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Abstract
ε-Poly-l-lysine (ε-PL) is a naturally-occurring l-lysine homopolymer having a broad-spectrum antimicrobial activity and used 
widely as a food preservative. In the present study, the combined use of immobilization and in situ product removal (ISPR) 
was evaluated for the production of ε-PL by Streptomyces ahygroscopicus GIM8. Results showed that ε-PL production in the 
flask cultures decreased from 0.84 to 0.38–0.56 g/L upon immobilization on loofah sponge with different amounts (0.5–3 g 
in 50 mL medium in a flask). By applying continuous ISPR to the immobilized flask cultures, ε-PL production as high as 
3.51 g/L was obtained compared to 0.51 g/L of the control. A satisfactory titer of 1.84 g/L ε-PL could also be achieved with 
intermittent ISRP (three cycles of ISPR operation during cultivation). Further investigation showed that low levels of ε-PL 
retained in the broth appeared to favor its biosynthesis. In the repeated-batch fermentation in a 5 L immobilized bioreactor, 
with continuous ISPR, the final average ε-PL concentration and productivity were 3.35 g/L and 0.797 g/L/day, respectively, 
and 3.18 g/L and 0.756 g/L/day for the alternative (intermittent ISPR), in comparison to 1.16 g/L and 0.277 g/L/day with no 
ISPR usage. In the fed-batch fermentation with immobilized cells, the combined use of intermittent ISPR and extra nutri-
ent feeding increased ε-PL concentration and productivity up to 24.57 g/L and 9.34 g/L/day. The fermentation processes 
developed could serve as an effective approach for ε-PL production and, moreover, the combination could greatly simplify 
downstream processing for ε-PL separation and purification.
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Introduction

ε-Poly-l-lysine (ε-PL), an extracellular metabolite produced 
by a variety of Streptomyces strains, is a homo-polyamide 
of l-lysine (25–35 monomers) characterized by the isopep-
tide bond between the α-carboxyl and ε-amino groups [1]. 
It has a high isoelectric point (approximately 9.0) in water 
due to the presence of many free amino groups along its 

backbone [2], and thus exhibits multi-cation characteris-
tics under acidic and slightly alkaline conditions. Due to 
its polycationic nature, ε-PL exhibits antimicrobial effects 
against a broad spectrum of microorganisms, including bac-
teria, molds, yeasts, and some viruses [3, 4]. Moreover, ε-PL 
is biodegradable, water soluble, and thermally stable, and 
has non-toxicity to humans and the environment [5, 6]. The 
above-mentioned properties of ε-PL have enabled its appli-
cation as a natural and safe preservative in various foods. 
Additionally, ε-PL has diverse applications in the pharma-
ceutical, cosmetic, and electronics industries [7].

The mechanism of ε-PL biosynthesis has attracted con-
siderable interest since its discovery. The l-lysine monomer, 
which is suggested to be synthesized through the diami-
nopimelate pathway in the ε-PL-producing Streptomyces 
strains [8], has been proven to be the direct precursor for 
ε-PL biosynthesis [9, 10]. A recent study showed that the 
biosynthesis of ε-PL is ATP-dependent, and catalyzed by a 
highly unusual non-ribosomal peptide synthetase through 
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a series of complex reactions [11]. Despite these improve-
ments, the biosynthetic pathway of ε-PL has not been fully 
elucidated to date, which has hindered technical improve-
ments to the fermentation performance of ε-PL-producing 
strains through molecular biology technologies [12]. In 
this context, efforts are ongoing to improve ε-PL fermenta-
tion process with a focus on strain breeding [13], culture 
medium optimization [14], and process regulations [15, 16]. 
The reported highest production of ε-PL reached 59.5 g/L 
in a fed-batch fermentation using a bred hyper-strain [13]. 
Applying an acidic pH shock strategy in the fed-batch fer-
mentation on glycerol also generated ε-PL concentration as 
high as 54.70 g/L [17].

It has been reported that during fermentation of ε-PL by 
some Streptomyces strains, high cell density is beneficial 
for its production [18]. As to culture conditions, the cul-
ture medium pH is an important process parameter, which 
significantly affects ε-PL biosynthesis, and therefore a two-
stage pH control strategy has been developed to achieve a 
balance between cell growth and ε-PL biosynthesis [19]. 
Further investigation demonstrated that acidic conditions 
could inactivate the ε-PL-degrading enzyme of ε-PL produc-
ers, which is suggested to be responsible for ε-PL accumula-
tion [20]. Dissolved oxygen level also markedly affects ε-PL 
production, and the optimal oxygen saturation is reported to 
be 20% in the production stage [15].

Cell immobilization is a useful technique for enhancing 
the product titer and productivity during microbial fermen-
tation. Compared to free-cell fermentation, immobilization 
of cells offers several obvious advantages, such as increased 
cell density [21], better tolerance against changing environ-
ment [22], increased resistance against toxic substances [23], 
reduced contamination problems [24], and repeated use of 
cell mass [25]. Immobilization is usually achieved by phys-
ical adsorption and polymeric gel entrapment [26]. Com-
pared to the gel entrapment method, the adsorption method 
is simple to operate and its operational cost is minimal [27]. 
Immobilization by adsorption has been used for ε-PL fer-
mentation, with the significant improvement of yield and the 
great potential for multiple use of immobilized cells [28].

Metabolic feedback inhibition is a regulatory mechanism 
in which the end-product inhibits its own synthesis when 
its concentration reaches a threshold level during fermen-
tation. This inhibition effect is common. In situ product 
removal (ISPR), which involves sequestering the inhibitory 
product from the vicinity of fermenting cells immediately 
after its production, is an effective method to overcome feed-
back inhibition [29]. ISPR can also prevent the metabolites 
from exerting their toxic effects on the fermenting cells and 
stabilizes easily degradable products [29, 30]. Currently, 
there are a variety of recovery techniques, including sol-
vent extraction, adsorption, diffusion dialysis, membrane 
separation, and electrodialysis [31]. Application of suitable 

ISPR techniques in fermentation has been shown to greatly 
improve the titer of several antibiotics, such as josamycin 
[32] and pristinamycin [33]. Previously, we had demon-
strated that a resin-based ISPR method was effective in pro-
moting ε-PL production [34].

This study aimed to enhance ε-PL production by Strepto-
myces ahygroscopicus GIM8 through simultaneous applica-
tion of cell immobilization and ISPR techniques. Cell immo-
bilization was employed because it can increase cell density 
and operational stability, and immobilized cells hold great 
potential to be used repeatedly. Furthermore, a cell-free cul-
ture broth as a result of immobilization would greatly facili-
tate in situ removal of ε-PL from the broth. In the combined 
system, ISPR is expected to avoid the toxic effect of ε-PL 
against producing cells, and also to reduce the number of 
steps required for product recovery. Initially, the effect of 
continuous or intermittent ISPR on ε-PL production was 
investigated in immobilized cultures in flasks. To establish 
a theoretic basis for the difference in yield improvement 
between continuous and intermittent ISPR, the effect of 
ε-PL on its further biosynthesis was also determined. Then, 
repeated-batch or fed-batch fermentation with immobilized 
cells and ISPR was examined for ε-PL production in a 5 
L bioreactor as a preliminary study for potential industrial 
applications.

Materials and methods

Microorganism

The ε-PL-producing strain Streptomyces ahygroscopicus 
GIM8, previously isolated from soil by our group [35], was 
used throughout this study. It was maintained at the China 
Center for Type Culture Collection with collection number 
CCTCC M2011191.

Media

The strain was cultured in M3G medium according to Kahar 
et al. [19], with the following components: 50 g glucose, 
5 g yeast extract, 10 g (NH4)2SO4, 1.36 g KH2PO4, 0.8 g 
K2HPO4, 0.5 g MgSO4·7H2O, 0.04 g ZnSO4·7H2O, and 
0.03 g FeSO4·7H2O in 1 L distilled water, for culturing seed 
and ε-PL fermentation. The glucose feed comprised of 500 g 
glucose and 50 g ammonium sulfate in 1 L distilled water. 
The two components were separately prepared, autoclaved, 
and mixed after cooling. The nutrient feed was a concen-
trated yeast extract solution of 200 g/L, which was auto-
claved at 115 °C for 30 min.
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Inoculum preparation

A loop of spores scraped from the slants of 5-day-old cul-
tures was transferred to 50 mL medium in a 250 mL shake 
flask, and cultured at 30 °C and 190 rpm for 20 h. The cul-
ture obtained was used as the inoculum in fermentation.

Processing of resin

Cationic ion-exchange resin D152 (Guangfu Fine Chemi-
cal Research Institute, Tianjin, China) was processed as 
described by Wang et al. [36], with slight modifications. 
Briefly, fresh D152 resins were soaked in 95% ethanol for 
2 h with gentle stirring to remove the impurities, filtered and 
thoroughly washed with distilled water. Next, the resins were 
treated with three cycles of 1 M NaOH and then 1 M HCl, 
and finally rinsed with distilled water until neutral pH was 
achieved. Each of 2 g of the treated resins was wrapped in a 
60-mesh nylon cloth, tied, and sterilized in distilled water. 
For its use in a column, the resin was packed, and then auto-
claved at 121 °C for 20 min.

Immobilized‑cell fermentation in flasks

The easily available, inexpensive, and renewable matrix 
loofah sponge (Luffa cylindrical) was used as the immo-
bilization material. The matrix was cut into cubes with 
a side length of 1.2 cm. To determine the optimal loofah 
sponge amount for immobilized fermentation, a 250 mL 
flask containing 50 mL M3G medium and various amounts 
(0.5–3.0 g) of loofah sponge was sterilized together. After 
inoculation with 2 mL of the seed culture, the flasks were 
cultured for 4 days at 30 °C and 190 rpm. The flask lack-
ing the loofah sponge served as the control (free-cell 
fermentation).

ISPR operation in flasks

For continuous ISPR, a sterilized resin bag was transferred 
into the flasks when the immobilized cells had initiated ε-PL 
biosynthesis (approximately 36 h after the start of fermenta-
tion), and maintained in the culture till the end of the fer-
mentation. Herein, a quantity of 2 g resin in a bag used for 
each flask was sufficient for in situ removal of the produced 
ε-PL under the experimental conditions. For intermittent 
ISPR, a sterilized resin bag was placed into the flasks at 
specified time points during culturing. After complete (less 
than 30 min) or partial recovery of ε-PL from the broth, the 
bag was withdrawn for ε-PL measurement, which was desig-
nated as one cycle of ISPR operation. Such a procedure was 
performed repeatedly according to the experimental design.

Experimental setup for immobilized fermentation 
with ISPR

Figure 1 shows the schematic diagram of the experimental 
setup for the coupled immobilized fermentation–product 
recovery process. The integrated system comprises a 5 L 
stirred-tank bioreactor (BioSTAT B5, B. Burn Company, 
Germany), cylindrical loofah sponges (8 pieces), an ion-
exchange column, three peristaltic pumps (Baoding Longer 
Precision Pump Co., Ltd., Hebei, China), a self-made 4-layer 
gauze filter, desorption agent reservoir, and effluent collec-
tor. Cylindrical loofah sponge with 8 cm diameter and 10 cm 
length (7.5 g/piece, dry weight basis) were affixed to the 
baffles and impellers of the bioreactor, which divided the 
loofah sponge bed into upper and lower sections with each 
section comprising four pieces of the loofah sponge. The 
inner diameter and length of the column were 8 cm and 
75 cm, respectively, and packed with 600 g of D152 resin. 
The gauze filter was used to separate the cells from the broth 

Fig. 1   Experimental setup of 
the integrated immobilized fer-
mentation and product recovery 
system. A Air compressor; B 
air filter; C 5 L stirred-tank 
bioreactor; D cylindrical loofah 
sponge; E custom-made 4-layer 
gauze filter; F peristaltic pump; 
G ion-exchange column; H 
desorption agent reservoir; I 
effluent collector
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to ensure the passage of a cell-free broth through the resin 
column.

Bioreactor culture conditions

For all bioreactor studies in this work, the seed culture 
(300 mL) was inoculated into the bioreactor containing 2.7 
L M3G medium with initial pH 6.8. The aeration rate was 
2.0 vvm, and temperature was maintained at 30 °C. The 
pH was measured online using a pH electrode. The cultures 
were not agitated throughout the fermentation. An anti-
foaming agent KM-70 was automatically added to the cul-
ture broth to inhibit the formation of foam during the process 
of fermentation.

Batch fermentation

Batch fermentation with immobilized cells was performed 
in the integrated bioreactor system shown in Fig. 1. A bio-
reactor without the loofah sponge bed was used for free-
cell fermentation as control. For both types of fermentation, 
there was no agitation and broth circulation, and the pH of 
the medium was not controlled. The fermentation was ter-
minated after 6 days.

Repeated‑batch fermentation with immobilization 
and ISPR

The apparatus shown in Fig. 1 was used. After the start of 
fermentation, when the pH of the culture medium decreased 
to 3.8, ammonia solution at 10% (v/v) was pumped into 
the bioreactor, and maintained this level afterwards. After 
5 days, the exhausted medium was drained, and the loofah 
sponge with the immobilized cells was left for the second 
batch. The second and subsequent batches were started by 
replenishing the bioreactor with 3 L fresh M3G medium. 
The fermentation duration for all batches, except the initial 
batch, was 4 days. The pH control patterns were the same for 
all batches. To compensate for the water evaporation during 
each batch of culturing, the autoclaved distilled water was 
pumped into the bioreactor to maintain broth volume at a 
constant level of 3 L. Continuous ISPR was performed by 
continuously pumping the broth from the bioreactor through 
the resin column at a flow rate of 50 mL/min during the ε-PL 
production stage, and the ε-PL-free broth was returned to the 
bioreactor. Intermittent ISPR was started once the ε-PL level 
in the broth reached 0.2 g/L during the fermentation, and the 
broth was recirculated at a higher flow rate of 200 mL/min 
till its concentration decreased to nearly zero. Recirculation 
of broth was conducted intermittently.

Fed‑batch fermentation with immobilization, ISPR, 
and extra nutrient feeding

The cultivation was conducted in the experimental setup show-
ing in Fig. 1. After the start of fermentation, the glucose feed 
was fed into the culture to maintain its level at approximately 
10.0 g/L when the glucose level in the broth decreased to 
below 10.0 g/L. For feeding of the nutrient, it was started after 
the medium pH decreased to 3.8, with a flow rate of 1 mL/h, 
and continued till the end of fermentation. The pH of broth was 
maintained at 3.8 since it decreased to this. The fermentation 
lasted for 16 days. The procedures for intermittent ISPR were 
the same as those for the repeated batch process. The broth did 
not exceed 3 L during the entire course of fermentation due to 
considerable evaporation, and was maintained by supplement-
ing sterilized distilled water if necessary. Fed-batch fermenta-
tion of immobilized cells with intermittent ISPR alone or in 
combination with extra nutrient feeding was also carried out 
for comparison.

Determination of the biomass, ε‑PL and residual 
glucose

The free biomass was measured in aliquots of 10 mL of the 
culture broth. The broth was sampled, filtered through a pre-
weighed filter paper, washed, and then dried at 80 °C till a 
constant weight was obtained. The immobilized loofah sponge 
was collected, washed, and then dried. Immobilized biomass 
was calculated based on the weight difference before and after 
cell growth on the loofah sponge. Residual glucose levels were 
measured using the 3,5-dinitrosalicylic acid colorimetric 
method. ε-PL was analyzed using the method described by 
Itzhaki [37]. The resin-bound ε-PL was eluted out using 0.1 M 
HCl before measurement. The adsorbed ε-PL concentration 
was added to the ε-PL concentration in the bioreactor at a 
corresponding measured time point.

Statistical analysis

All data, except the results from bioreactor studies, are pre-
sented as mean ± standard deviation. The data were analyzed 
using a one-way analysis of variance. Significant differ-
ences were determined using Duncan’s multiple range tests 
(P < 0.05).

Results and discussion

Effect of immobilization by loofah sponge on cell 
growth and ε‑PL production

Loofah sponge, which has high porosity and resistance 
to autoclaving, is widely used for the immobilization of 
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Streptomyces for metabolites production [38, 39]. As shown 
in Table 1, the final immobilized biomass increased from 
1.03 to 11.06 g/L with the increase in the supplemented 
amount of loofah sponge from 0.5 g to 2.0 g per flask, while 
the freely suspended biomass decreased correspondingly 
from 8.18 g/L to nearly zero. A further increase in the loofah 
sponge amount did not proportionally increase immobilized 
biomass, and free biomass still remained absent in the broth, 
which may be because loofah sponge amounts higher than 
2.0 g/flask provided sufficient solid surfaces and inner pores 
to accommodate mycelial growth.

The final total biomass (including free and adsorbed) of 
7.32–9.21 g/L with loofah sponge amounts below 2 g/flask 
was lower than that in the free-cell fermentation (10.31 g/L). 
With supplementation of loofah sponge amounts higher than 
2 g/flask, cell growth increased by 7.27–10.86% relative to 
the free-cell culture. The reason for the decreased total bio-
mass with the carrier lower than 2 g/flask is that the mycelia 
and loofah sponge collide with each other during shaking, 
which is detrimental to the growth of mycelia. Somewhat 
differently, the growth of Kitasatospora sp. MY 5–36 in 
ε-PL fermentation was reported to be enhanced through 
immobilization on the loofah sponge [28].

The ε-PL production decreased from 0.56 to 0.38 g/L 
when the loofah sponge addition was increased from 0.5 to 
1.5 g/flask, while markedly improved at 2.0 g/flask, reaching 
0.52 g/L. Beyond this amount, the concentration of ε-PL did 
not vary significantly and remained stable. Totally, the ε-PL 
titers obtained in all immobilized cultures were lower than 
that obtained in the free-cell fermentation (0.84 g/L). The 
decreased ε-PL production can be attributed to inefficient 
transfer of nutrient compositions and dissolved oxygen to 
the mycelia growing inside the pores of the loofah sponge. 
By contrast, ε-PL production could be greatly improved by 
immobilization in another study [28]. This inconsistency 
may be related to differences in the strains and loofah sponge 
amounts used.

Glucose and glycerol are the two major carbon sources 
utilized for ε-PL fermentation [14, 19]. From Table 1, 

glucose utilization was the highest in fermentation with 
free cells, and the lowest in fermentation with cells immo-
bilized on 1.5 g of loofah sponge in a flask. This implied 
that glucose consumption is positively correlated with bio-
mass growth and ε-PL synthesis.

Synergistic effect of immobilization and ISPR 
on ε‑PL production

Simultaneous application of immobilization and ISPR 
is reported to synergistically enhance the production of 
many important fermentation products, such as fumaric 
acid [40], hexanoic acid [41], butanol [42], and Monascus 
pigment [43]. The incorporation of ISPR with immobi-
lized fermentation at a flask-culture scale enhanced ε-PL 
production, displaying a synergistic effect, as shown in our 
previous study [44]. However, the effect of ISPR methods 
and recovery content on ε-PL production was not investi-
gated in that work, and also in other studies.

As observed in Table 2, the titer of ε-PL obtained in 
the immobilized fermentation in flasks was only 0.52 g/L, 
while increased to 3.51 g/L when coupled with continu-
ous ISPR. For the performance of intermittent ISPR for 
ε-PL production, the cumulative titers were 1.02, 1.41, 
and 1.84 g/L, respectively, when one (at 60 h), two (at 
60 and 78 h), and three (at 48, 60, and 80 h) cycles of 
ISPR operation were performed during the fermentation. 
This result may mean that the continuous removal of ε-PL 
from broth promoted its production more effectively than 
intermittent ISPR. The combined effects of increased cell 
density, metabolic flux re-distribution, and extended cel-
lular activity may contribute to enhanced ε-PL production 
for the integrated process, and the latter two mechanisms 
may play a critical role in the enhancement. Regarding cell 
growth, the number of ISPR cycles had little effect on the 
mycelia during fermentation.

Table 1   Results of 
flask fermentation of S. 
ahygroscopicus GIM8 
immobilized on loofah sponge 
with various amounts

All measurements were performed at the end of cultivation (96 h)

Loofah 
sponge (g/
flask)

Final ε-PL titer (g/L) Immobilized 
biomass (g/L)

Total biomass (g/L) Residual glucose (g/L)

0 0.84 ± 0.03 0 10.31 ± 0.42 36.16 ± 0.78
0.5 0.56 ± 0.05 1.03 ± 0.22 9.21 ± 0.51 37.47 ± 0.62
1.0 0.43 ± 0.03 3.64 ± 0.47 8.04 ± 0.23 38.21 ± 0.41
1.5 0.38 ± 0.03 6.78 ± 0.53 7.32 ± 0.45 39.56 ± 0.66
2.0 0.52 ± 0.04 11.06 ± 0.44 11.06 ± 0.44 38.14 ± 0.51
2.5 0.54 ± 0.05 11.12 ± 0.61 11.12 ± 0.61 37.71 ± 0.48
3.0 0.56 ± 0.03 11.43 ± 0.55 11.43 ± 0.55 36.34 ± 0.39
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Effect of ε‑PL on its further production

To evaluate the effect of ε-PL on its further production by 
immobilized cells in flasks, ISPR was separately performed 
at 54 h and 72 h of incubation, and the ε-PL concentration 
after each ISPR cycle was typically retained in the range of 
0.1–0.3 g/L. As shown in Table 3, the cumulative ε-PL levels 
were 1.14, 1.33, and 1.46 g/L, respectively, when the ε-PL 
levels after each ISPR cycle were maintained at 0.3, 0.2, 
and 0.1 g/L. This yield trend indicated that low ε-PL levels 
present in the broth favor ε-PL production. There were no 
significant differences in immobilized growth among fer-
mentation with different levels of ε-PL retained in the broth. 
During butanol fermentation coupled with gas stripping, it 
was reported that its concentration must be controlled below 

8 g/L to obtain a good titer [42]. In fermentation of succinic 
acid, as its inhibitory level was approximately 50 g/L, ISPR 
must be carried out before this level is reached [45].

Comparison of batch fermentation with free 
and immobilized cells

The comparative profiles of batch fermentation with free and 
immobilized cells in the 5 L bioreactor are shown in Fig. 2. 
As shown in Fig. 2A, the inoculated mycelia were rapidly 
adsorbed onto the loofah sponge, and no freely suspended 
mycelia could be observed after 6 h of fermentation, which 
was maintained till the end of the process. The attached 
mycelia exhibited abundant growth on the surfaces and 
inner pores of the loofah sponge matrice. For the free-cell 
fermentation, the cultures had a short lag phase, followed by 
a rapid growth phase. Maximum biomass was 7.41 g/L at 
72 h, following which it started to decrease slightly, perhaps 
because of cell autolysis.

From Fig. 2B, the pH in both fermentations declined con-
tinuously from the time of inoculation till the end of the 
culturing period. The pH decline in the free-cell fermenta-
tion was faster than that in the immobilized fermentation. 
The pH of broth decreased to approximately 4.0 within 36 h 
for the free-cell fermentation, whereas this low pH could be 
reached only after 46 h of fermentation in the case of using 
the immobilized cells. This result indicates that immobiliza-
tion suppressed the metabolism of the strain.

As shown in Fig. 2C, ε-PL production by free or immo-
bilized cells was initiated after 36 or 46 h of fermentation, 
respectively. The highest ε-PL concentration of 1.34 g/L by 
free cells was shown at 96 h and did not vary significantly 
after this time. At 120 h, the immobilized cells yielded the 
highest value of 1.18 g/L ε-PL, 13.56% lower than that by 
free cells. The low concentration and delayed production of 
ε-PL may be attributed to decreased diffusion of nutrients 
and dissolved oxygen to the immobilized cells embedded or 
adsorbed in the loofah sponge. Figure 2D shows that glucose 
consumption rate and amount by free cells were higher than 
those by immobilized cells.

Performance of repeated‑batch fermentation 
with immobilized cells and ISPR

Figure 3A shows the time courses of the repeated-batch fer-
mentation of S. ahygroscopicus GIM8 with immobilization 
alone. The observed ε-PL concentration was 1.13 g/L in 
the initial batch, which increased to 1.28 g/L in the second 
batch, and started to decline in the subsequent three batches. 
The average ε-PL concentration (five batches) was 1.16 g/L. 
Recycling of immobilized cells may increase the percentage 
of dead cells, which may contribute to a decreased titer of 
ε-PL after the third batch. In the initial batch, both freely 

Table 2   Total ε-PL concentration and immobilized biomass of flask 
fermentation by immobilized S. ahygroscopicus GIM8 with different 
ISPR methods

Intermittent ISPR was performed during fermentation at 60 h for with 
one ISPR cycle, at 60 h and 78 h for with two ISPR cycle, and 48 h, 
60 h and 80 h for with three ISPR cycle; measurements of immobi-
lized biomass were performed at the end of cultivation (96 h); values 
in parentheses are the ε-PL yield before each recovery and a further 
yield (after the last recovery); and means followed by the same letters 
in each column are not significantly different (P > 0.05) according to 
Duncan’s multiple range tests

ISPR method Total ε-PL titer (g/L) Immobilized 
biomass (g/L)

Continuous 3.51 ± 0.06a 10.66 ± 0.62a

Intermittent
 One ISPR cycles 1.02 ± 0.07d/(0.59/0.43) 11.20 ± 0.58a

 Two ISPR cycles 1.41 ± 0.09c/(0.58/0.52/0.31) 11.03 ± 0.71a

 Three ISPR cycles 1.84 ± 0.16b/
(0.56/0.54/0.48/0.26)

11.24 ± 0.46a

Without 0.52 ± 0.04e 10.82 ± 0.67a

Table 3   ε-PL production and immobilized growth of S. ahygroscopi-
cus GIM8 with different levels of ε-PL retained after each ISPR oper-
ation

The operation of ISPR was separately performed at 54 h and 72 h of 
cultivation; measurements of immobilized biomass were performed at 
the end of cultivation (96 h)
Values in parentheses are the ε-PL yield before each recovery and 
a further yield (after the last recovery); and means followed by the 
same letters in each column are not significantly different (P > 0.05) 
according to Duncan’s multiple range tests

ε-PL after each 
ISPR cycle (g/L)

Total ε-PL titer (g/L) Immobilized 
biomass 
(g/L)

0.3 1.14 ± 0.08c/(0.34/0.42/0.38) 11.04 ± 0.56a

0.2 1.33 ± 0.06b/(0.31/0.56/0.46) 11.13 ± 0.32a

0.1 1.46 ± 0.08a/(0.32/0.63/0.51) 10.87 ± 0.51a
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suspended mycelia and pellets were absent in the broth after 
a short time of inoculation due to their adsorption onto the 
carrier, and the broth was maintained clear till the end of 
cultivation. In subsequent four batches, the free biomass 
appeared earlier in the broth with each subsequent batch, 
and the final free biomass also increased, with 2.87 g/L in 
the fifth batch. The formation of free biomass may be caused 
because of the oversaturation of mycelia within the loofah 
sponge matrix, and because of the release of dead myce-
lia from the carrier, whose proportion increases with each 
cycle.

Continuous ISPR was applied to the fermentation for 
the evaluation of its efficiency for ε-PL improvement 
(Fig. 3B). The initiation of ε-PL synthesis was at 46 h 
post-inoculation, and then the circulation of broth for 
in situ removal of ε-PL was started and continued till the 
end of each batch. The ε-PL concentration was 3.21 g/L 
at the end for the initial batch. The time at which ε-PL 

production was initiated in subsequent batches was earlier 
than that in the initial batch. This is because recycling 
of immobilized cell mass eliminates the initial lag phase 
and reduces the time required for cell proliferation. The 
maximum ε-PL concentration was 3.73 g/L for the third 
batch, and decreased in the subsequent two batches. The 
average titer of ε-PL was 3.35 g/L. The final free biomass 
in the fifth batch was 3.12 g/L.

The profiles of ε-PL production and free biomass forma-
tion in the repeated-batch fermentation with immobilized 
cells and intermittent ISPR are shown in Fig. 3C. The ε-PL 
titer observed in the initial batch was 3.14 g/L and peaked 
in the third batch (3.63 g/L). The average yield of ε-PL (five 
batches) was 3.18 g/L, which was only slightly lower than 
that with the continuous ISPR approach (3.35 g/L). This 
implied that the continuous and complete in situ removal of 
ε-PL from the cells seemed to be unnecessary for this type 
of fermentation. Changes of free biomass in the fermentation 

Fig. 2   Profiles of batch fermentation with free (open circles) and immobilized (filled circles) cells of S. ahygroscopicus GIM8 for ε-PL produc-
tion in a 5 L bioreactor. The pH of broth was not controlled during fermentation
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with intermittent ISPR were comparable to those in the fer-
mentation with continuous ISPR.

These findings suggested that intermittent ISPR has an 
effect similar to continuous ISPR in improving ε-PL produc-
tion during immobilized fermentation. As intermittent ISPR 
has higher technical feasibility compared to continuous ISPR 
from an industrial application point of view, intermittent 
ISPR is a more suitable method for improving ε-PL produc-
tion in the fermentation industry.

Performance of fed‑batch fermentation 
with immobilized cells, intermittent ISPR 
and additional feeding of nutrients

Fed-batch fermentation, which has routine industrial appli-
cations, is widely used for ε-PL production [13, 19]. In 
fed-batch fermentation, the production of microbial metab-
olites could be significantly enhanced through additional 
supplementation of yeast extract solution to the fermentor 
[45, 46]. For ε-PL production, the time required for an 

entire fed-batch process is usually more than 7 days, and 
nutrients may deplete during the later culturing stages, 
which may be a limiting factor in improving the overall 
process efficiency. In this context, the impact of yeast 
extract supplementation on ε-PL production was evaluated 
during fed-batch fermentation with immobilized cells and 
with or without the use of intermittent ISPR.

Figure 4A shows the profiles of fed-batch fermentation 
with the single immobilization for ε-PL production. As 
the fermentation proceeded, the medium pH decreased 
continuously and reached approximately 3.8 at 46 h. Pro-
duction of ε-PL increased slowly from 46 h, and reached 
2.32 g/L at the end of fermentation (12 days). Regard-
ing the performance of loofah sponge for immobilization 
during fed-batch fermentation, the inoculated mycelia 
rapidly attached to the carrier and exhibited good growth 
on its surfaces and pores. The small and compact pellets 
were formed in the broth after 8 days, and their amount 
increased slightly to 2.21 g/L at the end. Continuous uti-
lization of glucose by the mycelia was steadily observed 

Fig. 3   Profiles of ε-PL production and free biomass formation during 
repeated-batch fermentation of immobilized S. ahygroscopicus GIM8 
with continuous or intermittent ISPR, or without use in a 5 L bioreac-

tor. Continuous ISPR was started from 46 h in the initial batch, and 
from 52 h for use of intermittent ISPR
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in the growth (0–46 h) and ε-PL production (46–288 h) 
stages.

For the fermentation of immobilized cells with extra 
nutrient feeding strategy (Fig. 4B), a concentrated yeast 
extract solution was constantly pumped into the culture 
from 46 h up to 14 days of fermentation. Compared to the 
fermentation without yeast extract feeding (Fig. 4A), the 
nutrient feeding increased the formation rate of ε-PL, and 
also extended the effective synthesis duration up to day 13, 
reaching ε-PL titer of 4.45 g/L. Moreover, ε-PL concentra-
tion still increased slightly even after day 13. The decreased 
ε-PL formation rate after day 13 may be due to the accu-
mulation of some inhibitory metabolites in the broth and 
cell aging. The appearance of free cells (after day 11) in the 
fermentation supplemented with yeast extract was later than 
that (after day 8) in the unsupplemented fermentation. The 
final density of free cells in the broth was low at 1.58 g/L.

As shown in Fig. 4C, by applying intermittent ISPR to the 
fed-batch fermentation of immobilized cells from 52 h, ε-PL 
production was accelerated. The total ε-PL concentration at 
the end of the fermentation period (12 days) was 8.52 g/L, 
which was 3.67-fold higher than that in the fermentation 
without ISPR (Fig. 4A). A small amount of free biomass 
at 0.44 g/L appeared in the broth after day 9, and increased 

slightly up to 2.53 g/L at the end of the culture period, only 
slightly higher than that (2.21 g/L) in the fermentation with-
out ISPR (Fig. 4A).

The application of a combination of intermittent ISPR 
(from 52 h) and additional nutrient feeding (from 46 h) 
significantly increased the ε-PL production rate (Fig. 4D). 
The high-efficiency synthesis period was also markedly 
prolonged compared with that of the fermentation with the 
single nutrient feeding or intermittent ISPR. The cumulative 
titer of ε-PL (24.57 g/L) was 5.39-fold or 2.88-fold higher 
than that in the fermentation subjected to only nutrient feed-
ing (4.56 g/L) or intermittent ISPR (8.52 g/L), respectively. 
The stripping of ε-PL surrounding the immobilized myce-
lia by intermittent ISPR, and the improved cellular activity 
by the yeast extract feeding may account for most of the 
enhancing effect. Free biomass was observed on day 14, and 
increased to only 1.54 g/L at the end of cultivation (16 days).

Summary and comparison with other studies

As summarized in Table 4, the ε-PL productivity of batch 
fermentation with free cells was higher than that with 
immobilized cells. The total ε-PL concentration (15.88 g/L) 
and productivity (0.756  g/L/day) of the repeated-batch 

Fig. 4   Profiles of fed-batch fermentation of ε-PL by immobilized S. 
ahygroscopicus GIM8 with intermittent ISPR and extra nutrient feed-
ing alone or in combination, or without use in a 5 L bioreactor. Black 

arrows indicate the start of yeast extract solution feeding (from 46 h), 
and white arrows indicate the start of intermittent ISPR (from 52 h)
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fermentation with immobilized cells and intermittent ISPR 
were comparable to those (16.74 g/L and 0.797 g/L/day, 
respectively) of immobilized fermentation with continuous 
ISPR. In the fed-batch fermentation of immobilized cells 
with the combined use of extra nutrient feeding and inter-
mittent ISPR, ε-PL concentration at 24.57 g/L and produc-
tivity of 1.54 g/L/day were significantly higher than those 
observed in other fermentation processes in this work. In 
a fed-batch fermentation with immobilized cells [28], the 
average ε-PL concentration and productivity were 34.11 g/L 
and 9.34 g/L/day, respectively, and in another study using a 
novel two-stage pH control for fed-batch fermentation [16], 
ε-PL concentration reached 30.11 g/L, with a productivity of 
4.18 g/L/day. These reported measurements were higher than 
those reported in this study, which may be because of the 
differences in strains and culture conditions. The advantages 
of the developed fermentation processes in our study are 
obvious. First, no agitation was used, thus the cost of power 
consumption could be greatly reduced. Second, the leak-
age of intracellular nucleic acid-related substances would be 
minimal due to cell immobilization and the absence of shear 
stress, which helps to obtain high purity of ε-PL products 
[47].

Conclusions

In the present study, the immobilization of S. ahygroscopicus 
GIM8 on loofah sponge did not lead to an enhancement of 
ε-PL productivity, while the combined use of immobiliza-
tion and ISPR exerted a synergistic effect on its production. 
Low levels of ε-PL in the broth favored ε-PL production. 
Intermittent ISPR by maintaining ε-PL in the broth at a 
relatively low level was almost comparable to continuous 
ISPR in improving ε-PL production during immobilized 

fermentation. Applying both strategies of intermittent ISPR 
and nutrient feeding to the fed-batch fermentation of immo-
bilized cells could greatly improve ε-PL production in a 5 
L bioreactor, reaching 24.57 g/L. The fed-batch fermenta-
tion with immobilized cells, intermittent ISPR, and nutri-
ent feeding can be a promising strategy for enhancing ε-PL 
production.
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