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Abstract

In this research, we examined the production of hyaluronic acid (HA) by Streptococcus zooepidemicus strain MW26985 using
different substrates and potato peel waste (PPW) as an affordable substrate. First, culture medium components, including
carbon and nitrogen sources, were optimized for bacterial HA production. Five different carbon sources (glucose, sucrose,
lactose, sago starch, and potato starch, at a concentration of 30 g/L) and three distinct nitrogen sources (peptone, yeast
extract, and ammonium sulfate, at a concentration of 10 g/L) were investigated. Glucose, among the carbon sources, and yeast
extract, among nitrogen sources, produced the most HA which was determined as 1.41 g/L. Afterward, potato peel sugars
were extracted by dilute acid and enzymatic hydrolysis and then employed as a cost-effective carbon source for the growth
of S. zooepidemicus. Based on the results, the fermentation process yielded 0.59 g/L. HA from potato peel sugars through
acid hydrolysis and 0.92 g/L. HA from those released by enzymatic hydrolysis. The supplementation of both hydrolyzates
with glucose as an additional carbon source enhanced HA production to 0.95 g/L and 1.18 g/L using acidic and enzymatic
hydrolyzates, respectively. The cetyltrimethylammonium bromide (CTAB) turbidimetric method was used to evaluate the
concentration of HA in the fermentation broth using the colorimetric method. Also, the peaks observed by Fourier trans-
form infrared (FTIR) spectroscopy confirmed that the exopolysaccharide (EPS) was composed of HA. These observations
demonstrate that potato peel residues can be a novel alternative as a carbon source for the economical production of HA by
S. zooepidemicus.
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Introduction

In past decades, numerous procedures have been developed
to produce many valuable products through fermentation
as a result of advancements in the field of biotechnology
[1-3]. Biopolymers, antibiotics, organic acids, and biofu-
els are some of these products. Many of these substances
are typically produced through chemical processes that are
undesirable and rely on the use of non-renewable resources.
Biopolymers known as an important family of biochemi-
cals can act similarly to conventional polymers in a wide
scope of applications. However, the production costs of
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many biopolymers are significantly higher than those of
their chemical counterparts. Therefore, recent studies have
concentrated on expanding the scale and efficacy of these
processes [4, 5]. Hyaluronic acid (HA) is a vital mucopoly-
saccharide with widespread functions that is frequently used
in medical and pharmaceutical applications [6]. Generally,
HA biopolymer can be commercially produced on a large
scale through two main methods: isolation from vertebrate
animal tissue, commonly from rooster combs, or microbial
fermentation [7, 8]. HA was traditionally extracted from
animal tissues, primarily rooster combs. However, several
challenges associated with HA extraction from animal
sources, such as ethical concerns, the inconsistency of ani-
mal tissue quality, and high costs, resulted in the expansion
of microbial production processes [8]. Owing to consider-
able advancements in biotechnology, it is now possible to
produce HA through bacterial fermentation, particularly by
employing S. zooepidemicus. Streptococcus species Group
C, which secretes HA as a protective capsule to elude the
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immunological reactions of the host, is currently the most
widely used microorganism for producing HA [6, 9]. Due
to the pathogenic nature of Streptococci, there are concerns
regarding using the bacteria to produce HA. Although this
microorganism can cause infections in animals, and the
strains applied for HA production are typically non-path-
ogenic for humans; nevertheless, it can cause a severe co-
infection where it infects people through contact with horses
[10]. This has prompted continuous efforts to find safer alter-
natives through genetic engineering. Lactobacillus lactis is a
bacterial species frequently used to produce HA. However,
it has been noted that the synthesis of lactic acid lowers
the molecular weight and HA output. The molecular weight
of HA produced by these modified strains is significantly
lower. This observation also applies to strains of E. Coli that
have S. pyogenes genes involved in the synthesis of HA [8,
11]. Engineering techniques, like gene editing, can have off-
target effects, modifying unintended regions of the genome
and potentially introducing harmful mutations. Ethical con-
cerns arise with genetically modified organisms, particularly
in terms of potential environmental impact or unintended
consequences on human health in specific applications [12].

Furthermore, economic obstacles remain to replacing
animal-derived hyaluronic acid with microbial production
methods. S. zooepidemicus has high nutritional require-
ments for producing HA on large scales. In particular, the
sugars and proteins needed in the growth media account
for over 80% of the total production costs. Decreasing the
nutritional expenses associated with sugars and proteins
will be key for microbial HA production to become an
economically feasible alternative to animal-based extrac-
tion on a commercial scale [13]. To address these chal-
lenges, scientists have been exploring more sustainable
and cost-effective approaches, such as utilizing agro-
industrial derivatives like fishing by-products [14], carob
pods [15], molasses and corn steep liquor [16], marine
by-products [13], soya-based peptone [17], cashew apple
juice [9], and agricultural resource derivatives [18], as
substrates for microbial fermentation. In this regard,
Amado et al. [16] conducted an experiment where they
developed a low-cost process fermentation medium for HA
production, corn steep liquor (CSL) as a nitrogen source
instead of tryptone. In this medium, the HA production
reached 3.48 g/L, which was comparable to the produc-
tion of 3.60 g/L in the control medium. In another study
by Arslan and Aydogan [19], the capacity of molasses
and sheep wool peptone (SWP) as sources of carbon and
nitrogen was evaluated, respectively, for HA production
through microbial fermentation. They found that culture
media supplemented with SWP yielded higher HA levels
(3.54 g/L) compared to media including tryptone peptone
(2.58 g/L) and protease peptone (2.47 g/L). Ghodke et al.
[20] investigated the potential of sugar and soya peptone
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of palmyra palm (PJ) as alternative media components for
HA production by Streptococcus zooepidemicus. Fermen-
tations using PJ-based media yielded higher HA (0.41 g/L)
and specific growth rates (0.54 h™!) compared to media
with pure sucrose. After optimizing the initial PJ at 30 g/L,
S. zooepidemicus produced 1.22 g/LL HA. Pires et al. [9]
evaluated cashew apple juice as an alternative substrate in
the media for HA fermentation. Using cashew apple juice,
S. zooepidemicus produced 0.89 g/L of HA.

At present, the concept of ‘circular economy’ has gar-
nered significant attention. This approach is about con-
verting ecological waste from one industry into a valuable
source of raw materials for other industries [21]. Over the
years, owing to a swift surge in population, urbanization,
and economic progress, copious quantities of kitchen waste
(KW) are generated daily by households, restaurants, and
hotels. Agricultural waste and KW are not only rich in vital
substances, especially carbohydrates, lipids, and proteins,
but also include abundant bioactive compounds. As a result,
these residues can be used as substrates for microbial pro-
duction [22]. Potato peel waste (PPW) is an affordable and
numerous by-product rich in starch, non-starch polysaccha-
rides, lignin, polyphenols, proteins, and small quantities of
lipids. Due to this diverse biochemical composition, PPW
serves as an economical and useful raw material for extract-
ing high-value products as well as for fermentation processes
[23]. Arapoglou et al. [24] produced ethanol using lefto-
ver potato peel. In this study, a variety of collected potato
peels were hydrolyzed with various acids and enzymes,
and Saccharomyces cerevisiae var. bayanus was used for
the fermentation to assess its capacity for fermentation and
ability to produce ethanol. The three enzymes combined for
enzymatic hydrolysis release 18.5 g/L of reducing sugars,
and fermentation results in 7.6 g/L of ethanol. Abdelraof
et al. [25] conducted extensive research on the eco-friendly
conversion of PPW into bacterial cellulose (BC). The first
study used Gluconacetobacter xylinus to produce BC from
PPW. The result of this study showed that PPW hydrolyzate
using nitric acid can be considered a worthwhile choice for
the production of BC in an environmental friendly method.

As mentioned above, HA is one of the most significant
microbial EPS and plays an extremely important role in the
culinary, pharmaceutical, medical, and tissue engineering
industries. The major problem in producing this biopoly-
mer is the high cost of the final product. Therefore, find-
ing an inexpensive and economically efficient substrate is
vital for solving this challenge. In this regard, the present
study’s ultimate aim was to investigate the feasibility of the
production of HA from PPW as a cheap source of carbon
for S. zooepidemicus. To improve the effectiveness of the
fermentation process, some factors, including the type of
carbon and nitrogen sources, were first evaluated. Then the
fermentation medium containing potato peel sugars released
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by acid and enzymatic hydrolysis was applied as an alterna-
tive nutrient source to produce microbial HA.

Materials and methods
Microorganism and inoculum preparation

In this study, Streptococcus zooepidemicus MW269858
was used. The strain was isolated from horse mucus at the
Faculty of Veterinary Medicine of the University of Teh-
ran (Tehran, Iran) and was registered with GenBank code
MW?269858 at the National Center for Biotechnology Infor-
mation (NCBI). It was grown on brain heart infusion (BHI)
agar plate (Ibresco, Iran, containing (g/L): brain extract 12.5,
heart extract 5, peptone 10, dextrose 2, sodium chloride 5,
di-sodium phosphate 2.5, and agar 15) at 37 °C for 24 h. To
prepare the inoculum, a loopful of cells taken from the BHI
agar plate was transferred into 100 mL of BHI broth. To
achieve optimal growth conditions, the pH of the medium
was adjusted to 7.4 and then autoclaved at 121 °C for 15 min.
It was then placed at 37 °C in an orbital shaking incubator
set at 180 rpm for 24 h. The strain was stored for long-term
storage at— 20 °C in BHI broth with 20% glycerol.

Preparation of potato peel waste

Potato peel was collected as kitchen waste from house-
holds by hand peeling using a manual peeler. Sand and dirt
are typically found in potato peels. Therefore, it was first
cleaned with tap water to remove impurities. The remain-
ing potato material was dried in an oven at 60 °C for 48 h.
The dried waste was ground into powder by a home grinder
(AGB130W-APPEX) and then screened through a fine sieve
(60 mesh) to obtain a homogeneous powder. It was then
stored in a dark cool place until further use. Some of its
basic characteristics, including moisture, protein, carbo-
hydrate, and ash contents, were assessed. The ash content
was measured by incinerating dried samples in a furnace
at a high temperature of 550 °C for 3 h (NABERTHERM
Germany Controller B170). The carbohydrates in the sam-
ple were analyzed using the phenol—sulfuric acid method
described by Dubois et al. [26]. To estimate protein content,
the Kjeldahl approach was used, which requires multiplying
residual nitrogen (N) by 6.25 [27].

Optimization of HA production in synthetic medium

In this study, simple carbon sources (glucose, sucrose, and
lactose) and two complex carbohydrates (potato starch and
sago starch) were used at 30 g/L to investigate the effect
of diverse carbon sources on the production of HA by S.
zooepidemicus. The fermentation medium was prepared by

dissolving 1.5 g sugar, 0.5 g yeast extract, 0.1 g potassium
dihydrogen phosphate, 0.15 g sodium dihydrogen phosphate,
and 25 mg magnesium sulfate heptahydrate in 50 mL of
distilled water. In each trial, only the carbon source was
changed and the remaining elements and their values were
regarded as constant. Every experiment was run batch wise
in 250-mL Erlenmeyer flasks with a 50 mL working vol-
ume. Based on the studies that applied S. zooepidemicus to
produce HA, the temperature and pH values in the present
study were set at 37 “C and 7, respectively, as the optimum
values [28, 29]. After adjusting the initial pH to 7, cultures
were autoclaved at 121 °C for 20 min. The sugar source was
autoclaved distinctly and then added to the remaining culture
media before inoculation to avoid the Maillard reaction. The
activated suspension (10% v/v) was aseptically inoculated
into each fermentation medium after sterilization and cool-
ing of the culture media. Finally, the flasks were incubated
at 37 °C and 180 rpm in a shaker incubator, and the pH lev-
els, HA production, and cell growth were monitored at 24 h
intervals for 96 h. Each experiment was performed three
times, and the average of the results is shown. Following
the same procedure used for carbon sources, different nitro-
gen sources were evaluated. Different nitrogen sources were
considered, including ammonium sulfate, peptone, and yeast
extract at 10 g/L, and glucose as a carbon source at 30 g/L.
The other compounds required for culturing were similar
to those described above. After sterilizing and cooling to
room temperature, about 10% v/v of seed broth was added
to each fermentation medium under sterile conditions. All
batch experiments were performed in 250-mL conical flasks,
utilizing a working volume of 50 mL.

Acidic and enzymatic hydrolysis of potato peel

Due to the insufficient amount of fermentable sugars in
potato peels, direct fermentation is not practical. Therefore,
a hydrolysis step is mandatory to enhance the sugar content
and enable efficient fermentation, which releases fermenta-
ble sugars and makes them available to microorganisms [24,
30]. In the present study, acidic and enzymatic treatments
were investigated to improve the use of PPW as feedstock
for HA production. Acid hydrolysis of PPW was performed
using hydrochloric acid, similar to the process explained by
Arapoglou et al. [24]. Briefly, 5 g of potato peel powder was
added to a 250-mL Erlenmeyer flask containing 4.1 mL of
0.5 M HCl and then topped up to a total volume of 100 mL
with distilled water. The mixture was autoclaved at 121 °C
for 15 min, then cooled to room temperature. Acid hydroly-
sis during sterilization converted the carbohydrates in potato
peel into fermentable sugars. The mixture was adjusted to
the desired pH value of 7 for S. zooepidemicus using 1 M
NaOH. The 3,5-dinitrosalicylic acid (DNS) assay was used
to estimate the reduced sugar content [31].
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Enzymatic hydrolysis of PPW was conducted in three
main steps: gelatinization, liquefaction, and saccharifica-
tion. In the first step, gelatinization was applied as an alkali
pretreatment to disrupt proteins (which act as a barrier to the
digestion of starch) and increase the availability of starch
content of PPW for subsequent enzymatic action [32]. For
this purpose, 5 g of powdered potato peel was mixed with
45 mL of 0.1 M NaOH solution in an Erlenmeyer flask by
stirring on a hot plate magnetic stirrer at 60 ‘C for 1 h. After
the intended time, 55 mL of potassium hydrogen phtha-
late buffer (0.1 M) was added to the flask. After measuring
the pH, the mixture was heated to 105 °C, after which the
gelatinization process was initiated. The slurry was cooled
to 95 °C, and 0.076 g of heat-stable a-amylase was added.
The flask was kept at 95 “C for 2 h to complete the lique-
faction stage. The pH of the mixture was corrected to 4.5
with phosphoric acid before the saccharification process.
The third step was initiated by the addition of 0.048 g of
amyloglucosidase enzyme to the liquefied starch. The reac-
tion was conducted for 96 h at 60 “C and 120 rpm. To deter-
mine the quantity of reducing sugars released throughout the
enzymatic hydrolysis of PPW, samples were taken at spe-
cific intervals. Also, it should be mentioned that heat-stable
a-amylase and amyloglucosidase enzymes were supplied by
Serva, Germany. The activities of these enzymes were 30
and 120 units/mg (U/mg), respectively.

Hyaluronan fermentation of PPW hydrolyzates

Hydrolyzates resulting from both acid and enzymatic hydrol-
ysis were investigated as cost-effective culture media for HA
production. Fermentation was performed in 250-mL Erlen-
meyer flasks with a 50 mL working volume. To enhance the
nutritional content of PPW hydrolyzates, 10 g/L of yeast
extract and 0.5 g/L of magnesium sulfate heptahydrate were
added. After adjusting the culture medium to a pH of 7.0,
it was autoclaved at 121 °C for 20 min. Once cooled, it was
inoculated with 5 mL of a pure culture of S. zooepidemi-
cus, followed by incubation at 37 °C and 180 rpm for 96 h.
Samples were collected at 12 h intervals for measurement of
HA content, cell growth, sugar consumption, and medium
pH. The fermentation conditions were explored by remov-
ing the carbon source, replacing the hydrolyzates of PPW,
and evaluating HA production. Furthermore, the amount of
HA produced was assessed as an auxiliary source of glucose
for the hydrolyzates of PPW, for adjusting the total sugar
content to 30 g/L.

Analytical procedures
The fermentation broth was analyzed using several meth-

ods. Reducing sugar levels were determined by the dinitro-
salicylic acid (DNS) assay [31] by comparison to a glucose
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standard curve. Optical density at 600 nm (ODg,) was
measured by a spectrophotometer that monitored cellular
biomass. A cetyltrimethylammonium bromide (CTAB)
turbidimetric method estimated hyaluronic acid concentra-
tion based on color developed by the reaction between HA
and CTAB, which was quantified spectrophotometrically
at 580 nm. Cell-free supernatants were prepared by cen-
trifugation and mixed with ethanol to precipitate HA. The
precipitate was redissolved, reacted with CTAB reagent,
and absorbance was measured against a standard curve to
determine HA [33, 34]. In addition, microbial growth was
assessed by cell dry weight (CDW) measurements. Biomass
weights were obtained by centrifuging culture samples,
washing, and drying the cell pellets. An ODg, versus bio-
mass concentration calibration curve enabled the conversion
of optical density to cell mass. HA was also precipitated
from supernatants using ethanol, recovered by centrifuga-
tion, and dried. Each experiment was conducted in triplicate,
and the results were averaged.

Fourier transform infrared (FTIR) spectroscopy

The HA structure was verified by Fourier transform infrared
(FTIR) spectroscopy (WQF-510A, China). First, the poly-
saccharide sample extracted from the supernatant using eth-
anol was dried. It was then prepared according to the potas-
sium bromide (KBR) technique [35], in which the sample
was compressed into a pellet at high pressure. The infrared
spectrum of the HA sample was obtained in the range of
4000-400 cm™! with a resolution of 2.0 cm™!. Finally, the
recorded peaks were compared with the peaks of the HA
standard reported in the literature.

Results and discussion
Characteristics of potato peel

Potato peel waste is 15-40% of the original tuber weight,
depending on the peeling efficiency. This substantial by-
product has a potential for value-added utilization rather
than disposal [36]. Furthermore, the features of potato peel
waste are influenced by several other factors including potato
cultivar, light exposure, irradiation treatment, storage con-
ditions, and mechanical damage [37]. The composition of
potato peel waste is demonstrated in Table 1, which pre-
sents the findings of some chemical composition param-
eters analyzed in the samples. These findings align with the
results found in other studies. For instance, the PPW used by
Khawla et al. [38] to produce bioethanol had the following
compositions (% on dry basis): moisture 6.87, protein 15.21,
starch 48.46, and ash 7.23.



Bioprocess and Biosystems Engineering (2024) 47:1003-1015

1007

Table 1 Characteristics of
potato peel waste (PPW)

Parameters Composition

Moisture (%) 7.58
Carbohydrate (%) 63.91

Protein (%) 8.71
Ash (%) 8.24
pH 5.81

Note: All parameters are based
on dry weight

HA production in synthetic medium
Effect of carbon source

In the present study, S. zooepidemicus sp. MW269858 was
examined for its ability to utilize five different sugars (mono-
saccharides, disaccharides, and polysaccharides) and to pro-
duce HA biopolymer. In this way, synthetic culture media
containing glucose, lactose, sucrose, sago starch, and potato
starch at 30 g/L. were separately prepared and the rate of cell
growth, HA, and the change in pH values were evaluated at
regular intervals. The results are shown in Fig. 1 (a—e). As
can be observed from this figure, in all the experiments, HA
and biomass production first increased and then gradually
decreased or remained constant. An increase in viscosity in
the culture broth due to EPS and other metabolites synthesis,
followed by a decrease in mixing performance and oxygen
transfer limitation, can explain the reduction in HA produc-
tion. The pH value also decreases, which can be due to the
production of HA and other acidic products [39, 40]. The
main metabolite that results from glucose catabolism in S.
zooepidemicus is lactic acid which explains the pH drops
observed in media [9]. The pH values decreased in both
media; however, in the complex sugar medium (sago starch
and potato starch), the decrease was less pronounced. One
possible explanation for this observation is that when starch
was used instead of glucose in the medium, lactic acid pro-
duction decreased [41]. Besides, drops in pH levels below
5 may lead to a decline in microbial biomass content. The
results of maximum biomass, maximum HA production, and
time to reach them are summarized in Table 2. Among all
the carbon sources exanimated, glucose resulted in the high-
est amount of HA, 1.41 g/L, in comparison to maximum HA
concentrations of 0.09, 0.13, 0.93, and 0.16 g/L attained for
sago starch, potato starch, sucrose, and lactose, respectively.
Furthermore, a maximum biomass of 4.20 g/L was obtained
for glucose, and the culture with glucose presented a rapid
production of HA (within 24 h) than other substrates. This
is because the other sugars must first be decomposed into
glucose so that they can be used by bacteria [42]. As a result,
in this research, glucose was chosen as the most suitable
carbon for the synthesis of HA via S. zooepidemicus sp. and

applied for the subsequent experiments. This finding aligns
with the results previously conveyed by Im et al. [40] who
examined ten carbon sources including fructose, glucose,
galactose, maltose, dextrin, mannose, xylose, lactose, and
soluble starch at 40 g/L for HA production by Streptococ-
cus sp. ID9102. Hyaluronan production reached the highest
value of 1.58 g/L when glucose was employed as the carbon
substrate. HA synthesis in streptococci demands significant
energy and contests bacterial cell growth for glucose, both
as an energy source and as a UDP-sugar precursor. In fact, in
the presence of abundant glucose, maximal bacterial growth
was detected under optimal cultivation circumstances [43].

Effect of nitrogen source

The culture condition is a significant aspect of the com-
position of media for HA synthesis. S. zooepidemicus is a
nutrient-demanding bacterium, nitrogen is one of the most
important nutrients for it [39, 44]. Nitrogen sources are a
factor that affects microbial metabolism [45, 46]. To study
the effect of nitrogen sources, synthetic culture media con-
taining peptone, yeast extract, and ammonium sulfate at
10 g/L were used. The experimental findings demonstrated
that the strain was capable of using three nitrogen sources
(organic and inorganic) and produced HA. The maximum
amount of HA and biomass produced from the three dis-
tinct nitrogen sources is compared in Fig. 2. According to
the data, the medium containing peptone and yeast extract
produced the most HA after 24 h, at 1.41 and 0.89 g/L,
respectively. The highest HA concentration in the ammo-
nium sulfate-containing solution after 36 h was 0.74 g/L.
Ammonium sulfate is an inorganic nitrogen source, whereas
peptone and yeast extract are organic nitrogen sources. The
utilization of organic nitrogen sources is more suitable for
S. zooepidemicus and the production of HA. This has been
confirmed by other experiments. In a study by Im et al.
[40], the effects of different nitrogen sources on HA pro-
duction by Streptococcus sp. ID9102 were examined. The
yeast extract in the basal medium was replaced with various
organic nitrogen sources, as well as inorganic sources each
at 0.5% concentration along with glucose. Media containing
the organic nitrogen sources supported plentiful bacterial
growth and high HA yields. Khue and Vo [47] assessed the
level effects of various factors like peptone, meat extract,
yeast extract, glucose, Tween-80, potassium phosphate,
sodium acetate, ammonium citrate, magnesium sulfate, and
manganese sulfate to estimate their influence. The most sig-
nificant impact on the yield of hyaluronic acid was observed
with yeast extract. However, the strain failed to grow in
media containing only the inorganic nitrogen sources. This
demonstrated the requirement of an organic nitrogen source
for HA synthesis by this strain. The fermentation culture
supplemented with yeast extract exhibited more rapid HA
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Fig. 1 Time profile of pH, cell growth, and HA production by S. zooepidemicus MW269858 in the presence of different sugars: (a) glucose, (b)
sucrose, (c) lactose, (d) sago starch, and (e) potato starch, as carbon source

production compared to cultures with other nitrogen sources.  growth medium for culturing both laboratory and industrial
Maximum HA levels were achieved within 24 h. This is microorganisms [48]. In addition, yeast extract contains
because yeast extract is a great source of nutrients like amino  essential nutrients like amino acids and vitamins that are
acids, vitamins, nucleosides, peptides, and minerals. This critical for S. zooepidemicus fermentation. The amino acids
complex nutritional profile makes yeast extract an excellent ~ present in yeast extract provide the necessary precursors and
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Table 2 Effect of different types of sugars on HA production and cell
biomass in the present study

Maximum cell Maximum HA  Time to achieve
growth (g/L)  production (g/L) the maximum

Carbon sources

levels (h)
Glucose 4.20 1.41 24
Sucrose 3.79 0.93 36
Lactose 3.21 0.16 48
Sago starch 0.99 0.09 48
Potato starch 1.04 0.13 48

B Maximum HA production
B Maximum cell growth

Concentration (g/1)

Peptone Yeast extract Ammonium sulfate

Nitrogen source

Fig.2 Comparing the amount of HA and biomass produced by differ-
ent nitrogen sources

building blocks for HA synthesis and biomass generation
[49]. Purines, pyrimidine bases, and vitamin B complex are
the main contributors to HA production in yeast extract. It is
also important to control the amount of acetate to optimize
HA production because acetate can compete with HA for the
same precursors. This competition, along with the accumula-
tion of by-products in the production media, can inhibit HA
production. [8, 9, 14].

HA production using potato peel as a carbon source

Although potato peel contains abundant starch, its content
of reducing sugars fermentable by microorganisms is low
(0.6% dry weight). As a result, direct microbial fermentation
of untreated potato peels is not feasible. Therefore, to enable
fermentation, an initial hydrolysis step (either enzymatic or
acidic) is necessary to break down the carbohydrates [24].
For this purpose, sugar is extracted from potato peel resi-
due using acid and enzymatic hydrolysis. The structure of
potato peel residue is disrupted during a hydrolysis process
that converts polysaccharides into monosaccharides, which
can then be metabolized by microorganisms. In comparison

to enzymatic and acidic hydrolysis, each hydrolysis offers
some advantages. Enzymatic breakdown of starch requires
an initial gelatinization pretreatment, where starch is heated
in water to unravel its granular structure. After cooling, this
gelatinized starch forms a porous gel network that enables
enzymes to readily permeate and access the starch polymers,
facilitating more efficient enzymatic catalysis. In contrast,
acid hydrolysis does not require this gelatinization step, as
the acidic conditions directly cleave glycosidic bonds in
starch without needing to first disrupt the granular morphol-
ogy. Thus, acid hydrolysis provides a more direct breakdown
of starch without the additional pretreatment. In addition to
the more direct breakdown of starch, acid hydrolysis also
has shorter reaction times and simpler pretreatment needs
compared to enzymatic hydrolysis. Acid hydrolysis also has
several key drawbacks. The acidic conditions generate deg-
radation by-products such as furfural, 5-(hydroxymethyl)-
2-furaldehyde (HMF), and acetic acid, which persist in the
glucose solutions after the hydrolysis process. These par-
ticular compounds inhibit the growth of microorganisms and
thus, need to be regulated to non-toxic levels to facilitate
subsequent fermentation. Other disadvantages include the
need to neutralize the acidic medium after hydrolysis, dis-
pose of the resulting calcium sulfate waste and meet process
energy requirements. Additional supplementary equipment
is also required for neutralization and filtration steps, with
some equipment components needing acid resistance. Thus
acid hydrolysis, while directly cleaving polysaccharide
bonds, requires extensive downstream processing to remove
inhibitory by-products and adjust conditions for fermenta-
tion [50, 51]. Enzymatic hydrolysis of biomass, as in com-
parison with acid hydrolysis, happens at moderate conditions
of the reaction. In addition, the highly specific nature of
enzyme-catalyzed reactions enables complete and targeted
deconstruction of the biomass into glucose [38]. Therefore,
enzymatic hydrolysis provides the advantages of moderate
conditions and high specificity for effective biomass sac-
charification into fermentable sugars. As a result, both acidic
and enzymatic hydrolysis methods were employed in this
study to evaluate fermentable reducing sugars released after
enzymatic and acidic hydrolysis of PPW. To monitor the
release of fermentable sugars over time, samples were col-
lected from the enzymatic hydrolysis solutions every 24 h
during the hydrolysis period. The DNS assay was used to
reducing sugar release for acidic and enzymatic hydrolysis.
Table 3 summarizes the research conducted.

Enzymatic and acidic hydrolyzates from PPW
In this study, potato peel was selected as a cheap and eco-
nomical substrate to evaluate the possibility of produc-

ing HA utilizing a low-cost carbon source. Figure 3 illus-
trates the results of comparing the amounts of glucose,
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Table 3 Evaluation of reducing sugar release for acidic and enzymatic hydrolysis

Type of hydrolysis Measuring the amount of sugar produced Sampling for DNS Hydrolyzate reducing  Yield of
testing (540 nm) sugar (g/L) hydrolysis
(%)
Enzymatic Liquefaction before adding a-amylase enzyme Zero stage 3.21 7.71
Liquefaction stage Step one 5.44 26.8
24 h after adding amyloglucosidase enzyme Step two 15.48 58.60
After 48 h of adding amyloglucosidase enzyme Step three 19.68 76.18
After 72 h of adding amyloglucosidase enzyme Step four 19.58 71.90
Acidic After autoclaving - 16.20 62.22
0.90 18 1.5 20
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—=#—pH value » —a— pH valu, @
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Fig.3 Fermentations containing PPW hydrolyzates produced through both acidic (a) and enzymatic (b) hydrolysis were analyzed for glucose
consumption, cell growth, pH changes, and HA production over culture time

cell growth, pH, and HA produced in the media containing
acid hydrolyzate from potato peel and the PPW enzymatic
hydrolyzate. A decrease in nutrition supplies, inhibitors
produced during the process, by-products such as lactic
acids and acetic acids, dissolved oxygen in the environ-
ment, a decrease in pH, and the strain’s subsequent tran-
sition into the stationary phase can all contribute to a
decrease in hyaluronan levels. S. zooepidemicus requires
a slightly neutral to slightly basic environment for opti-
mal hyaluronic acid synthesis [8, 9]. The S. zooepidemi-
cus strain MW269858 utilized the sugars released from
enzymatic hydrolysis more readily, producing 19.68 g/L
initially. This greater availability of fermentable sugars
enabled increased bacterial growth and HA production
over the first 24 h. However, as sugar levels decreased
(total consuming sugar by strain 10.89 g/L) due to con-
sumption by S. zooepidemicus and pH dropped, growth
and HA synthesis began to plateau after 24 h. The greatest
amount of HA reached was 0.92 g/L. at 24 h with enzy-
matic hydrolysis. In comparison, the lower initial sugar
release of 16.20 g/L from acid hydrolysis resulted in

@ Springer

delayed bacterial growth (total consuming sugar by strain
8.04 g/L). The highest HA production was 0.59 g/L at
48 h with acid hydrolysis, likely due to the strain taking
longer to adapt to this environment and the limitations of
acid hydrolysis. To increase HA acid yields, glucose was
supplemented as an additional carbon source to both the
enzymatic and acid hydrolyzates. In this study, glucose
was selected based on its previously being identified as
the optimal carbon source for the growth of S. zooepi-
demicus MW?269858, as mentioned above. The addition of
a certain amount of glucose to the hydrolyzate enhanced
the available sugar levels. Figure 4 depicts the variation
of different parameters in the PPW hydrolyzates medium
supplemented with glucose. This supplementation resulted
in improved maximum HA production in the enzymatic
and acid hydrolyzate, respectively, of 1.18 and 0.95 g/L.
Figure 5 compares the amounts of cell proliferation and
HA produced during enzymatic and acid hydrolysis of
potato peel. Acid hydrolysis is less effective than enzy-
matic hydrolysis for different reasons. First, enzymatic
hydrolysis is more incisive and environmentally friendly,
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Fig.4 The effect of glucose addition source to the acid (a) and enzymatic (b) potato peel hydrolyzates, as a supplementary carbon, on glucose

consumption, cell growth, pH changes, and HA production

Fig.5 Comparison of cell pro- 5
liferation and HA yields from
enzymatic, acidic hydrolyzates,
and additional carbon source on 4-
PPW hydrolyzates —_
E;
g 39
~—
]
=
g
S 27
S
O
14
0-

PPW hydrolysate
resulting from
acid hydrolysis

without requiring harsh chemicals. Second, the sugars
released from enzymatic hydrolysis were more compat-
ible and accessible to the bacterial strain, facilitating rapid
growth and HA synthesis that peaked faster at 24 h. In
contrast, acid hydrolysis released lower fermentable sugars
and required a longer adaptation time, reaching maximum
HA levels only after 48 h. Based on our knowledge, PPW
hydrolyzate has not yet been used as a source of carbon for
HA production. The comparison between the production
of HA achieved in this study and that attained in previous
investigations is presented in Table 4. It is evident that
the quantity of HA obtained in this study was margin-
ally greater than some studies, disregarding the fact that
other reports employed a higher initial concentration of

B Maximum HA production
- Maximum cell growth

PPW hydrolysate PPW acid hydrolysate PPW enzymatic
resulting from supplemented  hydrolysate supplemented
enzymatic hydrolysis with glucose with glucose

Carbon source

sugars. This observation highlights the potential of PPW
in the production of HA. Numerous other waste biomass
materials have been explored as feedstocks which are sum-
marized in Table 4.

FTIR spectrum of HA

The FTIR spectrum confirms the chemical structure of
HA and can act as a validation that the exopolysaccha-
ride obtained in this work is mainly composed of HA. The
resemblance between the peaks representing the most sig-
nificant functional groups in HA produced in this study is
depicted in Fig. 6. The output of the FTIR spectrum is sum-
marized in Table 5 and it matched the standard HA well. A
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Table 4 Microbial HA production from low-cost substrates used as nutrients and under different fermentation conditions

Microorganism Substrate Condition of Fermentation type HA (g/L) References
fermentation
Streptococcus zooepidemicus ATCC 35246 Mussel processing wastewater 500 rpm Batch mode 2.46 [13]
Tuna peptone
Streptococcus zooepidemicus ATCC 39920 Soy molasses Batch mode ND [52]
Sugarcane molasses 37°C 0.37
Sugarcane juice 100 rpm 0.26
Streptococcus zooepidemicus ATCC 35246 Molasses pH 8 Batch mode 3.54 [19]
37°C
SWP 200 rpm
Streptococcus zooepidemicus ATCC 35246 Glucose Fed-batch mode 2.53 [53]
Yeast extract pH7
Peptone from Scyliorhinus 37°C
canicula visceral treatment 500 rpm
Streptococcus equi subsp. zooepidemicus ATCC  Hydrolyzate soy protein pH7 Batch mode 0.89 [18]
39920 Whey protein 37°C
Cashew apple juice 150 rpm
Streptococcus thermophilus NCIM 2904 Hydrolyzate pH 8 Batch mode 0.34 [54]
Whey permeate 37°C
Whey protein 150 rpm
Streptococcus zooepidemicus ATCC 35246 Glucose Batch mode 4.0 [55]
Whey protein from cheese pH 6.7 3.2
Yeast extract 37°C
Tryptone 500 rpm
Streptococcus zooepidemicus NJUSTO1 Starch Batch mode 6.7 [41]
Glucose 37°C
Peptone 220 rpm
Yeast extract
Streptococcus zooepidemicus ATCC 35246 Acidic and enzymatic pH7 Batch mode 0.85 [56]
Hydrolyzates from bored 37°C 1.5
Coffee beans 300 rpm
Streptococcus zooepidemicus MTCC 3523 Palmyra palm sugar pH7 Batch mode 1.2 [20]
37°C
180 rpm
Streptococcus zooepidemicus MW269858 Enzymatic hydrolyzate from PPW Batch mode 0.92 This work
Acidic hydrolyzate from PPW pH7 0.59
Enzymatic hydrolyzates from 37°C 1.18
PPW supplemented with
Glucose
Acidic hydrolyzates from PPW 180 rpm 0.95

supplemented with Glucose

prominent absorption band was observed at approximately
3432.67 cm~! owing to the stretching oscillation of O—H
and N-H hydrogen in the N-acetyl side chain. A cluster of
overlapping bands at 2925.48 cm™' was caused by aliphatic
C-H stretching vibrations. Absorption bands detected at
1621.84 cm™" and 1411.84 cm™! can be assigned to the
asymmetric and symmetric stretching vibrations of the car-
boxylate [57]. According to Ref. [58] after protonation, the
C=0 peak shifted up to 1735 cm~!. The C-O peak shifted

@ Springer

down to 1255 cm™!. The infrared absorption bands at around
1621.84, 1563.98, and 1322.92 cm™' relate to the amide
I, amide II, and amide III vibrations of the peptide bond,
respectively. The band at 1151.29 cm™! can be attributed to
the C—O—C stretching vibration of the O-bridge ether link-
age. The bands at 1074.15 cm™' and 1043.30 cm™' corre-
spond to the C-O stretching vibration of the exocyclic ether
and the C—OH stretching of the secondary alcohol moiety,
respectively [59]. The infrared absorption band observed
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Fig.6 FTIR spectra HA produced by S. zooepidemicus MW269858

Table 5 Comparison of the assignments of FTIR wavenumbers of
HA obtained from S. zooepidemicus under optimum cultivation con-
ditions and standard HA

Assignments FTIR wavenumber (cm™")
Standard HA produced by
HA [57] S. zooepidemicus
MW269858
O-H stretching 3449 3432
C—H stretching 2922 2925
C-O stretching 1418 1411
C=0 stretching 1622 1621
C-O-H stretching 1043 1043
C-O-C stretching 1155 1151
Amide I band 1653 1621
Amide II bands 1564 1563
Amide III bands 1325 1322
C-0 (exocyclic) stretching 1082 1074

C—C stretching

at 948.80 cm™' can be correlated to an asymmetric out-of-
phase stretching vibration of the pyranose ring of carbohy-
drates [60].

Conclusion

The cost of the feedstock has a major effect on the overall
economic feasibility and commercial viability of fermen-
tative HA production. PPW has the advantages of being
widely accessible and providing a “green” substrate option
for fermentation processes. In this study, HA production by
the S. zooepidemicus MW269858 was examined in two dif-
ferent culture media: one with a synthetic carbon source and

the other with a low-cost carbon source. According to the
data, glucose proved to be the ideal carbon substrate and
yeast extract was selected as the optimal nitrogen source,
giving high HA yields. The use of potato peel hydrolyzate as
a substrate can provide a cost-effective option for fermenta-
tive HA production from S. zooepidemicus. Both acidic and
enzymatic hydrolysis of the potato peels were assessed for
fermentable sugars. Enzymatic hydrolysis was recognized to
be better than acidic due to the selective cleavage of starch
and cellulose polymers in the potato peel biomass. This
demonstrates the potential for developing economical and
sustainable HA manufacturing processes utilizing agricul-
tural residues.
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