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Abstract
Heparosan is a naturally occurring non-sulfated glycosaminoglycan. Heparosan serves as the substrate for chemoenzymatic
synthesis of biopharmaceutically important heparan sulfate and heparin. Heparosan is biologically inert molecule, non-toxic,
and non-immunogenic and these qualities of heparosan make it an ideal drug delivery vehicle. The critical-to-quality (CTQ)
attributes for heparosan applications include composition of heparosan, absence of any unnatural moieties, and heparosan
molecular weight size and unimodal distribution. Probiotic bacteria E. coli Nissle 1917 (EcN) is a natural producer of heparosan.
The current work explores production of EcN heparosan and process parameters that may impact the heparosan CTQ attributes.
Results show that EcN could be grown to high cell densities (OD600 160–180) in a chemically defined media. The fermentation
process is successfully scaled from 5-L to 100-L bioreactor. The chemical composition of heparosan from EcN was confirmed
using nuclear magnetic resonance. Results demonstrate that heparosan molecular weight distribution may be influenced by
fermentation and purification conditions. Size exclusion chromatography analysis shows that the heparosan purified from
fermentation broth results in bimodal distribution, and cell-free supernatant results in unimodal distribution (average molecular
weight 68,000 Da). The yield of EcN-derived heparosan was 3 g/L of cell free supernatant. We further evaluated the application
of Nissle 1917 heparosan for chemical modification to prepare N-sulfo heparosan (NSH), the first intermediate precursor for
heparin and heparan sulfate.
Key points
• High cell density fermentation, using a chemically defined fermentation media for the growth of probiotic bacteria EcN (E. coli
Nissle 1917, a natural producer of heparosan) is reported.
• Process parameters towards the production of monodispersed heparosan using probiotic bacteria EcN (Nissle 1917) has been
explored and discussed.
• The media composition and the protocol (SOPs and batch records) have been successfully transferred to contract manufacturing facilities and industrial partners.
Keywords Chemoenzymatic modifications . EcN . E. coli Nissle 1917 . E. coli K5 . Fed-batch fermentation . Heparin . Heparan
sulfate . Heparin lyase . Heparosan . High cell density fed-batch fermentation . Probiotic Nissle 1917 . N-sulfo heparosan
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Introduction
Heparosan (N-acetyl heparosan) is a polydisperse, linear glycosaminoglycan. This polysaccharide has a homogeneous
structure comprised of [→4) β-D-glucuronic acid (GlcA)
(1→4) N-acetyl-α-D-glucosamine (GlcNAc) (1→]n repeating
disaccharide units (Zhang et al. 2010). Heparosan is found in
certain bacteria (e.g., Escherichia coli K5 and Pasteurella
multocida), and also serves as a precursor backbone in the
eukaryotic biosynthesis of heparan sulfate (Vann et al. 1981;
DeAngelis and White 2002; Linhardt and Toida 2004;
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Wang et al. 2010). In bacteria, capsular polysaccharides
(such as heparosan) may aide in survival and biofilm
formation, and protect the bacteria from host immune
system (Linhardt and Toida 2004). Heparosan is also a
biologically inert molecule, non-toxic, and non-immunogenic, and these qualities of heparosan make it an ideal
drug delivery vehicle (Deangelis 2015; Qiu et al. 2019;
Rippe et al. 2019). Heparosan, derived from microbial
sources such as E. coli K5, has been successfully used
for the chemoenzymatic synthesis of biosynthetic heparan sulfates and heparin (Lindahl et al. 2005; Fu et al.
2016). Heparan sulfate is a biologically important glycosaminoglycan involved in angiogenesis, cell growth,
cell signaling, developmental biology, inflammation,
anticoagulation, and in viral, bacterial and parasitic infection (Lindahl et al. 1998; Linhardt and Toida 2004).
Heparin, a highly sulfated analog of heparan sulfate, is
an important anticoagulant drug (8). Pharmaceutical
heparin is generally derived from animal-sourced porcine intestinal mucosa (Linhardt 2003). Animal-sourced
heparin can contain virus, prion, and process impurities
and has been known to contain contaminants and
adulterants (Linhardt 2003). The production of biosynthetic heparins using chemoenzymatic processes offers a
potentially safer route for heparin production (Xu et al.
2011; Liu and Linhardt 2014; Fu et al. 2016; Zhang
et al. 2020; Wang et al. 2020).
E. coli Nissle 1917 produces heparosan and is a biosafety
level I (BSL-1) organism that is commercially used as a probiotic nutraceutical. The genomes of E. coli K5 and Nissle
1917 have been sequenced (Cress et al. 2013a; Cress et al.
2013b). Both E. coli K5 and E. coli Nissle 1917 express the
E. coli Group 2 capsule K5 gene cassette (Cress et al. 2013a;
Cress et al. 2013b; Cress et al. 2014), which encodes genes
that are critical for heparosan production (synthesis and export) (Fig. 1) (Cress et al. 2013a; Cress et al. 2013b; Cress
et al. 2014). Glycosyltransferases KfiABCD (KfiA, KfiB,

KfiC, and KfiD, encoded by genes in region 2) are responsible
for biosynthesis of the heparosan chain. The heparosan chain
is then exported to the cell surface through the action of the
heparosan transport proteins KpsFEDUCS (KpsF, KpsE,
KpsD, KpsU, KpsC, and KpsS, encoded by genes in region
1), and KpsMT (KpsM, and KpsT encoded by genes in
region 3) (Cress et al. 2014). In parallel, gene regulation
may play an important role expression of KfiABCD,
KpsFEDUCS, and KpsMT. For example, transcriptional
regulators such as RFAH, SlyA, and H-NS may regulate
the expression of heparosan production (Rowe et al. 2000;
Corbett et al. 2007; Xue et al. 2009; Yan et al. 2015).
Growing E. coli K5 cells are also known to shed the
heparosan into the supernatant during high-cell density fermentations (Wang et al. 2010).
The current study explores high cell density fermentation
of E. coli Nissle 1917 using a chemically defined media. A
chemically defined media refers to a fermentation media that
is not complex and does not contain yeast extract, tryptone, or
peptone. In addition, the study focuses on characterization of
E. coli Nissle derived heparosan. The critical-to-quality attribute (CTQ) for heparosan applications includes the sameness
of heparosan and its disaccharide building blocks, absence of
unnatural building blocks, heparosan chain length (MW), and
heparosan chain dispersity. While heparosan yield is important, the low cost of fermentation media and the ability to
produce heparosan in a BSL-1 rather than a BSL-2 facility,
have a major impact in reducing heparosan production costs.
Moreover, a heparosan nutraceutical from a non-genetically
modified organism (GMO), the non-pathogenic E. coli Nissle
1917 strain, might be of particular value for the more restricted
European market. Another potential application is the use of
heparosan as an inert drug delivery vehicle (6). A key need for
commercial application, therefore, is the high cell density fermentation of E. coli Nissle 1917 using a chemically defined
media to obtain high titers of heparosan and production of
heparosan that meet CTQ attributes.

Fig. 1 The E. coli group 2 capsular K5 gene cluster are present in both
E. coli K5 and E. coli Nissle chromosome. The products of the gene
cluster are involved in heparosan production (biosynthesis and export).
The region 2 (kfi ABCD) is serotype specific and encodes for geneproducts (kfiA, kfiB, kfiC, and kfiD) that are responsible for heparosan
biosynthesis. The region 1 (kps FEDUCS), and region 3 (kps MT) are
conserved across E. coli expressing group 2 capsules and are responsible
for heparosan export, including (1) KDO biosynthesis (kpsF and kpsU),
(2) translocation across cytoplasmic membrane (kpsC, kpsS, and
kpsMT), and (3) translocation across periplasm and outer membrane

(KpsD and KpsE). Upstream promoter regions (PR1–3) promote the
binding of RNA polymerase and initiate transcription. In bacteria, the
promoter regions may be regulated through actions of activator and
repressor proteins. For example, the kps gene cluster is temperaturecontrolled; H-NS and BipA may promote maximal transcription at
37 °C and transcription repression at 20 °C. In addition, antitermination
transcription factor (e.g., RfaH) may aide in upregulation of heparosan
production. It should be noted that though both E. coli K5 and Nissle
express the capsular K5 gene cluster, and there might be differences in
expression, including the transcription regulators

Appl Microbiol Biotechnol (2021) 105:1051–1062

Materials and methods
Chemicals
All chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA) or GenScript (Piscataway, NJ), ThermoFisher
Scientific (Waltham, MA), and GoldBio. (St Louis MO).
Disaccharide standards were purchased from Iduron
(Manchester, UK).

Heparosan production in 5-L and 100-L bioreactor
The heparosan fermentations (E. coli K5 and Nissle 1917)
consisted of a batch phase, followed by a fed-batch phase.
The seed media and batch media are chemically defined media
and consist of glucose (18–20 g/L), potassium phosphate
monobasic (13.5 g/L), ammonium phosphate (4.0 g/L), magnesium sulfate heptahydrate (1.4 g/L), citric acid (1.7 g/L),
and trace metals solution (10.0 ml/L). The pH was adjusted
to 6.8 ± 0.05. The composition of trace metals solution is provided in supplement information Table S1. The batch phase
was initiated with the inoculation of seed culture in batch
media (starting OD600 = 0.25 ± 0.1). In certain fermentations
(e.g., 100-L scale), a seed train was used before inoculating
into the fermentor. A typical seeding strategy consisted of the
following steps, (1) starter culture: seeding 100–200 μl glycerol stock to two to five 50–100 mL flask and cells incubated
at 220 rpm for 8–12 h at 37 °C, (2) stage 1 seed flask: starter
culture (10–15 ml) was added to two to five stage 1 seed
flasks, and cells incubated at 220 rpm for 8–12 h at 37 °C,
(3) stage 2 seed flasks: stage 1 seed flask (50–150 ml) was
added to 5–8 stage 1 seed flasks, and cells incubated at 37 °C
at 220 rpm for 4–8 h. Alternatively, overnight cultures (seed
1) were inoculated in seed 2 and the cells were grown to a cell
density (OD600) of 4.0–6.0. The cells were inoculated (5–10%
by vol) in batch media. For example, for a 100-L bioreactor, a
typical 50-L batch media inoculation uses 5-L media from
stage 2 seed flasks. The fermentation was maintained at
37 °C, and pH was set at 6.8 ± 0.05. The fermentation and
bioreactor conditions are provided in supporting Table S2.
Feed was initiated when the pH increases from 6.8 ± 0.05 to
7.0 ± 0.05. In some experiments, feed was initiated when
(OD600) reached 8.0 ± 2.5. The cells were fed with a concentrated glucose feed (700 g/L glucose, supplemented with 10 g/
L magnesium sulfate heptahydrate, 47 g/L potassium phosphate monobasic, 0.4 g/L thiamine-HCl, and 20 ml/L trace
metals solution). The feed rate was adjusted, based on fluctuations in glucose level, pH, and dissolved oxygen (DO) levels.
If required, the concentrated feed may be stopped intermittently to exhaust the glucose and feed re-initiated when the pH
increased from 6.8 ± 0.05 to 7.0 ± 0.05. In certain experiments, glucose in seed media, batch media, and feed were
replaced with glycerol. The fermentation was stopped when
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the OD600 reached 140 ± 20. The fermentation broth was centrifuge at 13,000×g for 45 min/4 °C to separate cells and
supernatant. The cell-free supernatant was stored in − 20 °C
and used for heparosan purification. In certain experiments,
the fermentation broth was autoclaved and used for heparosan
purification.

Heparosan purification
Heparosan was purified from cell-free supernatant or
autoclaved fermentation broth using a previously described
method (Wang et al. 2011) with some modification. Briefly,
the cell-free supernatant or autoclaved fermentation broth was
transferred to a clean glass beaker with stirrer. The experiment
was performed in chemical hood. A solution of sodium hypochlorite (NaClO) was added slowly to the stirred supernatant
or autoclaved fermentation broth till a final concentration of
1–6% of the total volume. The solution was incubated at 22 ±
3 °C for 16–24 h, with stirring (100–1000 rpm). The solution
was transferred to a clean centrifuge bottle and centrifuged at
12,000× g/22 ± 3 °C for 20 min. The supernatant was collected and transferred to a clean glass beaker with stirrer. The
supernatant was mixed with equal volume of 100%
isopropanol and incubated at 22 ± 3 °C for 1 h, with constant
stirring. The solution was centrifuged at 12,000×g/22 ± 3 °C
for 20 min, and heparosan pellet was collected. The heparosan
pellet is washed multiple times with 60% isopropanol/water
using centrifugation (12,000×g/22 ± 3 °C for 20 min). Final
wash of the heparosan pellet is performed with SDA-3C ethanol and centrifugation at 12,000×g/22 ± 3 °C for 20 min. The
heparosan pellet is dried using vacuum at 40 °C. The
heparosan pellet is dried overnight and until a constant weight
is reached as determined by two consecutive weight measurements (variations within 0.05 g of each other).

Conversion of heparosan to NSH
The chemical conversion of E. coli K5 and Nissle-derived
heparosan was performed using a previously described method (Wang et al. 2011) with some modifications. Briefly,
heparosan was purified from cell-free supernatant and dried
using vacuum (16 h/40 °C). The dried heparosan (1.00 g) was
dissolved in DI water (6.5 mL) at 60 °C. The heparosan solution was diluted with 2 N NaOH, a 1% heparosan solution in
1.0 N NaOH. The 1% heparosan solution was stirred at 53 °C
for 20–25 h, then cooled to 10 °C, and neutralized with conc.
HCl to pH 6.5. Na2CO3 (1.50 g, 14.1 mmol) and NMe3.SO3
(1.50 g, 10.8 mmol) were added. The resulting mixture was
stirred at 47 °C for 48 h, and then cooled to 30 °C. The crude
NSH was precipitated with addition of an equal volume of
SDA-3C ethanol. The mixture was centrifuged (12,000×g/
22 ± 3 °C for 20 min), and the supernatant discarded. The
pellet was washed thrice with 60% SDA-3C ethanol/water
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(10–15 mL) and dried to constant weight under vacuum at
40 °C. The NSH was analyzed for recovery yield, and MW.
In addition, % NS and % free amine were analyzed
using previously described disaccharide analysis (Zhao
et al. 2012; Zhao et al. 2013) and OPA assays (Yang
et al. 2011), respectively.

1D 1H nuclear magnetic resonance (NMR)
Heparosan and NSH samples were analyzed using 1D 1H
nuclear magnetic resonance (NMR) and with the conditions
as previously described (Fu et al. 2017). Briefly, the purified
samples (each 1.5 mg) were dissolved in 0.5 mL D2O
(99.996%, Sigma Aldrich, St. Louis, MO, USA). The samples
were lyophilized and re-dissolved in D2O, and the process was
performed multiple times for complete deuterium–hydrogen
exchange. For the NMR analysis, the samples were dissolved in 0.4 mL 99.996% D2O and 1H-NMR spectra
were acquired using a Brüker Ultrashield 600 MHz
(14.1 Tesla) NMR instrument.
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Fed-batch fermentation and purification of analytical
enzymes (heparin lyases)
Analytical enzymes are used for disaccharide analysis of
heparosan and NSH. Recombinant E. coli BL21 strains expressing either heparin lyase 1, 2, or 3 were produced using
fed-batch fermentation. The fed-batch fermentation and purification for heparin lyase 3 has been previously described
(Datta et al. 2020). The media composition (seed, batch, feed),
and fermentation conditions for heparin lyase 1 and 2 are
similar to heparin lyase 3 (Table S3).

Data analysis
All data analysis was performed using BioRad Image Lab
software, Microsoft Excel, GraphPad Prism 8 (GraphPad,
San Diego, CA), and Python 3.9 (https://www.python.org/).

Results
Cell growth of E. coli Nissle 1917 (EcN) using a chemically defined media and fed-batch fermentation

Size exclusion chromatography (SEC)
The molecular weight of heparosan and NSH were performed
using size exclusion chromatography (SEC) and with the conditions as previously described (Wang et al. 2011). Briefly,
purified samples (weighed 5 mg) were dissolved in HPLC
grade water (1 mL). The samples were analyzed using a
TSK-GEL G3000PWxl size exclusion column with a sample
injection volume of 20 μl and a flow rate of 0.6 ± 0.1 mL/min
with a SEC apparatus that comprised of a Shimadzu LC-10Ai
pump, a Shimadzu CBM-20A controller, and a Shimadzu
RID-10A refractive index detector. The SEC chromatograms
were recorded and analyzed with “GPC Postrun” function to
calculate MN and MW. Molecular weight data was measured
with heparin reference standards.

Disaccharide compositional analysis
The disaccharide composition analysis of heparosan and NSH
was performed using a high-pressure liquid chromatography
(HPLC)—ultraviolet spectrometry (UV) and with the conditions as previously described (Fu et al. 2017). Heparosan and
NSH samples (200 μg each) were completely digested with
heparin lyase I, II, and III (10 mU each) in 200 μL 50 mM
ammonium acetate buffer (pH 7.2) at 37 °C for 12 h. The
resulting disaccharides were purified and analyzed using a
high-pressure liquid chromatography (HPLC)—ultraviolet
spectrometry (UV). The chromatograms were analyzed using
disaccharide standards (purchased from Iduron).

The first focus was defining the parameters for achieving cell
growth of E. coli Nissle 1917 using a chemically defined
media that lack any complex chemicals and animal-sourced
components, including peptone, tryptone, or yeast extract.
The experiment was performed using a 5-L bioreactor. The
aim of the experiments was to answer specific questions, including (1) growth of E. coli Nissle using chemically defined
media, (2) calculate the volume of starting batch media vs.
final fermentation broth, and (3) heparosan production. As a
starting point, specific fermentation parameters were selected
based on the genetics of the bacteria. For example, the fermentation temperature was maintained at 37 °C, as the transcription of heparosan production enzymes may be directly or
indirectly regulated by proteins, including H-NS and BipA,
wherein both H-NS and BipA promote maximal transcription
at 37 °C and transcriptional repression at 20 °C (Rowe et al.
2000; Corbett et al. 2007; Xue et al. 2009). Specific parameters were selected based on E. coli K5 fermentation (Wang
et al. 2010). These parameters include pH (set at 6.8) and
dissolved oxygen (set at 20–30%). These parameters could
be further explored to optimize heparosan production in
E. coli Nissle. Gram-negative E. coli K5 expresses the genes
required for heparosan production and is capable of producing
heparosan when grown on both glucose and glycerol (Wang
et al. 2014; Yamazaki et al. 2020). The first set of experiments
explored fed-batch fermentations of E. coli Nissle 1917 using
either of glucose or glycerol as carbon source. Ammonium
hydroxide was used as the nitrogen source. A chemically defined formulation was used for seed batch and feed. Overnight
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cultures (12–16 h) were inoculated (5–10% by vol) from
shake flasks in the batch media, and when the cell growth
(OD600) reached 8.0 ± 2.5, feeding was initiated. Results show
that E. coli Nissle 1917 cells could grow in a chemically
defined glucose-media and reach a final OD600 > 100 (Fig.
S1). A 2.5-L starting batch media, at the end of fermentation,
resulted in ~ 4-L culture volume, with ~ 0.7–0.8 L feed consumed, and 0.5–0.8 L base (5 M NH4OH) consumed. For a
detailed heparosan study, at least 10–100 g heparosan is required, and so the next question we asked was the yield of
heparosan from Nissle fermentation and the scale needed to
produce 10–100 g heparosan. The fed-batch fermentation with
glycerol as sole carbon source was also explored and may
require additional optimization experiments. However, we
suggest that high cell density fermentations of E. coli Nissle
1917 may be achieved using glycerol defined media with
some minor fermentation modifications.

Defining the parameters for purification of heparosan
from E. coli Nissle 1917
Heparosan is produced inside the cells, exported to the cell
surface, and shed into the supernatant. We next focused on
heparosan purification strategies and the heparosan chain
polydispersity obtained from both fermentation broth (cells
and fermentation supernatant) and cell-free supernatant.
Heparosan was purified from fermentation broth and cellfree supernatant, using IPA purification, and analyzed for
MW and chain polydispersity.
There are various analytical methods to evaluate MW of
heparosan, including gel electrophoresis, capillary electrophoresis, and size exclusion chromatography (Ly et al. 2011;
Restaino et al. 2019). For the current study, the size exclusion

Fig. 2 Heparosan production in E. coli Nissle 1917 (EcN). Heparosan
was purified from fermentation broth and cell-free supernatant and
analyzed using GPC. Heparosan isolated from cell-free supernatant of
E. coli K5 was used as the positive control. The x-axis denotes MW
distribution (from higher to lower MW). The area under the curve of
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chromatography (SEC-HPLC) method was chosen to evaluate
the MW and polydispersity of heparosan. SEC-HPLC has
been used for the evaluation of animal-sourced heparin
(Zhang et al. 2011). E. coli derived heparosan may be used
as the substrate for biosynthetic heparin. The use of a similar
MW analysis method may in part facilitate the analysis (e.g.,
changes in MW and polydispersity during the
chemoenzymatic synthesis of heparin from heparosan).
Results demonstrated that heparosan from fermentation broth
showed a bimodal chain distribution (Fig. 2). We hypothesize
that the total heparosan in the fermentation broth may be a
mixture of growing heparosan chains within the cells and shed
heparosan in the supernatant and therefore, results in a
heparosan product having a mixture of chain lengths, with
both a relatively high molecular weight and a high polydispersity. Next, the fermentation broth was centrifuged, and
cell-free supernatant was obtained. Heparosan obtained from
the cell-free supernatant had a relatively high MW and a
unimodal chain distribution (Fig. 2). A unimodal molecular
weight distribution of heparosan chains is desirable as it represents a more homogenous product for applications including
(1) substrate for chemoenzymatic synthesis of heparan sulfate
and heparin, (2) inert drug vehicle, and (3) nutraceutical. It
should be noted that the heparosan may contain process impurities, such as nucleic acids, proteins, lipopolysaccharides,
endotoxins, and metals. One of the future objectives of the
project includes evaluation and removal of process impurities.

High cell density fermentation of E. coli Nissle 1917
(EcN)
Characterization, modification, application, and analysis of
heparosan would require 10–100 g heparosan. Next, E. coli

the histogram denotes heparosan chain distribution. Using different
concentrations of heparin, the concentration under the curve could be
calculated. Results demonstrate that heparosan from cell-free
supernatant from E. coli K5 and E. coli Nissle have similar molecular
weight distribution
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Nissle (EcN)-derived heparosan was produced using the
chemically defined media and a fed-batch feeding strategy.
Results demonstrate that E. coli Nissle biomass could be successfully grown to cell densities of OD600 8–12 (3.3 ± 0.9 g/L
DCW) in a chemically defined media in batch fermentation
mode. Figure 3 demonstrates the representative fermentation
profile of increased biomass with time. The fermentation was
maintained at 37 °C. At the end of the fermentation (t = 40–
45 h) the cell density was OD600 = 135 (44.55 ± 1.35 g/L
DCW). Production of high cell density biomass required a
controlled fed-batch fermentation approach, including (1)
feeding strategy (Fig. 4) and (2) maintaining the oxygen demand of the growing biomass (Fig. 5).
To achieve high cell density requires feeding the cells with
concentrated feed. The concentrated feed may be composed of
carbon source (e.g., glucose), nitrogen source, and other essential metals. A concentrated glucose feed (supplemented
with magnesium sulfate, potassium phosphate, and trace
metals) was used for high cell density fermentation of E. coli
Nissle fermentation. However, the uncontrolled addition and
consumption of glucose feed may result in adverse effects. For
example, it has been shown that glucose can affect heparosan
production through the cyclic AMP (cAMP)—cAMP receptor
protein (CRP) complex pathway (Yan et al. 2015). Moreover,
excess carbon influx may result in the acetate build-up during
aerobic fermentation. It has been demonstrated that acetate
accumulations greater than 5 g L−1 affect E. coli K4 growth
rates (Restaino et al. 2011). One of the approaches to control
acetate accumulations in high cell density fermentations includes glucose-limited fed-batch fermentations that result in
cell growth below the specific growth rate (Lee 1996; Phue
and Shiloach 2004). Figure 4 shows the glucose feeding
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Fig. 4 High cell density fermentation of E. coli Nissle 1917 (EcN) using a
glucose-limited fed-batch fermentation approach. The first primary y-axis
(blue line) denotes cell growth, using offline OD600 spectrophotometer
measurement. The second primary y-axis (black line) denotes dissolved
oxygen (DO, %) measurements. The first secondary y-axis (orange dotted
line) denotes glucose (g/L) in the fermentation broth. The second
secondary y-axis (light blue line) denotes pH measurements. The
vertical gray bar line on the x-axis denotes onset of fed-batch
fermentation. Each mark on each line denotes data collection point. The
glucose concentration was monitored, and the feed rate was adjusted to
maintain low glucose-level in the fermentation broth. Results shows the
glucose feeding strategy used for fed-batch fermentation of E. coli Nissle
1917, where, the feed was initiated 5–8 h EFT, and once the glucose
(initial concentration 18–20 g/L in the batch media) was exhausted, the
glucose level was maintained at > 1–2 g/L. The pH was maintained at
6.71 ± 0.04 using 5 M NH4OH

strategy used for fed-batch fermentation of E. coli Nissle 1917.
The glucose level and pH were monitored and recorded during
the fermentation (Fig. 4). The feed was initiated 5–8 h EFT, and
once the glucose (initial concentration 18–20 g/L in the batch
media) was exhausted, the glucose level was maintained at > 1–
2 g/L. The pH was maintained at 6.71 ± 0.04 using 5 M NH4OH.
The NH4OH served as the base to maintain the pH and the
nitrogen source during the high cell density fermentation. This
facilitates avoiding complex nitrogen sources (e.g., tryptone and
peptone) and thereby lowering the cost of fermentation.
High cell density aerobic fermentations require a steady
supply of oxygen. With the increasing biomass growth, the
microorganism oxygen demand increases and is characterized
as the volumetric oxygen uptake rate (OUR, eq. 1).
OUR ¼ QO2 X

ð1Þ

where
QO2 ¼ specific respiration ðoxygen uptakeÞ rate; mmoles O2 =g biomass h−1

Fig. 3 Biomass growth of E. coli Nissle 1917 (EcN). The primary y-axis
(blue dashed line) denotes cell growth, using offline OD 60 0
spectrophotometer measurement (where, error bars denote, mean ±
S.E., where n = 2 readings). The first secondary y-axis (blue dotted line)
denotes cell growth represented as log (OD600). The second secondary yaxis (orange line) denotes the fermentation temperature (°C). The vertical
gray bar line on the x-axis denotes onset of fed-batch fermentation. Each
mark on each line denotes data collection point. The graph demonstrates
that a high cell density fermentation was achieved using a fed-batch
fermentation approach and at the end of the fermentation (t = 40–45 h)
the cell density reached OD600 = 135 (44.55 ± 1.35 g/L DCW). The
fermentation was maintained at 37 °C

X ¼ biomass concentration; g L−1
The bioreactor design aims to ensure a steady supply of
oxygen to the growing biomass and is characterized as the
volumetric oxygen transfer rate (OTR). When OUR > OTR,
the growth of the biomass may decrease or cease. The OTR is
proportional to the volumetric oxygen mass transfer coefficient (KLa). The KLa (h−1) is defined as the efficiency with
which the oxygen is supplied into a bioreactor under specific
defined parameters or conditions, including impeller design
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Fig. 5 High cell density fermentation of E. coli Nissle 1917 (EcN) using a
glucose-limited fed-batch fermentation approach. The first primary y-axis
(blue line) denotes cell growth, using offline OD600 spectrophotometer
measurement. The second primary y-axis (black line) denotes dissolved
oxygen (DO, %) measurements. The first secondary y-axis (blue line)
denotes gas mix (%). The second secondary y-axis (orange dashed line)
denotes agitation (rpm). The third secondary y-axis (pink dotted line)
denotes aeration (slpm). The vertical gray bar line on the x-axis denotes
onset of fed-batch fermentation. Each mark on each line denotes data
collection point. The dissolved oxygen was set at 30% dissolved
oxygen level. Results show with increasing biomass, the dissolved
oxygen gradually decreased to below 30%. The oxygen demand during
batch and fed-batch phases was maintained at 30% by controlling
agitation (100–400 rpm) and providing a supply of gas mixture (0–
90%). The agitation (mixing) was increase from 100 to 400 rpm during
the batch and the fed-batch fermentation. The aeration was maintained at
99.5 ± 0.14 slpm. The fermentation was stopped when the change in
OD600 over time indicated that the culture had entered stationary phase
(OD600 > 150)

and agitation rate. The KLa is influenced by fermentation conditions, including (1) temperature, (2) aeration, (3) mixing
time, (4) viscosity of the media, due to the addition of concentrated feed, growing biomass, and accumulation of extracellular products, and (5) specific media components, such as antifoam (Meyer et al. 2016). Both batch and fed-batch phase of
the fermentation, the temperature was set at 37 °C and aeration
at 100 slpm (Fig. 3 and Fig. 5). The agitation (mixing) was
increase from 100 to 400 rpm during the batch and the fedbatch fermentation (Fig. 5). Maintaining a steady supply of
oxygen during high cell density aerobic fermentation is critical for increasing the biomass and product formations. A low
oxygen level may result in the accumulation of metabolites
and may affect cell health and product formation (Restaino
et al. 2011). The oxygen demand for E. coli Nissle fermentation was maintained at 30% dissolved oxygen level. Results
(Fig. 5) show that with increasing biomass, the dissolved oxygen gradually decreased to below 30% (DO set point). The
oxygen demand during fed-batch phase, when the cell density
(biomass) gradually increased, was maintained at 30% by
controlling agitation (100–400 rpm) and providing a supply
of gas mixture (0–90%). The aeration was maintained at 99.5
± 0.14 slpm. Fermentation temperature was maintained at
37 °C. Antifoam was supplied intermittently to control
foaming during fermentation. The fermentation was stopped
when the change in OD600 over time indicated that the culture
had entered stationary phase (OD600 > 150).

In post-fermentation, the supernatant was collected using
batch centrifugation. The cell-free supernatant was used for
heparosan isolation, characterization, and modifications. The
Nissle-derived heparosan was evaluated for chemical composition and absence of unnatural moieties (NMR and disaccharide analysis), and intact chain size characterization (size exclusion chromatography). Heparosan derived from E. coli K5
was used as the positive control. E. coli K5 and Nissle 1917
fermentations were performed using a 100-L bioreactor and
heparosan was purified from the cell-free supernatant. NMR
and disaccharide analysis showed that both heparosan from
E. coli K5 and E. coli Nissle 1917 were identical and absence
of unnatural moieties (Fig. 6 and Table 1). The average molecular weight of heparosan from E. coli Nissle 1917 was
slightly higher than the heparosan from E. coli K5 (Table 2).
The heparosan yield was calculated using a size exclusion
chromatography. Preliminary results showed that the purification method used in this paper may interfere with the conventional carbazole assay quantification. Based on the size exclusion chromatography method, and with similar fermentation
and purification conditions, the yield of heparosan from
E. coli Nissle 1917 is 3 g/L fermentation supernatant
(Table S4). The yield of heparosan is being reported as g/L
of supernatant instead of conventionally used g/DCW (to facilitate easier conversions for downstream calculations).

Modifications of E. coli Nissle 1917 (EcN)-derived
heparosan: towards potential applications
The Nissle-derived heparosan can be successfully chemically
modified to produce lower MW heparosan. Both higher and
lower MW Nissle-derived heparosan can be successfully
modified to crude NSH and purified NSH (Table S5,
Table S6, and Table 3). Briefly, heparosan purified from
cell-free supernatant from both E. coli K5 and Nissle 1917
can be successfully converted to crude NSH (under dilute
1% reaction conditions) (Table S6) and further purified to
NSH (Table 3), affording similar percentage of N-sulfated
disaccharide sequences (% NS) and a similar molecular
weight and polydispersity index.

Discussion
Heparosan is a naturally occurring non-sulfated glycosaminoglycan. Heparosan is a linear polysaccharide composed of
alternating glucuronic acid (GlcA) and N-acetyl glucosamine
(GlcNAc). Heparosan is biopharmaceutically important
chemicals and serves as the substrate for the chemoenzymatic
synthesis of heparan sulfates and heparin (Linhardt et al. 2007;
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Fig. 6 Chemical composition analysis of heparosan using 1H-NMR. The
chemical composition analysis of heparosan from E. coli Nissle was
performed using 1H-NMR. Heparosan from E. coli K5 was used as the

positive control. Results demonstrate that heparosan derived from E. coli
K5 and Nissle 1917 are similar in composition

Kim et al. 2020). Other potential applications of heparosan
include utilization of heparosan as an inert-drug or nutraceutical. The critical-to-quality (CTQ) attributes for heparosan
applications are (1) composition of heparosan, (2) absence
of any unnatural moieties, including sulfated GlcA and
GlcNAc, and (3) heparosan molecular weight size and
unimodal distribution. Probiotic bacteria E. coli Nissle 1917
(EcN) is a natural producer of heparosan to obtain high titers
of heparosan and production of heparosan that meet CTQ
attributes. The current work explores production of EcN
heparosan and process parameters that may impact the
heparosan CTQ attributes.
A key need for commercial application is the high cell
density fermentation of E. coli Nissle 1917 using a chemically
defined media. The current study demonstrates that high cell
density fermentation of E. coli Nissle 1917 in a chemically
defined medium results in heparosan production. Currently,
the microbial production of heparosan has been successfully
explored in naturally occurring bacteria (e.g., E. coli K5,

Pasteurella multocida, and E. coli Nissle 1917) and in
engineered Bacillus sps., and E. coli BL21 strains
(DeAngelis and White 2002; Wang et al. 2010; Zhang et al.
2012; Wang et al. 2014; Chen et al. 2017; Williams et al.
2019; Yamazaki et al. 2020). The reported yields of
heparosan, using fed-batch fermentations, from natural producers and engineered strains range from 15 g/L (e.g., in
E. coli K5) to 2.74 g/L (e.g., in engineered Bacillus
megatarium) (Wang et al. 2010; Wang et al. 2014; Williams
et al. 2019). However, under, specific experimental conditions
(e.g., fermentation media, bioreactor conditions, purification
method, and analysis method), the heparosan chain size, polydispersity, and yield from the naturally occurring and
engineered strains may vary. For the current study, E. coli
K5 and Nissle 1917 fermentation, purification, and characterization were performed with similar experimental conditions.
The cell growth of Nissle 1917 was similar to E. coli K5,
under similar fermentation conditions, with both fermentations reaching a harvest cell density (OD600) of > 120 (Fig.

Table 1 E. coli Nissle 1917 (EcN)-derived heparosan disaccharide
composition analysis shows presence of only unsulfated disaccharides
building blocks (β-D-glucuronic acid and N-acetyl-α-D-glucosamine)

Table 2 E. coli Nissle 1917 (EcN) derived heparosan intact chain
characterization using size exclusion chromatography
E. coli strain

E. coli strain

E. coli K5
E. coli Nissle 1917 (EcN)

Disaccharide compositional analysis
Non-sulfated disaccharides ΔUA-GlcNAc
100%
100%

E. coli K5
E. coli Nissle 1917 (EcN)

Intact chain characterization
MW (Da)

Mp

MW distribution

58,400
68,000

78,400
89,000

Unimodal
Unimodal
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S2). However, the colors of the cell-free supernatant of E. coli
K5 and Nissle heparosan were different (Fig. S3). The Nisslederived heparosan was evaluated for chemical composition
and absence of unnatural moieties (NMR and disaccharide
analysis), and intact chain size characterization (size exclusion
chromatography). Heparosan was recovered from cell-free supernatant from E. coli Nissle 1917 (100-L fermentation). The
supernatant was first treated with sodium hypochlorite to remove proteins and endotoxins (lipopolysaccharides, LPS)
(Suwan et al. 2012). The main degradative effect of sodium
hypochlorite treatment is the desired scission of the high MW
heparosan to lower MW distribution. There may be additional
degradation, but this has not been studied. The heparosan was
precipitated using isopropyl alcohol. The alcohol-precipitated
heparosan was freeze-dried. The Nissle-derived heparosan
was characterized and E. coli K5-derived heparosan (that
has been successfully used for synthesis of heparin and heparan sulfates) was used as the positive control. NMR and disaccharide analysis showed that both heparosan from E. coli
K5 and E. coli Nissle 1917 were identical and absence of
unnatural moieties (Fig. 6 and Table 1). The average molecular weight of heparosan from E. coli Nissle 1917 was slightly
higher than the heparosan from E. coli K5 (Table 2). These
results suggest that E. coli Nissle 1917 heparosan could be
substituted for E. coli K5-derived heparosan in most applications. The heparosan molecular weight (chain length) is a
CTQ attribute for heparosan applications. The heparosan
chain length can be reduced by chemical depolymerization
under certain conditions to obtain a smaller average chain
length. However, the depolymerization method used should
not increase the polydispersity of the heparosan chain. In
conclusion, the comparative characterization of heparosan
from E. coli K5 and E. coli Nissle demonstrates that the
resulting heparosan chains from both organisms are comprised of [→4) β-D-glucuronic acid (GlcA) (1→4) Nacetyl-α-D-glucosamine (GlcNAc) (1→]n repeating disaccharide units. The heparosan isolated from the cellfree supernatant has a unimodal MW distribution, suggesting that the heparosan chains are relatively homogenous in chain length (Fig. 2). The homogenous mixture of
heparosan chain may be a desirable feature for downstream processing and applications, including
chemoenzymatic synthesis of heparin (Zhang et al. 2011).

Table 3 Chemoenzymatic
modification of heparosan from
E. coli Nissle 1917

Heparosan source

E coli K5
E. coli Nissle 1917 (EcN)

Potential applications of heparosan include (1) heparosan as
an inert-drug or nutraceutical; and (2) chemoenzymatically
modified to biosynthetic heparan sulfate. For example, the
E. coli K5-derived heparosan has been successfully utilized
for the chemoenzymatic synthesis of heparan sulfate (Linhardt
et al. 2007). Differences in the heparosan chain length between
E. coli K5 and Nissle 1917 (Table 2) led us to evaluate whether
the difference in chain length might impact NSH synthesis.
NSH is the first intermediate polysaccharide and acts as a precursor for biosynthetic heparan sulfate production (Wang et al.
2011). The biosynthesis of heparan sulfate is a non-templatedriven process, and each biosynthetic enzyme relies on the
availability of substrate-binding site on the intermediate polysaccharide chain (Wang et al. 2011; Datta et al. 2013; Fu et al.
2017; Zhang et al. 2020). The sulfation percentage and pattern
on the intermediate polysaccharides have shown to dictate the
enzymatic synthesis of heparan sulfate and heparin (Wang et al.
2011; Datta et al. 2013; Fu et al. 2017; Zhang et al. 2020). In
parallel, the sulfation pattern on heparan sulfate can also impact
its biological activity, including binding sites for fibroblast
growth factors (FGFs) and glycoproteins involved in the blood
coagulation cascade (i.e., antithrombin III) (Linhardt and Toida
2004; Soares da Costa et al. 2017; Zhang et al. 2020).
Therefore, the successful conversion of heparosan to NSH is
a critical parameter towards chemoenzymatic synthesis of heparan sulfate. The current work demonstrates that Nissle-derived
heparosan can be successfully chemically modified during purification of heparosan step. The chemical modifications of
heparosan resulted in lower MW heparosan. Both higher and
lower MW Nissle-derived heparosan can be successfully modified to crude NSH and purified NSH that exhibit similar percentage of N-sulfated disaccharide sequences (% NS) and a
similar molecular weight and polydispersity index (Table S5,
Table S6, and Table 3). Preliminary results also show that the
NSH synthesized from Nissle-derived heparosan can be successfully enzymatically modified using heparan sulfate biosynthetic enzymes. These results suggest that Nissle-derived
heparosan could be an additional source of heparosan for the
chemoenzymatic synthesis of biosynthetic heparan sulfates.
Future directions include process improvements and evaluation of product efficacy and safety. For example, cell lysis
may be responsible for contamination and impurities of extracellular heparosan. Cell-associated impurities could be re-

Input Heparosan

NSH conversion

MW

MW distribution

MW

% NS ΔUA-GlcNS

% free amine

58,400
68,000

Unimodal
Unimodal

20,700
29,800

85.7
96.2

0.1
0.1
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duced or removed using strong anion exchange resins. Strong
anion exchange resins are utilized by industry for other glycosaminoglycan purifications from animal sources (Zhang et al.
2011). The purity of heparosan is a critical factor for its safe
and effective applications, including (1) as a nutraceutical and
(2) substrate for biosynthetic heparan sulfate and heparin.
Analysis of purity includes but is not limited to (1) analysis of
the composition of the heparosan chain and absence of any
unnatural moieties, and (2) analysis of process impurities and
contaminants. The 1D1H NMR requires 99.99% pure
heparosan solution and thus may serve as the first screening
for heparosan purity. However, other undetected process impurities and contaminants should be evaluated, including lipopolysaccharide, protein, nucleic acids, and metals. For example,
E. coli-derived heparosan may have process impurities, including, presence of 2-keto-3-deoxy-D-mannooctulonic acid
(KDO) moieties and endotoxins (Suwan et al. 2012;
Azurmendi et al. 2020). Sensitive analytical methods are required to analyze for the presence of unnatural sugar moieties
in heparosan (Datta et al. 2020), and ongoing improvements in
chemical removal of process impurities from E. coli-derived
products are needed (Whitfield 2006; Suwan et al. 2012;
Lodowska et al. 2013; Qiao et al. 2020; Azurmendi et al. 2020).
With similar fermentation and purification conditions,
the yield of Nissle-derived heparosan is considerably lower than E. coli K5-derived heparosan (Table S4). The
heparosan yield from the Nissle 1917 strain may be further improved through additional optimization of fermentation conditions and through metabolic engineering strategies (Hobbs and Reeves 1994; Xue et al. 2009). For
example, it has been demonstrated that a mutation or deletion of the waaR gene (lipopolysaccharide 1,2glucosyltransferase gene) may result in (1) disruption of
lipopolysaccharide outer core biosynthesis and cell surface retention of group 2 polysaccharides (Taylor et al.
2006), and (2) under certain fermentation conditions,
may result in the decrease in the MW of the heparosan
(Huang et al. 2016). Unfortunately, genetic engineering
would result in a GMO that could lead to adverse market
acceptability in functional food and nutraceutical applications. The feasibility to biomanufacture heparosan in a
BSL-1 facility may have a significant impact in reducing
heparosan production costs. The study successfully reports high cell density fermentation of probiotic bacteria
EcN (E. coli Nissle 1917), using a chemically defined
media. Production of unimodal heparosan chains is a desirable quality for downstream processing and applications. The current work also demonstrates the process parameters towards the production of monodispersed
heparosan using probiotic bacteria EcN (Nissle 1917).
Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00253-020-11079-9.
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