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4″-OH position of tylosin, is always produced through 
tylosin biotransformation by S. thermotolerans ATCC 
11416 in industry [11, 12, 21, 22, 31]. The two corre-
sponding enzymes in the biosynthesis process are acetyl-
transferase (AcyA) and isovaleryltransferase (AcyB), 
respectively [1, 20, 21] (Supplementary Fig. S1). AIV 
is strongly toxic even to macrolide-resistant bacterial 
strains due to its strong affinity for 70s ribosomes and its 
high permeability to the cell membranes of pathogenic 
bacteria [22].

Streptomyces species have been the focus of many 
researchers since they produce various therapeutically 
important antibiotics [5, 10, 28]. Despite the large amount 
of experimental data published in the scientific and patent 
literature [12, 21, 22], there are very few reports on immo-
bilized fermentations for conversion from tylosin to AIV as 
a means for enhancing AIV production.

Owing to its high added value, immobilization of fila-
mentous microorganisms in secondary metabolite pro-
duction processes has gained popularity among industrial 
microbiologists and biochemical engineers [7, 8, 13, 14, 
17, 18]. The advantages of immobilized cells in fermen-
tation processes, such as higher cell densities, improved 
gas–liquid mass transfer, and the possibility of conducting 
long-term runs without cell loss, can benefit industrial pro-
duction significantly [8, 16, 17]. These features favor lower 
operational costs, and immobilized fermentations are also 
less prone to contamination [27]. On the other hand, one of 
the most important factors affecting the behavior of such 
processes was the adequate diffusion of the fermentation 
components, particularly nutrients, from the bulk liquid 
phase to the bio-particles through their immobilized cell-
containing pores [7, 14, 15].

The rationale for choosing cell carriers included higher 
antibiotic yields, higher operational stability, greater 

Abstract  In this study, polyurethane foam (PUF) was 
chemically treated to immobilize Streptomyces thermotol-
erans 11432 for semi-continuous production of acetylis-
ovaleryltylosin (AIV). Based on experimental results, posi-
tive cross-linked PUF (PCPUF) was selected as the most 
effective carrier according to immobilized cell mass. The 
effect of adsorption time on immobilized mass was inves-
tigated. AIV concentration (33.54 mg/l) in batch fermenta-
tions with immobilized cells was higher than with free cells 
(20.34 mg/l). In repeated batch fermentations with immo-
bilized S. thermotolerans 11432 using PCPUF cubes, high 
AIV concentrations and conversion rates were attained, 
ranging from 25.56 to 34.37  mg/l and 79.93 to 86.31  %, 
respectively. Significantly, this method provides a feasible 
strategy for efficient AIV production and offers the poten-
tial for large-scale production.

Keywords  Acetylisovaleryltylosin · Immobilization · 
Streptomyces thermotolerans · Polyurethane foam · 
Repeated batch fermentation

Introduction

Acetylisovaleryltylosin (AIV), which is acetylated in the 
3′-OH position and substituted with isovaleric acid in the 
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resistance to environmental disturbances, and lower effec-
tive operational costs. The materials screened should fulfill 
various requirements including nontoxic nature, easy avail-
ability, reusability, and high surface area for cell attach-
ment. The adsorption capacity and binding strength were 
also important factors that determine the selection of an 
ideal support material [30].

PUF (Supplementary Fig. S2) is a kind of inert material 
with excellent mechanical properties, such as high resist-
ance and elasticity, bulk availability, and very low com-
mercial cost [19, 23]. PUF has high porosity (near 97 %) 
and a large adsorption surface. Moreover, PUF offers great 
advantages over particulate resins or porous beads in indus-
trial-scale immobilization because the open macrostructure 
of PUF can markedly lower diffusion resistance and pro-
vide excellent mass transfer properties. As an elastic mate-
rial, the flexibility of PUF also provides good stability and 
resistance to compression deformation, which is essential 
for reactor design in industrial applications. Therefore, 
applications of PUF as a support matrix for immobilization 
have attracted much attention [4, 6, 25]. In this study, sev-
eral chemical treatment protocols used to improve further 
the adsorptive properties of PUF were compared for their 
effectiveness.

The objectives of this investigation were to (1) assess the 
effects of different chemical treatments on immobilization 
of cells on PUF, (2) demonstrate the feasibility and stabil-
ity of AIV production with immobilized S. thermotolerans 
11432 through estimating parameters including AIV con-
centration, cell release, and cycle index in repeated batch 
shake flask cultivation. For comparison, free cell fermenta-
tion in corresponding shake flasks was also conducted. To 
the best of our knowledge, this is the first study reporting 
fermentations using immobilized S. thermotolerans 11432 
for AIV production, which might be applied to AIV pro-
duction in industry.

Materials and methods

Strain and medium

S. thermotolerans 11432 used in the present investiga-
tion was genetically modified (overexpression of AcyB) 
[35] in our laboratory, and is based on S. thermotolerans 
ATCC 11416, purchased from ATCC, USA. Seed medium 
for S. thermotolerans 11432 consisted of 10  g/l soluble 
starch, 10 g/l soybean flour, 1.0 g/l yeast powder, 1.0 g/l 
yeast extract, 1.0 g/l MgSO4·7H2O, 0.5 g/l K2HPO4, and 
pH 7.2. Fermentation medium consisted of 30 g/l soluble 
starch, 20 g/l soybean flour, 4.0 g/l yeast powder, 1.0 g/l 
yeast extract, 5.0 g/l MgSO4·7H2O, 1.0 g/l K2HPO4, and 
pH 7.2.

Materials and reagents

PUF was bought from China Luoyang Di Filtration Mate-
rial Co., Ltd. Tylosin and AIV were purchased from Ger-
many DR. Ehrenstorfer GmbH. Acetonitrile, ammonium 
acetate, and acetic acid were of analytical grade. Polyeth-
yleneimine, glutaraldehyde, and other chemicals were of 
reagent grade and are all commercially available.

acyB cloning

The acyB1-B2 gene has low activity in the original host. 
The gene was cloned into plasmid pUWL201apr [9], and 
then the recombinant plasmid carrying acyB1-B2 was 
transferred into S. thermotolerans ATCC 11416 by interge-
neric conjugal transfer. Through screening of a variety of 
recombinant strains, strain S. thermotolerans 11432, with 
high production capacity, was obtained.

Preparation and treatment of immobilized carrier

The PUF was cut into 2.0 cm × 2.0 cm × 2.0 cm squares 
and rinsed with sterile water three times and finally air 
dried. Different PUF cubes were chemically treated as 
follows.

•	 Positive PUF (PPUF): PUF was submerged in 4 % HCl 
for 24 h.

•	 Cross-linked PUF (CPUF): PUF was soaked in 4  % 
(w/v) glutaraldehyde at 35 °C for 3 h.

•	 Positive CPUF (PCPUF): CPUF was rinsed with dis-
tilled water and then submerged in 4 % HCl for 10 h.

•	 Polyethyleneimine-coated PUF (PEPUF): PUF was 
soaked in 0.2 % (w/v) polyethyleneimine (PEI) solution 
for 2 h at 35 °C and then flushed with distilled water to 
remove excess solution.

All PUF cubes (including PPUF, CPUF, PCPUF, and 
PEPUF) were thoroughly washed with distilled water. All 
of the cubes were oven-dried at 50 °C. Then, the PUF cubes 
were added to seed medium and autoclaved at 121 °C for 
20 min before inoculation.

Cell immobilization and cell release

S. thermotolerans 11432 cells were immobilized on PUFs 
following the method of Ishida [13] with a slight modifica-
tion. S. thermotolerans 11432 spores from a plate culture 
stored at 4 °C were incubated in seed medium until loga-
rithmic phase was reached (3 days at 30 °C and 220 rpm). 
Then, a 10 % (v/v) inoculum from this preculture was trans-
ferred into a second seed medium flask containing 5 PUF 
cubes and incubated under the same culture conditions. The 
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mass of immobilized cells was measured by mass devia-
tion: PUFs with immobilized cells were picked out and 
washed with distilled water until the wash water was free 
of released cells, and then lyophilized. The mass of immo-
bilized cells was determined by measuring the weight of 
lyophilized PUFs carrying cells minus the pre-determined 
weight of PUF.

Cell release from the PUFs during fermentation was 
measured by mass deviation: a fixed volume of suspen-
sion of bioconversion medium containing biomass was 
filtered through a pre-dried, pre-weighed micro-filter and 
washed several times with sterile water. After drying until 
the weight of the lyophilized filter remained constant, cell 
release was determined by comparing the weight of the 
lyophilized filter minus the initial weight of the filter.

Bioconversion trials in shake flasks

A preculture in seed medium was prepared by adding 
spores from a plate culture stored at 4 °C to a 250-ml shake 
flask containing 50-ml seed medium. After 3 days of incu-
bation at 30  °C and 220  rpm, 10  % (v/v) inoculum from 
this preculture was added to a 250-ml shake flask with 
50-ml seed medium and PUF cubes. At various times later, 
PUF cubes were picked out from this second seed culture 
and washed with distilled water until the wash water was 
free of released cells, and then transferred into fermenta-
tion medium. The bioconversion flasks were incubated at 
30 °C and 220 rpm. After 24 h of incubation, sterile solu-
tions of tylosin and leucine, dissolved in fermentation 
medium, were added to the fermentation medium to final 
concentrations of 150 mg/l and 20 g/l, respectively. Flasks 
without PUF were kept as a control group. The total con-
version medium was collected for analysis every 12 h after 
substrate addition. All aseptic techniques were done in a 
laminar air flow cabinet. All pretreatment experiments were 
carried out in triplicate.

Repeated batch cultivation

In the repeated batch process, after attaining the maximum 
production of AIV, fermentation medium was replaced 
with fresh sterilized fermentation medium supplemented 
with tylosin and leucine (150 mg/l and 20 g/l, respectively, 
as described above) and the process was repeated for six 
cycles of 48 h. The tylosin concentration, AIV concentra-
tion, and cell release in each cycle were investigated.

HPLC analysis

Tylosin, 3-O-Acetyltylosin (AT), 4″-O-Isovaleryltylosin 
(IT), and AIV in the conversion medium were measured by 

HPLC. One milliliter of conversion medium was filtered 
through a 0.2-µm PTFE syringe filter and transferred to 
a sterile sampling vial. Samples were analyzed by HPLC 
(Agilent 1100) using a solvent delivery system and a vari-
able-wavelength UV–Vis detector equipped with a sample 
injector fitted with a 10-µm sample loop. The chromato-
graphic separations were carried out on an Ultrasphere* 
Octyl C8 reversed-phase column (250  ×  4.6  mm i.d.; 
5  µm particle diameter, 300 Å average pore size) using a 
mobile phase consisting of acetonitrile:0.15  M ammo-
nium acetate:acetic acid (45:45:10) at a flow rate of 1 ml/
min. Peak detection was performed at 280 nm. Tylosin, its 
final bioconversion product, AIV, and its intermediates, AT 
and IT, were separated and measured using the HPLC. The 
retention time of authentic reference samples, tylosin, AT, 
IT, and AIV, were 5.3, 5.9, 13.8, and 17.5 min, respectively. 
AT and IT were also detected and verified by mass spec-
trometry (data not shown).

Scanning electron microscopy

PUF cubes with immobilized S. thermotolerans 11432 
were washed with distilled water and then lyophilized for 
24 h. Samples were covered with a gold film and observa-
tion was done on a HTTACHI S-4800 scanning electron 
microscope (SEM).

Results and discussion

Effects of different PUF cube treatments on immobilization 
of S. thermotolerans 11432

Various treatments have been described which can activate 
functional groups of PUF or change its surface roughness, 
both of which are conducive to the growth and immobiliza-
tion of bacteria [34, 37]. SEM images of the walls of PUFs 
exposed to various treatments are shown in Supplementary 
Fig. S2.

Acid treatment of PUF forms a cationic film on the 
surface and therefore, enhances hydrophobic and electro-
static interactions [33], which are conducive to the adsorp-
tion of S. thermotolerans 11432. Supplementary Fig. S2b 
shows the walls of PPUF. Glutaraldehyde, as bifunctional 
crosslinking agent, reacts with amino groups of PUF 
thereby strengthening its crosslinking ability. Therefore, 
cells immobilized on CPUF remain tightly attached and 
retain good activity. Supplementary Fig. S2c shows the 
coating membrane of CPUF, prepared as described above. 
PCPUF as shown in Supplementary Fig.  2d has both the 
advantages of CPUF and PPUF. PEI is a branched cationic 
polymer, with high density of ionized tertiary, secondary, 
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and primary amino groups. Several immobilization proto-
cols using PEI have previously been reported [2, 6, 18, 29, 
32]. The charged character and amine content of this treat-
ment reagent give PEPUF cubes a spacer arm which can be 
very useful in immobilization. PEPUF cubes are shown in 
Supplementary Fig. S2e.

Effects of immobilization protocols on the mass 
of immobilized S. thermotolerans 11432

Effects of different treatments of PUF cubes on immobili-
zation were evaluated according to the mass (dry weight) 
of attached cells. The results depicted in Fig.  1 showed 
that different immobilization protocols had a great influ-
ence on the mass of attached cells. It was found that all 
of the different protocols screened improved the mass of 
immobilized cells compared with the control group, where 
untreated PUF cubes were added to the second seed culture 
shake flasks. Cultures with PCPUF attained the maximum 
9.1  mg/g of immobilized cell mass after 12  h of adsorp-
tion (which was 4.35-fold higher than the control group) 
with no further significant increase with the extension of 
immobilization time. SEM results (Supplementary Fig. 2f) 
showed the morphology of S. thermotolerans 11432 immo-
bilized on the walls of PCPUF cubes.

The immobilization ability of treated PUF cubes 
decreased in the following order: PCPUF > PEPUF > CPU
F > PPUF > PUF as shown in Fig. 1. Bacterial cells adhered 
to the surface of the PUF cubes and also extended into the 
pores as the bacterial cells grew. Quek et al. [26] and Yama-
guchi et  al. [36] have also reported that high numbers of 
immobilized cells could be due to cell surface hydropho-
bicity or the introduction of cells into PUF by liquid flow.

Determination of the optimal adsorption time of PCPUF

To further determine the optimal adsorption time of 
PCPUF, shake flask fermentations with PCPUF cubes were 
carried out, and the masses of immobilized cells and cor-
responding AIV concentrations at various times were deter-
mined. At different adsorption times, PCPUF cubes with 
immobilized cells were picked out of the second seed cul-
tures, washed with distilled water until the wash water was 
free of released cells, and then transferred into fermentation 
medium. AIV concentration was measured by HPLC after 
48  h of fermentation (Supplementary Fig. S3). The time 
course of fermentation showed that the maximum immo-
bilized cell mass (9.2  mg/g PCPUF) was obtained using 
PCPUF cubes that had incubated for 10  h in the second 
seed culture. In the subsequent fermentation using these 
PCPUF cubes, 33.31 mg/l AIV concentration was attained 
(Fig. 2). No significant increase of AIV and immobilization 
mass was achieved with extended immobilization time in 
the second seed cultures.

Batch fermentation

In batch fermentations the optimum adsorption time for 
PCPUF was 10 h. Adding PCPUF cubes sharply increased 
cell mass accumulation and AIV concentration as com-
pared with free cell fermentations as shown in Fig. 3. This 
suggested that biomass accumulation played an important 
role for an effective conversion process from tylosin to 
AIV.

Adding PCPUF cubes dramatically increased AIV accu-
mulation compared with the control (Fig.  4a). In control 
experiments, the final amounts of accumulated AIV and 
tylosin were about 20.34 and 35.71  mg/l, respectively. 
In flasks containing PCPUF cubes, 33.54  mg/l of AIV 
and 17.93  mg/l of tylosin were attained. Furthermore, in 

Fig. 1   Effect of different PUF cube treatments on mass of immobi-
lized cells

Fig. 2   Effect of immobilization time on AIV concentration and 
immobilized cell mass
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fermentations with immobilized cells, the amounts of AIV 
remained stable after 48  h which indicated good activ-
ity and stability for the process. However, in free cell fer-
mentations, AIV concentration required more time (60  h) 
to reach the maximum and dropped slightly after 60  h 
(Fig 4a).

As shown in Fig. 4b, higher amounts of the intermediate 
IT were obtained when using PCPUF cubes compared with 
free cell fermentations, presumably due to the increased 
biomass of cells in the fermentation with immobilized cells. 
However, the increases in concentration of AT and IT were 
more remarkable than that in biomass (Fig. 4b). This indi-
cated that the bioconversion of tylosin was disproportion-
ately enhanced, which might have resulted from the acti-
vation or increased expression of corresponding enzymes. 
Further study is needed to determine whether immobili-
zation increased the expression of acyB and other related 
enzymes. On the other hand, another possible mechanism 
for the increased production in immobilized cultures could 
be related to physiological differences between immobi-
lized cells growing at a solid–liquid interface and free cells 
growing in liquid medium [24]. Alternatively, the addi-
tion of PCPUF cubes to shake flask fermentations might 
increase the liquid turbulence so as to increase dissolved 
oxygen concentrations, which could be more conducive to 
bioconversion of tylosin to AIV [10].

Repeated batch cultivation

Given the promising results obtained in shake flasks, 
repeated batch fermentations were carried out to determine 
the stability of S. thermotolerans 11432 immobilized on 
PCPUF cubes, and AIV production under repeated batch 
growing conditions.

In the repeated batch process, after attaining the maxi-
mum production of AIV in the first batch, the fermentation 
medium was replaced with fresh sterilized fermentation 
medium, and the process was repeated for six cycles. The 
tylosin, AIV concentration, and cell detachment at each 
cycle were determined, and the bioconversion of tylosin 
was also calculated.

As shown in Fig. 5, the AIV concentration and biocon-
version of tylosin by PCPUF-immobilized S. thermotoler-
ans 11432 were higher than that seen in free cell fermen-
tations. Maximum AIV concentration and bioconversion 
reached 34.37 mg/l and 86.31 %, respectively, in the third 
cycle then decreased to 25.56 mg/l and 79.93 % after the 
sixth cycle.

These results indicated that PCPUF-immobilized S. 
thermotolerans 11432 achieved higher bioconversion of 
tylosin compared with free cell fermentations. A signifi-
cant advantage of fermentations using immobilized cells 
over free cells was that immobilized cells can be repeatedly 
used under specified fermentation conditions. It has been 
reported that immobilization carriers can also help to sta-
bilize cell membranes and increase cell permeability. Thus, 
immobilized cells were protected and higher bioconver-
sions were realized [3].

Fig. 3   Cell mass and AIV concentration in fermentation with free 
and immobilized cells and cell release in fermentation with immo-
bilized cells. (FM-Mass: cell mass in fermentation with immobilized 
cells; FM-AIV: AIV concentration in fermentation with immobilized 
cells)

Fig. 4   AIV, tylosin concentration (TC) (a) and intermediates AT and 
IT concentration (b) in fermentation with free and immobilized cells. 
(FM-TC tolysin concentration in fermentation with immobilized 
cells, FM-AIV AIV concentration in fermentation with immobilized 
cells, FM-AT AT concentration in fermentation with immobilized 
cells, FM-IT IT concentration in fermentation with immobilized cells)
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Conclusions

Our studies showed that PCPUF cubes are a promising 
material for immobilization of S. thermotolerans, when 
compared with PUF, PPUF, CPUF, and PEPUF. Opti-
mum immobilization conditions with respect to adsorp-
tion time for maximal immobilized mass and AIV concen-
tration were determined such that 33.31 mg/l of AIV was 
achieved after bioconversion fermentations using PCPUF 
cubes which had immobilized 9.2  mg/g PCPUF of cell 
mass during a 10-h incubation at the second seed culture 
stage. In batch cultures, 33.54 mg/l of AIV was detected in 
fermentations with PCPUF cubes prepared under optimal 
adsorption conditions, which was 1.65 times the conversion 
achieved using free cells. Improved production of interme-
diates AT and IT by PCPUF cubes in immobilized fermen-
tations indicated that the immobilization process enhanced 
the bioconversion of tylosin significantly. In the repeated 
batch process, the activity of the immobilized S. thermo-
tolerans 11432 cells and the AIV concentrations attained 
were stable over six cycles with the bioconversion of AIV 
ranging from 86.31 to 79.93 %. There are very few reports 
of immobilization of S. thermotolerans for conversion from 
tylosin to AIV. Therefore, this provides a feasible strategy 
for efficient AIV production and offers the potential for 
large-scale production.
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