon flow more to the production 
of biomass and not to HA, with the corresponding 
creation of contaminating by-products such as 
lactate [24,26]. The production of HA through 
different microbial routes and fermentations was 
summarized in (Table 1).

Further research is needed to produce higher 
titers of HA with the same molecular weight as 
HA of animal sources, without impurities like 
microbial toxins, protein, and others [5]. The pur
ification and further standardization of HA can 
receive more attention from researchers. In addi
tion, it can be explored the use of microorganisms 
employing a variety of lignocellulose feedstocks to 
produce HA. On the other hand, the usage of 
microorganisms to produce HA represents 
a great advantage because microorganisms can 
proliferate, the process flow is relatively simple, 
unlike bovine vitreous humor or roster combs, 

Table 2. HA production under different fermentation conditions by Streptococci sp.

Microorganism
Fermentation 

Mode (capacity) Culture medium nutrients Fermentationparameters
Biomass/ HA 

yield/MW References

S. equisubsp. 
zooepidemicus (ATCC 
35246)

Batch 2 L Marine by-products: Mussel 
processing wastewater 
(50 g L−1), tuna peptone 
(8 g L−1)

500 rpm 
No aeration

3.67 g L−1/ 
2.46 g L−1/ 

2.5MDa

[31]

S. zooepidemicus Batch bioreactor By-products: Sugarcane 
molasses and corn steep 
liquor

500 rpm 
1 vvm 
pH 6.7

3.48 g L−1/ 
3.8MDa

(Amado et al., 
2017)

S. equisubsp. 
zooepidemicus (ATCC 
35246)

Batch 2.5 L Maltose (g L−1) increasing 
Carbon source consumed 
in CDM

600 rpm 
1.3 vvm

2 g L−1/ 
2.14 g L−1/ 

2.1 MDa

(Chong 
andNelsen, 
2003)

Streptococcussp. Chemostatsbioreactor 
giving 
Continuousform

Chemically defined medium 
(CDM)

High dilution rate HA production 
25% higher 
than batch 

cultures

[32]

S. zooepidemicus G1 
(mutant of ATCC 39920)

Batch5L with strategy 
plus pulsed 
carbohydrate added

Glucose (40 g L−1), 
polypeptone (20 g L−1), YE 
(10 g L−1)

10–80% DO 3.5 g L−1/ 
2.19MDa

[33]

S. zooepidemicus WSH 24 Fed-batch 7 L Sucrose (70 g L−1), YE (25 g 
L−1)

200 rpm 
0.5 vvm

16.3 g L−1/ 6.6 g 
L−1/ n.d.

(Liu et al., 2009)

S. equisubspzooepidemicus 
(ATCC 39920)

Batch 10 L Sucrose (50 g L−1), casein 
hydrolysate (10 g L−1)

400 rpm 
2 vvm

6.5 g L−1/ 5.1 g 
L−1/ 3.9 MDa

[34]

Streptococcus sp. ID9102 
(KCTC 1139BP)

Batch 75 L Glucose (4%), YE (0.75%), 
casein peptone (1%), Gln 
+Glu+ oxalic acid

400rpm 0.5 vvm 3 g L−1/ 6.94 g 
L−1/ 5.9 MDa

(Imet al., 2009)

S. zooepidemicus (ATCC 
39920)

Batch 3 L Glucose (20 g L−1), YE (10 g 
L−1 + acetoin and acetate

300 rpm 
1 vvm

2.43 g L−1/ 
2.15 g L−1/ n. 

d.

Wuet al., 2009

S. equisubspzooepidemicus 
(ATCC 35246)

Batch 2 L Glucose (60 g L−1), CDM 600 rpm 
1 vvm

3.5 g L−1/ 4.2 g 
L−1/ 3.2MDa

[35]

CDM: Chemically defined medium. NTG: N-methyl-N’-nitro-N-nitrosoguanidin. phbCAB genes: polyhydroxybutyratesynthesis genes. YE: yeast extract 
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where it is necessary to separate the complex HA- 
proteoglycan [24,28].

Usually, HA is synthesized primarily by 
Streptococci sp. particularly Streptococcus equi 
sub sp. Zooepidemicus. Streptococci is a gram- 
positive bacterium very diverse and heteroge
neous, divided into 49 species and eight subspe
cies. As per the classification, the Lancefield 
Streptococci group is based on serological reac
tions of cell wall carbohydrates in different anti
genic polysaccharide nature of the cell wall. In the 
prokaryotes, most research on the synthesis of 
hyaluronic acid (HA) concentrated on the 
S. zooepidemicus (Table 2). This species used 
two different channels to biosynthesize the pre
cursor of hyaluronic acid [29,30]. The first step in 
HA biosynthesis is converting glucose to glucose- 

6-P (phosphate) through the hexokinase enzyme, 
phosphorylating glucose. The glucose-6-P is the 
most crucial precursor of HA synthesis. Later, 
this pathway parted in two different ways and 
formed two distinct building blocks: glucuronic 
acid and N-acetyl glucosamine (Figure 2). The 
first pathways in which glucuronic acid is 
involved in HA biosynthesis: started with con
verting glucose-6-P into glucose-1-P with the 
involvement of enzyme phosphoglucomutase 
(PGM). The enzymatic action of UDP-glucose 
pyrophosphorylase (hasC) on the glucose- 
1-P converted it into UDP-glucose. After that, 
oxidation of UDP-glucose occurs, and it forms 
the first precursor of hyaluronic acid, i.e., UDP- 
glucuronic acid, through the enzyme UDP- 
glucose dehydrogenase (hasB).

Figure 2. Biosynthesis of Hyaluronic acid in S. zooepidemicus [Modified and adapted from 78].
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The second pathway in which N-acetyl glucosa
mine involve in HA biosynthesis: converted the glu
cose-6-P into the fructose-6-P through 
phosphoglucoisomerase (hasE) enzyme. Then, ami
dotransferase (glmS) enzymes acted on the fructose- 
6-P and marked the amido group on it. Then, gluta
mine residue is transferred and form glucosamine- 
6-P. The further modification on glucosamine- 
6-P through enzyme mutase (glmM) changes it into 
glucosamine-1-phosphate. The acetylation and phos
phorylation on the glucosamine-1-P through acetyl
transferase and pyrophosphorylase enzymes form 
the second precursor of hyaluronic acid, i.e., UDP- 
N-acetyl glucosamine. After the formation of precur
sors, the enzyme hyaluronic synthase (hasA) pro
ceeds to polymerize the two constituents in 
alternative mode and form the Hyaluronic acid poly
mer. For bacteria, the biosynthesis process of HA is 
an energy-consuming method, and numerous inter
mediates are also utilized for the formation of bio
mass, cell wall, and lactate through glycolysis [25]. 
The proper understanding of the microbial biosyn
thetic pathways helps in fermentation technologies 
for precise dosing of nutrients and monitoring the 
production parameters toward enhanced HA yields 
to meet the market demands of HA.

3. Fermentation process evolution

Different modes of fermentation (batch, repeated 
batch, fed batch, and continuous) have been inves
tigated on HA production by S. zooepidemicus 
[36–38]. The intrusive effect of specific growth 
rate on metabolic products can be overcome by 
controlling the specific growth rate using contin
uous/fed-batch modes to obtain the higher meta
bolite production [36]. The usual practice of 
batch-based HA production [39,40] shifted toward 
fed-batch mode; the fermentation time was 
observed to be shortened with enhanced yield 
[36]. The utilization of continuous mode fermen
tation for HA production facilitates the extension 
of the growth cycle, waste minimization due to 
fermenter response time, and the reduction of 
MW polydispersity [41,42]. As the chain extension 
of HA takes place in the first half of fermentation 
and during the remaining fermentation, HA accu
mulated, a two-stage fermentation strategy was 
adopted for HA production with a segmented con
trol strategy. The initial-stage fermentation was 
maintained at 31°C with pH 8.0 for enhancing 
the MW of HA, and during the accumulation 
stage, the temperature and pH were held at 37°C 
and 7.0, respectively. The proposed two-stage 

Figure 3. Representation of metabolic fluxes map of HA biosynthesis in S.zooepidemicus groups A and C(Modified and adapted from 
Prasad et al., 2012).
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fermentation resulted in an optimized result with 
high titers of HA [43].

Figure 3 shows the metabolic routes for the HA 
production pathway in bacteria. S. zooepidemicus 
has the complete operon set containing all the 
genes required for HA synthesis. In wild-type 
L. lactis, the hyaluronan synthase gene is not natu
rally present. L. lactis ABC is a recombinant strain 
with genes that haveA,B, and C inserted from 
S. zooepidemicus. L. lactis ABD is a recombinant 
strain with genes A,B, and D inserted from 
S. zooepidemicus (Prasad et al., 2012).

The industrial-scale produced HA (>1MDa), 
either through the animal tissue-based extraction 
or through the genetically modified bacterial fer
mentation, is suited for cosmetic and biomedical 
purposes [44]. The animal tissue-based extraction 
of HA suffers from the contamination risk with 
other viruses, which possess compatibility issues 
and further need laborious; costly DSP approaches 
for removal. Initially, the bacterial fermentative 
production of HA started with the Streptococci 
C and A groups but suffered from the toxins as 
byproducts. The next set of HA production started 
with the genetically modified bacteria (Gram +ve 
bacteria) with the insertion of HA biosynthetic 
pathway genes. At present, the bacterial fermenta
tive HA is produced through the B. subtilis–based 
production system utilizing the expression con
structs of S. Equisimilis;s hasA gene with the com
bination of overexpressed three native B. Subtilis 
precursor genes (homologous to Streptococci;s 
hasB, hasC and hasD genes). The HA production 
through genetically modified B. subtilis considered 
GRAS due to the absence of exo-endo-toxins in 
the production streams [45]. The HA production 
through the genetically modified bacterial systems 
is fruitful in small-scale fermenters until only 6– 
7 g L−1 yields. For further yields with large-scale 
fermenters results in increased media viscosity, 
resulting in lower mass-transfer rates with poor 
mixing [44]. Moreover, attaining a monodisperse- 
HA in bacterial-based fermentation is challenging 
as it depends on the culture conditions.

Due to the limitations associated with current 
mass production, either from animal or bacterial 
sources, a cell-free production system (in vitro) 
utilizing hyaluronan synthase’s (has’s) is seen as 
a desirable alternative. As the Class I- has’s are 

integral membrane proteins and require tedious 
isolation procedures and impaired functions with
out close association with the phospholipid layer, 
the peripheral-bound Class II-has;s of P. multocida 
are the viable choices toward in vitro production 
of HA on a commercial scale. The deletion of 
residues 704–972 (membrane domains) of Class 
II-has;s resulted in a ‘pmhas1-703’ (a soluble 
enzyme) which can make it capable of producing 
the HA [46]. The Class II-has;s-based in vitro 
(cell-free) production systems can produce ~1–2 
MDa HA with low polydispersity and tuned- 
processability by adding HA oligomers [47]. The 
addition of HA oligomers circumvents the first 
glycosidic linkage formation (usually a rate- 
limiting step) by allowing the rapid acquisition of 
sugars to the oligomeric ends, which results in 
attaining a high MW-HA but fails in achieving 
higher yields of HA. Henceforth, various research
ers attempted to clone the Class-I or -II has 
enzymes encoding genes in non-pathogenic host 
bacteria such as E.coli [48]. Class-I or -II has 
enzymes that act synergistically in bacterial expres
sion systems toward HA polymer elongation [49].

With the advent of the synthetic biology 
approach, the construction of HA biosynthesis 
pathways using basic molecular components in 
recombinant microbes is one of the greener 
approaches for producing high-value HA produc
tion [50]. The biosynthesis quality of HA mainly 
depends on the has;s activity which is very crucial 
in constructing a HA production cell factory 
through synthetic biology approach. A genome- 
scale model (GEM) was utilized for proposing 
a nucleoside inosine-based HA synthesis pathway 
by considering the entire metabolic network of HA 
production by recombinant L. lactis, which helps 
in attaining a threefold enhancement in HA titer 
value and indicated the need for well-constructed 
GEMs for further improvement of HA biosynth
esis [51]. A recent development in synthetic biol
ogy approach, namely rational design-based 
biosynthetic pathway, paves the way for uniform 
HA production with 6.8 g L−1 by implementing 
a two-stage induction strategy by introducing the 
two artificial operons (carrying hasA gene of 
P. multocida) and precursor genes (hasB and 
hasC) in B. subtilis [52]. In another synthetic biol
ogy approach, UDP-GlcNAc pathway flux 
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enhancement results in 2 times higher HA yields 
(up to a specific limit of UDP-GlcNAc) by upre
gulating the glucose-6-phosphate isomerase (pgi) 
in S. zooepidemicus [53]. Carbon flux redirection is 
one of the approaches for inhibition of other meta
bolic pathways for enhanced HA yields; as a part 
of the approach, successful HA production results 
attained by reducing the expression of glycolytic 
pathway enzymes and facilitating the basic physio
logical requirements of bacteria [Zhanget al., 
2016a; 98]. The combination of genetic strategies 
toward turning the carbon flux to HA production 
has been reported with the driven pathway 
enzymes expression, antisense RNA-mediated 
attenuation and knock-out pathways, additional 
promoter inclusions yield a 28.7 g L−1 HA [54]. 
The proposed successful synthetic biology 
approaches were lab-scale reports that need to be 
scaled up soon by developing potent HA – produ
cing microbial strain with the synthetic biology 
machinery [55]. In a biorefinery context, the pro
duction of HA could be developed as an extension 
to the lignocellulosic biorefinery by Stereptomyces. 
sp through microbial conversion strategy. The fer
mentation technological improvements toward 
higher HA yields can be further accelerated by 
devising a perfect downstream approach (toward 
purified entities) for extended industrial applica
tion domains of HA.

4. Downstream process for HA recovery

Downstream and purification processes are essen
tial to surpass the barrier to produce HA of high 
MW and purity [24]. Most reports describing HA 
purification are based on processes tested at the 
laboratory level and few at industrial scale (simu
lations), and in both scenarios, isopropanol is the 
preferred precipitating agent. The precipitation of 
HA is a complex process like the protein precipi
tation in the presence of organic solvents, where 
the reduction of the dielectric constant from an 
aqueous system to an organic solvent system 
favors the intermolecular interactions of the 
macromolecule, causing an increase of the HA 
molecular mass and thus its consequent precipita
tion [56,57]. On the other hand, at the laboratory 
level, the protocols imply using a detergent to 
liberate the capsular HA, cold ethanol to 

precipitate HA, and the frequent use of gel filtra
tion chromatography to separate HA of different 
molecular weights [58,59].

Other procedures detail the further use of cetyl
pyridinium chloride to form a complex with HA, 
which is precipitated via centrifugation, later dis
solved and treated with cold ethanol [28,60]. The 
methodology from 22, shows the liberation of the 
capsular HA with SDS (0.1%, 20 min) and its 
further precipitation with cold ethanol (4°C) fol
lowed by centrifugation (2000 g, 20 min).

A variation of the process involves treating the 
residue with varying NaCl and aqueous CPC con
centrations. HA was precipitated by adding three 
volumes of ethanol followed by treatment with 
NaCl (0.01 M) and aqueous CPC (5%). The resul
tant mixture was then centrifuged and dissolved in 
NaCl (10%), dialyzed (against water), and finally, 
ethanol precipitated to obtain the pure HA. The 
recovered HA was further refrigerated (4°C, 24 h), 
dialyzed, and finally dried to constant weight 
under vacuum at 40°C [28,60]. On the other 
hand, the molecular weight of the HA produced 
is commonly evaluated with gel filtration chroma
tography using standards HA of various molecular 
weights, from 170 kDa up to 2MDa. On an indus
trial level, the batch fermentation showed that HA 
(2.5 g L−1 after 24 h) further centrifuged, diafil
tered, activated carbon treated and finally precipi
tated with isopropanol [58].

Another study by 35 proposed the fed-batch fer
mentation coupled with simple recovery/purifica
tion (Ultrafiltration – Diafiltration, tangential flow 
filtration-TFF) to attain high quality and high MW 
HA. Downstream processing steps, i.e., 
Ultrafiltration – Diafiltration, TFF step, avoid the 
expensive chromatographic steps in the recovery of 
HA using 100 kDa membrane. Most of the impu
rities (salts, sugars, peptides) in the extracellular 
broth were eliminated by diafiltration mode. This 
step also removes the <30 kDa HA molecules harm
ful to cosmetic/medical applications due to pro- 
inflammatory properties. Finally, the TFF steps 
help product concentration by reducing the process 
volumes for further purification steps [Certminati 
et al., 2021; 34]. The purified HA serves as 
a commodity for different pharma, medical, bioma
terial and cosmotic- sector with the multifold appli
cations. The purified HA serves as a commodity for 
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different pharma, medical, biomaterial, and cosmo
tic sectors with multifold applications.

5. Hyaluronic acid applications

HAs physicochemical/biological properties and 
structural and characteristic features, i.e. viscoe
lasticity, lubricity, biocompatibility, immunosti
mulation, etc, dictate the end-use of HA. The 
HA is a part of joint injections, osteoarthritis 
treatment, ocular and plastic surgeries, skin 
burn ingredients, and anti-aging creams 
[2,50,61,62]. Since 1980, HA has created intrao
cular prosthetic lenses [63]. The first record of 
injectable application occurred with the product 
Synvisc-produced by the company Ganzyme and 
approved by the US Food and Drug 
Administration (FDA) for viscous tissue supple
mentation in 2009 [63]. Another product that 
leveraged HA applications were Restylane, 
a dermal filler produced with NASHA (non- 
animal stabilized HA) technology that eliminates 
animal parts during HA extraction [63].

The development and preparation of bioma
terials from HA has shown potential as a green 
technology, from nanofibers of this glycosami
noglycan to an agent with antitumor effects [64, 
& 65]. Zhu et al., 2010 [101], developed and 
proposed different formulations of HA as 
a topical or transdermal delivery agent. The 
authors indicate that HA obtained with low 
molecular weight is displayed for transdermal 
systems. In contrast, the increase in molecular 
weight increases the viscosity of the medium. It 
provides formulations with drugs and nutraceu
ticals for the topical route by forming conjugates 
in the form of hydrogels, nanoemulsions, micro
emulsions, liposomes, hydrosomes, and micro
needles [66].

The different applications driven by differences 
in the molecular weight of hyaluronic acid were 
also evidenced in other studies. Molecular weights 
above 10 kDa are considered high and applied in 
ophthalmology, orthopedic, cosmetics, and tissue 
engineering products [67–69], while molecular 
weights of the order 5 kDa, considered low, are 
used as angiogenesis promoters, tumor inhibitors 
or inflammatory inhibitors [70,71].

6. Industrial scenario

The most important criteria for the production 
of HA at the industrial level is a perfect correla
tion between high production cost and yield of 
the product and the environmental risks of fer
menting microorganisms. To reach high levels of 
purity, which is a mandatory requirement in the 
consumer market of HA, it is necessary to 
employ robust purification methods like ultrafil
tration, diafiltration, adsorption with activated 
carbon, among others. Recently, 17 found that 
purification of HA aids a significant cost contri
bution in HA production at a large scale. It is 
necessary to remove the endogenous toxins 
Streptococci strains from the fermentation med
ium as they harm human health and the envir
onment [1, 17, Ferreira et al. 2021; 62b; 83].

In this sense, HA production is market- 
dependent, and the primary application is related 
to the molecular weight of hyaluronic acid (HA). 
Biomedical and cosmetics applications improve 
HA-based products and HA-based dermal filler 
consumption. The HA formulated products can 
confer viscosity to human tissues, are easy to use 
with desired effectiveness. The growth of HA in 
healthcare is because of its demand to treat 
osteoarthritis, avoid cancer progress, and reverse 
the aging process [63,72].

The market analysis report shows that 
HAs global market was valued at USD 9.1 billion 
in 2019, which is expected to increase with 
a growth rate (CAGR) of 8.1% until 2027. China 
is a significant consumer with a record sale of 430 
MT (which is more than 80% of the total world 
share) in 2018. Application projections show that 
the United States may have a USD 2.18 billion HA 
in the dermatological sector by 2024 [72–74].

To supply the HA for these applications, the 
production of HA was generally produced 
through tissue hydrolysis by protein removal 
followed by target biopolymers purification, 
involving mainly parameters to increase the 
concentration, purity and yield [61,63]. The 
HA animal extract was officially applied on an 
industrial scale in 1979 with the patent register 
for Balazs. This industrial approach has several 
unit operations like grinding, acid treatment, 
and extractions with organic solvents, 
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implicating a lack of control. These severities 
and difficulties in controls result in some loss 
of size homogeneity and yield reduction. 
Another disadvantage is the contaminants like 
HA-specific binding proteins, genetic material, 
and disease vectors [63].

There has been an attempt to produce HA 
through a microbiological route employing groups 
Streptococci A and C, natural HA producers 
(Figure 4). On an industrial scale, Shiseido’s first 
record of HA production via the microbiological 
route was in 1980. The strain commonly used in 
the industrial plant was S. zooepidemicus, with the 
productivity of up to 7 g/L of HA under suitable 
fermentation conditions [44,63]. However, these 
strains produce numerous amounts and a variety 
of toxins. And more recently, fermentation strate
gies have used genetically modified microorgan
isms capable of expressing the pmHAS gene [63].

The alternative route of HA production under 
development since the 1990s, employing chemical 
routes of saccharide condensation to obtain oligo
saccharides or polysaccharides, although this route 
suffers from difficulties with glycosylation and 
deprotection [61,75,76]. “The chemical synthesis 
of HA reported so far is the preactivation-based 
chemoselective glycosylation strategy employed to 
produce disaccharides, hexasaccharide, and 

decasaccharides units of HA. This methodology 
implies many complex steps, including using two 
fundamental building blocks, where the benzoyl 
and phthalimide groups facilitate the formation 
of 1,2-transglycosidic bonds and a high inherent 
reactivity molecule as a glucuronic acid surrogate. 
The chemical synthesis of HA requires the control 
of three key factors to avoid glycosylation and 
deprotection that can be created because of the 
elongation of the sugar sequence. The strategies 
include performing a stereochemical control of 
glycosylation, introducing glucuronic acid, and 
finally presenting protective groups for the gluco
samine nitrogen moieties [76].

Modern strategies are found in the literature 
involving simulations and techno-economic analy
sis to guide the industries for HA production 
(Table 3) [61,77,78]. 1 pointed out the impact of 
various sources and extraction methods on HA 
production. They concluded the potential of 
using animal waste and by-products as appropriate 
sources for extracting glycosaminoglycans (GAGs) 
(Table 3). 35 concluded that the downstream pro
cesses [e.g., tangential-flow and polishing filtra
tion) is the significant cost contributing factor in 
HA production. Further, 17 defined that geneti
cally modified microorganisms can make the pro
duction of HA economically viable via the 

Figure 4. General representation of unit’s operations evolved in HA production by fermentation pathway (Modified and adapted 
from[77,78].
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microbiological route employing batch 
fermentation.

7. Techno-economic aspects of HA 
production

HA price is affected principally by its purity, which 
at the same time determines its different uses in 
various applied sectors. Application of HA in med
ical applications suitable for injectable applications 
like osteoarthritis requires HA of extremely high 
purity, which settles prices up to 30-fold higher 
than topical or dietary HA [29]. Based on reports 
from the US International Trade Commission and 
Scientific Literature, the average selling price of 
‘topical’ HA is 2000 $/Kg for and for ‘injectable’ 
HA is 50,000 $/Kg [78].

For the microbial production of HA, wildor 
recombinant Streptococci sp. are being used 
employing various cultivation conditions. 

However, wild strains have the disadvantage of 
being zoonotic pathogens. Many research efforts 
have been made to improve the recombinant pro
duction of HA to minimize the side products. 
Three key variables have been described which 
influence the cost of recombinant production of 
HA. The method consisted in analyzing the best 
cost-related endogenous and recombinant produc
tion strategies of HA, followed by a sensitive ana
lysis of production variables. It was found that 
production titer, recovery yield, and the bioreactor 
scale affected the HA production cost. It was fore
casted that the recombinant production of HA 
needs to improve at least two-fold to compete 
with the endogenous production of HA [79].

Most techno-economic analyses of HA produc
tion simulated processes using wild Streptococci 
sp. (scenarios A, B, S1, S2, S3 and S4 in Table 4) in 
fermentation. However, some studies showed fer
mentation processes employing recombinant 

Table 3. Extraction and purification methods to obtain HA from terrestrial and marine sources.
Source Environment ExtractionMethod Separation/Purification method Concentration Reference

Eggshellmembrane Terrestrial Enzymatic extraction Centrifugation Trypsin: 44.82 mg 
HA/g eggshell. 
Papain: 39.02 mg 
HA/g eggshell;

(Ürgeova and 
Vulganova, 
2016]

Eggshellmembrane Terrestrial Isopropanolandsodiumacetate Silica gel and activated carbon 
purification

5.3 mg HA/g 
eggshell

(Khanmohammadi 
et al., 2014)

Molluskbivalve Marine Acetone and enzymatic 
extraction

Ion-exchange chromatography 4.2 mg HA/g d w of 
tissue

(Kanchana et al., 
2013)

RoosterComb Terrestrial Organic solvent and sodium 
acetate

Centrifugation n/d (Kulkarni et al., 
2018)

Sharkeyeballs Marine Alkalineprocess Ultrafiltration, diafiltration and 
protein eletrodeposition

0.3 g HA/L of 
vitreous humor

(Murado et al., 
2012)

StingrayLiver Marine Enzymaticextraction (Papain) Anionexchangechromatography 6.1 mg HA/g dry 
weight of tissue

(Sadhasivam et al., 
2013)

SwordfishEyeballs Marine Alkalineprocess Ultrafiltration, diafiltration and 
protein eletrodeposition

0.055 g HA/L of 
vitreous humor

(Murado et al., 
2012)

n/d: not detected 

Table 4. Summary of different economic parameters for HA production using wild and recombinant microbial strains.
Scenarios/economic parameters A B S1 S2 S3 S4 SE1 BS1 BS2

Reference 34a 34b 17
Technology Streptococci 

fermentation
Streptococci fermentation Streptococci 

fermentation
B. subtillis 

A164Δ5
B. subtilis 

3NA
Total capital investment (million US 

$)
41.8 86.844 53.5 44.3 107 89.6 106.5 82.7 223.3

Unit production cost (US$/kg) 931 1665 1115 946 1691 1449 113 67 43
Return on investment (ROI in %) 46.12 50.64 32.6 43.5 42.5 53.1 43.6 66.4 78.3
Payback time (years) 2.17 1.97 3.07 2.30 2.35 1.88 - - -
Net present value (NPV) (million US 

$)
118.0 281.6 92.4 115.3 276.5 308.7 244.5 124.6 285.3

Product for topical use (kg/year) 20,000 17,944 20,000 20,000 19,067 19,067 1,222,357 622,912 1,426,255
Product for injectable use (kg/year) 0 2,056 0 0 871 871
Percentual of HA diverted to 

injectable use
10.28% 4.36%
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microorganisms (scenarios BS1 and BS2 in 
Table 4). Batch (scenarios S1 and S3 in Table 4) 
and fed batch (scenarios A, B, S2, S4, SE1, BS1 and 
BS2 in Table 4) fermentations were the most com
mon systems applied in these simulations, and the 
volume of fermenters varied, ranging from 15.9 m3 

(scenarios A and B), 35 m3 (scenarios from S1 to 
S4), up to 100 m3 (scenarios SE1, BS1 and BS2). 
Other scenarios considered the purity of HA pro
duced, as in the case of scenarios B, S3, and S4, 
whose aim was to simulate the production of 
highly pure and costly injectable HA [77,78].

The net present value (NPV) of the evaluated sce
narios were all positive, emphasizing the BS2, B and 
SE1 scenarios. Note that the BS2 scenario, which had 
the highest NPV, also presented the most increased 
investment capital cost, reflecting the low attractive
ness regarding costs of processes that employ recom
binant strains in the production of HA. All processes 
analyzed presented high intern rates of return on 
investment, except scenario S1. Based on techno- 
economic analysis of HA production, it is recom
mended to produce HA in processes that employ fed- 
batch, wild strains – although the recombinant 3NA 
strain of B. subtilis showed a satisfactory economic 
profile, and whenever possible, including recycling of 
the reagents. Overall, the market value of HA and the 
means of recovering this product are the main factors 
that affect the economic analysis of the HA production 
process [63,77].

8. Future perspectives

HA is an anionic and non-sulfonated glycosaminogly
can widely presented in connective and epithelial tis
sues. HA is gaining significant market demand due to 
its vast cosmetic, pharmaceutical, and medical appli
cations. It is also the main component of the group 
A streptococcal extracellular capsule and is believed to 
play a role in virulence. Further, to cater to the grow
ing demand of HA, renewable carbon feedstocks as 
a carbon and nitrogen source in fermentation reac
tions could cut down the production cost with lower 
carbon footprints. Appropriate selection of lignocellu
losic biomass and methods to obtain 2 G sugars fol
lowed by selecting a proper way of microbial 
cultivation and downstream processing to get the 
desired properties of HA with the optimum recovery. 
At the laboratory scale, the downstream process 

commonly uses cold ethanol (4°C) and cetylpyridi
nium chloride to recover the HA of higher purity. To 
reduce the production cost of HA on the industrial 
scale, isopropanol is used as solvent followed by the 
ultrafiltration (100 kDa) and activated carbon absorp
tion to obtain HA of low molecular weight. Based on 
the techno-economic analysis, HA should be pro
duced using fed-batch, wild strains, and with recycling 
of solvents in recovery.

Moreover, the market value of HA and its down
stream processing to recovery are the principal ele
ments that affect the economic analysis of HA 
production process. The HA production still needs 
to advance by creating robust, industrial host strain 
with the inclusion of genomic and metabolic 
approaches to cater to the different industrial usages 
of HA. Biotechnological production of HA can be 
further improved by employing synthetic biology stra
tegies as an economical and sustainable alternative 
over traditional Streptococci fermentation and animal 
tissue extraction methods [24]. Firstly, the HA pro
duction still needs to be advanced by creating robust, 
industrial host strain with the inclusion of genomic 
and metabolic approaches to cater to the different 
industrial usages of HA. Secondly, from the viewpoint 
of synthetic biology, the extracellular spaces increase 
by changing the volume of bacterial cells in accumu
lated HA could be an intriguing solution [80]. 
Overexpression of encoding cell division inhibitor 
proteins (SulA and MinCD) genes in the host strains 
facilitate the FtsZ ring (Z ring) formation inhibition 
which in turn inhibits bacterial cell division [81] and 
results in a larger internal space of bacterial cells for 
more accumulation of HA, which boosts the sedimen
tation rate for easier downstream processing opera
tions and recovery of HA [82,83]. The intrusion of 
synthetic biology strategies to cater to the creation of 
specific MW HA oligosaccharides is one of the ideal 
strategies for the production of industrial-targeted HA 
[84]. Moreover, as the efficiency of downstream 
operation dictates the MW and purity of HA, the 
traditional DSP steps need to be integrated with the 
physical, chemical, and membrane technologies to 
handle the highly viscous, non-Newtonian fermented 
broths and deproteinization problems in attaining 
a high MW, pure HA [85]. Despite mature technolo
gies already developed for the industrial production of 
HA and HA-based products, the growing market, the 
projections of increased sales volume, and expansion 
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of application possibilities require more efficient pro
cesses and higher HA productivity [86] [87–101].

9 Conclusions

HA, the hydrophilic biopolymer with the unique 
viscoelasticity properties, biocompatibility, water- 
retention, and non-immunogenic properties, has 
immense applications in pharma, medical, bioma
terial, and cosmetic sectors. Biotechnological- 
based production is the viable approach for HA 
production and can meet the market demands if 
taken precise microbial selection, fermentation, 
and downstream properties. The biotechnological 
production of HA needs further research by the 
intrusion of synthetic biology coupled with genetic 
engineering approaches and technological 
improvements in strategic bioreactor and DSP 
approaches. More research has to be done to 
understand the mechanism action of HA in exert
ing biological activities and probable candidates 
for drug-delivery formulation and biomaterial 
entity with probable application domain extension 
of HA.

Acknowledgements

The authors significantly acknowledged the University of São 
Paulo (USP), Lorena, Brazil; Cranfield University, Cranfield, 
UK; University of Borås, Borås, Sweden; and Jaypee 
University of Information Technology, Waknaghat, India, 
for providing the learning and resource facilities for execut
ing the present comprehensive review.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

The author(s) reported there is no funding associated with 
the work featured in this article.

ORCID

Ruschoni Ucm http://orcid.org/0000-0002-6123-6477
Mera Aem http://orcid.org/0000-0002-7977-4935
Zamudio Lhb http://orcid.org/0000-0002-0158-7865
Vinod Kumar http://orcid.org/0000-0001-8967-6119
Mohammad J. Taherzadeh http://orcid.org/0000-0003- 
4887-2433

Vijay Kumar Garlapati http://orcid.org/0000-0002-8914- 
3678
Anuj Kumar Chandel http://orcid.org/0000-0002-2136- 
2620

References

[1] Manfrão-Netto JHC, Queiroz EB, de Oliveira 
Junqueira AC, et al. Genetic strategies for improving hya
luronic acid production in recombinant bacterial culture. 
J Appl Microbiol. 2021. DOI:10.1111/jam.15242

[2] Dovedytis M, Liu JZ, Bartlett S. Hyaluronic acid and 
its biomedical applications: a review. Eng Regen. 
2020;1:102–113.

[3] Necas J, Bartosikova L, Brauner P, et al. Hyaluronic acid 
(hyaluronan): a review.Vet. Med. 2008;53(8):397–411.

[4] Schiraldi C, Gatta AL, Rosa MD. Biotechnological 
production and application of Hyaluronan. 
Biopolymers. 2010;20:387–412.

[5] Li C, Cao Z, Li W, et al. A review on the wide range 
applications of hyaluronic acid as a promising reju
venating biomacromolecule in the treatments of 
bone related diseases. Int J Biol Macromol. 
2020;165(Pt A):1264–1275.

[6] Snetkov P, Zakharova K, Morozkina S, et al. Hyaluronic 
acid: the influence of molecular weight on structural, phy
sical, physico-chemical, and degradable properties of 
biopolymer. Polymers. 2020;12(8):1800.

[7] Chen F, Ni Y, Liu B, et al. Self-crosslinking and 
injectable hyaluronic acid/RGD-functionalized pectin 
hydrogel for cartilage tissue engineering. Carbo 
Polym. 2017;166(15):31–44.

[8] Fiorica C, Palumbo FS, Pitarresi G, et al. Hyaluronic 
acid and beta cyclodextrins films for the release of 
corneal epithelial cells and dexamethasone. Carbo 
Polym. 2017;166:281–290.

[9] Hemshekhar M, Thushara RM, Chandranayaka S, 
et al. Emerging roles of hyaluronic acid bioscaffolds 
in tissue engineering and regenerative medicine. 
Int J Biol Macromol. 2016;86:917–919.

[10] Larrañeta E, Henry M, Irwin NJ, et al. Synthesis and 
characterization of hyaluronic acid hydrogels cross
linked using a solvent-free process for potential biome
dical applications. Carbo Polym. 2018;181:1194–1205.

[11] Caló E, Khutoryanskiy VV. Biomedical applications of 
hydrogels: a review of patents and commercial 
products. Eur Polym J. 2015;65:252–267.

[12] Tripodo G, Trapani A, Torre ML, et al. Hyaluronic 
acid and its derivatives in drug delivery and imaging: 
recent advances and challenges. Eur J Pharm 
Biopharm. 2015;97(B):400–416.

[13] Tiwari S, Bahadur P. Modified hyaluronic acid based 
materials for biomedical applications. Int J Biol 
Macromol. 2019;121:556–571.

[14] Dodero A, Williams R, Gagliardi S, et al. A 
micro-rheological and rheological study of 

9658 R. UCM ET AL.

https://doi.org/10.1111/jam.15242


biopolymers solutions: hyaluronic acid. Carbohydr 
Polym. 2019;203:349–355.

[15] Deangelis PL. Glycosaminoglycan polysaccharide bio
synthesis and production: today and tomorrow. Appl 
Microbiol Biotechnol. 2012;94:295–305.

[16] Zhong W, Pang L, Feng HH, et al. Recent advantage of 
hyaluronic acid for anti-cancer application: a review of 
“3S” transition approach. Carbohydr Polym. 
2020;238:11.

[17] Maytin EV. Hyaluronan: more than just a wrinkle 
filler. Glycobiology. 2016;26(6):553–559.

[18] Huang G, Huang H. Application of hyaluronic acid as 
carriers in drug delivery. Drug Deliv. 2018;25 
(1):766–772.

[19] Krolikoski M, Monslow J, Puré E. The CD44-HA axis 
and inflammation in atherosclerosis: a temporal 
perspective. Matrix Biol. 2019;78-79:201–218.

[20] Voigt J, Driver VR. Hyaluronic acid derivatives and 
their healing effect on burns, epithelial surgical 
wounds, and chronic wounds: a systematic review 
and meta-analysis of randomized controlled trials. 
Wound Repair Regenerat. 2012;20(3):317–331.

[21] Pauline J, Arif AA, Lee-Sayer SSM, et al. Hyaluronan 
and its interactions with immune cells in the healthy 
and inflamed lung. Front Immunol. 2018;9:2787.

[22] Cui Z, Liao J, Cheong N, et al. The receptor for 
hyaluronan-mediated motility (CD168) promotes 
inflammation and fibrosis after acute lung injury. 
Matrix Biol. 2019;78–79:255–271.

[23] Garantziotis S, Savani RC. Hyaluronan biology: 
a complex balancing act of structure, function, location 
and context. Matrix Biol. 2019;78–79:1–10.

[24] Yao ZY, Qin J, Gong JS, et al. Versatile strategies for 
bioproduction of hyaluronic acid driven by synthetic 
biology. Carbohyd Polym. 2021;264:118015.

[25] Shah MV, Badle SS, Ramachandran KB. Hyaluronic 
acid production and molecular weight improvement 
by redirection of carbon flux towards its biosynthesis 
pathway. Biochem Eng J. 2013;80:53–60.

[26] Mohan N, Tadi, SRR, Pavan, SS, Sivaprakasam, S. 
Deciphering the role of dissolved oxygen and 
N-acetyl glucosamine in governing higher molecular 
weight hyaluronic acid synthesis in Streptococcus zooe
pidemicuscell factory. Appl Microbiol Biotechnol. 
2020;104(8):3349–3365.

[27] Zheng Y, Cheng F, Zheng B, et al. Enhancing 
single-cell hyaluronic acid biosynthesis by microbial 
morphology engineering. Synth Syst Biotechnol. 
2020;5(4):316–323.

[28] Attia YA, Kobeasy MI, Samer M. Evaluation of magnetic 
nanoparticles influence on hyaluronic acid production 
from Streptococcus equi. Carbohydr. Polym. 
2018;192:135–142.

[29] Chong BF, Blank LM, Mclaughlin R, et al. Microbial 
hyaluronic acid production. Appl Microbiol 
Biotechnol. 2005;66:341–351.

[30] Deangelis PL. Enzymological characterization of the 
Pasteurella multocida hyaluronic acid synthase. 
Biochem. 1996;35:9768–9771.

[31] Vazquez JA, Montemayor MI, Fraguas J, et al. 
Hyaluronic acid production by Streptococcus zooepi
demicus in marine by-products media from mussel 
processing wastewaters and tuna peptone viscera. 
Microb Cell Fact. 2010;9:46.

[32] Blank LM, Mclaughlin RL, Nielsen LK. Stable pro
duction of hyaluronic acid in streptococcus zooepide
micus chemostats operated at high dilution rate. 
Biotechnol Bioeng. 2005;90(6):685–693.

[33] Duan X, Yang L, Zhang X, et al. Effect of oxygen and shear 
stress on M of HA Px by Streptococcus zooepidemicus. 
J Microbiol Biotechnol. 2008;18(4):718–724.

[34] Rangaswamy V, Jain D. An efficient process for 
production and purification of hyaluronic acid from 
Streptococcus equi subsp. zooepidemicus Biotechnol 
Lett. 2008;30(3):493–496.

[35] Armstrong DC, Cooney MJ, Johns MR. Growth and 
amino acid requirements of hyaluronic-acid- 
producing Streptococcus zooepidemicus. Appl 
Microbiol Biotechnol. 1997;47:309–312.

[36] Liu L, Du G, Chen J, et al. Enhanced hyaluronic acid 
production by a two-stage culture strategy based on the 
modeling of batch and fed-batch cultivation of 
Streptococcus zooepidemicus. Bioresour Technol. 2008;99 
(17):8532–8536.

[37] Liu L, Du G, Chen J, et al. Comparative study on the 
influence of dissolved oxygen control approaches on 
the microbial hyaluronic acid production of 
Streptococcus zooepidemicus. Bioprocess Biosyst Eng. 
2009a;32(6):755–763.

[38] Liu L, Sun J, Xu W, et al. Modeling and optimization 
of microbial hyaluronic acid production by strepto
coccus zooepidemicus using radial basis function 
neural network coupling quantum-behaved particle 
swarm optimization algorithm. Biotechnol Prog. 
2009b;25(6):1819–1825.

[39] Chen SJ, Chen JL, Huang WC, et al. Fermentation 
process development for hyaluronic acid production 
by Streptococcus zooepidemicus ATCC 39920. Korean 
J Chem Eng. 2009a;26:426–432.

[40] Marcellin E, Chen W, Nielsen LK (2009). Microbial 
hyaluronic acid biosynthesis. Microbial Production of 
Biopolymers and Polymer Precursors: Applications and 
Perspectives. Edited by Rehm BHA. Norfolk: Caister 
Academic Press. 163–180.

[41] Huang WC, Chen SJ, Chen TL. Production of hyaluro
nic acid by repeated batch fermentation. Biochem Eng 
J. 2008;40(3):460–464.

[42] Wang SP, Zhang JM, Wang YT, et al. Hyaluronic 
acid-coated PEI-PLGA nanoparticles mediated 
co-delivery of doxorubicin and miR-542-3p for triple 
negative breast cancer therapy. Nanomed - 
Nanotechnol Biol Med. 2016;12(2):411–420.

BIOENGINEERED 9659



[43] Liu J, Wang Y, Li Z, et al. Efficient production of 
high-molecular-weight hyaluronic acid with a two-stage 
fermentation. RSC Adv. 2018;8(63):36167–36171.

[44] Liu L, Liu Y, J L, et al. Microbial production of hya
luronic acid: current state, challenges, and perspectives. 
Microb Cell Fact. 2011;10. 1–9.

[45] Widner B, Behr R, Von Dollen S, et al. Hyaluronic acid 
production in Bacillus subtilis. Appl Environ 
Microbiol. 2005;71(7):3747–3752.

[46] Jing W, Deangelis PL. Dissection of the two transferase 
activities of the Pasteurella multocida hyaluronan 
synthase: two active sites exist in one polypeptide. 
Glycobiology. 2000;10:883–889.

[47] Jing W, Deangelis PL. Synchronized chemoenzymatic 
synthesis of monodisperse hyaluronan polymers. J Biol 
Chem. 2004;279:42345–42349.

[48] Mao Z, Shin HD, Chen R. A recombinant E. coli bio
process for hyaluronan synthesis. Appl Microbiol 
Biotechnol. 2009;84:63–69.

[49] Yu H, Stephanopoulos G. Metabolic engineering of 
Escherichia coli for biosynthesis of hyaluronic acid. 
Metab Eng. 2008;10:24–32.

[50] Oliveira JD, Carvalho LS, Gomes AMV, et al. Genetic 
basis for hyper production of hyaluronic acid in nat
ural and engineered microorganisms. Microb Cell Fact. 
2016;15(1):1–20.

[51] Badri A, Raman K, Jayaraman G. Uncovering novel path
ways for enhancing hyaluronan synthesis in recombinant 
Lactococcus lactis: Genome-scale metabolic modeling and 
experimental validation. Processes. 2019;7(6):343.

[52] Jia YN, Zhu J, Chen XF, et al. Metabolic engineering of 
Bacillus subtilis for the efficient biosynthesis of uniform 
hyaluronic acid with controlled molecular weights. 
Bioresour Technol. 2013;132:427–431.

[53] Chen WY, Marcellin E, Hung J, et al. Hyaluronan mole
cular weight is controlled by UDP-N-acetylglucosamine 
concentration in Streptococcus zooepidemicus. J Biol 
Chem. 2009b;284(27):18007–18014.

[54] Cheng FY, Yu HM, Stephanopoulos G. Engineering 
Corynebacterium glutamicumfor high-titer biosynthesis 
of hyaluronic acid. Metabol Eng. 2019;55:276–289.

[55] Pourzardosht N, Rasaee MJ. Improved yield of high 
molecular weight hyaluronic acid production in 
a stable strain of Streptococcus zooepidemicusvia the 
elimination of the hyaluronidase-encoding gene. Mol 
Biotechnol. 2017;59(6):192–199.

[56] Bicudo RCS, Santana MHA. Effects of organic solvents 
on hyaluronic acid nanoparticles obtained by precipi
tation and chemical crosslinking. J Nanosci Nanotech. 
2012;12(3):2849–2857.

[57] Cowman MK, Matsuoka S. Experimental approaches to 
hyaluronan structure. Carbo Res. 2005;340(5):791–809.

[58] Cheng F, Gong Q, Yu H, et al. High-titer biosynthesis 
of hyaluronic acid by recombinant Corynebacterium 
glutamicum. Biotechnol J. 2016;11(4):574–584.

[59] Jeong E, Shim WY, Kim JH. Metabolic engineering of 
Pichia pastoris for production of hyaluronic acid with 
high molecular weight. J Biotechnol. 2014;185:28–36.

[60] Liu K, Catchmark JM. Bacterial cellulose/hyaluronic acid 
nanocomposites production through co-culturing 
Gluconacetobacter hansenii and Lactococcus lactis in a 
two-vessel circulating system. Bioresour Technol. 
2019;290:121715.

[61] Abdallah MM, Fernández N, Matias AA, et al. 
Hyaluronic acid and Chondroitin sulfate from marine 
and terrestrial sources: extraction and purification 
methods. Carbohydr Polym. 2020;243:116441.

[62] Grand View Research. hyaluronic acid raw material 
market size, share & trends analysis report by applica
tion (ophthalmology, orthopedics, dermatology, drug 
delivery), By Region, And Segment Forecasts, 2018- 
2024. Accessed 02 Jan 2022. Available in: <https:// 
www.grandviewresearch.com/industry-analysis/hyaluro 
nic-acid-ha-raw-material-market>.

[63] Sze JH, Brownlie JC, Love CA. Biotechnological produc
tion of hyaluronic acid: a mini review. 3 Biotech. 2016;6 
(1):1–9.

[64] Abdel-Mohsen AM, Hrdina R, Burgert L, et al. Green 
synthesis of hyaluronan fibers with silver nanoparticles. 
Carbohydr Polym. 2012;89(2):411–422.

[65] Abdel-Mohsen AM, Pavliňák D, Čileková M, et al. 
Electrospinning of hyaluronan/polyvinyl alcohol in pre
sence of in-situ silver nanoparticles: preparation and 
characterization. Int J Biol Macromol. 2019;139:730–739.

[66] Xu X, Jha AK, Harrington DA, et al. Hyaluronic acid-based 
hydrogels: from a natural polysaccharide to complex 
networks. Soft Matter. 2012;8(12):3280–3294.

[67] Allison DD, Grande-Allen KJ. Review. Hyaluronan: 
a powerful tissue engineering tool. Tissue Eng. 
2006;12(8):2131–2140.

[68] Fagien S, Cassuto D. Reconstituted injectable hyaluronic 
acid: expanded applications in facial aesthetics and addi
tional thoughts on the mechanism of action in cosmetic 
medicine. Plast Reconstr Surg. 2012;30(1):208–217.

[69] Kogan G, Soltés L, Stern R, et al. Hyaluronic acid: a natural 
biopolymer with a broad range of biomedical and indus
trial applications. Biotechnol Lett. 2007;29(1):17–25.

[70] Jagannath S, Ramachandran KB. Influence of compet
ing metabolic processes on the molecular weight of 
hyaluronic acid synthesized by Streptococcus 
zooepidemicus. Biochem Eng J. 2010;48(2):148–158.

[71] Tammi RH, Kultti A, Kosma VM, et al. Hyaluronan in 
human tumors: pathobiological and 
prognostic messages from cell-associated and stromal
hyaluronan. Semin Cancer Biol. 2008;18(4):288–295.

[72] Grand View Research. Hyaluronic acid market size, 
share & trends analysis report by application (dermal 
fillers, osteoarthritis (single injection, three injection, 
five injection), Ophthalmic, Vesicoureteral Reflux), By 
Region, And Segment Forecasts, 2020-2027. Accessed 

9660 R. UCM ET AL.

https://www.grandviewresearch.com/industry-analysis/hyaluronic-acid-ha-raw-material-market
https://www.grandviewresearch.com/industry-analysis/hyaluronic-acid-ha-raw-material-market
https://www.grandviewresearch.com/industry-analysis/hyaluronic-acid-ha-raw-material-market


04 Jan 2022.Available in: <https://www.grandviewre 
search.com/industry-analysis/hyaluronic-acid-market>.

[73] Mikulic MUS. Hyaluronic acid raw material market size 
2014-2024, by application Hyaluronic acid raw material 
market size in the U. S from 2014 to 2024, by application. 
Statista. 2018;212:1–2.

[74] Wong S. Total sales volume of the hyaluronic acid raw 
materials in China from 2014 to 2018. Statista. 
2020;2018:2020–2021.

[75] Blatter G, Jacquinet JC. The use of 2-deoxy-2-trichloroace
tamido-D-glucopyranose derivatives in syntheses of hya
luronic acid-related tetra-, hexa-, and octa-saccharides 
having a methyl β-D-glucopyranosiduronic acid at the 
reducing end. Carbohydr Res. 1996;288(1):109–125.

[76] Lu X, Kamat MN, Huang L, et al. Chemical synthesis of 
a hyaluronic acid decasaccharide. J Organic Chem. 
2009;74(20):7608–7617.

[77] Cerminati S, Leroux M, Anselmi P, et al. Low cost and 
sustainable hyaluronic acid production in a manufacturing 
platform based on Bacillus subtilis 3NA strain. Appl 
Microbiol Biotechnol. 2021;105(8):3075–3086.

[78] Ferreira RG, Azzoni AR, Santana MHA, et al. Techno- 
economic analysis of a hyaluronic acid production process 
utilizing streptococcal fermentation. Processes. 2021;9 
(2):1–16.

[79] Torres-Acosta MA, Castaneda-Aponte HM, Mora- 
Galvez LM, et al. Comparative economic analysis 
between endogenous and recombinant production of 
hyaluronic acid. Front Bioeng Biotechnol. 2021;9:1–14.

[80] Wang Y, Wu H, Jiang XR, et al. Engineering 
Escherichia coli for enhanced production of poly(3-
hydroxybutyrate-co-4-hydroxybutyrate) in larger cel
lular space. Metabol Eng. 2014;25:183–193.

[81] Bi E, Lutkenhaus J. Cell-division inhibitors SULA and 
MINCD prevent formation of the FTSZ ring. 
J Bacteriol. 1993;175(4):1118–1125.

[82] Jiang XR, Chen GQ. Morphology engineering of bacteria 
for bio-production. Biotechnol Adv. 2016;34(4):435–440.

[83] Tan D, Wu Q, Chen JC, et al. Engineering 
HalomonasTD01 for the low-cost production of 
polyhydroxyalkanoates. Metabol Eng. 2014;26:34–47.

[84] Yue HT, Ling C, Yang T, et al. A seawater-based open and 
continuous process for polyhydroxyalkanoates production 
by recombinant HalomonascampaniensisLS21 grown in 
mixed substrates. Biotechnol Biofuel. 2014;7:12.

[85] Barcelos MCS, Vespermann KAC, Pelissari FM, et al. 
Current status of biotechnological production and applica
tions of microbial exopolysaccharides. Crit Rev Food Sci 
Nutri. 2020;60(9):1475–1495.

[86] Tammaro O, Costagliola Di Polidoro A, Romano E, et al. 
A microfluidic platform to design multimodal peg - cross
linked hyaluronic acid nanoparticles (PEG-cHANPs) for 
diagnostic applications. Sci Rep. 2020;10:6028.

[87] Amado IR, Vázquez JA, Pastrana L, et al. Microbial 
production of hyaluronic acid from agro-industrial 

by-products: molasses and corn steep liquor. Biochem 
Eng J. 2021;117:181–187.

[88] Balazs EA. Ultrapure hyaluronic acid and the use 
thereof. U S Appl. 1977;844(19):833.

[89] Chahuki FF, Aminzadeh S, Jafarian V, et al. Hyaluronic 
acid production enhancement via genetically modifica
tion and culture medium optimization in Lactobacillus 
acidophilus. Int J Biol Macromol. 2019;121:870–881.

[90] Chong BF, Nielsen LK. Aerobic cultivation of Streptococcus 
zooepidemicus and the role of NADH oxidase. Biochem 
Eng J. 2003;16:153–162.

[91] Im JH, Song JM, Kang JH, et al. Optimization of 
medium components for high-molecular-weight hya
luronic acid production by Streptococcus sp. ID9102 
via a statistical approach. J Indust Microbiol 
Biotechnol. 2009;36(11):1337–1344.

[92] Li J, Qiao M, Ji Y, et al. Chemical, enzymatic and 
biological synthesis of hyaluronic acids. Int J Biol 
Macromol. 2020;152:199–206.

[93] Wang J, Liu D, Guan S, et al. Hyaluronic acid-modified 
liposomal honokiol nanocarrier: enhance 
anti-metastasis and antitumor efficacy against breast 
cancer. Carbohydr Polym. 2020;235:115981.

[94] Westbrook AW, Ren X, Oh J, et al. Metabolic engi
neering to enhance heterologous production of hya
luronic acid in Bacillus subtilis. Metabol Eng. 
2018;47:401–413.

[95] Zhang LP, Huang H, Wang H, et al. Rapid evolution of 
hyaluronan synthase to improve hyaluronan produc
tion and molecular mass in Bacillus subtilis. Biotechnol 
Lett. 2016a;38(12):2103–2108.

[96] Buffa R, Nesporova K, Basarabova I, et al. Synthesis and 
study of branched hyaluronic acid with potential antic
ancer activity. Carbohydr Polym. 2019;223:115047.

[97] Ferreira RG , Azzoni, AR, Santana, MHA, Petrides, D. 
Techno-Economic Analysis of a Hyaluronic Acid 
Production Process Utilizing Streptococcal 
Fermentation. Processes . 2021;9:241. https://doi.org/ 
10.3390/pr9020241.

[98] Kim JH, Moon MJ, Kim DY, et al. Hyaluronic 
acid-based nanomaterials for cancer therapy. 
Polymers. 2018;10(10):15.

[99] Pedron S, Wolter GL, Chen JWE, et al. Hyaluronic 
acid-functionalized gelatin hydrogels reveal extracellu
lar matrix signals temper the efficacy of erlotinib 
against patient-derived glioblastoma specimens. 
Biomaterials. 2019;219:119371.

[100] Zhang YL, Luo KL, Zhao QS, et al. Genetic and bio
chemical characterization of genes involved in hyaluro
nic acid synthesis in Streptococcus zooepidemicus. Appl 
Microbiol Biotechnol. 2016b;100(8):3611–3620.

[101] Zhu J, Tang X, Jia Y, et al. Applications and delivery 
mechanisms of hyaluronic acid used for topical/trans
dermal delivery – a review. Int J Pharm. 
2020;578:119127.

BIOENGINEERED 9661

https://www.grandviewresearch.com/industry-analysis/hyaluronic-acid-market
https://www.grandviewresearch.com/industry-analysis/hyaluronic-acid-market
https://doi.org/10.3390/pr9020241
https://doi.org/10.3390/pr9020241

	Abstract
	Highlights
	1.  Introduction
	2.  Microorganisms and biosynthesis of hyaluronic acid
	3.  Fermentation process evolution
	4.  Downstream process for HA recovery
	5.  Hyaluronic acid applications
	6.  Industrial scenario
	7.  Techno-economic aspects of HA production
	8.  Future perspectives
	9  Conclusions
	Acknowledgements
	Disclosure statement
	Funding
	References

