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urification of 3-poly-L-lysine from
fermentation broth using an ethanol/ammonium
sulfate aqueous two-phase system combined with
ultrafiltration†

Xusheng Chen, * Wenjiao Diao, Yu Ma and Zhonggui Mao

3-Poly-L-lysine (3-PL) serves as a natural food preservative and is manufactured mainly by extraction from

microbial fermentation broth using ion-exchange chromatography. In order to develop an alternative

purification strategy, an environmentally friendly alcohol/salt aqueous two-phase system (ATPS) was

explored in this study for 3-PL extraction. A study of the separation of 3-PL in different alcohol/salt

systems showed that ethanol/ammonium sulfate ATPS exhibited the highest 3-PL partition coefficient

and recovery ratio. Based on the phase diagram, the effect of phase composition on partition, and the

removal of pigment and protein, an ATPS that was composed of 20% (w/w) ethanol and 20% (w/w)

ammonium sulfate, with a feedstock at pH 9.5, was developed to extract 3-PL from the fermentation

broth. This achieved an 3-PL recovery ratio of 96.15% with an 3-PL purity of 40.23% after triplicate

extractions. Subsequently, desalting by ultrafiltration led to a final 3-PL product of 92.39% purity and

87.72% recovery. The ethanol/ammonium sulfate ATPS provides a new possibility for 3-PL purification.
1. Introduction

3-Poly-L-lysine (3-PL) is composed of 25–35 L-lysine residues that
are linked by adjacent 3-amino and a-carboxyl groups,1 and can
be produced by various Streptomycetaceae, a few lamentous
fungi and some Bacilli as a secondary metabolite.2,3 3-PL and its
derivatives have been used as preservatives, biodegradable
bers, hydrogels, drug carriers, biochip coatings in food and in
the cosmetics and pharmaceutical elds.4 Since the 1980s, 3-PL
has entered the commercial market as a natural food preser-
vative in Japan, South Korea, the United States, and China, and
it is manufactured industrially by aerobic fermentation using
Streptomyces albulus.5 As the 3-PL market continues to grow at
a rapid pace, the development of an efficient bio-separation
process is critical for 3-PL production, and this would help to
signicantly reduce the cost of 3-PL production.

Based on a search of the literature, an initial 3-PL purica-
tion scheme including cation ion-exchange adsorption,
activated-carbon decoloration and organic-solvent precipitation
was developed to identify the 3-PL chemical structure in 1981.1

Using this approach, Bankar et al. puried 3-PL from fermen-
tation broth that contained 2 g L�1 3-PL, with a purity of 97.58%
and a recovery ratio of 90.42%.6 Zhu et al. evaluated the 3-PL
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adsorption performance of HZB-3B (strong cation) and D155
(weak cation) resins and optimized the adsorption and
desorption conditions to achieve a desorption efficiency of
97.57% and a recovery ratio of 94.49%.7 Chen et al. employed an
Amberlite IRC-50 ion-exchange resin, a SX-8 macroporous
adsorption resin and Sephadex G-25 gel column chromatog-
raphy to purify 3-PL from a culture of S. ahygroscopicus, and this
was used for its chemical structure identication.8 In previous
studies, we developed a potential industrial scheme for 3-PL
separation and purication from fermentation broth, including
mycelia removal by occulation, protein removal by 30 kDa
ultraltration, ion-exchange adsorption, decolorization with
a macroporous resin and desalting by 1 kDa ultraltration. A
90.2% purity and 75% recovery were achieved.9 In order to
improve the purity of 3-PL and its efficiency, we optimized the
ion form of a cation ion-exchange resin and found that NH4

+

was the optimal ion form of the cation resin that was used for 3-
PL extraction. The 3-PL purity was improved to 97.10% with
a recovery ratio of 66.01%.10 Thus, the developed scheme based
on an ion-exchange operation could achieve 3-PL purication
from a fermentation broth with a high purity and acceptable
recovery ratio. However, these bioseparation processes are
complicated, and a large volume of saline wastewater is
produced during the ion-exchange operation, increasing the
economic and environmental problems. Therefore, it is neces-
sary to develop an alternative extraction technology for 3-PL
purication. Recently, Katano et al. proposed a precipitation
method to separate and purify 3-PL from culture broth using the
RSC Adv., 2020, 10, 29587–29593 | 29587
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Table 1 Separation of 3-PL in different alcohol/salt systemsa

(NH4)2SO4 NaH2PO4 KCl NaCl Na3PO4

Methanol K — — — — —
Y (%) — — — — —

Ethanol K 18.27 10.21 — — —
Y (%) 97.89 81.23 — — —

Acetone K 1.52 1.21 1.03 — —
Y (%) 53.26 48.34 46.32 — —

Ethyl acetate K 0.19 0.07 — 0.06 —
Y (%) 18.46 5.21 — 1.12 —

a —, homophase.

Fig. 1 Phase diagram of the ethanol/ammonium sulfate ATPS in
deionized water and 3-PL feedstock (A), and the state of ATPS
extraction of the 3-PL feedstock ((1), 3-PL feedstock; (2) ATPS
extraction) (B). The experiments were performed in triplicate.
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tetraphenylborate anion, and recovered 95% 3-PL from a 100 mL
culture.11 Furthermore, they developed a yellow anionic dye, the
dipicrylamine anion, to precipitate polycationic 3-PL.12 More-
over, metal-chelate affinity precipitation was used for 3-PL
purication, and this afforded 98.42% recovery with electro-
phoretic purity.13 Unfortunately, these methods are only suit-
able for research purposes and are unsuitable for industrial
application in terms of cost and food safety. Thus, it is necessary
to continue to discover an efficient, high food safety and inex-
pensive strategy for 3-PL purication.

An aqueous two-phase system (ATPS) comprises two
immiscible aqueous-rich phases, which are formed by mixing
phase-forming component(s) above a critical concentration.14

Typical ATPS types are based on polymer/polymer systems and
polymer/salt systems. The major drawbacks that limit the
practical application of both ATPSs are the high cost of some
phase-forming polymers, the high viscosity of the polymer
phase, the slow phase segregation, the difficulty in product
isolation from a polymer-rich phase and complications in the
recycling of phase components.15 In recent years, the alcohol/
salt ATPS has become a promising and sustainable variant of
the ATPS that has garnered popularity in the purication of
biomolecules. This type of ATPS allows for easier recovery of the
target compound by alcohol removal using an evaporation
method, compared with a conventional ATPS.16 The method
also produces less pollution and has a low cost, because alcohol
and salt can be recycled via distillation and crystallization,
respectively. For example, Lo et al. developed an alcohol/salt
ATPS comprising 1-propanol and tripotassium citrate that was
used for green uorescent protein purication from the culture
of recombinant Escherichia coli, yielding an average green
uorescent protein purication factor of 11.34 and a 75.7% of
EGFP recovery ratio.17 Mathiazakan et al. reported that lipase
could be recovered and puried from the fermentation broth of
Burkholderia cepacia using a 1-propanol and ammonium
sulphate ATPS combined with solvent sublation on a pilot scale,
achieving a purication factor of 12.2, a separation efficiency of
93% and a selectivity of 40.18 However, no report currently exists
on 3-PL purication using an alcohol/salt ATPS.

In this study, the separation of 3-PL in different alcohol/salt
systems was investigated. An ethanol/ammonium sulfate
system was chosen to separate 3-PL from fermentation broth
because of the low cost and facile recycling of the solvent and
salt. The inuence of the phase-forming components on the
separation of 3-PL and the removal of proteins and pigments
was also investigated. The effect of multi-stage extraction and
desalting on the purity of 3-PL and its recovery were also eval-
uated. This study is the rst report that presents a simple and
effective method to extract 3-PL from fermentation broth
directly using an aqueous two-phase system.

2. Results and discussion
2.1 Partition of 3-PL in different alcohol/salt systems

The separations of 3-PL in different alcohol/salt systems are
shown in Table 1. Methanol could not form an ATPS with all the
salts tested. Similarly, sodium phosphate could not form
29588 | RSC Adv., 2020, 10, 29587–29593
a phase separation with all the tested alcohols. In the ATPSs that
were formed, the partition coefficient (K) and recovery ratio (Y)
of 3-PL in ethanol/ammonium sulfate and ethanol/sodium
dihydrogen phosphate ATPSs were higher than in other inves-
tigated alcohol/salt systems. In particular, the K and Y values in
the ethanol/ammonium sulfate ATPS were the highest at
18.27% and 97.89%, respectively. The K and Y values in the
ethanol/sodium dihydrogen phosphate ATPS were 10.21% and
81.23%, respectively. However, the K values in the other ATPSs
ranged from 0.06–1.52, with Y ranging from 1.12% to 53.26%,
which are signicantly lower than those of the ethanol/
ammonium sulfate or ethanol/sodium dihydrogen phosphate
ATPSs. The reason why 3-PL can be extracted by an ATPS
remains unclear, but one possible reason could be the hydro-
philicity of 3-PL and that of the solvent. In the ATPS, the
hydrated ions of the salts, especially the hydrated anions with
H3O

+, can bind to water molecules from the solution. The
multivalent anion can bind to more water molecules than the
monovalent anion.19 Therefore, sulfate and dihydrogen phos-
phate can promote 3-PL to form a new phase from the feedstock.
However, phosphate did not yield a phase separation because of
its high hydrophilicity. Other salts (KCl and NaCl) that contain
monovalent charge anions alone were less efficient at binding
water molecules. A stronger solvent polarity resulted in
increased bound water. Thus, it is easy to understand that the
extraction of 3-PL by an ethanol/salt system is superior to that of
other organic solvent/salt systems. However, it is difficult for the
investigated salts to promote methanol to form an ATPS
because of the sufficient affinity between water and methanol.
This journal is © The Royal Society of Chemistry 2020
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Based on the partition coefficient, the recovery ratio and the
cost of salt, the ethanol/ammonium sulfate ATPS was chosen for
3-PL extraction.
2.2 Phase diagram of the ethanol/ammonium sulfate ATPS
in the 3-PL feedstock

The phase diagram of the ethanol/ammonium sulfate ATPS
with different concentrations of 3-PL is shown in Fig. 1. Without
3-PL (deionized water), two extreme points of phase formation
were chosen; one point occurred at 1.6% (w/w) ammonium
sulfate and 58.1% (w/w) ethanol, and the other occurred at
38.5% (w/w) ammonium sulfate and 3.8% (w/w) ethanol, which
is consistent with the results of a previous study.19 In the 3-PL
feedstock, the presence of 3-PL did not change the binodal curve
in deionized water, but the concentration of ethanol at the
phase-forming point at each 3-PL concentration was lower than
that in deionized water at the same concentration of ammo-
nium sulfate. A binodal curve closer to the origin in the phase
diagram implies that ATPS formation could be achieved at
lower concentrations of the phase-forming components.20 The
displacement of binodal curves from the origin of the phase
diagram was in the order: 30 g L�1 < 20 g L�1 < 0 g L�1, indi-
cating that 3-PL beneted ethanol/ammonium sulfate ATPS
formation. 3-PL was partitioned in the top phase of the ethanol/
ammonium sulfate ATPS (ethanol phase) and was recovered
easily by removing ethanol via evaporation (Fig. 1B). Most 3-PL-
producing strains could achieve 3-PL concentrations of
approximately 30 g L�1 in the fermentation broth.21 Therefore,
the ethanol/ammonium sulfate ATPS was developed directly in
the 3-PL feedstock (30 g L�1) for 3-PL purication, and this is
benecial for industrial applications and process economics.
Fig. 2 Effect of ammonium sulfate (A and B), ethanol (C and D) and pH
(E and F) on the 3-PL partition coefficient, 3-PL recovery ratio,
decoloration ratio and protein removal ratio in the ethanol/ammonium
sulfate ATPS. The experiments were performed in triplicate and error
bars indicate the standard deviations.

This journal is © The Royal Society of Chemistry 2020
2.3 Optimization of the ethanol/ammonium sulfate ATPS for
3-PL extraction

To develop the ethanol/ammonium sulfate ATPS in the 3-PL
feedstock, the separations of 3-PL in the ethanol/ammonium
sulfate ATPSs were investigated at varying ammonium sulfate
and ethanol concentrations, and the pH of the 3-PL feedstock
was varied. The results are shown in Fig. 2.

As shown in Fig. 2A, the partition coefficient of 3-PL in the
ethanol/ammonium sulfate ATPS decreased with an increase
in ammonium sulfate concentration from 20% (w/w) to 23.3%
(w/w), but the coefficient increased when the ammonium
sulfate concentration exceeded 23.3% (w/w). The recovery
efficiency of an alcohol/salt ATPS for biotechnological product
purication is dependent on the salting-out mechanism.22 In
the ethanol/ammonium sulfate ATPS, when the concentration
of ammonium sulfate was increased in the system (from 20%
to 23.3%), more water molecules in the top phase were
transferred to the bottom phase and combined with ammo-
nium and sulfate ions, resulting in a decrease of 3-PL solubility
in the top phase. However, when the concentration of
ammonium sulfate was increased further (from 23.3% to
26.7%), the salting-out effect occurred in the bottom phase,
repelling the 3-PL that was dissolved in the top phase and
again increasing the 3-PL partition coefficient. As the 3-PL
recovery ratio is related closely to the 3-PL partition coefficient,
it exhibited the same trend as the 3-PL partition coefficients.
As shown in Fig. 2B, the decolorization and protein removal
ratios improved steadily with an increase in ammonium
sulfate concentration, reaching the highest values of 40.1%
and 43.2%, respectively, at an ammonium sulfate concentra-
tion of 26.7% (w/w). Based on the 3-PL recovery efficiency, 20%
(w/w) ammonium sulfate was chosen for the ethanol/
ammonium sulfate ATPS.

Interestingly, as shown in Fig. 2C, the partition coefficients
of 3-PL in the ATPS during ethanol concentration optimization
exhibited the same trend as that of ammonium sulfate opti-
mization (Fig. 2A). However, the reasons for this are different. It
has been reported that an increase in ethanol concentration in
the top phase of the ATPS causes gradual dehydration of the top
phase and favours the partitioning of compounds to the bottom
phase.23 However, when the ethanol concentration increases
further in the top phase, an increased number of water mole-
cules in the bottom phase are transferred to the top phase, due
to the dehydration effect of ethanol, resulting in the bottom
phase producing a salting-out effect and causing the 3-PL
partition coefficient to improve (Fig. 2C). The 3-PL recovery
ratios showed the same trend as the 3-PL partition coefficients,
because the 3-PL recovery ratio is related closely to the 3-PL
partition coefficient (Fig. 2C). As shown in Fig. 2D, the decol-
orization ratio increased steadily with an increase in ethanol
concentration, but the protein removal ratio decreased steadily,
possibly due to the protein and pigment having opposite
polarity. Thus, 20% (w/w) ethanol was chosen for the ethanol/
ammonium sulfate ATPS in terms of 3-PL recovery ratio.

3-PL is an amphoteric compound with an isoelectric point of
�9.0,24 indicating that it is positively charged below pH 9.0 and
RSC Adv., 2020, 10, 29587–29593 | 29589
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Table 2 Multistage extractions of 3-PL using the ethanol/ammonium sulfate ATPS

Extraction time
3-PL
partition coefficient

Volume ratio
(top/bottom)

3-PL recovery ratio
(%)

Protein removal
ratio (%)

Decolorization ratio
(%)

3-PL purity
(%)

0 — — 100 0.00 0.00 19.93 � 1.61
1 20.01 � 1.21 1.21 � 0.54 98.11 � 0.41 57.23 � 1.12 37.68 � 1.09 28.26 � 1.57
2 18.85 � 1.56 1.02 � 0.12 96.21 � 0.15 63.27 � 1.03 40.19 � 0.56 34.67 � 0.73
3 18.36 � 2.01 0.91 � 0.34 96.15 � 0.23 85.66 � 1.04 58.98 � 1.25 38.91 � 2.02
4 18.01 � 1.76 0.92 � 0.21 92.01 � 0.30 86.56 � 1.43 60.01 � 0.98 40.23 � 1.21
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negatively charged above pH 9.0. When the pH is below 8.0,
most of the 3-PL exists in its cation form, which has a high
solubility in the bottom phase. However, when the pH is
increased from 8.0 to 9.0, the net electrical charge of 3-PL
approaches zero, which increases the solubility of 3-PL in the
top phase and results in a rapid increase in the 3-PL partition
coefficient. When the pH is higher than 9.0, the negatively
charged 3-PL shows improved solubility in the bottom phase
again, decreasing the 3-PL partition coefficient (Fig. 2E). As
a result, the highest 3-PL partition coefficient of 17.2 was ach-
ieved at pH 9.5. When the pH of the system exceeded 10.5, NH3

escaped from the system (the smell was noticeable during the
experiment) due to the combination of NH4

+ and OH� under
alkali conditions, resulting in an unstable system. Similarly, the
3-PL recovery ratio showed the same trend as the 3-PL partition
coefficients during the ethanol and ammonium sulfate opti-
mization processes. In addition, as shown in Fig. 2F, decolor-
ization and protein removal ratios increased with an increase of
pH, achieving the highest values of 37.5% and 57.0%, respec-
tively, at pH 9.5. The protein removal ratio was affected signif-
icantly by the increase in pH, possibly because the pH affected
the charge-state of the protein, and this affected the protein
removal.15 Therefore, a feedstock pH of 9.5 was chosen for the
ethanol/ammonium sulfate ATPS.

By combining the above results, the highest partition coef-
cient of 3-PL was observed in the ethanol/ammonium sulfate
ATPS that contained 20% ammonium sulfate and 20% ethanol
at a feedstock pH of 9.5, and this yielded a partition coefficient
and 3-PL recovery ratio of 17.17 and 96.36%, respectively
(Fig. 2E). The maximum decolorization and protein removal
ratios were 37.5% and 57.0% (Fig. 2F), respectively. As a result,
this system was selected for the extraction of 3-PL from the
feedstock.
Fig. 3 HPLC chromatograms of 3-PL analysis for the top phase during
the ethanol/ammonium sulfate ATPS extraction. (A) 3-PL feedstock, (B)
first ATPS extraction, (C) second ATPS extraction, (D) third ATPS
extraction, (E) final 3-PL sample after ultrafiltration treatment, (F) the
standard 3-PL sample. The triangle indicates 3-PL.
2.4 Multistage extraction of 3-PL from fermentation broth
using the ethanol/ammonium sulfate ATPS

To maximize the ability of the ethanol/ammonium sulfate ATPS
to extract 3-PL and remove impurities, multistage ATPS extrac-
tions were performed. As shown in Table 2, the 3-PL partition
coefficient, volume ratio and 3-PL recovery ratio decreased with
an increase in extraction time. However, the 3-PL purity, protein
removal ratio and decolorization ratio improved with an
increase in extraction time, indicating that the ethanol/
ammonium sulfate ATPS had a high 3-PL extraction efficiency.
When the 3-PL feedstock was extracted by the ethanol/
29590 | RSC Adv., 2020, 10, 29587–29593
ammonium sulfate ATPS three times, the 3-PL purity was
enhanced by 95.2% and 37.7% compared with that in the
feedstock and aer a single extraction, respectively. The 3-PL
recovery ratio was 96.15% � 0.23% in the third extraction, and
this was 2% lower than the ratio in the single extraction. In
addition, 58.98% pigment and 85.66% impurity protein were
removed aer the third extraction. When the 3-PL feedstock was
subjected to a fourth ATPS extraction, the protein removal ratio,
decolorization ratio and 3-PL purity did not improve visibly,
compared with the third extraction, and the 3-PL recovery ratio
decreased from 96.15% to 92.01%.

As shown in Table 2, the apparent 3-PL purity did not
improve as expected, regardless of the extraction numbers,
because the ammonium sulfate dissolved in the ethanol
phase,14 and this resulted in a decrease in the apparent 3-PL
purity. However, the 3-PL peak gradually occupied the main
component in the top phase of the ATPS with an increase in the
extraction number through high-performance liquid chroma-
tography (HPLC) analysis (Fig. 3). Impurities were removed
gradually through the bottom phase of the ATPS (ESI Fig. 1†),
indicating that the real 3-PL purity would improve signicantly
in each extraction. 3-PL appeared in the bottom phase from the
third extraction, and this reects that the extraction ability of
the top phase for 3-PL decreases with an increase in extraction
number. Therefore, a triplicate extraction is the best choice for
3-PL purication from feedstock using the ethanol/ammonium
sulfate ATPS.
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Positive-ion MALDI-TOF mass spectra of the 3-PL samples
derived from different sources. (A) 3-PL extract of triplicate ATPS
extraction, (B) final 3-PL sample prepared in this study, (C) standard 3-
PL sample. The underlined and italicized values are the observed 3-PL
molecular masses and calculated polymerizations of 3-PL, respec-
tively. The polymerization of 3-PL was calculated based on the
observed molecular mass using the equation: (mass � 19.02)/128.17.
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2.5 Purication of the ATPS extract using ultraltration

To remove ammonium sulfate from the ATPS extract and to
evaluate the real 3-PL purity aer three successive ATPS
extractions, cross-ow ultraltration with a molecular cut-off
weight of 1 kD was used.25 Aer the ultraltration operation,
the 3-PL purity increased from 38.91% (the third ATPS extract)
to 92.78%, which was a 1.38-fold enhancement. Impurities with
a retention time between 6.5 min and 7.5 min were removed,
and the nal 3-PL sample showed a single peak in the HPLC
chromatogram (Fig. 3E), indicating that ultraltration removed
ammonium sulfate and eliminated small-molecule impurities.
The ultraltration operation recovered 91.24% 3-PL from the
ATPS extract.

As a natural food preservative, the antimicrobial activity of 3-
PL is dependent mainly on its polymerization degree.9 Thus, the
effect of successive ATPS extractions on the polymerization
degree of 3-PL was investigated. 3-PL samples were extracted
three times using the ATPS, were desalted by ultraltration and
analysed using MALDI-TOF-MS, and the results are shown in
Fig. 4. The two 3-PL samples had similar mass spectra compared
with those of the standard 3-PL sample, and they maintained
the same characteristic as our previous results,9,25 indicating
that there was no negative effect of ATPS extraction on the
polymerization degree of 3-PL. The difference between the
maximum polymerization degree between the 3-PL samples
prepared in this study and the standard 3-PL sample lies in the
3-PL-producing strain being different.9
3. Conclusions

3-PL was extracted by an alcohol/salt ATPS from the feedstock
for the rst time. By investigating the separation of 3-PL in
different alcohol/salt systems, we found that the ethanol/
ammonium sulfate ATPS exhibited the highest 3-PL partition
coefficient and recovery ratio. Based on the conditions of the
ethanol/ammonium sulfate ATPS optimization, the optimum
ATPS condition was 20% (w/w) ethanol with 20% (w/w) ammo-
nium sulfate with the feedstock at pH 9.5. Triplicate ATPS
This journal is © The Royal Society of Chemistry 2020
extraction yielded a partition coefficient of 18.36 with 96.15% 3-
PL recovery and 38.91% 3-PL purity. Aer desalting treatment by
ultraltration, the nal 3-PL had 92.39% purity and 87.72%
recovery. These results show that the ethanol/ammonium
sulfate ATPS could be used as an alternative for 3-PL purica-
tion, but improvements in 3-PL purity still require further study.
4. Experimental
4.1 Materials

Methanol, ethanol, acetone, ethyl acetate, (NH4)2SO4, NaH2PO4,
KCl, NaCl, Na3PO4 and Na2SO4 were purchased from Sino-
pharm Chemical Reagent Co. Ltd (Shanghai, China). Acetoni-
trile was obtained from TEDIA (Faireld, Ohio, USA). A protein
assay kit was obtained from Bio-Rad (California, USA). The
standard 3-PL sample with a purity of 98.5% was provided by
Jiangsu Yiming Biological Co., Ltd (Jiangsu, China). All chem-
icals used in this study were of analytical grade.
4.2 3-PL feedstock preparation

The 3-PL-containing fermentation broth was prepared by
Streptomyces albulusM-Z18, as described in our previous study.9

The mycelia of the fermentation broth were removed by
centrifugation at 14 000 g for 20 min, and the supernatant
containing 3-PL with a concentration of 30 g L�1 was used as the
3-PL feedstock in this study.
4.3 Partition of 3-PL in different alcohol/salt systems

The partition experiments were conducted by adding 6.0 g of
different organic solvents to 18.0 g of 3-PL feedstock containing
6.0 g of different salts in a graduated tube. The mixtures were
vortexed for 5 min and then allowed to stand for 2 h. The
concentrations of 3-PL in the top and bottom phases were
analysed by the methyl orange method. The partition coefficient
(K) of 3-PL was dened as the ratio of the concentration of 3-PL
in the top phase to that in the bottom phase. The recovery ratio
(Y) of 3-PL was dened as the weight of 3-PL partitioned in the
top phase to the total weight of 3-PL in the feedstock.
4.4 Phase diagram of the ethanol/ammonium sulfate ATPS
in deionized water and 3-PL feedstock

Turbidity titration was used to obtain the phase diagrams of the
ethanol/ammonium sulfate ATPS in deionized water.26 Different
weights of ammonium sulfate were dissolved in deionized water
and added into test tubes. Then, ethanol was added dropwise to
each test tube placed on an analytical balance to measure the
weight of the added ethanol. Aer each droplet, the mixture was
shaken for 2 min on a vortex mixer. When the mixture became
turbid, two phases were still present in the system. However,
when one more drop of ethanol was added, the turbidity dis-
appeared and this point was considered to be the turbidity
point. The total weight of ethanol added was measured
precisely. The concentrations of ethanol and ammonium
sulfate at different turbidity points were calculated using the
following equations, and the phase diagram curve was plotted.
RSC Adv., 2020, 10, 29587–29593 | 29591
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W1 ¼ m1

m1 þm2 þm3

W2 ¼ m2

m1 þm2 þm3

W1 and W2 represent the mass fractions of ethanol and
ammonium sulfate, respectively. m1, m2 and m3 represent the
weights of ethanol, ammonium sulfate, and deionized water,
respectively.

Phase diagrams of the ethanol/ammonium sulfate ATPS in
the feedstocks with 3-PL concentrations of 20 and 30 g L�1 were
investigated by adding various weights of solid ammonium
sulfate. The turbidity points for each feedstock were then
determined by adding ethanol dropwise, as described above.
4.5 Partition behavior of 3-PL in the ethanol/ammonium
sulfate ATPS

To investigate the effect of (NH4)2SO4 and ethanol on the 3-PL
partition behaviour, 20–27% (w/w) of solid (NH4)2SO4 and 20–27%
(w/w) ethanol were added into 18.0 g of 3-PL feedstock (pH 9.5)
with an 3-PL concentration of 30 g L�1 to form the ATPS.
Furthermore, in order to evaluate the effect of pH on the 3-PL
partition behaviour, several 18.0 g 3-PL feedstocks (30 g L�1) were
rst adjusted to different pH values ranging from 4.0 to 10.5 by
2.0 M acid/alkali solutions, and then optimal weights of
(NH4)2SO4 and ethanol were added to each 3-PL feedstock, form-
ing the ATPS. Themixture was vortexed for 5 min and held for 2 h
at room temperature (ca. 20 �C). The 3-PL partition coefficient and
recovery ratio were dened, as shown in Section 4.3. The removal
mass ratio of protein was dened as the ratio of the weight of
protein partitioned in the bottom phase to the total protein in the
3-PL feedstock. The pigment concentration was expressed as the
absorbance of the sample at 410 nm on a spectrophotometer. To
make sure that the absorbance was carried out in the range of 0.2–
0.6, deionized water was used to dilute the samples. The decol-
orization ratio was calculated as follows:

Decolorization ratio ð%Þ ¼ A1 � V1

A0 � V0

� 100%

where A0 and A1 are the absorbance values of the 3-PL feedstock
and the bottom phase, respectively. V0 and V1 (mL) are the
volumes of the 3-PL feedstock and the bottom phase,
respectively.
4.6 Multistage ethanol/ammonium sulfate ATPS extraction

Under the optimal conditions, the rst extraction was carried
out with a total weight of the ATPS at 300.0 g. Then, the top
phase was transferred to a fresh bottom phase that had the
same composition and volume as the rst extraction. The
mixture was stirred for 5 min to equilibrate and was given 2.0 h
for phase separation. Similarly, the third and fourth extractions
were carried out as described above. The volume ratio was
dened as the ratio of the top phase volume to that of the
bottom phase. The purity of 3-PL in the top phase was calculated
as follows:
29592 | RSC Adv., 2020, 10, 29587–29593
3-PL purity ð%Þ ¼ C � V

m
� 100%

where C is the 3-PL concentration in the top phase determined
by the methyl orange method, V is the volume of the top phase,
and m is the dry weight of the ATPS extract, which is the top
phase aer evaporation at 40 �C and �0.08 MPa.
4.7 Further purication of the ATPS extract

To remove ammonium sulfate from the ATPS extract, the top
phase of the third ATPS extraction was concentrated by rotary
evaporation at 40 �C and �0.08 MPa to remove ethanol. Then,
the concentrate was diluted with deionized water and subjected
to a cross-ow ultraltration system (Pellicon 2 mini, Merck
Millipore, MA, USA), equipped with a regenerated cellulose
membrane (0.1 m2) with a molecular cut-off weight of 1 kD, and
drying as described in our previous study.9
4.8 Analytical methods

The 3-PL concentrations in the feedstock and top/bottom pha-
ses were determined using the methyl orange method.27

However, the nal 3-PL sample and the process of ATPS
extraction were analysed by HPLC.28 In brief, a TSK gel ODS-
120T column (F 4.6 � 250 mm, 5 mm, Tokyo, Japan) and
a wavelength of 215 nm were used at 25 �C. The mobile phase
consisted of 8% acetonitrile in deionized water containing
1.7 g L�1 K2HPO4 and 1.42 g L�1 Na2SO4 (pH 3.4). The protein
concentration and pigment absorbance were determined
following procedures from a previous study.29 Matrix-assisted-
laser-desorption-ionization (MALDI)-time-of-ight (TOF)/mass
spectrometry (MS) (ultraeXtreme, Bruker Daltonics Inc., MA,
USA) was used to analyse the distribution of 3-PL molecular
masses, and 2,5-dihydroxybenzoic acid was used as the matrix.30
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