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Abstract: Biosurfactants are much-discussed alternatives to petro- and oleochemical surfactants.
Alcanivorax borkumensis, a marine, Gram-negative γ-proteobacterium, produces a glycine-glucolipid
biosurfactant from hydrocarbons, pyruvate, and acetate as carbon sources. Sustainable acetate
production from lignocellulose or syngas adds to its relevance for the bioeconomy. This study
investigated nitrogen sources and carbon-to-nitrogen ratios (C/N) to optimize fed-batch fermentation
for biosurfactant production using A. borkumensis with acetate as the carbon source. Urea enabled
high biosurfactant production, which was confirmed in DO-based fed-batch fermentation. Varying
C/N ratios led to increased glycine-glucolipid production and decreased biomass production, with
improvement plateauing at a C/N ratio of 26.7 Cmol Nmol−1. pH-stat fed-batch fermentation using
glacial acetic acid as the carbon source and a pH-adjusting agent doubled the biosurfactant production.
Finally, bubble-free membrane aeration was used to prevent extensive foam formation observed
during conventional bubble aeration. The efficient production made it possible to investigate the
bioactivity of glycine-glucolipid in combination with antibiotics against various microorganisms.
Our findings allow for the leverage of glycine-glucolipid biosurfactant production using acetate as a
carbon source.

Keywords: glycolipid; bioactivity; membrane aeration; pH-stat; fed-batch; foam formation; antifoaming
agent; carbon-to-nitrogen ratio; DO-based fed-batch; bubble-free; urea

1. Introduction

Biosurfactants are amphiphilic molecules produced by various microorganisms [1,2].
This group of molecules has diverse chemical structures, represented by fatty acids, gly-
colipids, lipopeptides, lipoproteins, phospholipids, and polymeric biosurfactants [3]. The
diverse compositions of these structures yield a range of biological and physicochemical
attributes, including the effective reduction in surface tension, low critical micelle concentra-
tions, the chelation of metal ions, bioactivity, and remarkable stability [2,4]. Biosurfactants
play a vital role in enabling microorganisms to utilize hydrophobic substrates but also
can contribute to the virulence of pathogens like Pseudomonas aeruginosa [5,6]. Biosurfac-
tants can be derived from renewable resources, generally have low toxicity [7], and are
biodegradable [8,9].

For example, the interactions of biosurfactants with antibiotics open new avenues
in medical research and therapy, potentially enhancing the efficacy of existing antibiotic
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treatments and reducing antibiotic use [10]. These combinatorial effects, arising from bio-
surfactants’ unique structure and diverse biochemical properties, offer exciting prospects
for innovative approaches in combating antibiotic-resistant pathogens [11]. A notable ex-
ample is the synergy observed between biosurfactants and conventional antibiotics against
Staphylococcus aureus, where the combined treatment significantly improved antibiotic
efficacy, suggesting a promising strategy to overcome drug resistance [12,13].

Alcanivorax borkumensis SK2 is characterized as an aerobic, non-pathogenic, rod-
shaped, Gram-negative, halophilic, γ-proteobacterium renowned for synthesizing a glycine-
glucolipid biosurfactant. The strain belonging to the obligate hydrocarbonoclastic bacteria
was first isolated in 1992 from seawater near the Island of Borkum and is considered
highly specialized, with a relatively small genome size of 3.12 Mb [14,15]. A. borkumensis,
being halophilic, possesses sodium-dependent transport systems that leverage the sodium
gradient to facilitate nutrient uptake as an energy source [14]. It requires an optimal
NaCl concentration of 3 to 10% (w/v) for growth and magnesium ions to prevent cell
lysis [15]. A. borkumensis is known for its ability to degrade linear and branched aliphatic
hydrocarbons [15–17]. While A. borkumensis can degrade a wide range of hydrocarbons
(C5–C32), its hydrophilic substrate range is limited to acetate, propionate, and pyruvate due
to the absence of key enzymes and transporters responsible for sugar utilization [14,15,18].
It can use NH4

+ or NO3
− as nitrogen sources, with NO3

− converted to NH4
+ under ATP

consumption [14]. A. borkumensis produces various storage compounds using n-alkanes and
hydrophilic substrates as carbon sources at a high carbon-to-nitrogen (C/N) ratio [19,20].
Genes coding for enzymes in the synthesis of storage compounds such as polyhydroxyalka-
noates (PHA), wax esters (WE), and triacylglycerols (TAG) were identified in A. borkumensis,
with a predominant production of WE and TAG [14,21,22].

The glycine-glucolipid found in A. borkumensis SK2 consists of four 3-hydroxy-fatty
acids of different chain lengths, interconnected by ester bonds and a glycosidic linkage to the
C1-atom of glucose. Glycine forms an amide bond with the terminal 3-hydroxy-fatty acid
(Figure 1) [23,24]. Earlier research indicated the existence of an extracellular glucolipid lack-
ing glycine alongside a glycine-containing form associated with the membrane. However,
recent studies have refuted the existence of the extracellular glycine-free variant [24,25]. The
membrane-associated glycine-glucolipid enhances the cell surface hydrophobicity, increas-
ing the adherence to oil/water interfaces and improving the bioavailability of hydrophobic
carbon sources [26–28]. The entire biosynthesis pathway for the glycine-glucolipid in A.
borkumensis SK2 remains to be fully understood.
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Figure 1. The structure of the glycine-glucolipid from A. borkumensis SK2. It contains four 3-hydroxy
fatty acids interlinked by ester bonds. The hydroxy group of the first fatty acid forms a glycosidic
linkage to glucose, and the terminal carboxy group is linked to glycine through an amide bond.

Only a few approaches are described to produce the A. borkumensis biosurfactant.
A glucolipid composed of four 3-hydroxy-fatty acids and one glucose molecule with-
out glycine was produced by nitrogen-limited fed-batch fermentation using n-alkanes
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as substrates, resulting in a glucolipid titer of 1.7 g L−1 [16]. However, recent studies
demonstrated that a glycine-free glucolipid apparently does not exist [24,25].

Secondary metabolites are often produced under nutrient-limiting or starving condi-
tions, with the nitrogen source and the C/N ratio playing important roles in biosurfactant
production [29]. Studies with P. aeruginosa show that switching to NaNO3, urea or NH4NO3
improves rhamnolipid production compared to NH4Cl but also results in lower biomass
production due to the more cumbersome metabolism [30,31]. Regarding the C/N ratio,
P. aeruginosa exhibits an increased rhamnolipid titer with higher C/N ratios. However, the
limit of this enhancement is observed at a C/N ratio of 62 Cmol Nmol−1 with NaNO3
as the nitrogen source and glycerol as the carbon source. In general, the optimal C/N
ratio is found to depend on the carbon source [32]. High C/N ratios may also trigger the
production of storage molecules like TAG and WE, diverting carbon away from glycol-
ipid production [20]. Therefore, the nitrogen source and the C/N ratio are important in
biosurfactant production.

Numerous biotechnological products aim to replace petrochemicals and reduce the
CO2 footprint, relying on glucose as a carbon source [33]. However, using glucose com-
petes with human food resources, necessitating renewable alternatives like lignocellulose
or C1-substrates [34,35]. Various reaction routes can be used to produce acetate from alter-
native carbon sources, including second-generation feedstocks like lignocellulose [36,37]. It
can also be produced via syngas fermentation, microbial electrosynthesis, or methane
oxidation [38–40]. The resulting acetate can be upcycled into higher-value products
through chemical or biological processes [35,37]. The acetate uptake by organisms is
either transporter-mediated by facilitated diffusion or actively through transporters under
energy consumption [35,41]. Once taken up, acetate is activated to form acetyl-CoA, serving
as a precursor for various metabolic pathways, including de novo fatty acid synthesis,
essential for glycolipid synthesis [35,42].

Both acetic acid and acetate salts exhibit water miscibility, facilitating effortless mass
transfer into the culture broth and minimizing bioreactor volume dilution when employing
highly concentrated solutions or pure acetic acid for feeding. Additionally, the microbial
consumption of acetate from the culture medium leads to a rise in the pH. Consequently,
the pH serves as a direct online process parameter, allowing the coupling of acetate feed-
ing in a pH-stat fed-batch fermentation with pH control using pure acetic acid as a pH
agent [43,44]. However, it can also inhibit bacterial growth due to cytosol acidification
and osmotic pressure effects [45,46]. Strategies to overcome acetate inhibition include
modifying the growth medium, using carbon-limited fed-batch processes, dialysis, or
metabolic engineering [47–50]. The biotechnological production of itaconate and rhamno-
lipids with acetate as the sole carbon source has been shown for several organisms like
Pseudomonas putida, Escherichia coli, and Corynebacterium glutamicum, which were able to
grow on acetate concentrations of at least 5 g L−1 [51–53]. Various other organisms, includ-
ing A. borkumensis, can metabolize acetate, making it a valuable resource for sustainable
biosurfactant production [15].

The production of biosurfactants by fermentation faces challenges, with foam for-
mation being the major issue [54]. Foaming can negatively impact the overall process
performance, product quality, and quantity and may lead to the loss of biocatalysts al-
ready at low product concentrations [55–57]. It also harbors risks such as blocking sterile
filters, which cause overpressure and endanger sterility [58–60]. Researchers got cre-
ative to mitigate foam formation in fermentation processes, such as using antifoaming
agents [61], bubble-free membrane aeration [62,63], defoamers as substrates [64,65], foam
fractionation [66,67], headspace aeration in combination with overpressure [68], in situ
liquid–liquid extraction [69], and mechanical foam breakers [70]. Among all the strategies
mentioned, bubble-free membrane aeration changes the process minimally, as it can be
carried out in the same way as with bubble aeration but without the addition of antifoaming
agents or solvents for in situ extraction.
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This study presents enhanced glycolipid production using A. borkumensis through fed-
batch fermentation with acetate as the carbon source. The primary objective was to increase
the glycolipid titer, specific product yields, and space-time yields. The influence of the
nitrogen source and the C/N ratio was investigated to achieve this. Furthermore, a pH-stat
fed-batch using glacial acetic acid was established, allowing for a highly concentrated feed
without diluting the product concentration. In addition, in situ membrane aeration was
used to prevent foam formation. This process strategy provided sufficient glycolipid mate-
rial to test the bioactivity of the glycine-glucolipid against different microorganisms [10].

2. Materials and Methods

Initially, a DO-based fed-batch fermentation with NH4Cl as the nitrogen source served
as a benchmark. Shake flask experiments followed to study the effects of altering the
nitrogen source, with insights applied to subsequent fermentations. Feeding strategy
optimization included a pH-stat fed-batch using glacial acetic acid as a pH agent and
carbon source and a two-stage DO-based feeding strategy. A comparative analysis of
conventional bubble aeration and bubble-free membrane aeration assessed foam formation
during biosurfactant production.

2.1. Bacterial Strain and Medium

The bacterial strain Alcanivorax borkumensis SK2 (DSM 11573) was used for all culti-
vation experiments [15]. Modified (mod.) ONR7a medium was used for all cultivation
experiments and contained (per L) 22.79 g NaCl, 11.18 g MgCl2 × 6 H2O, 3.98 g Na2SO4,
1.46 g CaCl2 × 2 H2O, 11.92 g HEPES, 0.72 g KCl, 0.46 g NaH2PO4 × 2 H2O, 83 mg NaBr,
31 mg NaHCO3, 27 mg H3BO3, 24 mg SrCl2 × 6 H2O, 2.6 mg NaF, and 2 mL trace elements
(500×). Trace elements contained (per L) 5.00 g FeSO4 × 7 H2O, 2.50 g MnSO4 × H2O,
3.20 g ZnCl2, 0.20 g CoCl2 × 6 H2O, 0.36 g CuSO4 × 5 H2O, 0.10 g Na2MoO4 × 2 H2O,
and 6.37 g Na2EDTA × 2 H2O [18,25]. Different nitrogen sources with equal amounts
of nitrogen were used and are mentioned in the corresponding sections. Marine broth
(Carl Roth GmbH, Karlsruhe, Germany) was autoclaved with 2% agar for plates, and
sterile-filtered pyruvate at a concentration of 10 g L−1 was added afterward.

2.2. Cultivation Conditions
2.2.1. Pre-Culture

To initiate plate cultures, A. borkumensis SK2 was streaked from a cryogenic stock onto
marine broth agar plates and then incubated at 30 ◦C for 48 to 72 h. Subsequently, the A.
borkumensis SK2 was cultured for 20–24 h in shake flasks containing 10 mL of mod. ONR7a
medium for precultures supplemented with 10 g L−1 pyruvate and incubated at 30 ◦C and
300 rpm (50 mm throw) with a 10% filling volume. Afterward, the strain was cultivated
in a second shake flask in 50 mL mod. ONR7a at 300 rpm (50 mm throw) and 30 ◦C with
10 g L−1 acetate for main cultures up to an optical density (OD600) of 4.0.

2.2.2. Transfer Rate Online Measurement Cultivation

This study investigated different nitrogen sources and C/N ratios using the transfer
rate online measurement (TOM) shaker (Adolf Kühner AG, Birsfelden, Switzerland) for
the determination of the oxygen transfer rate (OTR) in shake flasks. For TOM cultivation,
500 mL shake flasks were inoculated with 25 mL of mod. ONR7a medium containing
10 g L−1 acetate to an OD600 of 0.2 and cultivated at 30 ◦C and 300 rpm (50 mm throw) in
duplicates. The exact conditions of each experiment can be found in Table 1.
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Table 1. Specific cultivation conditions for the TOM shaker experiments. The four different nitrogen
sources (urea, NH4Cl, NH4NO3, and NaNO3) were tested individually as the sole nitrogen source.

Carbon and Nitrogen Concentrations Evaluation of Nitrogen Sources Evaluation of C/N
Ratios

Acetate concentration [g L−1] 10 10
Nitrogen sources Urea, NH4Cl, NH4NO3, NaNO3 Urea

C/N ratio [Cmol Nmol−1] 8.9 8.9, 17.8, 26.7, 35.6, 53.4
Nitrogen source concentration [g L−1] 1.1 (Urea), 2.0 (NH4Cl), 1.5 (NH4NO3), 3.2 (NaNO3) 1.1, 0.56, 0.37, 0.28, 0.19

2.2.3. Offline Shake Flask Cultivation

Different C/N ratios were investigated in shake flask cultivations at a lower initial
acetate concentration. Then, 500 mL shake flasks were inoculated with 50 mL mod. ONR7a
medium and 5 g L−1 acetate as a carbon source to an OD600 of 0.2 and cultivated at 30 ◦C
and 300 rpm (50 mm throw) in duplicates. Different C/N ratios were investigated with
urea (8.9, 17.8, 26.7, 35.6, and 53.4 Cmol Nmol−1), which corresponded to the following
urea concentrations: 0.56, 0.28, 0.19, 0.14, and 0.09 g L−1.

2.3. Stirred-Tank Bioreactor Conditions

All fermentations were conducted using a 3 L BioFlo120 stirred-tank bioreactor under
the control of DASware control software version 5.3.1 (both from Eppendorf AG, Hamburg,
Germany). The bioreactor was fitted for online data acquisition, featuring a dissolved
oxygen (DO) probe (VisiFerm DO ECS 225, Hamilton, Bonaduz, Switzerland), a pH probe
(EasyFerm Plus PHI K8 225, Hamilton, Bonaduz, Switzerland), and a Pt100 temperature
sensor. Foam control was achieved through a foam sensor and the addition of an antifoam-
ing agent (Antifoam 204, Sigma Aldrich, St. Louis, MO, USA). pH was kept at 7.3 by the
addition of 4 M H2SO4. DO levels were kept above 30% by adjusting the stirring rate
automatically from 300 to 1200 min−1. Airflow remained constant at 24 L h−1. Exhaust
gas underwent drying with an exhaust gas condenser, with O2 and CO2 concentrations
monitored using a BlueVary Sensor and BlueVis software v4.65 (BlueSens gas sensor GmbH,
Herten, Germany). The agitation shaft featured two six-blade Rushton turbines (
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53 mm).
A filling volume of 1.2 L was used. The batch phase was performed with mod. ONR7a
medium with 5 g L−1 acetate and heated to 30 ◦C before inoculation. The bioreactor was in-
oculated from a pre-culture to an OD600 of 0.2. For the increase in the bioreactor cultivation
volume, only the addition of the feeding solution was considered since H2SO4 addition
and sampling are counterbalanced and, therefore, negligible.

Different feed solutions were used for the fed-batch processes depending on the
required C/N ratio (Table 2).

Table 2. Feed solutions with varying C/N ratios for fed-batch cultivations. The benchmark condition
was C/N of 8.9 Cmol Nmol−1, and NH4Cl and urea were used as nitrogen sources.

Feed Components

Concentration
[g L−1]

C/N of
8.9

C/N of
17.8

C/N of
26.7

Glacial Acetic
Acid of C/N 17.8

Acetate 200.0 200.0 200.0 1050.0

Urea 22.4
(40 for NH4Cl) 11.2 7.5 59.0

NaH2PO4 × 2 H2O 9.2 9.2 9.2 24.2

2.3.1. Bubble-Free Stirred-Tank Bioreactor with In Situ Static Membrane Module

The conditions and parameters for temperature, pH, and inoculation in fermentations
with membrane aeration were equal to those of conventional fermentations, as detailed
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in Section 2.3. A poly-4-methyl-1-pentene (PMP) hollow fiber membrane (Oxyplus, 3M,
Neuss, Germany) was selected as the membrane material. The BT Membrane Module
Static 2L (BioThrust GmbH, Aachen, Germany) was utilized [62], containing approximately
1430 membrane fibers with a combined length of 163 m and a total membrane area of
0.195 m2. No foam sensor or antifoaming agent was employed in this setup. The agitation
shaft was outfitted with three Rushton turbines and a pitched blade turbine, while the
filling volume was raised to 2 L. Before utilization, the membrane module underwent
sterilization with 70% ethanol and was subsequently placed in the autoclaved bioreactor
under sterile conditions. A steady gas flow of 60 L h−1 and an unchanging agitation speed
of 300 min−1 were sustained. To ensure a DO setpoint of 30%, the transmembrane pressure
(TMP) was incrementally increased from 0 to 0.3 bar, and an automatic DO cascade control
was implemented with XO2 ranging from 21 to 100% oxygen.

2.3.2. DO-Based Fed-Batch Fermentation

DO-based fed-batch fermentation was started in batch mode and switched to fed-batch
mode after acetate depletion, indicated by an increase in the DO from 30% to over 70%.
This fed-batch strategy was performed with both the bubble-aerated and the membrane-
aerated reactor setup. The only difference was that the membrane reactor had a higher
filling volume. Hence, the feeding rates had to be relatively adapted to the higher volume,
resulting in higher feeding rates. The feed rate was 26 mL h−1 (43 mL h−1 for the membrane
process) at a DO above 70% and stopped below 40%. If the DO decreased below 15%, the
agitation rate was automatically increased by 50 min−1. If the biomass and the off-gas CO2
concentration curves flattened, the feed rate was increased by 13 mL h−1 (26 mL h−1 for
the membrane process) and then by 6.5 mL h−1 (13 mL h−1 for the membrane process).
A total of 50 g acetate was fed. In addition, 2.4 mL (4 mL for the membrane process) of a
500× trace element solution was manually pulsed at an OD600 of 8.0 and 12.0. An overview
of the DO-based fed-batch fermentations with different feeding strategies can be found in
Table 3. In Table 3, conditions from benchmark fermentations conducted in the batch phase
using 2.0 g L−1 NH4Cl or 1.2 g L−1 urea as the nitrogen source are shown. Subsequently, a
fed-batch phase was initiated, where an acetate feed containing 50 g of acetate in a C/N
ratio of 8.9 Cmol Nmol−1 with NH4Cl and urea (Table 2) was compared.

Table 3. Overview of the different fed-batch fermentations. CN,batch = nitrogen source concentration
during the batch phase.

Fed-Batch
Fermentations

CN,batch
[g L−1] Feeding Strategy Total Acetate

Fed [g] pH Agent

Benchmark NH4Cl with C/N of 8.9 2.0 NH4Cl Feed with C/N of 8.9 50 4 M H2SO4

Benchmark urea with C/N of 8.9 1.12 urea Feed with C/N of 8.9 50 4 M H2SO4

Urea with C/N of 17.8 0.75 urea Feed with C/N of 17.8 50 4 M H2SO4

Urea two-stage feed strategy with
C/N of 17.8 0.75 urea Feed with C/N of 8.9

Feed with C/N of 17.8
25
25 4 M H2SO4

Urea two-stage feed strategy with
C/N of 26.7 0.75 urea Feed with C/N of 8.9

Feed with C/N of 26.7
25
25 4 M H2SO4

Glacial acetic acid feed with C/N
of 17.8 0.75 urea

Feed with C/N of 8.9
Glacial acetic acid feed

with C/N of 17.8
56–59 4 M H2SO4,

glacial acetic acid

To investigate the impact of nitrogen-limited conditions, the initial urea batch concen-
tration in the batch phase was reduced to 0.75 g L−1 to ensure complete consumption of
the nitrogen source by the end of the batch phase. Following the batch phase, a feed with a
C/N ratio of 17.8 Cmol Nmol−1 was employed. In subsequent fermentations, a two-stage
feed strategy was employed. The first stage involved the addition of 25 g of acetate with a
C/N ratio of 8.9 Cmol Nmol−1 (representing the original unlimited condition) at the end
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of the batch phase, followed by the addition of 25 g of acetate with a C/N ratio of 17.8 or
26.7 Cmol Nmol−1 during the second stage. The feed rate was not increased further after
starting the second feed.

2.3.3. pH-Stat Fed-Batch Fermentation with Glacial Acetic Acid

In these fermentations, the batch phase was conducted with 4 M H2SO4 as the pH-
adjusting agent. After acetate depletion in the batch phase, glacial acetic acid, containing
urea and phosphate at a C/N ratio of 17.8 Cmol Nmol−1 (Table 2), was used as a pH agent
and carbon source feed, as shown in Table 3. Once the pH rose above 7.35, glacial acetic
acid was added. During the first 15 h of the fed-batch phase, an additional 1.2–2.4 g of
acetate feed (6–12 mL) with a C/N ratio of 8.9 Cmol Nmol−1 (Table 2) was pulsed each
time the carbon addition from glacial acetic acid was insufficient. This was indicated by a
decrease in the agitation rate or an increase in DO.

2.4. Analytics
2.4.1. Optical Density

The optical density measurement at 600 nm was carried out using an Ultrospec 10 cell
density meter (Amersham Biosciences, Amersham, UK), with ultrapure water utilized as
the blank reference.

2.4.2. Cell Dry Weight

To ascertain the cell dry weight (CDW), a 1 mL sample of the culture broth underwent
centrifugation at 4 ◦C and 21,130× g for 5 min. The resultant supernatant was subsequently
poured into another sample tube for substrate determinations. Following this, the pellet
was resuspended with 1 mL of ultrapure water and centrifuged again under identical
conditions, with the supernatant discarded after that. The pellet was then suspended in
1 mL of ultrapure water and poured into a pre-weighed and pre-dried HPLC vial. The
HPLC vial was dried for 48 h at 65 ◦C. Finally, the CDW was determined by weighing
the sample.

2.4.3. Ammonium Quantification

The filtered supernatant samples underwent a 1:20 dilution with ultrapure water.
A calibration dilution series was prepared using NH4Cl, ranging from 400 mg L−1 to
6.3 mg L−1. For this procedure, 10 µL of either the calibration standards or the diluted
samples was poured into a 96-well plate. Then, 200 µL of a reagent solution containing
17.98 g L−1 Na3PO4, 32 g L−1 sodium salicylate, and 0.5 g L−1 sodium nitroprusside was
added. Subsequently, 50 µL of 5% NaClO was pipetted into each well, and the plate was
incubated at room temperature for 10 min [71]. After the incubation period, the plate was
shaken for 30 s, and the absorbance of each well was measured at 685 nm using a Synergy
Mx monochromator-based multimode microplate reader controlled by Gen5 software (both
from BioTek Instruments, Inc., Winooski, VT, USA).

2.4.4. Acetate Quantification via HPLC

The measurement of acetate concentrations was carried out using an Ultimate 3000 HPLC
system (Thermo Scientific, Waltham, MA, USA) employing an isocratic method with 5 mM
H2SO4 as the mobile phase and a flow rate of 0.5 mL min−1. Prior to HPLC analysis, the
supernatant obtained after centrifugation (21,130× g, 5 min) was filtered through a syringe
filter (0.22 µm cellulose-acetate-membrane, EXCALIBUR, Kitchener, ON, Canada). A 5 µL
volume was injected for analysis using a Metab-AAC column (Ion exchange, 300 × 7.8 mm,
10 µm particle size; Isera GmbH, Düren, Germany). The column oven was set at 40 ◦C, and
detection was carried out using a UV detector at 210 nm.
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2.4.5. Urea Quantification via HPLC

The filtered supernatant was diluted at a 1:4 ratio using a 66.7% acetonitrile–water
solution to measure urea concentration. Subsequently, the mixture was incubated at 4 ◦C
for >12 h to induce protein precipitation. After incubation, the samples were centrifuged at
17,000× g for 2 min and filtered through a 0.22 µm regenerated cellulose membrane syringe
filter (Phenomenex, Torrance, CA, USA).

The urea concentration analysis was conducted using an Ultimate 3000 HPLC system
equipped with an E150/2 Nucleodur HILIC column (hydrophilic interaction liquid chro-
matography; 150 × 2 mm, 3 µm particle size; Macherey-Nagel GmbH & Co. KG, Düren,
Germany). The column was operated at 40 ◦C, and an injection volume of 3 µL was used.
The separation process employed an analytical gradient with 100% acetonitrile (A) and
water (B) as the mobile phase, with a flow rate of 0.3 mL min−1. The measurement took
17.5 min and started with a ratio of 90% A and 10% B. Within 4 min, the ratio of A was
increased to 93.2%, kept constant for 0.5 min, and then decreased to 80% within another
0.5 min. This ratio was maintained for 9 min, after which it was increased back to 90%
within 0.5 min and held constant until the end of the measurement. A UV detector at
200 nm was utilized.

2.4.6. Glycolipid Extraction and Purification

For the extraction of glycine-glucolipids and aglycones [24], 800 µL of the culture broth
was withdrawn, and the pH was lowered to 3.0 by adding 1 M HCl. Following this, the
samples were combined with 800 µL of ethyl acetate and mixed on a vortexer for 10 min.
Subsequently, the mixture underwent centrifugation at 17,000× g for 2 min, separating the
upper organic phase, which was transferred to a 15 mL tube. This extraction process was
repeated twice. The tubes containing the organic phase were then subjected to evaporation
using a Scan Speed 40 speed vac (Scanspeed, Lynge, Denmark) operating at 800 min−1,
20 ◦C, and 20 mbar for a minimum duration of 3 h.

Following this, 150 µL of chloroform was introduced into the tubes to purify the
dried samples [24]. A CHROMABOND SiOH silica gel column (200 mg/3 mL, 55 µm,
Macherey-Nagel GmbH & Co. KG, Düren, Germany) was pre-conditioned with eight-
column bed volumes of chloroform (2.4 mL). The sample was then loaded onto the column
and washed with 2.4 mL of chloroform. The glycolipids were subsequently eluted into a
new 15 mL tube using 13.3 column volumes (4 mL) of acetone/isopropanol (9 + 1, v/v).
The eluate-containing glycolipids and acetone/isopropanol evaporated under the same
conditions as the initial extraction. Finally, the dried samples were mixed with 100 µL of
acetone/isopropanol (9 + 1, v/v) using a vortexer.

2.4.7. Glycolipid Quantification via HPLC

Glycine-glucolipid and aglycone concentrations were quantified using an Ultimate
3000 HPLC System equipped with a Corona Veo Charged Aerosol Detector (Thermo
Scientific, Waltham, MA, USA). The analysis utilized a Nucleodur C18 Gravity column
(150 × 3 mm, 3 µm particle size; Macherey-Nagel GmbH & Co. KG, Düren, Germany) with
the column oven maintained at 60 ◦C. A 5 µL injection volume was employed. The mobile
phase consisted of a solution of 0.2% formic acid (A) and acetonitrile with 0.2% formic acid
(B) at a flow rate of 0.633 mL min−1.

The procedure extended over a duration of 46 min and encompassed both an analytical
and an inverse gradient. In the analytical gradient, the initial composition comprised
24% A and 76% B for 0.5 min, followed by a gradual increase in B to 100% over 36 min,
maintaining this ratio for 5 min. Subsequently, within 0.5 min, the ratio reverted to 24%
A and 76% B, remaining constant until the method’s conclusion. Conversely, the inverse
gradient, facilitated by Chromeleon software (Version 7.2.10, Thermo Scientific, Waltham,
MA, USA), operated in “keep solvent composition” mode, resulting in a flow rate of also
0.633 mL min−1. This inverse gradient, with an offset volume of 778 µL, initiated with
100% B for 1.7 min, followed by a gradual reduction of B while simultaneously increasing
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A to 24% over 36 min. The ratio of 24% A and 76% B persisted until 37.7 min, at which
point it transitioned back to 100% B within 0.5 min, maintaining this composition until the
end of the measurement [24].

Throughout Section 3, the term “glycolipids” refers to the natural mixture produced,
which contains a small amount of aglycones in addition to the glycine-glucolipids.

2.5. Checkerboard Growth Inhibition and Survival Assay

The microdilution method was employed, which refers to the broth dilution method in
microtiter plates with a minimum capacity of ≤200 µL per well. Test compounds (purified
glycine-glucolipid, tetracycline, and chloramphenicol) were dissolved in DMSO, and serial
dilutions (1:2) were carried out. Overnight cultures of various bacterial strains, including
Corynebacterium glutamicum ATTC 13032 (DMS 20300), P. aeruginosa (DMS 1117), Serratia
marcescens (DMS 30121), Staphylococcus epidermidis (DMS 1798), Staphylococcus aureus (DMS
1104), and Enterococcus faecium (DMS 2146) were inoculated in 10 mL Mueller–Hinton (MH)
medium (MERCK KGaA, Darmstadt, Germany) in 100 mL shake flasks and incubated at
37 ◦C under agitation at 130 rpm (25 mm throw). The MH medium contained (per L) 2.0 g
beef extract, 17.5 g casein hydrolysate, and 1.5 g starch. The cultures were then diluted
to an OD750 of 0.1 in MH medium (dilution 1). Given the bacteria-specific sizes, shapes,
and growth behaviors under identical conditions, additional strain-specific dilutions were
performed as follows: C. glutamicum (1:50), S. aureus (1:100), S. epidermidis (1:100), E. faecium
(1:100), P. aeruginosa (1:200), and S. marcescens (1:200). A density of around 1 × 106 CFU
mL−1 was achieved. The cell suspensions were transferred to 96-well VWR Multiwell
cell culture plates (VWR International, Radnor, PA, USA), 50 µL per well. Each well was
additionally supplemented with 3 µL of DMSO containing the compound(s) to be tested
and 47 µL of the MH medium. Plates were sealed with sterile, breathable rayon film seals
(VWR International, Radnor, PA, USA) and incubated at saturated humidity for 20 h at
37 ◦C. Afterward, the OD750 was measured in a SpectraMax i3x multimode microplate
reader (Molecular Devices LLC, San Jose, CA, USA) at a wavelength of 750 nm using
the absorbance of the medium control as reference. To standardize the presentation of
the biomass between different bacterial strains, the A750nm of the DMSO-only control of
the respective strain in the individual experiment was set as 100% relative biomass. The
minimal inhibitory concentrations (MICs) were determined as the lowest concentration
showing <5% growth, and the half-maximal inhibitory concentration (IC50) was identified
at 50% relative biomass.

3. Results

Biosurfactants hold significant promise as valuable products in the bioeconomy. In
this study, various optimization approaches were explored to enhance the biosurfactant
productivity of A. borkumensis SK2. First, DO-based fed-batch fermentation with the
standard nitrogen source NH4Cl was established to have a benchmark for comparison.
Then, the shake flask experiments involved testing the impact of altering and limiting
the nitrogen source. These experimental findings were subsequently applied in fed-batch
fermentations. Furthermore, the feed strategy was optimized by investigating a pH-stat
fed-batch utilizing glacial acetic acid as a pH agent and carbon source and a two-stage
feed strategy based on the DO levels. Furthermore, conventional bubble aeration and
bubble-free membrane aeration via an in situ membrane module were compared in terms
of foam formation during biosurfactant production.

3.1. Fed-Batch Fermentation Increases Glycolipid Titers

Recently, the batch fermentation of A. borkumensis SK2 using acetate as carbon source
in a 3 L bioreactor yielded a glycolipid titer of 43 mg L−1 [18]. In order to further increase
the glycolipid titer, a DO-based fed-batch based on the findings from the batch fermentation
was developed here.
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3.1.1. DO-Based Fed-Batch—A Working Process with Bubble Aeration

The fed-batch fermentation was started with 5 g L−1 acetate and 2 g L−1 NH4Cl.
After 26 h, once the acetate from the batch phase was depleted, DO-based feeding was
initiated, supplying 0.25 L feed solution with a C/N ratio of 8.9 Cmol Nmol−1. In the
remainder of Section 3, data regarding fed-batch fermentations are presented as masses,
not as concentrations, since the cultivation volume was not constant over the fermentation.
The volume increase and the resulting dilution of the fermentation broth by the feed were
not negligible at 21% of the initial cultivation volume. Throughout Section 3, the term
“glycolipids” refers to the natural mixture produced, which contains a small amount of
aglycones in addition to the glycine-glucolipids.

During the batch phase, the OTRmax peaked at around 14 mmol L−1 h−1, and the
CDW reached 1.5 g L−1 with a µmax of 0.15 h−1 (Figure S1B,C). In contrast, the glycolipid
concentration increased only slightly during the batch phase to only 2 mg L−1. The acetate
depletion led to a rise in DO levels above 80%, triggering the initiation of automatic feed
addition in fed-batch mode (Figure S1A). The OTR and CTR increased with increasing
biomass, peaking at an OTRmax of 38 mmol L−1 h−1. Within the 30 h fed-batch phase,
50 g of acetate was fed. The NH4

+ was not entirely consumed during the cultivation and
increased during the fed-batch phase due to excess NH4Cl in the feed (Figure S1C). During
the fed-batch phase, the glycolipid amount increased in correlation with the rising CDW,
reaching a peak of 220 mg (Table 4).

Table 4. Comparison of mean performance parameters from all fed-batch fermentations con-
ducted in this study (n = 2). With VL,end = cultivation volume at the end of the fed-batch process;
cGlycolipids = glycolipid concentration at the end of the cultivation; mGlycolipids = glycolipid amount
at the end of the cultivation; YX/S = overall biomass-to-substrate yield; YP/S = overall product-to-
substrate yield; YP/X = overall product-to-biomass yield; STY = space-time yield.

Process Time
[h]

VL,end
[L]

Total Acetate
Fed
[g]

cGlycolipids
[mg L−1]

mGlycolipids
[mg]

YX/S
[g g−1]

YP/S
[mg g−1]

YP/X
[mg g−1]

STY
[mg L−1 h−1]

NH4Cl
benchmark

C/N 8.9
56 1.45 50 152 220 0.36 3.9 11.0 2.7

Membrane-
aerated NH4Cl

benchmark
C/N 8.9

48 2.22 50 66 146 0.24 2.6 11.1 1.4

Urea
benchmark

C/N 8.9
60 1.45 50 183 266 0.38 5.0 13.0 3.1

Urea one-stage
feeding

C/N 17.8
74 1.45 50 278 403 0.23 9.0 39.0 3.8

Urea two-stage
feeding

C/N 17.8
63 1.45 50 260 377 0.28 7.2 26.0 4.2

Urea two-stage
feeding

C/N 26.7
71 1.45 50 295 428 0.25 8.0 32.1 4.2

Urea pH-stat
C/N 17.8 60 1.20 56 427 512 0.22 8.2 36.8 7.1

Membrane-
aerated urea

pH-stat
C/N 17.8

59 2.00 54 261 521 0.27 8.1 30.5 4.4
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3.1.2. Membrane Aeration Sustains Foam-Free Fermentation but with Performance Losses

The filling volume was augmented to 2 L to ensure complete coverage of the entire
membrane module with liquid, and the O2 concentration in the supply gas was automati-
cally elevated using a DO cascade to meet the oxygen requirements of A. borkumensis. The
DO-based fed-batch fermentation lasted 48 h and was performed with 5 g L−1 acetate as
the starting concentration.

The trend of DO correlated with that of CO2 in the off-gas and CDW, which increased
exponentially to 1.2 g L−1 with a µmax of 0.16 h−1 (Figure S2B,C). At the end of the batch
phase, 1.3 mg L−1 glycolipids were produced by A. borkumensis. Acetate was depleted
after 30 h. During the DO-based fed-batch phase, the DO varied from about 12% when
acetate was consumed to 115% when acetate was depleted (Figure S2A). To ensure oxygen
supply at DO 30% due to continuous growth, the XO2 was increased automatically to 100%
after 46.5 h and was supported by additionally increasing the stirring rate from 300 to
375 min−1. Exhaust CO2 content and CDW increased linearly during the fed-batch phase,
reaching a maximum CDW of 13 g. The biomass was 7 g lower compared to bubble aeration
(Figure S2C), despite the higher fermentation volume. Also, the amount of glycolipid at
the end of the fed-batch phase was 146 mg, 74 mg less than in the bubble-aerated process
(Table 4). The observed difference in glycolipid production between the fermentations with
and without membrane aeration can be attributed to the lower amount of acetate fed in
relation to the cultivation volume. Attempts to address this issue by increasing the feed
rate were unsuccessful. Furthermore, the acetate concentration in the feed could not be
increased further, as the maximal solubility of 200 g L−1 acetate was reached.

This experiment demonstrated that the fed-batch process with the membrane module
works without antifoaming agent usage and oxygen limitation. As the data from the
benchmark processes showed, nitrogen was present in the medium in excess over the
entire cultivation period. In the feed phase, the nitrogen concentration increases over time.
This high nitrogen amount favors the formation of biomass. It is known that secondary
metabolites such as biosurfactants are produced more efficiently under nitrogen-starvation
or nitrogen-limiting conditions [30,72,73]. Therefore, the process has been further optimized
regarding the nitrogen source.

3.2. Changing the Nitrogen Sources Leads to Improved Glycolipid Production

Shake flask experiments were conducted to assess the impact of four different nitrogen
sources on glycolipid production. Subsequently, the most effective nitrogen source identi-
fied from these experiments was further validated in a DO-based fed-batch fermentation.

3.2.1. A Promising Nitrogen Source—Urea

Four different nitrogen sources, namely urea (CO(NH2)2), ammonium chloride (NH4Cl),
ammonium nitrate (NH4NO3), and sodium nitrate (NaNO3), were compared in a TOM
cultivation with 10 g L−1 acetate and an equimolar nitrogen concentration at a C/N ratio
of 8.9 Cmol Nmol−1.

The OTR (Figure 2A) for NH4Cl displayed an exponential increase after a short lag
phase, with a µmax of 0.16 h−1, leading to an OTRmax of 18 mmol L−1 h−1. This was
reflected in the highest CDW for all nitrogen sources, reaching 3.3 g L−1 and a biomass-to-
substrate yield (YX/S) of 0.33 g g−1 (Figure 2B). A similar OTR course was observed for the
cultivations with urea and NH4NO3, characterized by an additional peak during slightly
faster exponential growth with µmax values of 0.18 h−1 and 0.19 h−1, respectively. These
approaches also exhibited lower OTRmax values of 14 and 16 mmol L−1 h−1, resulting in
CDW values that are 0.1 to 0.2-fold lower than for NH4Cl. The additional peak observed
in the approach with NH4NO3 could potentially indicate the shift from NH4

+ to NO3
−

utilization after NH4
+ was depleted. Similarly, the peak in the experiment with urea (as

nitrogen source) might be attributed to a change in urea uptake. Previous studies with
P. aeruginosa suggested an energy-dependent urea uptake system that is repressed and
derepressed based on NH4

+ availability [74–76]. In contrast, the lowest µmax (0.13 h−1) was
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observed with NaNO3, resulting in the lowest CDW of 1.2 g L−1. This observation could be
linked to the energy-consuming uptake and conversion of NO3

− to NO2
− and subsequently

to NH4
+ [14]. After reaching the OTRmax, all cultivations showed a flattening or slight

decrease in the OTR, which might be attributed to inhibition caused by the increased pH
value due to acetate consumption towards the end of the cultivation [35]. Carbon depletion
is indicated by the sharp decrease shortly after.
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Figure 2. TOM cultivation of A. borkumensis SK2 with four different nitrogen sources. (A) Time course
of oxygen transfer rate (OTR); (B) glycolipid concentration (filled) and cell dry weight (CDW, shaded)
at the end of the cultivation. Cultivation conditions: modified ONR7a with 10 g L−1 acetate and
equimolar nitrogen concentration of urea (red), NH4Cl (blue), NH4NO3 (green), and NaNO3 (black)
(C/N = 8.9 Cmol Nmol−1), N = 300 rpm, T = 30 ◦C, ODstart = 0.2, n = 2.

A. borkumensis produced the highest amount of 33 mg L−1 glycolipid with urea as a
nitrogen source, with a 1.4-fold increase compared to NH4Cl with 23 mg L−1, which is
also reflected in the highest product-to-biomass yield (YP/X) and highest STY of 3.3 mg g−1

and 0.8 mg L−1 h−1, respectively (Figure 2B). The NH4NO3 approach showed similarly
improved productivity, although slightly lower than with urea. The improved glycol-
ipid production can also be explained by the more cumbersome metabolism of urea and
NO3

−, which leads to lower biomass production but higher glycolipid production. The
complex uptake and metabolism processes involved in utilizing urea and NO3

− as ni-
trogen sources could result in a slower metabolization of these nitrogen sources, thereby
mimicking nitrogen-limiting conditions within the cell [14,30]. In contrast, NH4

+ can be
metabolized directly into biomass [14]. NaNO3 revealed a glycolipid titer of 15 mg L−1

with the lowest STY of 0.3 mg L−1 h−1 but the highest YP/X due to the low biomass. The
approaches with urea, NH4Cl, and NH4NO3 showed the same volumetric substrate uptake
rate (rs) of 0.24 g L−1 h−1, while NaNO3 had a lower rs of 0.19 g L−1 h−1 due to the lower
biomass concentration.

In summary, improved productivity was observed with the nitrogen sources urea and
NH4NO3 compared to NH4Cl and NaNO3. Since urea showed a slight improvement in all
parameters related to productivity and is a cheap feedstock, we decided to proceed with
urea as the nitrogen source in a DO-based fed-batch fermentation. The use of carbon from
urea was excluded in additional experiments.

3.2.2. Urea in DO-Based Fed-Batch Improves Glycolipid Production

The fed-batch fermentation started with 5 g L−1 acetate and 1.1 g L−1 urea. The
fermentation was conducted for 60 h. After 30 h, when the acetate was depleted, DO-based
feeding was initiated.

After a short lag phase, the OTRmax reached approximately 12 mmol L−1 h−1, while
the CDW reached 1.3 g L−1 with a µmax of 0.14 h−1, both lower than in the fermentation
with NH4Cl (Figure S3A–C). Comparing the glycolipid production during the batch phase
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(23 mg L−1) to the fermentation with NH4Cl (2 mg L−1), it was observed that A. borkumensis
produced 11-fold more glycolipids. The acetate depletion occurred 4 h later than with
NH4Cl, which was attributed to the faster metabolism of NH4

+. In contrast, urea metabo-
lization requires the enzyme urease, which cleaves urea into NH4

+ and CO2. Moreover,
urea uptake can occur via facilitated diffusion and actively with ATP consumption [74,75].
The specific mechanisms recruited by A. borkumensis remain unclear. There was an oscil-
latory increase in both OTR and CTR due to DO fluctuations, resulting in an OTRmax of
40 mmol L−1 h−1, comparable to the cultivation with NH4Cl. Also, the CDW increase was
comparable to the cultivation with NH4Cl, which yielded a CDW of 21 g and a 1.1-fold
higher YX/S of 0.38 g g−1 at the end of the cultivation. As the biomass increased, A. borku-
mensis produced more glycolipids, resulting in a 1.2-fold increase to 266 mg, a 1.3-fold
higher YP/S of 5 mg g−1, and a 1.1-fold higher YP/X of 13 mg g−1 compared to the fed-
batch with NH4Cl (Table 4). Additionally, the improved performance was supported by a
1.1-fold higher STY of 3 mg L−1 h−1 compared to the experiment with NH4Cl. No nitrogen
limitation was present, as indicated by the NH4

+ concentration (Figure S4A). Apparently,
A. borkumensis can efficiently take up urea, which is subsequently hydrolyzed into NH4

+

and CO2, as observed previously for P. aeruginosa [74].
Overall, the cultivation with urea showed fermentation kinetics comparable to the fer-

mentation with NH4Cl, with a slight improvement in productivity and glycolipid amount.
Since the previous improvement in the shake flask was also evident in the DO-based
fed-batch fermentation, further optimization steps were initiated to optimize the process.

3.3. Alteration in Nitrogen Availability Leads to Improved Glycolipid Production

Following urea as the preferred nitrogen source for glycolipid production, several C/N
ratios were explored through shake flask experiments. In a recent study on A. borkumensis [18],
batch fermentations showed that an NH4Cl concentration of 2 g L−1 is sufficient for the
consumption of 10 g L−1 acetate to be nitrogen-unlimited for the entire cultivation, which
corresponds to a C/N ratio of 5 gAcetate gNH4Cl

−1 or on a molar base 8.9 Cmol Nmol−1. Since
it is known that nitrogen-limiting conditions are advantageous for secondary metabolites,
the C/N ratio was successively increased to cover a certain range. The insights gained from
these trials were subsequently applied to DO-based fed-batch fermentations, where further
optimization of the feeding strategy was carried out.

3.3.1. Increasing C/N Ratio Enhances Glycolipid Production

In TOM cultivation, the C/N ratios 8.9, 17.8, 26.7, 35.6, and 53.7 Cmol Nmol−1 were
tested with 10 g L−1 acetate and the corresponding amount of urea. As some approaches
with higher C/N ratios still had half of the acetate remaining after 60 h of cultivation, the
experiment was repeated in shake flasks with modifications: the acetate concentration was
reduced to 5 g L−1 to shorten the cultivation time and mitigate the pH increase.

The overall pattern of the OTR was found to be similar among the five different C/N
ratios tested (Figure 3A). Notably, the culture with the C/N ratio of 8.9 Cmol Nmol−1

did not exhibit nitrogen limitation, and the OTR declined rapidly after 40 h due to the
depletion of the carbon source. For the C/N ratios ranging from 17.8 to 53.6 Cmol Nmol−1,
a consistent trend emerged with a sudden drop in OTR after reaching its maximum.
This drop occurred earlier and with a diminishing maximum as the C/N ratio increased.
Subsequently, a gradual decline in the OTR was observed. As the C/N ratio increased,
the onset of nitrogen limitation occurred earlier, leading to a rapid reduction in the OTR.
Following this, the metabolization of acetate was reduced, resulting in lower OTR values.

Furthermore, the trend observed in the OTR was consistent with the concentration
of the CDW in the shake flask experiment (Figure 3B). The final CDW decreased with in-
creasing C/N ratio, ranging from 1.7 g L−1 (C/N 8.9) to 0.4 g L−1 (C/N 53.4). Furthermore,
with a higher C/N ratio, a longer cultivation duration and slower acetate consumption
were observed, with 2.5 g L−1 acetate left after 74 h for the C/N ratio of 53.4. This indicated
that the acetate would likely not have been entirely consumed, given that active acetate
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uptake is reduced in response to nitrogen-limiting conditions to conserve energy and
nitrogen reserves [44,77].
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acetate. (B) Glycolipid concentration and CDW at the end of the shake flask cultivation, specific
cultivation conditions: modified ONR7a + 5 g L−1 acetate. Overall conditions: different C/N ratios
(Cmol Nmol−1) of urea with unchanged acetate concentration, N = 300 rpm, T = 30 ◦C, ODstart = 0.2,
n = 2.

Across the various C/N ratios, A. borkumensis produced 9 mg L−1 glycolipids
(Figure 3B), with a C/N ratio of 8.9 Cmol Nmol−1. Notably, the glycolipid titer achieved with
this C/N ratio was 40% of the concentration obtained with 10 g L−1 acetate (Section 3.2.1).
This difference could potentially be attributed to altered carbon fluxes resulting from
changes in carbon concentration. With increasing C/N ratio, nitrogen starvation started
earlier and a higher glycolipid production was observed, but no further improvement was
observed beyond a C/N ratio of 26.7 Cmol Nmol−1. At a C/N ratio of 17.8 Cmol Nmol−1,
a 2.5-fold higher glycolipid titer (22 mg L−1) was attained compared to the C/N ratio of
8.9 Cmol Nmol−1. The C/N ratio of 26.7 Cmol Nmol−1 achieved a similar glycolipid titer
of 22 mg L−1 but exhibited a 1.4-fold higher YP/X of 24 mg g−1 compared to the C/N ratio
of 17.8 Cmol Nmol−1 due to the lower CDW. The reduced glycolipid production may be
due to the limiting effect of nitrogen availability beyond a C/N ratio of 26.7 Cmol Nmol−1,
which results in slower acetate uptake, leading to decreased biomass production and conse-
quently reduced biocatalyst for glycolipid production. Additionally, pH inhibition may
have played a role, as the sharp increase in pH above 8.5 could not be effectively mitigated
by reducing the acetate concentration.

In summary, the investigation revealed that raising the C/N ratio led to an augmen-
tation in glycolipid production, peaking at around 26.7 Cmol Nmol−1. The approaches
employing C/N ratios of 17.8 and 26.7 Cmol Nmol−1 demonstrated the highest productivi-
ties, and thus, these were selected for subsequent fed-batch fermentations.

3.3.2. A Higher C/N Ratio in the Feed Increases Glycolipid Amount but Leads to
Acetate Accumulation

A DO-based fed-batch fermentation with a C/N ratio of 17.8 Cmol Nmol−1 was con-
ducted and compared to the benchmark experiment with a C/N ratio of 8.9 Cmol Nmol−1

(Section 3.2.2). The total duration of the fed-batch was 74 h. The feeding phase with a
constant C/N ratio of 17.8 Cmol Nmol−1 in the feed started after 29 h.

During the first 9.5 h of cultivation of the fed-batch phase, the DO fluctuated between
15% and 75%, as depicted in Figure 4B, due to oscillations between acetate depletion and
consumption. After 38 h, plateaus in the DO signal were observed at a DO of 65%, resulting
in reduced feeding events and a flattening of the total fed acetate after 41 h (Figure 4A,B).
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The DO profile was correlated with the OTR, CTR, and CDW, all of which increased
with fluctuations due to DO oscillations until 40 h. Subsequently, there was a decrease
in OTR and CTR and a flattened increase in CDW, coinciding with plateau formation
after 40 h. This flattened growth could be attributed to nitrogen-limiting conditions,
as both urea (Figure 4C) and NH4

+ (Figure S4B) were not detectable in the bioreactor
after 38 h. Although new nitrogen was introduced with each feed event, it was quickly
consumed, leading to a period with limited nitrogen in the bioreactor until the next feeding
event. In response to the rare feeding events, the DO limit for feeding was lowered
from 70% to 60% after 52 h, increasing OTR and CDW as more acetate and urea were
fed. At 68 h, a maximum CDW of 10 g was achieved. A. borkumensis displayed 0.5-fold
lower biomass formation under nitrogen-limiting conditions than the urea benchmark
fermentation with a C/N ratio of 8.9 Cmol Nmol−1 (Table 4). Nitrogen depletion after 38 h
resulted in less acetate consumption, leading to acetate accumulation. Lowering the DO
limit contributed to the acetate accumulation until the feed was depleted after 66 h, leaving
9 g of acetate unconsumed. This can be explained by the fact that the substrate uptake rate
of acetate decreases sharply under nitrogen limitation [44,77], which was also observed in
the TOM shake flask cultivation (Section 3.3.1). Despite the flattened growth in biomass,
A. borkumensis produced more glycolipids under nitrogen-limiting conditions. At the end
of cultivation, the glycolipid production reached a 1.5-fold higher amount of 403 mg, with
a 3-fold higher YP/X of 39 mg g−1 and a 1.8-fold increase in YP/S of 9 mg g−1 compared
to the benchmark fed-batch fermentation with urea (Table 4). The STY was only 1.2-fold
improved, reaching 4 mg L−1 h−1 due to the extended cultivation time.
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initiation of the first feed with a C/N ratio of 8.9 Cmol Nmol−1 (Figure 5A). Linear growth 
was observed, evident from the continuous increase in CDW and OTR, reaching values of 
8 g and 31 mmol L−1 h−1, respectively (Figure 5B,C). The glycolipid amount increased to 
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Figure 4. DO-based fed-batch fermentation of A. borkumensis SK2 with bubble aeration and feed
with C/N of 17.8. Time course of (A) total acetate fed, dissolved oxygen (DO), and stirring rate;
(B) zoom of DO between 50 and 53 h; (C) cultivation volume, cell dry weight (CDW), acetate,
ammonium, and glycolipids amount. (D) Oxygen transfer rate (OTR), carbon dioxide transfer rate
(CTR), and respiratory quotient (RQ). Error bands/bars indicate deviation from the mean (n = 2).
Cultivation conditions: modified ONR7a medium, 3 L stirred-tank bioreactor, T = 30 ◦C, pH = 7.3,
N = 300–1200 min−1 (cascaded), DO = 30%, FAir = 0.41 L min−1, ODstart = 0.2, VL = 1.2 L. DO-based
feed with C/N of 17.8 Cmol Nmol−1: 200 g L−1 acetate, 11.2 g L−1 urea, 9.2 g L−1 NaH2PO4 2 H2O,
VFeed = 250 mL.
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The fed-batch results confirmed that a C/N ratio of 17.8 Cmol Nmol−1 resulted in less
biomass production and increased glycolipid production, as observed in the shake flask
experiments. However, acetate accumulation was observed, the prevention of which was
attempted in the subsequent experiment with a two-stage feed strategy.

3.3.3. Two-Stage Feed Strategy Eliminates Acetate Accumulation

A two-stage feed strategy was implemented to address acetate accumulation observed
in the fed-batch fermentation with a C/N ratio of 17.8 Cmol Nmol−1. After the batch
phase followed the same protocol as the previous fermentation, at 30 h, half of the acetate
was fed with a C/N ratio of 8.9 Cmol Nmol−1 to promote biomass generation without
nitrogen-limiting conditions. Subsequently, at 49 h, the first 125 mL feed containing 25 g
of acetate with a C/N ratio of 8.9 Cmol Nmol−1 was depleted. The second feed stage
started at 49 h, where the remaining 125 mL feed with 25 g of acetate with a C/N ratio of
17.8 Cmol Nmol−1 was fed to enhance glycolipid production. This two-stage feed approach
aimed to avoid excessive acetate accumulation, which is not economically and ecologically
favorable, as it represents an unused valuable resource.

At 30 h, acetate depletion led to a rapid increase in DO to over 70%, signaling the
initiation of the first feed with a C/N ratio of 8.9 Cmol Nmol−1 (Figure 5A). Linear growth
was observed, evident from the continuous increase in CDW and OTR, reaching values of
8 g and 31 mmol L−1 h−1, respectively (Figure 5B,C). The glycolipid amount increased to
174 mg during this initial feed phase. At 49 h, the first feed was depleted, and the feed with
a C/N ratio of 17.8 Cmol Nmol−1 was introduced. Subsequently, at 56 h, plateau formation
in the DO was observed due to nitrogen-limiting conditions, prompting the reduction in
the DO limit to 60%. The OTRmax was 39 mmol L−1 h−1 after 53 h and decreased afterward.
Lowering the DO appeared to mitigate the decrease in OTR for a short period. The total
acetate fed and the cultivation volume exhibited an almost linear increase until 60 h, when
the second feed was depleted. An acetate accumulation of 2 g was observed after 59 h but
consumed within 4 h. After 59 h, the maximum CDW of 15 g was reached with a 1.3-fold
increased YX/S of 0.28 g g−1 compared to the one-stage feed strategy with a C/N ratio
of 17.8 (Table 4). Consequently, the combination of two feeds resulted in a lower CDW
compared to the benchmark experiment with a C/N ratio of 8.9 Cmol Nmol−1 but higher
than the one-stage feed strategy with a C/N ratio of 17.8 Cmol Nmol−1, as expected. By 56 h,
both urea and NH4

+ were absent in the bioreactor (Figure S4C). The glycolipid production
exhibited a steeper slope, with the second feed under nitrogen-limiting conditions, reaching
a glycolipid amount of 377 mg at the end. Accounting for the deviation, the glycolipid
production was slightly lower than in the one-stage feed strategy, with a C/N ratio of
17.8 Cmol Nmol−1 (403 mg). However, a 1.4-fold improvement in YP/S of 7 mg g−1 and a
2-fold increase in YP/X of 26 mg g−1 were achieved compared to the benchmark approach
with a C/N ratio of 8.9 Cmol Nmol−1 (Table 4). The STY of 4 mg L−1 h−1 was 1.4-fold
higher than in the benchmark approach. Intense foaming was observed after 68 h, which
could have contributed to the reduced CDW and slightly flattened glycolipid production,
as foaming might have extracted biomass from the fermentation broth (Figure 5D). A total
of 12 g of antifoaming agent was added to counteract the strong foaming. The two-stage
fed-batch was also carried out with the higher C/N ratio of 26.7 Cmol Nmol−1 to compare
the two higher C/N ratios in the fed-batch.
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Figure 5. DO-based fed-batch fermentation of A. borkumensis SK2 with bubble aeration and a two-
stage feed strategy with C/N of 17.8. Time course of (A) total acetate fed, dissolved oxygen (DO),
and stirring rate; (B) oxygen transfer rate (OTR), carbon dioxide transfer rate (CTR), and respiratory
quotient (RQ); (C) cultivation volume, cell dry weight (CDW), acetate, ammonium, and glycolipid
amount. (D) Foto of the formed foam in the bioreactor after 68 h cultivation. Error bands/bars indicate
deviation from the mean (n = 2). Cultivation conditions: modified ONR7a medium, 3 L stirred-tank
bioreactor, T = 30 ◦C, pH = 7.3, N = 300–1200 min−1 (cascaded), DO = 30%, FAir = 0.41 L min−1,
ODstart = 0.2, VL = 1.2 L. First DO-based feed with C/N of 8.9 Cmol Nmol−1: 200 g L−1 acetate,
22.4 g L−1 urea, 9.2 g L−1 NaH2PO4 2 H2O, VFeed = 125 mL. Second DO-based feed with C/N of
17.8 Cmol Nmol−1: 200 g L−1 acetate, 11.2 g L−1 urea, 9.2 g L−1 NaH2PO4 2 H2O, VFeed = 125 mL.

3.3.4. Too High C/N Ratio Leads to Acetate Accumulation Even with the Two-Stage
Feed Strategy

Since the C/N ratio of 26.7 Cmol Nmol−1 in the preliminary test had the highest titers
besides 17.8, this C/N ratio was also tested in the two-stage fed-batch. The two-stage
feed strategy with a C/N ratio of 26.7 Cmol Nmol−1 was examined for a total duration of
71 h, following the procedures described in Section 3.3.3. The first feed with a C/N ratio
of 8.9 Cmol Nmol−1 was initiated after 32 h, while the second feed with a C/N ratio of
26.7 Cmol Nmol−1 started after 49 h.

After 49 h, the first feed was depleted with a comparable CDW of 8 g and gly-
colipid amount of 186 mg, after which the second feed started with a C/N ratio of
26.7 Cmol Nmol−1 (Figure 6A,C). Due to the higher C/N ratio, plateau formation in DO
occurred 3 h earlier (at 53 h) compared to the experiment in Section 3.3.3, leading to no
further increase in the stirring rate beyond 1000 min−1. The DO limit was lowered to
60%, resulting in a steady DO oscillation between 33% and 60%. These oscillations were
no longer due to acetate depletion but, instead, to a lack of nitrogen source, which is
evident from the depletion of urea and NH4

+ (Figure S4D) after 53 h. Nitrogen-limiting
conditions caused a flattening of CDW and acetate accumulation. The OTRmax peaked at
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approximately 37 mmol L−1 h−1 after about 52 h, followed by a decrease due to plateau
formation (Figure 6B). At around 59 h, the entire feed was exhausted, rapidly decreasing
OTR and CTR. Until the feed was depleted, 7 g of acetate accumulated, and the maximum
CDW reached 16 g. All acetate was depleted after 71 h, and the CDW slightly decreased to
13 g. The CDW was only slightly lower compared to the two-stage feed strategy with a
C/N ratio of 17.8 Cmol Nmol−1, suggesting that the first feed with a C/N ratio of 8.9 Cmol
Nmol−1 was responsible for most of the growth (Table 4). The relatively high nitrogen
content in the first feed allowed for NH4

+ accumulation until the end of the first feed,
enabling further growth during the second feed.
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stage feed strategy with C/N of 26.7. Time course of (A) total acetate fed, DO, and stirring rate;
(B) oxygen transfer rate (OTR), carbon dioxide transfer rate (CTR), and respiratory quotient (RQ);
(C) cultivation volume, CDW, acetate, ammonium, and glycolipid amount. (D) Foto of the formed
foam in the bioreactor after 71 h cultivation. Error bands/bars indicate deviation from the mean
(n = 2). Cultivation conditions: modified ONR7a medium, 3 L stirred-tank bioreactor, T = 30 ◦C,
pH = 7.3, N = 300–1200 min−1 (cascaded), DO = 30%, FAir = 0.41 L min−1, ODstart = 0.2, VL = 1.2 L.
First DO-based feed with C/N of 8.9 Cmol Nmol−1: 200 g L−1 acetate, 22.4 g L−1 urea, 9.2 g L−1

NaH2PO4 2 H2O, VFeed = 125 mL. Second DO-based feed with C/N of 26.7 Cmol Nmol−1: 200 g L−1

acetate, 7.5 g L−1 urea, 9.2 g L−1 NaH2PO4 2 H2O, VFeed = 125 mL.

Overall, the two-feed strategy with a C/N ratio of 26.7 Cmol Nmol−1 increased the
glycolipid amount by 1.1-fold to 428 mg, compared to the two-feed strategy with a C/N of
17.8 Cmol Nmol−1 experiment at the end of cultivation (Table 4). With a total duration of
71 h, this fermentation lasted 8 h longer than the two-stage feed strategy with a C/N ratio
of 17.8 Cmol Nmol−1. Foam formation (Figure 6D) was difficult to control after 71 h due to
the formation of stable foam. In total, 9 g of the antifoaming agent was used.



Fermentation 2024, 10, 257 19 of 30

In summary, employing the two-stage feed strategy in the experiments resulted in
favorable productivity while avoiding excessive acetate accumulation. The comparable
STY indicates a constraint on further productivity improvement through the C/N ratio, in
line with the findings from the preliminary experiments (Section 3.3.1). Given that a C/N
ratio of 26.7 Cmol Nmol−1 led to increased cultivation time, the subsequent experiment
focused solely on investigating the C/N ratio of 17.8 Cmol Nmol−1.

3.4. pH-Stat Fed-Batch Fermentation for Optimized Glycolipid Production

An alternative approach was explored to overcome the limitations posed by reaching
the maximum acetate solubility in the regular feed and considering that increasing the feed
volume might lead to product dilution. This involved introducing additional carbon into
the system using glacial acetic acid, a method already investigated in growth experiments
with C. glutamicum [43,44]. The rationale behind this approach lies in the fact that acetate
consumption leads to an increase in the pH of the culture medium due to the removal
of equimolar protons and acetate. Glacial acetic acid was introduced into the system to
address this rise in pH, and the feeding rate was controlled based on microbial growth
kinetics. Specifically, the glacial acetic acid addition rate was correlated with the current
microbial acetate uptake rate, as the pH increase correlates with the acetate uptake rate [43].
In the subsequent fed-batch fermentation, a combination of an acetate feed with a C/N
ratio of 8.9 Cmol Nmol−1 and a pH-coupled feed with glacial acetic acid using the C/N
ratio of 17.8 Cmol Nmol−1 was tested. The batch was initially operated in the same manner
as in the previous experiments, utilizing 4 M H2SO4 as the pH agent. At the beginning of
the fed-batch phase, a total of three to four pulses of acetate feed at a C/N ratio of 8.9 Cmol
Nmol−1 was fed to ensure adequate biomass formation and to provide sufficient carbon to
the system in case the acetic acid titration was insufficient.

3.4.1. pH-Stat Fed-Batch Process—A Highly Optimized Process with Bubble Aeration

The pH-stat fed-batch process had a starting volume of 1.2 L. With the acetate depletion
after 32 h, the feeding phase was started by switching from H2SO4 to glacial acetic acid
containing urea with a C/N ratio of 17.8 Cmol Nmol−1. To prevent carbon limitation,
which was indicated by an increase in DO and decrease in stirring rate, 2.4 g and 1.2 g of
acetate with a C/N ratio of 8.9 Cmol Nmol−1 were introduced after 32, 34, 39, and 46 h,
respectively (indicated with the star symbol in Figure 7C). The experiment resulted in an
increased OTRmax of 50 mmol L−1 h−1 after 57 h (Figure 7B). The continuous nitrogen
addition achieved through glacial acetic acid titration allowed for a sustained nitrogen
supply, unlike the previous experiments with the two-stage feed strategy. The cultivation
demonstrated a steady CDW increase during the feed phase, reaching a maximum of 14 g,
comparable to fermentations with the two-stage feed strategy (Figure 7C) (Table 4). Urea
was depleted after 38 h, and NH4

+ was exhausted after 47 h (Figure S4E). The acetate
accumulation stabilized at around 5 g at the beginning of the feed phase and remained
constant throughout the cultivation period. Approximately 3 g of acetate persisted at the
end of fermentation, with 59 g fed, and about 56 g of acetate was metabolized during the
feed phase. A constant cultivation volume of 1.2 L was maintained over the entire period
since the undiluted glacial acetic acid was directly metabolized, in contrast to the acetate
feed in the DO-based fed-batch fermentations, which mainly consisted of water, leading
to medium dilution. Foaming was relatively low compared to all other fermentations
(Figure 7D). In total, only 3 g of the antifoaming agent was added. This may be due to the
constant filling volume and the lower stirrer speed than the other fermentations.
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Figure 7. pH-stat fed-batch fermentation of A. borkumensis SK2 with bubble aeration and glacial
acetic acid with C/N of 17.8 as feed. Time course of (A) total acetate fed, DO, and stirring rate;
(B) oxygen transfer rate (OTR), carbon dioxide transfer rate (CTR), and respiratory quotient (RQ);
(C) cultivation volume, CDW, acetate, urea, and glycolipid amount with (F) = acetate pulse with
C/N 8.9 Cmol Nmol−1. (D) Foto of the formed foam in the bioreactor after 60 h cultivation. Error
bands/bars indicate deviation from the mean (n = 2). Cultivation conditions: modified ONR7a
medium, 3 L stirred-tank bioreactor, T = 30 ◦C, pH = 7.3, N = 300–1200 min−1 (cascaded), DO = 30%,
FAir = 0.41 L min−1, ODstart = 0.2, VL = 1.2 L. Glacial acetic acid feed with C/N of 17.8 Cmol Nmol−1:
1050 g L−1 acetic acid, 59.0 g L−1 urea, 24.2 g L−1 NaH2PO4 2 H2O, VFeed = 50 mL.

A. borkumensis demonstrated the highest glycolipid production through the glacial
acetic acid feed compared to previous experiments, yielding 512 mg. Despite utilizing
6 g more acetate, the YP/S increased by 1.1-fold, and the YP/X was 1.4-fold higher com-
pared to the two-feed strategy with a C/N ratio of 17.8 Cmol Nmol−1. The STY reached
7 mg L−1 h−1, the highest among all the experiments (Table 4).

3.4.2. Membrane Aeration in pH-Stat Fed-Batch Sustains Foam-Free Fermentation without
Performance Loss

The optimized conditions of the pH-stat fed-batch fermentation from the previous sec-
tion were subsequently used with a bubble-free membrane aeration module to avoid foam-
ing and the resulting antifoaming agent addition. With a duration of 59 h, the membrane-
aerated ph-stat fed-batch process had an increased starting volume of 2.0 L. The feeding
phase with a constant C/N ratio of 17.8 Cmol Nmol−1 started after 41 h.

The batch process lasted 9 h longer than the bubble-aerated process (Section 3.4.1).
During the experiment, acetate depletion was apparent, as indicated by the increase in DO
of over 70% (Figure 8A,C). As in the bubble-aerated process, 2.4 g of acetate was added
directly with a C/N ratio of 8.9 Cmol Nmol−1, and the acid titration method was switched
from H2SO4 to glacial acetic acid containing urea with a C/N ratio of 17.8 Cmol Nmol−1.
Subsequently, additional pulses of 2.4 g acetate were added after 45 h and 50 h, respectively
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(indicated with the star symbol in Figure 8C). The experiment resulted in an increased CO2
signal in the off-gas of 4% after 58 h compared to the benchmark membrane process with
3% (Section 3.1.2). Pure oxygen in the supply gas was added up to a share of 90% until the
end of the process to supply the process with sufficient oxygen (Figure 8A). The cultivation
showed a steady CDW increase during the feeding phase, reaching a maximum of 17 g
with a YX/S of 0.27 g g−1, 1.2-fold higher than the bubble-aerated process (Table 4). Urea
was depleted after 53 h. Acetate accumulation stabilized at about 4 g at the beginning of
the feeding phase and remained constant throughout the cultivation period. At the end of
fermentation, about 4 g of acetate was still present, 59 g was fed, and 54 g of acetate was
metabolized during the feeding phase. Membrane aeration completely prevented foam
formation, and no antifoaming agent was added (Figure 8D).
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Figure 8. pH-stat fed-batch fermentation of A. borkumensis SK2 with bubble-free membrane aeration
and glacial acetic acid with C/N of 17.8 as feed. Time course of (A) total acetate fed, DO, XO2,
and stirring rate; (B) O2 and CO2 concentration in the off-gas; (C) cultivation volume, cell dry
weight (CDW), acetate, ammonium, and glycolipid amount with (F) = acetate pulse with C/N
8.9 Cmol Nmol−1. (D) Foto of the formed foam in the bioreactor after 56 h cultivation. Error
bands/bars indicate deviation from the mean (n = 2). Cultivation conditions: modified ONR7a
medium, 3 L stirred-tank bioreactor, T = 30 ◦C, pH = 7.3, N = 300–350 min−1, DO = 30%, TMP = 0.3 bar
XO2 = 21–100% (cascaded), FGas = 1.0 L min−1, ODstart = 0.2, VL = 2.0 L. Glacial acetic acid feed with
C/N of 17.8 Cmol Nmol−1: 1050 g L−1 acetic acid, 59.0 g L−1 urea, 24.2 g L−1 NaH2PO4 2 H2O,
VFeed = 50 mL.

Again, the highest glycolipid production was achieved with A. borkumensis using
this feeding strategy. The glycolipid amount produced was 521 mg, similar to the bubble-
aerated process. Also, the YP/S and YP/X were obtained with 8 mg g−1 and 31 mg g−1,
comparable to the bubble-aerated pH-stat process (Table 4). However, the STY was 0.4-fold
lower at 4 mg L−1 h−1 because the glycolipid concentration was lower due to the higher
filling volume in the membrane-aerated process since it was diluted 1.6-fold.
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3.5. Assessment of Glycine-Glucolipid Bioactivity against Pathogenic Bacteria

Biosurfactants often exhibit bioactivities or can support the activities of hydropho-
bic compounds. Early reports indicated the absence of toxic effects of A. borkumensis-
derived glucolipids on marine microbes (Proteobacteria, flagellates, and microalgae) and
erythrocytes [78,79]. The described production strategy enables the evaluation of the po-
tential of glycine-glucolipid as an antimicrobial agent. Utilizing a serial dilution technique
with a factor of two, ranging from 337 mg L−1 to 0.04 mg L−1, we investigated the effect
of glycine-glucolipid on the growth of six different bacterial strains, including the five
pathogenic strains S. marcescens, S. epidermidis, E. faecium, S. aureus, and P. aeruginosa, and
the mycobacterium C. glutamicum (2.5). The minimum inhibitory concentration (MIC) and
half maximal inhibitory concentration (IC50) values were assessed if applicable (Table 5).

Table 5. Determination of IC50 values for various glycine-glucolipid concentrations via analysis
of relative bacterial biomass. Relative biomass [%] of different bacteria achieved after 20 h in the
presence of different glycine-glucolipid concentrations. The OD750nm of the cultures at 0 mg L−1

concentration of the respective component was set as 100% relative biomass. The half maximal
inhibitory concentration (IC50) was detected at a relative biomass of 50% (area marked with line).
The values represent the mean of two independently conducted experiments with each carried out in
triplicate (n = 2).

cglycine-glucolipid
[mg·L−1] 0 0.04 0.08 0.16 0.33 0.66 1.32 2.63 5.3 12 21 42 84 169 337

re
l.

bi
om

as
s

[%
]

C. glutam-
icum

100 ±
8

82 ±
10

100 ±
9

90 ±
9

96 ±
4

81 ±
2

95 ±
8

72 ±
5

52 ±
6

62 ±
4

62 ±
3

60 ±
10

64 ±
2

61 ±
1

59 ±
3

S.
marcescens

100 ±
6

87 ±
5

97 ±
2

102 ±
14

98 ±
1

95 ±
4

109 ±
12

84 ±
8

87 ±
8

63 ±
8

52 ±
10

42 ±
8

42 ±
12

32 ±
9

42 ±
10

S.
epidermidis

100 ±
9

78 ±
3

81 ±
3

82 ±
8

83 ±
4

73 ±
4

85 ±
0

93 ±
3

98 ±
3

91 ±
2

94 ±
1

104 ±
4

109 ±
7

104 ±
1

103 ±
4

E. faecium 100 ±
8

82 ±
6

89 ±
2

91 ±
3

87 ±
1

91 ±
3

86 ±
5

78 ±
3

49 ±
2

73 ±
3

73 ±
5

43 ±
4

46 ±
9

45 ±
7

50 ±
0

S. aureus 100 ±
2

98 ±
8

83 ±
9

92 ±
9

84 ±
0

96 ±
2

77 ±
5

92 ±
3

68 ±
7

36 ±
9

47 ±
1

51 ±
1

58 ±
2

68 ±
2

66 ±
2

P.
aeruginosa

100 ±
6

100 ±
9

92 ±
4

100 ±
7

111 ±
9

102 ±
9

122 ±
6

94 ±
6

93 ±
4

95 ±
6

77 ±
3

72 ±
2

85 ±
4

101 ±
8

104 ±
9

Interestingly, the glycine-glucolipid did not completely inhibit the growth of any
investigated species, preventing the determination of MICs. Only C. glutamicum, S. epider-
midis, E. faecium, and S. aureus exhibited sensitivity to the glycine-glucolipid, with effective
concentrations ranging from 5.3 (C. glutamicum) to 43 mg L−1 (E. faecium), resulting in an
up to 60% reduction in bacterial growth. For S. marcescens and E. faecium, the IC50 values of
42 mg L−1 were determined. To extend our understanding of glycine-glucolipid’s potential,
we evaluated its combinatorial effects with tetracycline and chloramphenicol using the
Checkerboard survival assay method (Figure S5). Here, no effects of the biosurfactant were
observed with regard to the antibiotic activity of both compounds.

4. Discussion

The use of A. borkumensis for biosurfactant production has spurred interest with regard
to bioeconomic processes due to its ability to metabolize sustainable carbon sources like
acetate [15,35]. In a previous study using acetate and NH4Cl as carbon and nitrogen sources,
A. borkumensis produced 43 mg L−1 of glycolipids in batch fermentation [18]. The study
carried out here aimed to enhance the productivity of the fermentation using acetate as the
sole carbon source. Different nitrogen sources were initially evaluated to achieve this, and
subsequently, the best C/N ratios were investigated for optimal productivity. In the final
fermentation, glacial acetic acid served as both a pH agent and an additional carbon source,
allowing the introduction of more carbon without diluting the system.

The investigation of nitrogen sources revealed that changing from NH4Cl to urea
as the nitrogen source in fed-batch fermentation improved glycolipid production by at
least 20%. The ability of A. borkumensis to metabolize urea contradicted the findings of
Yakimov et al. [15]. It was deduced that the method used in the previous publication may
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not have adequately tested the urease activity in A. borkumensis. A. borkumensis possibly
possesses an energy-dependent urea uptake system similar to P. aeruginosa, regulated by
nitrogen availability [74,75]. The presence of urease was observed, enabling the hydrolysis
of urea into NH4

+, which was secreted into the supernatant. A review of the database
UniProt reported the subunits UreA, UreB, and UreC with their corresponding genes
(ABO_2719-ABO_2721), as well as the accessory proteins UreD, UreF, and UreG (ABO_2722,
ABO_2716, ABO_2715) of the urease in A. borkumensis [14,80].

The improved YP/X on all nitrogen sources compared to NH4Cl may be attributed to
slow growth, as these substrates involve additional metabolic steps compared to NH4Cl.
NH4

+ is taken up by facilitated diffusion and directly metabolized, whereas NO3
− up-

take requires energy and conversion to NH4
+ via NO2 [14]. This elaborate uptake and

metabolism of urea and NO3
− may simulate nitrogen-limiting conditions in the cell [30].

Studies with P. aeruginosa in shake flask experiments showed that switching to NaNO3,
urea or NH4NO3 improved rhamnolipid production compared to NH4Cl but also resulted
in lower biomass production [30,31]. However, unlike in A. borkumensis, the reduced
biomass production by P. aeruginosa on NaNO3 did not decrease rhamnolipid production.
Nitrogen-limiting or growth-limiting conditions are known to increase the productivity of
rhamnolipids, as less carbon is invested in biomass formation and secondary metabolite
production is induced [3,81,82]. In the case of rhamnolipids, the sigma factor 54 RpoN,
which regulates nitrogen metabolism, is responsible for the expression of rhlABC under
these conditions [82,83].

The influence of different C/N ratios, thus nitrogen-limiting conditions, on productiv-
ity was investigated in the second part of this study. In shake flask experiments, increasing
the original C/N ratio from 8.9 Cmol Nmol−1 to 17.8 and 26 Cmol Nmol−1 resulted in a
more than threefold increase in glycolipid titer and YP/X. However, no further enhance-
ment was observed beyond a C/N ratio of 26.7 Cmol Nmol−1. It was concluded that
earlier nitrogen-limited conditions directed more carbon toward glycolipid production
rather than biomass production. Nonetheless, nitrogen limitation also led to slower acetate
metabolism [77]. Additionally, high C/N ratios might trigger the production of storage
molecules like TAG and WE, diverting carbon away from glycolipid production [20], which
could contribute to the observed decrease in enhancement during the preliminary experi-
ments. The potential for increased glycolipid production through nitrogen-limiting condi-
tions in A. borkumensis was previously observed with n-alkanes as the carbon source [16].
Similarly, P. aeruginosa exhibited increased rhamnolipid titer with higher C/N ratios. How-
ever, the limitation of enhancement was observed at a C/N ratio of 62 Cmol Nmol−1 with
NaNO3 as the nitrogen source and glycerol as the carbon source, and the limiting C/N
ratio was found to depend on the carbon source [32]. Another factor influencing glycolipid
production at high C/N ratios was demonstrated by Invally and Ju [72] in their fed-batch
fermentation study of P. aeruginosa. They discovered that a steady, small nitrogen feed was
essential to maintain cell activity for rhamnolipid production. A two-stage feed strategy
was developed, involving an initial phase to achieve high cell density with sufficient nitro-
gen, followed by a controlled nitrogen-limiting feed phase that allowed no further growth
but maintained cell activity for rhamnolipid production.

In P. aeruginosa, the sigma factor 54 RpoN plays a role in nitrogen metabolism [83,84].
The genes responsible for rhamnolipid production are likely indirectly or directly controlled
by RpoN under nitrogen-limiting conditions, with upregulation of glutamine synthetase be-
ing involved. Increasing nitrogen assimilation through upregulation of the ATP-dependent
pathway of glutamine synthetase appears to lead to higher nitrogen uptake and, conse-
quently, an upregulation of rhamnolipid biosynthesis [84]. A similar mechanism could
potentially be involved in A. borkumensis, as the UniProt database predicts a gene ABO_0552
of A. borkumensis to encode a rpoN homolog [80]. In this context, the upregulated ATP-
dependent metabolic pathway via glutamine synthetase might also explain the observed
reduction in biomass production in A. borkumensis.
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The variation of the C/N ratios in the fermentation led to a high glycolipid amount
of 403 mg with a feed of 17.8 Cmol Nmol−1 (Table 4). However, a relatively high ac-
etate accumulation was also observed at the end of the fermentation. High C/N ratios
above 50 promote the production of storage compounds like PHA, WE, and TAG, which
is undesirable [20,21]. Since glycolipids and storage compounds share the same de novo
fatty acid precursor, they might be produced simultaneously [16]. Moreover, high acetate
accumulation might have contributed to flattened growth by causing cytosol acidifica-
tion, disrupting the proton gradient for ATP synthesis, and activating stress response
genes [46,85]. Furthermore, the prolonged process duration of 74 h, with increasing dif-
ficulty in controlling foaming, had negative implications for process feasibility and STY.
Kiefer et al. [43] suggested that the C/N consumption ratio can change over time during
fed-batch fermentation. The authors emphasized the need to find a balance where nitrogen
is neither overfed nor underfed, leading to the development of a two-stage feed strategy
where the C/N ratio of the feed is adjusted to the metabolism.

In this study, a two-stage feed strategy was developed involving the addition of half
of the acetate during the “growth phase” without nitrogen limitation at a C/N ratio of
8.9 Cmol Nmol−1, followed by feeding the other half during the “production phase” with a
C/N ratio of 17.8 or 26.7 Cmol Nmol−1. This approach resulted in slightly lower glycolipid
production than the one-stage feed strategy, but it effectively prevented excessive acetate
accumulation, leading to higher STY than the one-stage feed strategy. While the two-stage
feed approach seems promising for increasing productivity under nitrogen-limiting con-
ditions with acetate as the carbon source, DO-based fed-batch fermentation may not be
the most suitable since it can control only one limitation at a time. A fed-batch fermenta-
tion with a two-stage feed strategy involving continuously added feed, increasing with
increasing growth, might be more fitting. Nevertheless, keeping the carbon concentration
as low as possible is essential to avoid substrate inhibition and the production of storage
components. Similar two-stage feed strategies have been successfully implemented in
prior publications to enhance productivity, as seen in poly-β-hydroxybutyric acid (PHB)
production with Methylorubrum extroquens. In that study, biomass was first produced under
nitrogen-unlimited conditions, followed by PHB production in the subsequent produc-
tion phase under nitrogen-limiting conditions with constant feeding with an iteratively
increasing C/N ratio [86].

Last, a pH-stat fed-batch with glacial acetic acid titration was tested with a C/N
ratio of 17.8 Cmol Nmol−1 and a pulsed feeding of sodium acetate with a C/N ratio of
8.9 Cmol Nmol−1. This continuous feed addition contributed to increased and accelerated
glycolipid production. A similar two-stage feed strategy using glacial acetic acid as a carbon
source and pH agent was carried out by Merkel et al. [44] for itaconate production using
C. glutamicum. Their study initiated a “growth phase” with a C/N ratio of 10 Cmol Nmol−1

after the batch, followed by a second feed with a C/N ratio of 40 Cmol Nmol−1 in the
“production phase”. They used pH-coupled feeding with glacial acetic acid and a DO-based
sodium acetate feed pulsed at 5 g L−1 acetate concentrations. However, unlike itaconate
production, A. borkumensis continued to produce biomass even after the growth phase,
which could be attributed to the lower C/N ratio in the second feed. In contrast, the
increases in DO observed in this work, leading to the acetate feed pulses, were due to
nitrogen rather than carbon limitation.

An advantage of the glacial acetic acid titration fermentation in this work was the
YP/S, comparable to the other DO-based fed-batch fermentations (Table 4). In contrast,
Merkel et al. [44] reported a disadvantage of low YP/S with a glacial acetic acid titration
approach. Huschner et al. [87] developed a pH-coupled fed-batch fermentation for PHA
production using Cupriavidus necator H16, in which nitrogen was dissolved in the or-
ganic acids, similar to this study. Additionally, they added a DO-based feed without
nitrogen. Their three-stage fed-batch fermentation with C/N ratios of 10 Cmol Nmol−1,
90 Cmol Nmol−1, and ∞ Cmol Nmol−1 significantly improved PHA production. However,
they also observed acetate accumulation starting at the C/N ratio of 90 Cmol Nmol−1, and
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the biomass decreased with the start of the limiting 90 Cmol Nmol−1 feed. In a subsequent
study, Garcia-Gonzalez and Wever [88] further optimized the PHA production of C. necator
using the same three-stage feed strategy, with glacial acetic acid as the pH-coupled feed and
sodium acetate as the DO-based feed. However, they did not observe acetate accumulation;
they noted decreasing biomass when nitrogen was depleted.

The pH-coupled glacial acetic acid titration approach offered several advantages, such
as feeding an autosterile medium without causing a dilution effect and reducing the salt
load compared to sodium acetate [35,43,44]. However, one challenge encountered during
extended feeding was the increased difficulty in controlling foam formation as the process
progressed. To address this issue, bubble-free aeration with an in situ membrane module
was considered in this study as a potential solution [62,63]. Membrane aeration provides
growth conditions similar to bubble-aerated processes but with the advantage of elimi-
nating foaming. As a result, there is no need for antifoaming agents, which significantly
simplifies downstream processing and reduces associated costs [63]. However, the for-
mation of biofilms on the membrane surface, the associated reduction in oxygen transfer
performance, and the reusability of the membrane modules must be mentioned as disad-
vantages. In conclusion, the two-feed strategy using glacial acetic acid shows great promise
for enhancing the glycolipid production of A. borkumensis. Similar approaches suggest that
this strategy could be successfully applied to other organisms and products [44,87].

In contrast to other glycolipids, no pronounced antimicrobial activity of the glycine-
glucolipid was observed against the tested selection of bacterial strains. A subset of
bacteria exhibited sensitivity to glycine-glucolipid at concentrations exceeding 43 mg L−1.
Given the limited existing knowledge of the physicochemical properties of these glycine-
glucolipids [17], this sensitivity at specific concentrations might suggest micelle forma-
tion, enabling subsequent growth inhibition [89–91]. The variation in sensitivity be-
tween bacterial strains may indicate different mechanisms of action, as observed in other
studies that emphasized the role of bacterial cell envelope architecture in antimicro-
bial sensitivity [92–94]. In light of the role of A. borkumensis in hydrophobizing cell
surfaces [25,28], it is hypothesized that glycine-glucolipid could enhance the bioavailability
of rather hydrophobic antibiotics like tetracycline and chloramphenicol to the cells, thereby
reducing the required antibiotic dosage as reported for other surfactant and antibiotic com-
binations [95,96]. However, no effects of the glycine-glucolipid on the activity of tetracycline
and chloramphenicol were observed in our study. For a more comprehensive understand-
ing of its potential for antimicrobial applications, further studies involving a broader range
of antibiotics and the determination of physicochemical parameters are needed.

While our study primarily focused on the bioactivity of the glycine-glucolipid against
specific pathogenic bacterial strains, the potential environmental applications should not
be overlooked. For instance, the low toxicity observed suggests that glycine-glucolipids
could be employed in environmental remediation projects or wastewater treatment without
significantly disrupting the existing microbial communities. This aligns with earlier findings,
which reported low toxicity of A. borkumensis-derived glucolipids on marine microbes [78,79].

5. Conclusions

In conclusion, significant improvements in glycolipid titers with A. borkumensis were
achieved by implementing a DO-based two-stage feed strategy and using pH-stat fed-batch
with glacial acetic acid titration. To achieve glycolipid production on a g L−1 scale with
A. borkumensis, metabolic engineering techniques such as knockouts or overexpression
could address issues such as by-product formation from storage molecules or enhance the
expression of the glycolipid gene cluster. The availability of biobased-produced acetic acid
from lignocellulose offers a sustainable alternative to petrochemical or food-competing
substrates for glycolipid production. In the long term, CO2 + green H2-derived acetate from
acetogens [97] will deliver acetate for a land-free biotechnology. This advancement aligns
with ecological and economic goals. Regarding process technology, in situ membrane
aeration effectively mitigated strong foam formation during cultivation. Furthermore, in
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the bioactivity test, no noticeable antimicrobial effect was detected. This may indicate
low or even missing toxicity of A. borkumensis glycolipid, suggesting its use in cleaning
products, the food industry, and textiles, thereby offering an eco-friendly alternative to
conventional surfactants derived from fossil fuels.
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µmax maximal growth rate in h−1

C/N-ratio carbon-to-nitrogen ratio in Cmol Nmol−1

CTR carbon dioxide transfer rate in mmol L−1 h−1

DO dissolved oxygen in %
Fgas gas flow in L h−1

N stirring rate in min−1

OTR oxygen transfer rate in mmol L−1 h−1

qs specific substrate uptake rate in g g−1 h−1

RQ respiratory quotient
rs volumetric substrate uptake rate in g L−1 h−1

STY space-time yield in mg L−1 h−1

TMP transmembrane pressure in bar
VL reactor filling volume in L
XO2 oxygen proportion in the supply gas in %
YP/S product-to-substrate yield in g g−1

YP/X product-to-biomass yield in g g−1

YX/S biomass-to-substrate yield in g g−1
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