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ion of high-molecular-weight
hyaluronic acid with a two-stage fermentation

J. Liu, Y. Wang, * Z. Li, Y. Ren, Y. Zhao and G. Zhao

In this paper, the production pattern of hyaluronic acid (HA) was revealed: the chain growth of HA mainly

occurred in the first half of fermentation while the product accumulated throughout the fermentation

period. Attempts were made to develop a two-stage fermentation process which provided high-level

synthesis in both product titer and molecular weight. The pH was kept at 8.0 with a temperature of

31 �C in the first fermentation stage (0–10 h) to promote the growth of weight-average molecular

weight (Mw), and the pH and temperature were maintained at 7.0 and 37 �C, respectively, in the

following fermentation stage to facilitate HA accumulation. In addition, constant rates of aeration (1 vvm)

and agitation (600 rpm) were adopted. The two-stage fermentation provided a balanced result in which

a product titer of 4.75 g L�1 and a Mw of 2.36 � 106 Da were achieved under optimized conditions. The

process introduces an effective way to produce HA considering the effect of segmented control strategy.
1 Introduction

As a common component of synovial uid and extracellular
matrices, hyaluronic acid (HA) is a natural polysaccharide with
a linear high molar mass composed of alternating 1,4-linked
units of 1,3-linked D-glucuronic acid and N-acetyl-glucos-
amine.1 HA is distributed in the extracellular matrix, the
synovial uid of joints and cartilage,2 and it is identied as
a signaling molecule in cell motility, cell differentiation,
cancer metastasis and wound healing.3 Due to a remarkable
viscoelastic property, HA and its commercial crosslinked
derivatives are key materials in joint lubrication.4 The immu-
noneutrality of HA contributes to its wide application in the
production of biomaterials.5

Traditionally, HA is extracted from animal tissues such as
the vitreous of eyes, umbilical cord and rooster combs.
However, in order to avoid the risk of cross-species viral
infection, HA from microbial sources is receiving increased
attention in recent years.6 As a capsular biopolymer, HA is
found in Lanceeld group A and C Streptococci.7 HA deriving
from different sources is chemically identical and poly-
disperse, and the molecular weight of HA ranges from 104 Da
to 107 Da.8

Due to the functionality dependency of HA on molecular
weight, the bacterial process presents the opportunity to
provide high yield of HA with long chain by optimizing culture
conditions. And medium composition, temperature, pH,
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aeration and agitation have been considered as inuential
factors in HA fermentation.6 Armstrong and Johns studied the
effect of culture conditions on molecular weight property of
HA, and the highest Mw was obtained at a high initial glucose
concentration (40 g L�1) accompanied by moderate aeration
(0.2 to 1 vvm).7 Vidhya et al. found that sucrose and lactose
were better carbon sources than glucose for production of high
molecular weight HA.9 Vázquez et al. reported the production
of HA by Streptococcus zooepidemicus based on protein
substrates deriving from Scyliorhinus canicula discards, and
the highest HA titer reached 2.66 g L�1.10 Kim et al. found the
optimized temperature (37 �C), pH (7.0), agitation speed (1200
rpm) and aeration rate (1.0 vvm) contributed to the increase of
molecular weight.11 Johns et al. reported that high levels of
agitation (600 rpm) and aeration (0.3 vvm) efficiently improved
the HA titer.12 Liu et al. proposed a two-stage culture strategy in
which S. zooepidemicus were cultured in a fed-batch mode with
sucrose concentration maintained at 1.0 g L�1 during 0–8 h
and then batch culture was performed during 8–20 h with an
initial sucrose concentration of 15 g L�1. With such two-stage
culture strategy, HA production increased signicantly,13 and
the developed culture model provided an alternative strategy
for the fermentation processes. Furthermore, it has also been
reported that a balanced ux of precursors towards HA
biosynthesis was required to increase the molecular weight of
HA.14,15 However, former studies focused on either HA yield or
molecular weight, and the high-level synthesis in both product
titer and molecular weight is rarely reported. In this study, we
aimed to develop a two-stage fermentation process in which
the culture conditions were segmentally controlled to achieve
a balanced high result in product titer as well as molecular
weight.
RSC Adv., 2018, 8, 36167–36171 | 36167
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2 Methods
2.1 Materials, strains and culture media

BHI (Brain Heart Infusion), YE (yeast extract), tryptone and agar
were purchased from Aobox Biotechnology Co., Ltd. (Beijing,
China). All other chemicals used were of analytical grade and
commercially available.

S. zooepidemicus HA-13-06 (screened by our research group
and maintained at the Fermentation Engineering Technology
Research Center of Hebei Province, Hebei University of Science
and Technology, China) was used in all experiments.

Themedium for agar slant contained 2 g L�1 glucose, 10 g L�1

BHI, 5 g L�1 YE, 5 g L�1 tryptone, 5 g L�1 NaCl and 1.8 g L�1

K2HPO4. The medium for inoculum preparation contained 20 g
L�1 glucose, 10 g L�1 YE, 5 g L�1 tryptone, 0.4 g L�1 MgSO4$7H2O
and 1.8 g L�1 K2HPO4. The fermentation medium used in a 10 L
fermentor contained 70 g L�1 glucose, 10 g L�1 YE, 5 g L�1

tryptone, 0.4 g L�1MgSO4$7H2O and 1.8 g L�1 K2HPO4. The pHof
all culture media was adjusted to 7.2 before sterilization which
was performed at 116 �C for 25 min.
2.2 Culture conditions

Stock cultures of strain HA-13-06 were maintained at 4 �C.
Inoculum preparation was carried out in 500 ml conical asks
with a working volume of 100 ml, which were incubated at 37 �C
and 250 rpm for 24 h on a rotary shaker. The seed culture was
then inoculated into 7 L fermentation medium in a 10 L
fermentor (SGB-10L, Changzhou Sungod Bio-technology &
Engineering Equipment Co., Ltd., Jiangsu, China) with an
inoculation rate of 5% (v/v). The temperature, aeration rate and
agitation speed were 37 �C, 1.0 vvm and 600 rpm, respectively,
and 4 mol L�1 NaOH was added as a neutralizer to keep the pH
at 7.0.
2.3 Optimization of fermentation conditions

In the optimization of fermentation conditions, the effects of
main inuential factors (pH, temperature, aeration and agita-
tion) on HA fermentation was studied. And different levels of
pH (no control, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5 and 9.0), temperature
(31 �C, 34 �C, 37 �C and 40 �C), aeration rate (0, 0.25 vvm, 0.5
vvm, 1 vvm and 1.5 vvm) and agitation speed (300 rpm, 450 rpm,
600 rpm and 750 rpm) were adopted. Particularly, all experi-
ments were conducted based on batch fermentation process,
and other parameters were the same to the basic culture
conditions in Section 2.2.
Fig. 1 The fermentation of HA at different aeration rates ranging from
0 vvm to 1.5 vvm. The temperature and agitation speed were main-
tained at 37 �C and 600 rpm, respectively, and the pH was kept at 7.0
using 4 mol L�1 NaOH as a neutralizer. A 10 L fermentor was used, and
the error bars in the figure indicate the standard deviations of three
parallel replicates.
2.4 Analytical methods

The samples were drawn from bioreactor at regular intervals to
determine the concentrations of biomass, substrate and HA.
Glucose were measured by SBA-40C biosensor analyzer (Insti-
tute of Biology, Shandong Province Academy of Sciences,
Shandong, China), and the fermentation broth was properly
diluted before determination.16 The cell density was measured
by a spectrophotometer (UV-1100, Beijing Eternal Cause
Instrument Co., Ltd, China) at 700 nm, and the concentration of
36168 | RSC Adv., 2018, 8, 36167–36171
dry cell weight (DCW) was obtained according to the correlative
relationship between absorbance and DCW concentration.17

The carbazole method was adopted to determine the concen-
tration of HA, and the optical density was measured at 525 nm
using D-glucuronic acid as a standard.18 Mw of HA was deter-
mined according to the viscosity method developed by
Laurent.19

3 Results and discussion
3.1 Effects of aeration and agitation on HA fermentation

In order to investigate the effect of aeration on HA fermenta-
tion, different aeration rates were adopted as shown in Fig. 1. In
aerobic fermentation, the aeration rate has a signicant inu-
ence on dissolved oxygen level which furtherly affects microbial
metabolism. Chong et al. reported that glucose uptake and
growth rates increased under aerobic conditions, and the
altered metabolism translated into a 50% increase in HA
productivity and more than a doubling in molecular weight
from 1.07 to 2.4 � 106 Da.20 In this study, as the growth of
aeration rate, the DCW concentration rst increased up to
a maximum then decreased, and the tendency of HA and Mw

were similar to that of DCW concentration (Fig. 1). The top
values of DCW concentration, HA and Mw reached 9.22 g L�1,
4.71 g L�1 and 1.63 � 106 Da, respectively. Armstrong et al.
found the aerobic fermentation contributed to the increase of
HA titer and Mw comparing with anaerobic fermentation, and
the nal HA concentration increased by 20%.21 Johns et al. also
reported the promoting effect of aerobic fermentation on HA
titer and yield.12 As microbial metabolic efficiency is higher at
high dissolved oxygen concentration than that in anaerobic
condition, the DCW concentration, HA titer and Mw increased
with the growth of aeration rate ranging from 0 vvm to 1 vvm.
However, when aeration rate increased from 1.0 vvm to 1.5 vvm,
the DCW concent-ration declined from 9.22 g L�1 to 8.94 g L�1,
and HA titer and Mw decreased by 12.1% and 24.5%,
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 The fermentation of HA at different agitation speeds ranging
from 300 rpm to 750 rpm. The temperature and aeration rate were
maintained at 37 �C and 1.0 vvm, respectively, and the pH was kept at
7.0 using 4 mol L�1 NaOH as a neutralizer. A 10 L fermentor was used,
and the error bars in the figure indicate the standard deviations of three
parallel replicates.

Fig. 3 The fermentation of HA at different pH levels (no control, pH
6.0, 6.5, 7.0, 7.5, 8.0, 8.5 and 9.0). The temperature and aeration rate
were maintained at 37 �C and 1.0 vvm, respectively, and the agitation
speed was kept at 600 rpm. A 10 L fermentor was used, and the error
bars in the figure indicate the standard deviations of three parallel
replicates.
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respectively. It is speculated that the oxygen radical generation
in the presence of a large excess of oxygen might have a negative
impact on the metabolism of strain HA-13-06, and the degra-
dation of HA polymer chain might further occur.22

The inuence of agitation on the yield and the molecular
weight of HA is complex.23 The agitation speed is closely
related to the transfer of mass and heat in the HA fermentation
broth which is a non-newtonian uid with high viscosity, and
Johns et al. found agitation rate had a profound effect on both
the titer and yield of HA produced in anaerobic fermenta-
tions.12 When the agitation speed rised from 300 rpm to
600 rpm, the DCW concentration increased from 6.51 g L�1 to
9.20 g L�1, however, the DCW concentration decreased 13.9%
when the agitation speed further increased to 750 rpm. The
tendency of HA titer and Mw were similar to that of DCW
concentration (Fig. 2), and the top values of HA titer and Mw

were 4.71 g L�1 and 1.63 � 106 Da, respectively. As shown in
Fig. 2, DCW concentration, HA titer and Mw had a positive
correlation with agitation speed ranging from 300 rpm to
600 rpm. However, the results indicated that the negative
impact exceeded the positive impact of higher agitation speed
(750 rpm) on HA production. The shear stress deriving from
high agitation speed might damage HA polymer chain and
microbial cell, and the oxygen radical generated by the excess
of oxygen might cause the degradation of HA.24
3.2 Effect of pH on HA fermentation

In HA fermentation using S. zooepidemicus as producer, a sharp
drop of pH was caused by the accumulation of carboxylic acid
metabolites mainly composing of lactic acid, and the produc-
tion of microbial biomass and HA was extremely inhibited by
low pH, thus, the adjustment of pH provided a promoting effect
on HA fermentation.25,26 As shown in Fig. 3, a signicant
increase in DCW concentration, HA titer and Mw was observed
This journal is © The Royal Society of Chemistry 2018
in experiments with pH control comparing with no-control
condition.

In order to investigate the effect of pH on HA fermentation,
different pH levels ranging from 6.0 to 9.0 were adopted. With
the increase of pH, both DCW concentration and HA titer rst
increased up to a maximum then decreased, and the top values
of DCW concentration and HA titer reached 9.22 g L�1 and
4.71 g L�1, respectively, when the pH was kept at 7.0. In addi-
tion, the tendency of Mw was similar to that of DCW concen-
tration and HA titer, and the highest Mw (2.29 � 106 Da) was
obtained at pH 8.0. The results indicated that the maximum of
HA titer and Mw could not be achieved at the same pH level.
3.3 Effect of temperature on HA fermentation

The catalytic activity of intracellular enzymes in microorgan-
isms is mainly determined by temperature, and the change of
temperature has a signicant inuence on microbial growth
and product synthesis.27,28 As shown in Fig. 4, the Mw under
different temperatures of 31 �C, 34 �C, 37 �C and 40 �C were 2.34
� 106 Da, 2.18 � 106 Da, 1.63 � 106 Da and 1.38 � 106 Da,
respectively. The results indicated that low temperature
contributed to the increase of Mw. However, when the temper-
ature increased from 31 �C to 40 �C, both DCW concentration
and HA titer rst increased up to a maximum then decreased,
and the top values of DCW concentration (9.22 g L�1) and HA
titer (4.71 g L�1) were achieved at 37 �C. The maximum of HA
titer and Mw could not be achieved at the same temperature,
which was similar to the results obtained in pH optimization.
3.4 HA production in a two-stage fermentation

The results obtained in former experiments indicated the top
values of HA titer andMw could be obtained at the same level of
aeration rate and agitation speed (1 vvm and 600 rpm).
However, in respect to temperature and pH, the optimized
condition for the HA accumulation was at 37 �C and pH 7.0, and
the highest Mw could be obtained at 31 �C with a pH of 8.0. As
RSC Adv., 2018, 8, 36167–36171 | 36169
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Fig. 4 The fermentation of HA at different temperatures (31 �C, 34 �C,
37 �C and 40 �C). The agitation speed and aeration rate were main-
tained at 600 rpm and 1.0 vvm, respectively, and the pHwas kept at 7.0
using 4 mol L�1 NaOH as a neutralizer. A 10 L fermentor was used, and
the error bars in the figure indicate the standard deviations of three
parallel replicates.

Fig. 5 HA production under different conditions: (A) the optimized
condition for the HA accumulation (37 �C and pH 7.0), (B) the opti-
mized condition promoting Mw growth (31 �C and pH 8.0) and (C)
segmented control containing condition (A) (10–24 h) and condition
(B) (0–10 h).
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shown in Fig. 5A, the glucose concentration continuously
decreased from 70.22 g L�1 to 2.22 g L�1 within 24 h, and the
nal HA titer reached 4.71 g L�1 with a low Mw of 1.63 � 106 Da
under the optimized condition for the HA accumulation (37 �C
and pH 7.0). However, when the optimized condition (31 �C and
pH 8.0) promotingMw growth was adopted, a nalMw of 2.42 �
106 Da was achieved, and the HA titer was only 3.58 g L�1

(Fig. 5B), particularly, a residual glucose concentration was
5.13 g L�1 which was higher than that obtained under the
optimized condition for the HA accumulation indicating
a decreased product yield.

By comparing Fig. 5A and B, the Mw mainly increased
during the early stage of fermentation (0–10 h), however, the
HA concentration accumulated continuously throughout the
fermentation process. In order to obtain the maximum HA
titer and highest Mw at the same time, a two-stage fermenta-
tion was further conducted. And it is worth to mention that the
same aeration rate and agitation speed (1 vvm and 600 rpm)
were maintained throughout the fermentation process. As
shown in Fig. 5C, in the rst stage of fermentation (0–10 h), the
optimized condition for Mw (31 �C and pH 8.0) growth was
adopted. Before 10 h, an accumulation of 2.99 g L�1 HA was
obtained and the Mw reached 2.26 � 106 Da, while the glucose
concentration decreased from 70.19 g L�1 to 34.54 g L�1. In the
second stage (10–24 h) which was conducted under the
condition (37 �C and pH 7.0) promoting HA accumulation, the
HA concentration signicantly increased from 2.99 g L�1 HA to
4.75 g L�1, and a slight increase of Mw (from 2.26 � 106 Da to
2.36 � 106 Da) was also observed, particularly, a relative low
residual glucose concentration (3.09 g L�1) was obtained
indicating the efficient conversion. Obviously, the segmented
control strategy was effective to increase the efficiency of HA
fermentation, and a balanced result containing high levels of
both HA titer (4.75 g L�1) and Mw (2.36 � 106 Da) was even-
tually achieved.
36170 | RSC Adv., 2018, 8, 36167–36171
4 Conclusions

An efficient way was introduced in this study to efficiently
produce high-molecular-weight HA with a two-stage fermenta-
tion. The effect of main inuential factors (pH, temperature,
aeration and agitation) on HA fermentation was studied. The
maximum of HA titer andMw could be obtained at the condition
of 1 vvm and 600 rpm, and the optimized condition for Mw was
found to be 31 �C and pH 8.0, in addition, the top value of HA
titer was obtained at 37 �C with a pH of 7.0. In the two-stage
fermentation conducted with a segmented control strategy,
a balanced result containing high levels of both HA titer andMw
This journal is © The Royal Society of Chemistry 2018
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was achieved, and the nal HA concentration and Mw reached
4.75 g L�1 and 2.36 � 106 Da, respectively.
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