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Polysialic acid production using Escherichia
coli K1 in a disposable bag reactor
Polysialic acid (polySia), consisting of α-(2,8)-linked N-acetylneuraminic acid
monomers plays a crucial role in many biological processes. This study presents
a novel process for the production of endogenous polySia using Escherichia coli K1
in a disposable bag reactor with wave-induced mixing. Disposable bag reactors pro-
vide easy and fast production in terms of regulatory requirements as GMP, flexibility,
and can easily be adjusted to larger production capacities not only by scale up but also
by parallelization. Due to the poor oxygen transfer rate compared to a stirred tank
reactor, pure oxygen was added during the cultivation to avoid oxygen limitation.
During the exponential growth phase the growth rate was 0.61 h−1. Investigation of
stress-related product release from the cell surface showed no significant differences
between the disposable bag reactor with wave-induced mixing and the stirred tank
reactor. After batch cultivation a cell dry weight of 6.8 g L−1 and a polySia concentra-
tion of 245 mg L−1 were reached. The total protein concentration in the supernatant
was 132 mg L−1. After efficient and time-saving downstream processing characteri-
zation of the final product showed a protein content of below 0.04 mgprotein/gpolySia

and a maximal chain length of �90 degree of polymerization.
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1 Introduction

Polysialic acid (polySia) is a polysaccharide present in prokary-
otes as α-(2,8)- and/or α-(2,9)- and in eukaryotic cells as α-(2,8)-
linked N-acetylneuraminic acid monomers [1,2]. Some bacteria
(e.g., Escherichia coli K1 or Neisseria meningitidis B [3]) use a
glycocalyx of polySia, linked by a lipid anchor to the cell mem-
brane [4], to mimic the surface of vertebrate cells [5]. The polySia
capsule protects the bacteria to a certain degree from antibodies,
macrophages, and the alternative complement pathway [6, 7].

In mammalians, polySia has different functions. The polymer
is involved in the development of the nervous system [8]. It
also accumulates on the surface of cancer cells [9]. PolySia acts
as an anti-adhesive and is involved in the interaction between
cells as well as in cell-matrix and molecular interactions at cell
surfaces [1, 8, 10].

Correspondence: Dr. Sascha Beutel (beutel@iftc.uni-hannover.de),
Institute of Technical Chemistry, Leibniz University Hannover, Call-
instr. 5, 30167 Hannover, Germany.

Abbreviations: CDW, cell dry weight; DP, degree of polymerization;
DMB, 1,2-diamino-4,5-methylenedioxybenzene; DO, dissolved oxygen;
MWCO, molecular weight cut-off; polySia, polysialic acid; Rpm, rocks
per minute; STR, stirred tank reactor

The various biological functions make polySia an interesting
molecule for different applications. For instance, low molecular
weight polySia interacts with SIGLEC-11, a sialic acid bind-
ing immunoglobulin-like lectin receptor that suppresses the
immune defense through recognition of host cells sialic acid
decoration [11]. It also has an anti-inflammatory effect on hu-
man THP1 macrophages [11]. That makes polySia a potential
molecule for the treatment of age-related neurodegenerative dis-
eases (e.g., Alzheimer’s disease or age-related macular degener-
ation) [11–14].

The good biocompatibility as well as the targeted degrada-
tion by specific enzymes make polySia furthermore interesting
for tissue engineering to support the growth of specific human
nervous cells [15,16]. PolySia-based hydrogels are potential scaf-
fold materials [16] and polySia can also be used for coating of
scaffold materials [17, 18]. PolySia can be also used in vaccine
development and cancer immunotherapy [1, 10, 19–21]. Fur-
thermore, stability and the half-life in the human organism of
certain drugs (e.g., insulin or asparaginase) can be improved
by polysialylation, as this potentially improves the efficiency of
those drugs [1, 22–26].

The production of polySia is commonly realized by using
bacteria (e.g., E. coli K1 or N. meningitidis B) [1,27–29]. The use
of bacteria for the biotechnological polySia production has the
advantages of being virus free and a fast cell growth with high
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productivities on cheap media compared to the production with
mammalian cell culture.

The cultivation of microorganisms in single-use bioreactor
systems has several advantages, especially if the products are
used for medical application. The systems are generally pro-
vided certified and pre-sterilized by the manufacturer. Thus,
time-consuming implementation of, for example, cleaning steps
and the documentation of these steps is omitted, which eases pro-
cessing according to GMP regulations [30]. Those systems also
provide flexibility. Different production processes can be run in
one single-use reactor, each using the same equipment [30]. Ad-
ditionally, the acquisition cost of a single-use bioreactor system is
usually lower than of bioreactor systems based on stainless steel
with the same volume and the capacity of the disposable reactor
systems can easily be adjusted to new conditions and larger scales.

Nevertheless, single-use systems have disadvantages com-
pared to the established reusable bioreactor systems, such as
the recurring consumable costs, because the reactor containers
(bags) need to be exchanged after each cultivation and the vol-
ume of such disposable bag reactors is limited to a volume range
of 2000–3000 L [31]. Single-use systems are mostly suitable for
high-value products, which are only produced in small amounts
with varying capacities.

Disposable bag reactors with wave-induced mixing (maximal
working volume below 500 L [31]) have a special concept of mix-
ing and aerating the liquid phase and are often used for inoculum
production. In a stirred tank reactor (STR) an impeller is used
for mixing. STRs are also available as single-use systems and have
become widely accepted for product expression [32]. Aeration is
usually realized by a ringsparger close to the bottom of the reac-
tor. In a disposable bag reactor aeration is only realized through
the head space and the mixing is wave-induced by rocking mo-
tion. Due to the wave-induced mixing shear stress is minimized
and homogenous mixing is possible [33]. However, the oxygen
transfer in a disposable bag reactor with wave-induced mixing,
compared to an STR, is lower. The volumetric oxygen trans-
fer coefficient value in such reactors is in the range of 47 h−1

compared to 392 h−1 in an STR [34]. Disposable bag reactors
are commonly used for shear stress sensitive microorganisms
with a comparatively low growth rate (e.g., mammalian cells or
shear stress sensitive basidiomycetes Flammulina velutipes and
Pleurotus sapidus) and not for aerobic bacteria with high oxygen
demand and growth rates [33].

This study aims at the development of a novel process using
a disposable bag reactor system with wave-induced mixing for
the production of α-(2,8)-linked polySia with E. coli K1. The
developed process is compared to the state-of-the-art processing
in conventional stainless steel reactor setups [28, 29]. The pro-
duced polySia was investigated regarding product yield, quality,
and chain length.

2 Materials and methods

2.1 Bacterial strains and stock cultures

Escherichia coli B2032/82 serotype K1 was used for the experi-
ments. This wild-type strain is an original clinical isolate [28].
The stock cultures were stored in 50% v/v glycerol at −80°C.

2.2 Chemicals and growth media

All bulk chemicals were purchased from Sigma–Aldrich
(Taufkirchen, Germany). Oxygen was purchased from Linde
(Pullach, Germany). Deionized water was prepared with Arium

R©

(Sartorius Stedim Biotech, Göttingen, Germany). For the biore-
actor cultivation, a basic defined medium was used as reported
previously for a batch cultivation process [29].

2.3 Cultivation of E. coli K1

2.3.1 Shake flask cultivation and preculture
Precultures were performed in 500 mL baffled shake flasks with
100 mL complex medium consisting of yeast extract (10 g L−1),
tryptone (10 g L−1), and NaCl (5 g L−1) at pH 7.3. The E. coli K1
cultures were incubated on a rotary shaker at 37°C, 130 min−1

for 10–12 h. This cell suspension was used as inoculum for the
bioreactor cultivations.

2.3.2 Disposable bag reactor
The bioreactor cultivation was carried out on a rocking platform
(BIOSTAT

R©
CultiBag RM, Sartorius Stedim Biotech) in a 20

L disposable bag reactor (BIOSTAT
R©

CultiBag RM 20 optical,
Sartorius Stedim Biotech). Ten liters basic defined medium was
filled in the reactor via a sterile filter (Sartoban

R©
P 300, Sartorius

Stedim Biotech). The remaining 10 L reactor volume was used
as head space. The basic parameters for the cultivation were as
follows: platform angle 10°, pH 7.5, temperature 37°C, and gas
supply 1 L min−1 (0.1 vvm, volume per volume per minute). The
pH was controlled automatically with 1 M HCl and 25% NH4OH
v/v. The set point for dissolved oxygen (DO) was 50%. Variable
parameters such as rocking motion, oxygen supply, and internal
pressure of the reactor system were investigated and are shown
in Section 3. Inoculation volume was 3% v/v of total cultivation
volume.

2.3.3 Offline sampling
For the offline analysis described below 10 mL sample was taken
out through the sample port of the bioreactor every 2 h.

2.3.3.1 Optical density. The optical density was measured at
600 nm with a photometer (Libra S80, Biochrom, Cambridge,
UK).

2.3.3.2 Cell dry weight. The cell dry weight (CDW) was mea-
sured by weight difference after centrifugation (13 000 rpm for
5 min), removal of the supernatant, and drying. Drying was
performed for 48 h at 80°C.

2.3.3.3 Glucose concentration. The glucose concentration
was determined by YSI 2300 STAT Glucose & Lactate Analyzer
(Yellow Springs Institutes, OH, USA).

2.3.3.4 Cell disruption. An ultrasonic homogenizer was used
for cell disruption (LABSONIC

R©
M, Sartorius Stedim Biotech).

The cell disruption was performed in three 30 s intervals,
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followed each by a 30 s cooling step. The amplitude was set
to 100% and the active period was set to 0.6 s−1.

2.4 Downstream process

2.4.1 Cell separation
Directly after harvesting, the cells were separated by continu-
ous centrifugation (Heraeus Contifuge Stratos, Thermo Scien-
tific, Waltham, MA, USA). The cell separation was performed at
17 000 rpm (25 000 g), 4°C, and a flow rate of 100 mL min−1.

2.4.2 Product concentration via cross-flow ultrafiltration
The supernatant of the continuous centrifugation was approxi-
mately 20-fold concentrated by cross-flow ultrafiltration. A filter
cassette with a molecular weight cut-off (MWCO) of 10 kDa
was used for the ultrafiltration (Hydrosart

R©
, Sartorius Stedim

Biotech). The inlet pressure toward the filter cassette was regu-
lated to maximal 4 bar by the flow rate of the pump (SartoJet,
Sartorius Stedim Biotech).

2.4.3 Precipitation with ethanol
The retentate of the cross-flow ultrafiltration was used for precip-
itation with ethanol. The precipitation was performed at room
temperature in three steps. In the first step, the retentate was
precipitated by 80% v/v ethanol, in the second step by 85% v/v
ethanol, and in the final step by 90% v/v ethanol. After each step,
the precipitates were spun down at 4500 rpm and 4°C for 15 min
(Multifuge X3 FR, Thermo Scientific). The pellet was dissolved
in deionized water after each step.

2.4.4 Purification with clay minerals
The clay mineral EX M 1753 (experimental product name 1753,
Clariant, Moosburg, Germany) was used for protein adsorption.
EX M 1753 is a saponite with a cation exchange capacity of
20–30 meq 100 g−1, a BET surface of 124 m2 g−1, a cumulative
pore volume of 0.12 cm3 g−1, and an average pore diameter of
6.06 nm [35]. EX M 1753 was equilibrated in buffer (100 mM
trisodium phosphate, pH 7) for 1 h at 130 rpm on a shaker. After
the equilibration, the product solution was added and shaken
for 3 h under the same conditions. Afterwards EX M 1753 was
removed by centrifugation (4500 rpm, 4°C for 15 min).

2.4.5 Product concentration via ultracentrifugation
(MWCO 10 kDa)

Centrifuge tubes with an MWCO of 10 kDa and a volume of 20
mL (Vivaspin 20, Sartorius Stedim Biotech) were used for the
product concentration before the dialysis. The supernatant after
treatment with EX M 1753 was centrifuged at 4500 rpm and 4°C
until a fifth of the starting volume was left. With an MWCO of
10 kDa polySia with an approximate degree of polymerization
(DP) over 35 units remained in the concentrate.

2.4.6 Dialysis
The product concentrate (50 mL) was dialysed against 5 L deion-
ized water with 5.5 g NaCl for 24 h and afterwards twice against 5
L deionized water 24 h for each (every time pH 9 set with NaOH)
using a Visking dialysis membrane (Carl Roth GmbH & Co. KG,
Karlsruhe, Germany) with a typical MWCO of 14 kDa.

2.4.7 Lyophilization
Freeze drying of the solution after the dialysis was performed
at 0.04 mbar until all of the liquid was removed (Alpha 1–4
LSC, Martin Christ Gefriertrocknungsanlagen GmbH, Osterode,
Germany).

2.5 Analysis

2.5.1 Analysis of the polySia concentration
The concentration of polySia was measured colorimetrically us-
ing a modified thiobarbituric acid assay as reported in previous
studies [28, 29]. The calibration curve ranged from 0 to 0.75 g
L−1 polySia. The sample volume was 50 μL. First polySia was
hydrolyzed with 200 μL 50 mM H3PO4 at 70°C for 18 h. The re-
action was stopped with 100 μL 0.1 M NaOH. Afterwards 100 μL
oxidation solution (0.2 M periodic acid in 0.5% H3PO4 v/v) was
added and the mixture was incubated at 37°C for 30 min. After
the incubation 500 μL reduction solution (0.38 M NaAsO2 and
0.5 M Na2SO4 in 2% H2SO4 v/v) was added followed by the
addition of 500 μL thiobarbituric acid solution (0.2 M thiobar-
bituric acid in 1.2% NaOH v/v). The absorption of the emerging
pink dye was measured at 549 nm (Multiskan Spectro, Thermo
Scientific) after 13 min of incubation at 95°C.

2.5.2 Analysis of the protein concentration
The protein concentration was determined by the Bradford
method [36]. Twenty microliters sample was mixed with 300
μL Bradford reagent [0.1 g L−1 Coomassie brilliant blue, 50 mL
L−1 ethanol (96 % v/v), and 100 mL L−1 phosphoric acid (85%
v/v)]. The samples were incubated for 10 min at room temper-
ature and the protein concentration was measured afterwards at
595 nm (Multiskan Spectro, Thermo Scientific).

2.5.3 Analysis of the DNA concentration
The DNA concentration was determined by a UV-Vis Spectrom-
eter at 260 nm (NanoDrop 2000, Thermo Scientific).

2.5.4 Analysis of the endotoxin concentration
The endotoxin concentration was determined using the
Endosafe R©-PTSTM system (Endosafe R©-PTSTM, Charles River
Laboratories, Boston, MA, USA).

2.5.5 Chain length characterization of polySia by
DMB-HPLC analysis

As reported in previous studies, the DP of the produced polySia
was analyzed by 1,2-diamino-4,5-methylenedioxybenzene
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Figure 1. Production process.
Each step of the production pro-
cess is shown. Alongside the ar-
rows the starting material for fol-
lowing step is shown.

(DMB) HPLC analysis [29]. Therefore, 50 μL sample with
a polySia concentration of approximately 1 g L−1 was incu-
bated with 20 μL deionized water, 80 μL TFA (20 mM) and
80 μL DMB solution (7 mM DMB, 12.5 mM Na2SO3, and
0.8 M β-mercaptoethanol) for 24 h at 10°C. The reaction was
stopped by the addition of 20 μL 1 M NaOH. The DMB-
labeled polySia samples were separated by a DNAPac PA-100
column (Dionex, Idstein, Germany). The injection volume was
25 μL. For the detection, a fluorescence detector (Jasco FP-1520,
Gross-Umstadt, Germany) was used at 372 nm for extinction
and 456 nm for emission. The eluents were deionized water
(E1) and 4 M ammonium acetate (E2) at a flow rate of 1 mL
min−1. The elution gradient was used as previously reported
[29].

3 Results and discussion

The production process is shown in Fig. 1. In the following,
first the cultivation is presented followed by the downstream
processing and analysis of the final product.

3.1 Cultivation of E. coli K1 in a disposable bag
reactor

Escherichia coli K1 was cultivated in a 20 L disposable bag re-
actor with wave-induced mixing. In total four cultivations were
performed. While in an STR a sparger system is used to supply
the air directly into the liquid phase, the air in the disposable bag
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Table 1. Comparison of the cultivation conditions in the reactor
systems

Condition Disposable bag reactor STR [28, 29]

Temperature 37°C 37°C
pH 7.5 7.5
Gas flow 1 L min−1 (0.1 vvm) 10 L min−1 (1 vvm)
Rocking motion/stirrer

speed
Variable 1000 rpm

Oxygen supply Variable None
DO set point 50% Not controlled

reactor is supplied solely through the head space. In the dispos-
able bag reactor a relatively low gas flow of 1 L min−1 (0.1 vvm)
was used (STR 10 L min−1, 1 vvm). A higher gas flow would
cause an internal pressure excess in the bag system (limited to
50 mbar). Due to the low gas flow the internal pressure could be
kept under 15 mbar throughout the cultivation. A comparison
of all relevant cultivation process parameters is listed in Table 1.

The disposable bag reactor was inoculated with 300 mL
preculture (3% v/v of the bioreactor working volume). An oxy-
gen limitation was observed already after 5.3 (±1) h at low
bacteria concentrations (CDW approximately 1 g L−1) when us-
ing air (gas flow: 0.1 vvm) for aeration and controlling the DO
concentration (setpoint 50%) by increasing the rocking motion
(maximum: 42 rocks per minute [Rpm]). Thus, the aeration
flow was supplied with pure oxygen to establish a DO value of
50%. The increase of pure oxygen supply in the aeration flow is
shown as solid line in Fig. 2. At the end of the cultivation the gas
mixture consisted of almost pure oxygen to achieve a DO value
of 50%, allowing the E. coli K1 to grow up to maximal 7.15 g
L−1 without oxygen limitation in the disposable bag reactor. All
online data of a typical cultivation are shown in Fig. 2.

The cultivation was stopped after 11.3 (±0.7) h when all glu-
cose (carbon source) was consumed. At the end of the cultivation
a CDW of 6.8 (±0.4) g L−1 was reached, which is in the range
of previous batch cultivation results in a 10 L STR (6.5–8.4 g

Table 2. Comparison of the cultivation results in the reactor sys-
tems

Result Disposable bag reactor STR [28, 29]

CDW 6.8 (±0.4) g L−1 6.5–8.4 g L−1

Chain length �90 DP 110 DP
PolySia 245 (±56) mg L−1 200–370 mg L−1

Protein 132 (±30) mg L−1 200 mg L−1

YP/S 0.012 (±0.003) gpolySia/gglucose 0.011–0.019 gpolySia/gglucose

YX/S 0.34 (±0.02) gCDW/gglucose 0.35–0.42 gCDW/gglucose

YP/S, product yield; YX/S, biomass yield.
Data are presented as mean ± SD.

L−1 [28, 29]). Using the disposable bag reactor a biomass yield
(cCDW/cglucose) of 0.34 (±0.02) gCDW/gglucose was reached. The
polySia concentration in the supernatant was at 245 (±56) mg
L−1, which is also in the range of previous studies (200–370 mg
L−1 [28, 29]). Higher polySia concentrations might be obtained
due to fed-batch process and further cultivation after glucose
consumption [27,28]. In the process shown in this work, the cul-
tivation was immediately stopped after glucose consumption to
avoid cell lysis and host cell protein release into the supernatant.

To compare the polySia concentration in the supernatant with
the total polySia concentration the cells were disrupted. Analysis
of the total polySia concentration after cell disruption showed a
polySia content of 456 (±113) mg L−1. Previous studies showed
that around 60% of the capsule polysaccharides are partially
released from the cell surface into the medium most probably
either due to friction and shear stress or self-cleavage in a con-
ventional STR [28, 37]. Due to the gentle wave-induced mixing
in the disposable bag reactor less shear stress-related product re-
lease from the cell surface was expected. Nevertheless 54 (±8)%
of the polySia could be found in the supernatant at the end
of the batch cultivation. Thus, the gentle wave-induced mixing
had no significant effect on the product release from the cell
surface compared to the rough stirred mixing in a conventional
stainless steel reactor. In general 20–50% of the polySia are cova-
lently bound to the cell wall while the rest is bound due to ionic

Figure 2. Online data of a typical cultivation in a
disposable bag reactor. The dissolved oxygen level
(line: dash dot dot) was controlled by the rocking
motion (line: dash). After 4.5 h, when the rock-
ing capacity of the system reached its maximum
(42 Rpm), oxygen supply (line: solid) started. The
oxygen supply increased during the cultivation,
because of the cell activity. During the whole pro-
cess no oxygen limitation was observed and the
internal pressure (line: dot) was below the maxi-
mal pressure of 50 mbar.
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Figure 3. Offline data of a typical cultivation in a dis-
posable bag reactor. After approximately 4 h of lag
phase, the bacteria entered the exponential growth
phase, noticeable by the OD600 (symbol: square,
line: short dot) and the CDW (symbol: circle, line:
dash dot). The exponential growth phase took place
between 4 and 8 h of cultivation time. Connected
to the bacteria concentration, the protein concentra-
tion (symbol: triangle, line: dot) and the polySia con-
centration (symbol: triangle, line: short dash dot)
increased. The glucose (symbol: square, line: dash)
was consumed after 10.5 h. At the end of the culti-
vation CDW reached 7.1 g L−1, the protein concen-
tration 160 mg L−1 and the polySia concentration
243 mg L−1.

Figure 4. Protein and polySia concentration dur-
ing the purification process. During the purification
process the amount of protein (black bars) was effi-
ciently reduced. After the final step of lyophilization,
a recovery rate of 26% was observed for polySia
(gray bars). The protein concentration was below
0.04 gprotein/gpolySia after the purification process.
Data are presented as mean ± SD.

interactions [29]. The product yield of the polySia in the su-
pernatant (cpolySia/cglucose) was 0.012 (±0.003) gpolySia/gglucose. The
protein concentration in the supernatant was 132 (±30) mg L−1

at the end of the batch cultivation, which is slightly lower than
the 200 mg L−1 observed in previous studies in an STR [29]. The
gentle wave-induced mixing could have an effect on the host cell
protein release related to cell lysis due to shear stress.

Protein content could be further decreased by using a defined
preculture medium instead of medium with large amounts of
complex components. All relevant cultivation results in com-

parison to the STR are summarized in Table 2. The maximal
growth rate (μmax) was at 0.61 (±0.08) h−1 during the exponen-
tial growth phase. The offline data of a typical cultivation are
shown in Fig. 3.

3.2 Purification of the produced polySia

At the end of the cultivation the cells were immediately sep-
arated by continuous centrifugation. The supernatant had a
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composition of approximately 0.5 gprotein/gpolySia. In the next step,
the supernatant was concentrated by cross-flow ultrafiltration
with an MWCO of 10 kDa, to reduce the working volume and
ease the handling of the subsequent purification steps. Peptides
and small proteins with a molecular weight under 10 kDa were
partially removed with the permeate stream in this step, while a
large amount of the polySia remained in the retentate. PolySia
with an approximate DP above 35 units cannot pass the mem-
brane (MWCO of about 10 kDa) [29]. Thus, polySia with chain
lengths under 35 DP was lost in this step. The ratio after cross-
flow ultrafiltration was approximately 0.4 gprotein/gpolySia.

In the next downstream step, the retentate of the cross-flow
filtration was precipitated stepwise with ethanol; the ethanol
concentration was subsequently altered from 80% up to 90%
v/v. Due to this procedure, the polySia loss could be minimized.
Nevertheless, 22% of the polySia content was lost in the step,
but also the protein concentration was reduced efficiently (ratio
approximately 0.4 gprotein/gpolySia).

After the precipitation step an adsorption step was imple-
mented. Therefore, EX M 1753 was used, a clay mineral con-
sisting of magnesium-aluminium silicate with a particle size of
�45 μm and a surface structure and size which is suitable to
bind unspecifically high amounts of protein [29, 38]. After this
step only negligible amounts of the initial protein concentration
were left and nearly no loss of polySia was observed (ratio below
0.04 gprotein/gpolySia).

After the treatment with EX M 1753, the solution was concen-
trated in the fifth downstream step in centrifuge tubes (Vivaspin
20 with a MWCO of 10 kDa), to reduce the sample volume. Af-
terwards, only low residual amounts of the initial protein were
detectable and another 6% of the remaining polySia was lost
(ratio below 0.04 gprotein/gpolySia).

To remove the remaining salts, dialysis was performed fol-
lowed by lyophilization of the product. The final product
had a protein content below 40 mgprotein/gpolySia compared to
500 mgprotein/gpolySia before downstream processing. This down-
stream processing method shown in the production process
scheme (Fig. 1) focused mainly on the efficient removal of
protein. The developed method is time saving and the han-
dling is easy. As shown in Fig. 4, the protein content was ef-
fectively depleted during the purification process. The overall
recovery yield of this purification process was 26%. Around
40% of the polySia have been lost during the cross-flow ul-
trafiltration and Vivaspin 20 concentrating steps. This result
was due to binding of the polySia to the membranes and the
loss of polySia with short chain length (under �35 DP) in
the permeate stream. Furthermore, 20% have been lost dur-
ing the precipitation with ethanol, since not all of the polySia
get precipitated. Reported purification yields range from 20 to
56% for precipitation-based downstream processing methods
[28, 39].

The DNA content of the product was 5.5 (±0.5) mgDNA/gpolySia

and the endotoxin content was above 1000 EU mg−1. DNA
and endotoxin content could be further reduced by using an-
ion membrane adsorbers to gain a product that fulfills the re-
quirements in terms of low DNA and endotoxin concentration
for medical application as shown previously [29]. However, the
obtained product quality was suitable for further product char-
acterization.

Figure 5. Chain length characterization of the produced polySia.
The maximal chain length of the produced polySia was determined
�90 DP with DMB-HPLC. The chain length of commercially avail-
able polySia (Sigma-Aldrich), was determined �70 DP. Oligosialic
acid with a polymerization of 6 DP (Nacalai Tesque, Kyoto, Japan)
was used as a control. Oligosialic acid and polySia was partially
hydrolyzed during the derivatization with DMB. Therefore a quan-
titative distribution of the chain length was not possible.

3.3 Product characterization

As for certain applications high-chain lengths are required, an
important characteristic of the produced polySia is the chain
length. The chain length distribution was measured by DMB-
HPLC with a detection threshold of 1.4 fmol [40].

The chain length distribution of the produced polySia in a
disposable bag reactor, purified with the downstream processing
above is shown in Fig. 5. The obtained maximal chain length
with this method was �90 DP. This fits well into the previously
observed chain lengths under batch conditions in a 10 L STR
(maximum 110 DP [29]) and is higher than the chain length of
commercially available polySia (Sigma-Aldrich), which was de-
termined as �70 DP. However, no estimation of the quantitative
chain length distribution was possible with this method. Larger
chain lengths might be achieved by decreased growth rates (e.g.,
by lower temperature or carbon source limitation in a fed-batch
process) [29, 41].
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A list of all relevant data comparing the polySia production
in a disposable bag reactor with wave-induced mixing to the
process in an STR is shown in Tables 1 and 2.

4 Concluding remarks

This study showed that aerobic batch cultivation of E. coli K1 for
the production of polySia is possible in a disposable bag reac-
tor with wave-induced mixing. Comparable results in terms of
cultivation time, CDW, and polySia concentration to the estab-
lished process in an STR were obtained. It was shown that the
gentle wave-induced mixing in the disposable bag reactor had
no significant effect on the polySia release from the cell surface
compared to the stirrer mixing in a conventional stainless steel
reactor. Due to the low volumetric oxygen transfer coefficient
value of the single-use reactor system a subsequent increase of
the rocking motion of the reactor system up to its maximum
and an increase of the oxygen content in the gas supply was
applied to establish a DO value of 50%. After the cultivation,
an efficient downstream processing for the purification of the
produced polySia was established. With this downstream pro-
cessing method the polySia was purified in a short time and the
product was suitable for further analysis. The observed DP was
also comparable to previous results in an STR. For medical ap-
plication, the DNA and endotoxin content of the product has to
be decreased (e.g., by using membrane adsorbers [29]).

The disposable bag reactors provided easy handling and easy
and fast production in terms of regulatory requirements as GMP,
due to limited process steps. Further benefits are the flexibility
and an easy scale up to larger production capacities. Especially,
the production of potential biological drugs such as polySia needs
to be in accordance to common regulatory requirements. There-
fore, the disposable bag reactor with wave-induced mixing is a
suitable bioreactor system, although the low oxygen transfer rate
could be limitation, when higher concentrations of bacteria are
required.

Practical application

This study presents a novel approach for the production
of endogenous long-chain polysialic acid by E. coli K1 cul-
tivation in disposable reactor systems. The disposable re-
actor system facilitates the compliance of regulatory re-
quirements as GMP and eases processing by ready to
use presterilized reactor containments, so-called bags. Es-
cherichia coli K1 was cultivated in a disposable bag reac-
tor with wave-induced mixing to evaluate the performance
of the disposable reactor in comparison to conventional
stirred tank reactors. Pure oxygen was supplied to avoid
oxygen limitation. No significant effect on the product re-
lease from the cell surface due the gentle wave-induced
mixing was observed, as 54% of the polySia was released
into the medium. With a gas flow of 0.1 vvm a CDW of 6.8 g
L−1 and a polySia concentration of 245 mg L−1 with a chain
length of �90 DP was achieved, which is comparable to
the established process in an STR.
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