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Abstract
Cellobiose lipids (CL) are glycolipids secreted by many Ustilaginaceae species in aerobic fermentations characterised 
by excessive foaming. While increasing CL concentrations remains an aim for its industrial production, excessive foam-
ing during fermentation presents a challenge even at laboratory scale. Foam fractionation (FF) provides a solution to 
the foaming problem and facilitates the proceeding purification of CL. Here, we present a first CL fermentation process 
applying FF. With our set-up, we manage to exploit the excessive foaming for continuous product separation. The set-up 
includes a foam collecting vessel (FCV) with inserts for CL accumulation and foamate recirculation to minimise biomass 
and nutrient loss. Integrating a foam column (FC) into the fermenter headspace enabled foam enrichment, resulting in 
the recovery of > 90% of the produced CL from the separated fractions consisting of foam depositions in the fermenter 
headspace and the FCV. We also increased the fermenter filling volume and thus achieved a higher fermentation capacity. 
The separated CL fraction was purified via ethanol extraction to obtain CL with purities > 90%. We further examined the 
effects of different culture media constituents, including biomass and CL, on foam generation and decay and assessed 
the effect of FC geometries on product enrichment and recovery. In this work, a FF set-up is presented that enables a 
stable CL fermentation without additional foam mitigation methods. At the same time, the application of FF separated a 
fraction that was highly enriched in CL during fermentation, resulting in highly pure CL after a simple ethanol extraction.

Keywords Biosurfactant production · Fermentation processes · Foam fractionation · Ustilago maydis · Sporisorium 
scitamineum

1 Introduction

Many Ustilaginaceae species like Ustilago maydis and Sporisorium scitamineum secrete the glycolipids Cellobiose lipids 
(CL) when sugars are used as the only carbon source during aerobic fermentation [1, 2]. CL consists of a cellobiose 
disaccharide, glycosidically linked to a hydroxypalmitic acid [3, 4]. This secondary metabolite is secreted extracellularly 
and precipitates as needle-like crystals in the culture broth due to its low solubility in acidic pH values commonly 
applied during fermentations [5, 6].
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Catabolic studies on the CL variant flocculosin suggest that it acts as a nutrient source when food limitation domi-
nates [7]. Only a limited number of certain microorganisms can hydrolyse the glycosidic linkage in CL, which makes 
it a suitable nutrient storage molecule [4]. Moreover, it is thought that the amphiphilic character of CLs facilitates 
the solubilisation of hydrophobic nutrients [8].

Besides their biological function, CLs may be of great interest to the surfactants industry, providing a naturally 
synthesized alternative to synthetic surfactants. Several studies have examined the physicochemical characteristics 
and antimicrobial activity of different CL variants while suggesting potential application areas, such as in detergents, 
cosmetics, or pesticides [9–12]. Other research groups examined known producing microorganisms and their meta-
bolic pathways to understand CL synthesis better [13]. Several fermentation media and parameters, as well as CL 
purification processes, were also presented in the literature [1, 14, 15]. Only a few studies examined CL fermentation 
in a bioreactor scale, with a maximum volume of 757 L [15]. An overview of all bioreactor fermentations of CL, among 
other glycolipids, was recently published by Zibek et al. [16]. Reported CL concentrations range from 1.5 g·L−1 up to 
33 g·L−1 with differing degrees of purity [14, 17].

CL is usually secreted as a mixture of different structures by wild-type species, along with other glycolipids like 
mannosylerythritol lipids (MEL). Fatty acids in the substrates are predominantly metabolized to MEL [18–20]. Thus, an 
absence of oils in the substrate and the presence of a hydrophilic carbon source would shift the production toward CL. 
Furthermore, the absence of an additional hydrophobic carbon source prevents the occurence of emulsions, which 
largely facilitates proceeding purification and downstream processing (DSP). However, the benefit of hydrophobic 
carbon sources, such as vegetable oils, acting as antifoam agents, cannot be used here. Therefore, other solutions 
must be implemented to control excessive foam formation during CL fermentation. Excessive foam may result in 
blockage of exhaust air filters. Furthermore, the foam takes up a large volume of the fermenter, thus leading to a 
reduced working volume and utilisation of the fermenter’s capacity. While mechanical, physical, or chemical meth-
ods for foam mitigation can be effective, they are associated with energy and material demand and may alter the 
composition of the culture broth. Chemical methods also make the downstream processing more complex because 
the added amount of antifoaming agent throughout the fermentation to destroy the foam needs to be separated.

Foam fractionation (FF) presents a solution to the foaming problem and facilitates the proceeding purification of 
CL. In general, amphiphilic molecules in aerated liquids adsorb at gas–liquid interfaces, resulting in an enriched layer 
of surface active molecules that stabilize the foam [21, 22]. The stable foam bubbles ascend to the liquid’s surface due 
to density gradients. This results in separating the surface active molecules from the culture broth. This phenomenon 
is actively implemented during FF processes, where foam enriched with surface active molecules is collected and 
used to separate these molecules from the liquid [23]. When non-soluble and hydrophobic particles attached to gas 
bubbles are separated, the mechanism becomes foam flotation [24, 25].

FF has already been applied to several fermentations for the production of biosurfactants, primarily surfactin and 
rhamnolipid [26, 27]. However, to our knowledge, there is no published research or methodology for CL fermentation 
applying FF. Due to its amphiphilic character, CL proved to be a promising candidate for FF. Therefore, we aimed to 
establish a CL fermentation process applying FF to exploit the excessive foaming for continuous product separation 
and prevent downsides associated with overfoaming.

In a first step, to generate a broader understanding of the foaming behaviour of CL fermentation broths, we exam-
ined the effect of different culture media constituents, including biomass, CL, sugars, and other media components, 
on foam generation and decay. We then used different foam column geometries to determine their effect on product 
enrichment and recovery when foaming CL-containing culture broths in a shaking flask. Using foam columns in a foam 
fractionation set-up is an established method to enhance the enrichment of the target substance to be separated 
and, in some cases, even its recovery [24, 28].

Another relevant factor to foaming is the aeration rate in the fermenter and the size of introduced gas bubbles 
to the culture broth. If foam formation becomes too excessive, the aeration rate often needs to be reduced to avoid 
overfoaming. Another motivation for decreasing the aeration rate and/or power input for agitation is also the reduc-
tion of the electricity demand of the fermentation process and increasing the overall process economy [29]. This may, 
however, lead to undesired oxygen limitation and result in changes in metabolite formation [30] or even the death of 
the microorganisms if their oxygen demand is not covered. One approach to overcome this limitation is the usage of 
bubble-less membrane aeration if foaming is not desired, as was shown for surfactin fermentation, for instance [31].

On the other hand, if foaming is desired, the agitation and aeration rates must result in sufficient air bubbles supply 
for foam generation. Here, the size (affected by the agitation rate and the pore size of the aeration unit) and the number 
of gas bubbles (affected by the aeration rate) are relevant parameters. At the same time, the microorganisms’ oxygen 
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demand has to be covered at all times to avoid changes in their metabolism. Besides increasing the agitation and aeration 
rates, which are both associated with increased power consumption, using a porous ceramic aeration unit with a smaller 
pore size compared to the traditional aeration ring may lead to a larger amount of smaller gas bubbles. Therefore, the 
effect of a porous ceramic unit on oxygen transfer rates and their possible effect on foaming during fermentation was 
further compared to a traditional aeration ring.

Proceeding these preliminary examinations, a FF set-up with an integrated foam column (FC), including a foam col-
lecting vessel (FCV) with inserts and foamate recirculation, was applied to the CL fermentation process with two different 
Ustilaginaceae species that show different foaming behaviour. The set-up was adapted to obtain the highest enrichment 
and recovery rates of CL while maintaining a minimal loss of both biomass and fermentation media. The separated CL 
fraction was then purified via ethanol extraction to obtain high purity CL, with purities > 90%.

2  Materials and methods

For fermentations in this study, two prominent CL-producing fungi were chosen, of which the mutant strain Ustilago 
maydis Δemt1 produces only CLs, while the wild-type strain Sporisorium scitamineum can produce both CL and MEL 
simultaneously. Both strains show similar growth behaviour. However, S. scitamineum tends to form more excessive foam 
during fermentation. All methods used for their cultivation and the examination of CL fermentation and foam fractiona-
tion are presented in the following sections.

2.1  Strains and seed culture

Ustilago maydis Δemt1 DSM 17,146 and Sporisorium scitamineum (Ustilago scitaminea) DSM 11,941 cultures obtained 
from the German Collection of Microorganisms and Cell Cultures (DSMZ) were stored in glycerol cryo stocks at − 80 °C 
until used to streak agar plates. For U. maydis, a PD agar (24 g·L−1 potato-dextrose broth (Becton Dickinson, Le Pont de 
Claix, France) and 15 g·L−1 agar, pH 5.6) and for S. scitamineum, a YM agar (10 g·L−1 glucose, 5 g·L−1 peptone, 3 g·L−1 malt 
extract, 3 g·L−1 yeast extract and 15 g·L−1 agar, pH 6 [32]) were used. The pH was adjusted using 2 M  H2SO4. The inoculated 
plates were incubated for 48 h at 30 °C and stored for a maximum of 30 days at 8 °C.

Strains were obtained from these agar plates to inoculate 20 mL of liquid PD-medium for U. maydis, or 20 mL of liquid 
YM-medium for S. scitamineum in 100 mL baffled shake flasks. After approx. 17 h at 30 °C and 120 rpm, this seed culture 
was used to inoculate a second seed culture (200 mL PD-medium for U. maydis or 200 mL of YM-medium for S.scitamineum 
in 1 L baffled shaking flasks) to an optical density  (OD625) of 0.1 a.u.. This second seed culture was cultivated under the 
same conditions until the glucose concentration decreased to < 1 g·L−1, after which it was used to inoculate the ferment-
ers used for CL fermentation.

2.2  Fermentation conditions during CL production

For the fermentation of CL, the same cultivation strategy was used for both strains U. maydis and S. scitamineum. The seed 
culture was transferred to the fermentation medium containing mineral salts, compounds supplying trace elements, 
and a vitamin solution, as previously described by our group [1]. For some fermentations presented in this paper, the 
same medium without a vitamin solution was used. However, since vitamins proved unnecessary for CL synthesis [1], 
and for clarity reasons, no differentiation based on the used cultivation medium is made in the results section.  0.6 g·L−1 
urea and 100 g·L−1 sucrose were added as nitrogen and carbon sources, and the fermenter was inoculated to an  OD625 of 
0.3 a.u. After the initial glucose obtained from sucrose hydrolysis was consumed, a glucose or sucrose solution was fed 
to a concentration of 50 g·L−1. In the case of fermenter broth overflow, the liquid loss was compensated with water. All 
fermentations were conducted at 30 °C for 7–14 days. The termination criterion was the depletion of glucose from the 
culture medium or complete depletion of carbon source (fructose and glucose). 2 M  H2SO4 and 2 M NaOH were used to 
adjust the pH to 2.5 if needed (adapted with modifications after [33]).

For bioreactor fermentations, a 10 L glass reactor (KGW; Germany) was filled with 6–9 L fermentation media, depend-
ing on the fermenter set-up with or without a foam column. DO, pH, and T were monitored online, while stirrer speed 
and gas flow rate were monitored and adjusted manually. The fermenter was aerated with 0.14–0.38 vvm and agitated 
with 160–500 rpm to maintain the DO level above 10% at a minimal power input. For aeration, either a traditional aera-
tion ring or a porous ceramic membrane was used to introduce gas bubbles into the culture broth.  kLa values of both 
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aeration units were determined using the dynamic gassing out method [34] in the 10 L fermenter with 8 L filling volume 
at different aeration rates and stirrer speeds.

Shake flask cultivations in 1 L baffled shaking flasks were conducted in triplicates at 120 rpm and 30 °C to obtain 
complementary data on substrate uptake rates and CL formation rates during batch cultivation. Culture medium, carbon 
source, and nitrogen source concentrations were the same as used in the fermenter unless otherwise indicated.

Samples of 1 mL were obtained approx. every 24 h for analysis of  OD625, CDW (cell dry weight), CL, sugar, and nitrogen 
concentrations, both from the fermenters and shaking flasks.

2.3  Foam generation and decay rate of different culture broth samples

To examine the foaming behaviour of different culture broth constituents using a small sample volume, an apparatus 
was adapted after [35] to determine foam generation  ug and decay rates  ud. The used apparatus consisted of a tube 
(d = 18 mm) with a scale and a frit at the bottom, through which 40 mL of air was sparged manually via a syringe (Fig. 1). 
A rotameter was used to enable a constant airflow. 2 mL samples were filled in the tube, and the time  (tg, g: foam genera-
tion) needed for the foam to reach its maximum height after the air was sparged, the maximum height reached  (hmax), 
as well as the time needed for the foam to collapse  (td, d: foam decay) were recorded.  ug and  ud were calculated using 
the following equations:

The measurement was stopped if a sample needed a decay time  td > 3 min. All samples were measured in triplicates. The 
standard deviation of this method was estimated at 14% for  ug and 13% for  ud based on 5 measurements of a sample 
of a culture broth.

2.4  Foaming in foam columns

In order to determine the effect of foam columns on CL enrichment and recovery, three columns with different heights/
diameters (H/D [mm/mm] = 400/40; 300/30; 200/20) were examined in a foaming set-up (Fig. 2). Culture broth containing 
CL and biomass (feed) was sparged with air at 40–60 L  h−1 for 13 min in a shake flask. The built foam rose from the top 
of the shake flask to the connected foam column and was collected in a beaker (foamate). At the end of the experiment, 
the volumes of the remaining broth in the shake flask (retentate) and the foamate were measured. CL and biomass con-
centrations in each fraction were determined and used to calculate CL enrichment and recovery.

The CL enrichment E [ − ] in a fraction is defined as the ratio of CL concentration in this fraction to the CL concentra-
tion in the culture broth. CL recovery R [%] is the percentage of CL obtained from a separated fraction out of the total 
produced or available CL amount. Biomass enrichment and recovery were calculated using biomass concentrations in 
each fraction.

(1)ug =
hmax[m]

tg[s]

(2)ud =
hmax[m]

td[s]

Fig. 1  Schematic illustration 
of the apparatus used to 
measure the foam generation 
and decay rate of different 
culture broth samples
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2.5  Fermenter set‑up for foam fractionation

In order to continuously separate the produced foam during CL fermentation from the fermenter, a foam fractionation 
unit was set up in the glass reactor. In the initial approach, a set-up similar to [36] was built. The foam flowed from the 
reactor headspace due to pressure gradients through a silicone tube to a connected 2 L glass bottle (Schott AG, Germany) 
with inserts, the FCV. Different types of inserts were studied for their suitability as surfaces for CL accumulation in the 
foam collecting vessel (polypropylene particles (d ~ 3 mm); Luffa aegyptiaca sponge; polypropylene balls (d ~ 20 mm)). In 
order to decrease biomass and culture media loss, the foamate was recirculated back to the fermenter using a peristaltic 
pump (Watson-Marlow GmbH, Germany). Exhaust air was directed from the top of the foam collecting vessel. Exhaust 
gas composition was measured using a  CO2 and  O2 gas analyser from BlueSens gas sensor GmbH and used to calculate 
OUR and CER.

This set-up was further adjusted by adding a FC (d = 30 mm) to the reactor headspace to increase CL enrichment 
(Fig. 3). The column height was adjustable, and a H/D ratio of 10–20 was adapted during fermentation, depending on 
the foaming intensity. If needed, a second FCV was connected parallel to the first one.

2.6  Analytical methods and calculations

Sample analysis was conducted as previously described in [1]. Biomass was quantified via  OD625 and measurement of 
cell dry weight (CDW). Growth rates µ  [h−1] were calculated using the  OD625 values. Urea concentration was measured 
enzymatically with a urea/ammonia test kit (R-Biopharm; Germany), and sugar concentrations were measured via HPLC. 
Specific glucose and fructose uptake rates were calculated using the following equation:

where; qs substrate uptake rate  [h−1]; t  time [h], cs substrate concentration [g·L−1]; cCDW biomass concentration [g·L−1].
Sucrose is hydrolysed extracellularly by U. maydis to its constituents glucose and fructose [37]. For an accurate calcula-

tion of glucose and fructose uptake rates, the increase of glucose and fructose in the medium due to sucrose hydrolysis 
has to be considered. Therefore, the decrease of sucrose concentration in the fermentation medium during each calcu-
lation period was divided by two and considered as the concentration of produced glucose/fructose during this time 
span. This amount was then added to the measured glucose and fructose concentration and used for the calculation of 
the uptake rate according to equation (3).

CL was quantified via TLC analysis using internal calibration standards [1]. The purity of the used standards was also 
determined densitometrically via TLC (n = 9) at 95.4 ± 1.6% for CL produced by U. maydis and at 91.6 ± 2.9% (n = 4) for CL 
produced by S. scitamineum, and used at concentrations of 10, 5, 2.5, and 1.25 g·L−1. CL formation rates were calculated 
only for shaking flask cultivations, using Eq. (4). The determination of CL concentrations in the culture broth during 

(3)qs =
dcs

dt
⋅

1

cCDW

Fig. 2  Picture of the set-up 
used for analysis of the foam-
ing behaviour of CL contain-
ing culture broths in foam 
columns. H: height of the 
foam column; D: diameter of 
the foam column
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bioreactor fermentation was not representative of the formation rates due to CL transport with the foam. Therefore, a 
calculation of CL formation rates was not possible here.

where; rCL specific CL formation rate  [h−1]; t  time [h]; cCL CL concentration [g·L−1], cCDW biomass concentration [g·L−1].
The substrate-specific product yield coefficient  YPS [g·g−1] and the biomass yield coefficient  YXS [g·g−1] were calculated 

as the quotient of produced CL or biomass and the metabolised substrate.

2.7  Determination of CL solubility and CL purification via ethanol extraction

In order to optimise a purification method for CL extraction via ethanol with minimal solvent consumption, solubility 
of CL had to be determined in a first step. For solubility measurement, the saturation shake flask method was adapted 
after [38] as follows: 1 mL of different EtOH:H2O mixtures (w/w 100:0; 80:20; 60:40; 40:60; 20:80 and 0:100) were added 
to 220–250 mg of purified CL from U. maydis and incubated at 22—25 °C and 900 rpm for 72 – 138 h. The samples were 
then centrifuged at 1300 rpm and 22–25 °C for 10 min, and the supernatant was filtrated using a 2 µm cellulose acetate 
filter (Carl Roth GmbH). 300 µL of the filtered CL-saturated supernatant were added to a weighed vessel and dried at 
65 °C until a constant weight was achieved. The dissolved CL was determined gravimetrically in triplicates and used to 
determine the solubility in different EtOH:H2O mixtures. The obtained values were used to adapt the amount needed for 
CL extraction during the purification process. After fermentation, the culture broth, foam depositions in the fermenter 

(4)rCL =
dcCL

dt
⋅

1

cCDW

Fig. 3  Fermenter set-up for CL fermentation with foam fractionation. During fermentation, the foam flows through the foam column (FC) to 
a foam collecting vessel (FCV) with inserts, while the foamate is recirculated back to the fermenter. Exhaust air flows from the FCV through a 
foam overflow vessel (FOV) to the exhaust air cooler and filter
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headspace, as well as in the FCV and FC, were purified separately using the same protocol. Each fraction was quantified 
to calculate the enrichment and recovery of CL.

In a first step, each of the fractions containing precipitated CL crystals and biomass was centrifuged to separate the 
solids from the aqueous phase containing remaining media components and sugars. The pellet was then washed with 
acidic water (pH 2,  H2SO4) to further remove water-soluble impurities and centrifuged again. CL was extracted from the 
pellet with ethanol at room temperature, at a ratio of 2  gEtOH ·gPellet

−1. This ratio was determined based on the results of 
the solubility tests and is explained in Sect. 3.6. After centrifugation, the extract containing CL was evaporated and dried. 
Finally, the dried CL was ground to a white powder. The extraction step was repeated until no CL crystals were visible in 
the pellet under the microscope. This purification method was described in [29].

3  Results and discussion

In order to design a foam fractionation unit that enables the maximum separation of CL while maintaining biomass and 
media components in the fermenter, it was necessary to obtain fundamental knowledge of the fermentation process 
and factors affecting foaming behavior. We here present the results of multiple fermentations in a 1 L shake flask and 
10 L fermenter scale that show the time course of CL fermentation and foam generation over the different fermentation 
stages. We further show the effect of different media components, aeration strategies, as well as column and foam col-
lecting vessel designs on foam generation and separability. Finally, we present our foam fractionation unit that enables 
complete in situ separation of the produced CL from the culture broth, as well as our optimized purification method.

3.1  The general course of CL fermentation in shake flasks

The general CL fermentation courses for U. maydis and S. scitamineum are very similar and vary mainly in the individual 
substrate uptake and product formation rates and their concentrations. To avoid repetition, general observations are 
presented and discussed in the following for U. maydis only but can also be transferred to S. scitamineum. Corresponding 
figures for S. scitamineum are presented in the Additional file (Additional file 1: Fig. S1).

Using 100 g·L−1 sucrose as a carbon source, the sugar is hydrolysed within the first 24–48 h of fermentation. Figure 4 
shows the course of substrate uptake and CL production in 1 L shake flasks. The glucose fraction is metabolized by 
U. maydis within the first seven days, while fructose concentration in the medium remains almost at the same level. 
Depending on C-source availability and input, phase I and II describe the batch phase, where glucose is still available, 
whereas in phase III, glucose is depleted in batch fermentations, and only fructose is available. Substrate uptake showed 
for glucose a maximum  qgluc,max of 0.33  h−1 opposed to  qfruc,max of 0.11  h−1 for fructose (Fig. 4). This shows that glucose 
is the preferred substrate when both sugars are available in the medium and is explained by the suppression of other 
catabolite pathways when glucose, which provides the best energy gain, is present [39].

Urea, with an initial concentration of 0.6 g·L−1, is completely metabolized within approx. the first 24–30 h (phase I). A 
shift in biomass composition before and after this exponential growth phase is evident, as previously reported [29]. After 
nitrogen depletion, the molar biomass composition shifts from  C1H1.83O0.64N0.13 to  C1H1.85O0.35N0.03 [29]. CL formation 
is usually first detected right before or after nitrogen depletion and decreases after glucose depletion if no additional 
sucrose or glucose is fed to the medium.

The highest CL formation rates are usually observed in phase I (0.13 ± 0.02  d−1) and II (0.09 ± 0.01  d−1), and the highest 
yields for a given timespan were observed in phase II during batch fermentation (Fig. 4). This shows that higher CL is 
yielded on the glucose fraction of sucrose compared to its fructose fraction. Together with the lower substrate uptake 
rate of fructose compared to glucose, these results suggest a termination of the fermentation after glucose depletion 
if shorter fermentation durations and higher space–time yields are aspired. Increasing the space–time yield of CL can 
largely enhance the process economy, as we showed in our previous publication [29]. Terminating the fermentation 
right after glucose depletion would, however, result in high concentrations of fructose remaining in the culture broth 
at the end of the fermentation. Although this means that almost half the amount of the added substrate is not metabo-
lized for CL formation, the remaining fructose could be yielded as an additional by-product, as was suggested for other 
fermentation processes, e.g. [40, 41].

On the other hand, although both higher CL yields and formation rates were observed on the glucose fraction of 
sucrose compared to fructose, using only glucose as substrate did not lead to similar results. CL productivity was previ-
ously shown to be lower when using glucose and/or fructose as substrate compared to sucrose [14]. An explanation for 
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this observation has yet to be found. However, due to the higher yields obtained with sucrose, we used it as the preferred 
carbon source for our further fermentations in the 10 L fermenter.

Overall, a similar fermentation course was observed in the 10 L fermenter. However, higher substrate uptake rates, as 
well as biomass and CL concentrations were usually achieved here due to the enhanced oxygen transfer compared to 
shake flask cultivations. Observations on biomass formation kinetics and foaming behaviour and the herewith associated 
CL concentrations in the fermenter are discussed in the following chapter.

3.2  The course of CL fermentation in a 10 L fermenter with an aeration ring

In bioreactor fermentations, glucose was usually metabolized faster, compared to shake flask cultivations, within the first 
4–5 days (Additional file 1: Fig. S2). Here, additional glucose or sucrose was usually fed to the fermenter after glucose 
was depleted (phase III).

Fig. 5 A shows the time course of biomass formation of 6 fermentations in a 10 L fermenter. Biomass formation can be 
divided into three phases (I, II, and III), depending on substrate availability and uptake. Phase I, during the first 24–30 h, is 
characterized by N availability (Additional file 1: Fig. S3), and growth rates up to µmax = 0.16  h−1 are observed here. During 
phases II and III, where N is limited, the growth rate decreases gradually. The switch in biomass composition from phase 
I to phase II and III was previously explained by [42, 43] and attributed to both N accumulation as well as lipid formation 
and accumulation within the cells.

Opposed to biomass formation, the determination of accurate CL concentrations in the fermenter was not possible 
due to foaming. Foaming usually started immediately after urea is depleted from the fermentation medium, transporting 
CL out of the broth to the fermenter headspace and, if available, through the foam column. Depending on the intensity 
of foam formation, CL concentrations measured within the culture broth do not reflect the actual synthesized amount 
of CL. This is reflected in high fluctuations of CL concentration (Fig. 5B). In some fermentations with moderate foam for-
mation, up to 20 g·L−1 CL was measured in the broth, whereas in other fermentations with excessive foam formation, a 
maximum of below 1 g·L−1 CL could be measured in the fermentation broth throughout the whole fermentation process 
due to CL flotation with the foam. Other authors also observed a fluctuation in the foaming behaviour depending on the 
fermentation phase during the cultivation of various microorganisms, as summarized by Junker et al. [21].

Fig. 4  Course of substrate, 
biomass and CL concentra-
tions, glucose and fructose 
uptake rates, and CL forma-
tion rates and yields during 
an U. maydis cultivation in 1 L 
shake flasks at 120 rpm and 
30 °C. The error bars indicate 
the standard deviation of a 
biological triplicate. The num-
bers I–III indicate the different 
phases in relation to urea and 
glucose availability
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The higher fluctuation in CL concentrations within the fermenter at similar fermentation conditions, compared to the 
relatively good reproducibility of biomass concentration results, indicates that CL transport by foam out of the culture 
broth is more pronounced compared to biomass transport. These are optimal conditions for an application of foam 
fractionation. In an optimal foam fractionation set-up, most of the product should be separated by the foam fraction 
(high recovery rates), while biomass should be retained in the fermenter. Otherwise, the presence of a biocatalyst in the 
fermenter would be limited by time, and no further product synthesis is possible.

During CL fermentation in fermenters, foaming behaviour in different phases of the fermentation is variable. Right 
after inoculation, moderate foam formation starts. However, this foam is unstable and thus does not reach the vessel’s 
headspace. Approximately around the time when the nitrogen source is depleted from the fermentation media, foam 
formation increases significantly, and the foam fills up the whole fermenter head space and moves into the foam frac-
tionation vessels. This was observed in multiple CL fermentations with U. maydis and S. scitamineum in a 10 L fermenter 
with a filling volume of 6–9 L. With time, foam stability decreases, and the headspace becomes emptier. After feeding 
carbohydrates, the second increase in foam formation and stability usually occurs. In order to gain a better understanding 
of the foaming behaviour during CL fermentations and design a suitable FF unit accordingly, the influence of different 
culture media constituents was examined.

3.3  Culture media constituents affecting the foaming behaviour

To identify optimal conditions for foam fractionation, we assessed a possible correlation between specific compo-
nents in the culture broth and their foaming behaviour. For this purpose, different fractions of culture broth were 
analysed with our foaming apparatus. With this external experimental setup, the effect of different aeration and 
agitation rates are excluded.

Eight different samples were analysed, consisting of the cultivation medium from U. maydis, with or without 
biomass, CL, and other media components (Table 1). Both the cultivation medium (sample 1) and a sucrose solution 
(sample 2) show the highest foam generation rates  ug above 0.1 cm·s−1 (Fig. 6). At the same time, they also show the 
highest foam decay rates  ud above 0.07 cm·s−1. This indicates that although introducing air bubbles to the cultiva-
tion medium creates foam, this foam is not stable and collapses rapidly. These results correlate with the observed 
foaming pattern during fermentation, in which foaming is minimal initially. A sample taken after inoculation with 
biomass but before N-depletion (sample 3) showed an  ug below the measurement threshold. This changed rapidly 
after N-depletion, where sample 4 showed a high  ug and low  ud, indicating the occurrence of foam stabilising com-
ponents in the culture broth at this time point. This coincides with the observations made during CL fermentations, 
where increased foaming occurs around the time at which N is depleted from the medium. A similar behaviour was 
previously reported in the literature, where N-limitation also triggered foam formation in a Moniliella tomentosa 
var pollinis fermentation [30]. The excessive foaming there was attributed to the induction of polysaccharides and 
erythritol formation. CL formation increases after N-limitation, indicating that CL indeed has an essential role in foam 

A B

Fig. 5  The course of biomass concentration during 6 cultivations A and CL concentration during 5 cultivations B of U. maydis in a 10 L fer-
menter using a standard aeration ring. Each cultivation is indicated with different data points’ shapes and colours. The numbers I–III indicate 
the different phases in relation to urea and glucose availability
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stabilisation. Sample 5 containing higher CL and biomass concentrations further showed lower  ud, indicating a posi-
tive correlation between CL and/or biomass concentration and foaming and foam stabilisation. To assess whether 
the enhanced foaming is solely due to contained CL and biomass or other water-soluble unknown components, the 
supernatant of sample 5 (sample 6) and its pellet resuspended in 0.9% NaCl (sample 7) were also examined. Both 
samples showed a high  ug and a low  ud, indicating that both biomass/CL and unknown water-soluble components 
positively affect foaming.

In general, low biosurfactant concentrations should serve as foam stabilizers, as previously shown for rhamnolipids, 
where low concentrations caused significant foam accumulation and higher concentrations resulted in enhanced 
foam stability [44]. These surface active components accumulate at the liquid–gas surface and thus stabilize foams. 
However, in the case of CL, the foam stabilizing effect may be due to two different mechanisms:

1. Dissolved CL molecules are oriented with their hydrophilic moiety, the cellobiose disaccharide towards the liquid 
film of the foam lamellae, while the hydrophobic hydroxypalmitic acid is oriented towards the gas phase (Fig. 7A.

2. Precipitated CL crystals can act as particles and reduce drainage and coalescence. Particles in foam tend to act as 
small dams and block drainage in thin foam lamella, thus leading to foam stabilisation (Fig. 7B, C). This effect was 
described for large particles between 1 and 10 µm by Hudales et al. [45].

Fig. 6  Foam generation  ug 
and decay  ud rates of samples 
1–8 containing different 
fractions of a culture broth 
with U. maydis, as described 
in Table 1. The samples were 
measured as described in 
Sects. 2, 3. The error bars indi-
cate the standard deviation of 
a triplicate

Table 1  Different samples used for the foaming test as described in Sect. 2.3 in triplicates. All samples contain the mineral salt medium used 
for cultivation. Further components are indicated in the table. Unknown components indicate other metabolites or extracellular proteins 
that may be in the sample but were not explicitly determined

+ : available, but not quantified; − : not available
a soluble amount of CL, not quantified

Sample # and description Sucrose Urea CL Biomass Unknown 
compo-
nents

1: Reference 1: Cultivation medium before inoculation 50 g  L−1 0.6 g  L−1  −   −   − 
2: Reference 2: 50 g  L−1 sucrose in a 0.9% NaCl solution at pH 2.5 50 g  L−1  −   −   −   − 
3: Culture broth from phase I (t = 6.5 h)  +  +  −   +  + 
4: Culture broth from phase II (t = 23.5 h)  +  −   +  +  + 
5: Culture broth from phase III (t = 144 h)  −   −  2.5 g  L−1 9.8 g  L−1  + 
6: Supernatant of sample 5  −   −  a  −   + 
7: Pellet of sample 5, washed and resuspended in a 0.9% NaCl solution at pH 2.5  −   −  2.5 g  L−1 9.8 g  L−1  − 
8: Pellet of sample 5, washed and resuspended in 50 g  L−1 sucrose in a 0.9% NaCl 

solution at pH 2.5
50 g  L−1  −  2.5 g  L−1 9.8 g  L−1  − 
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Considering the low solubility of CL in water [5], especially at the acidic pH value of fermentation, the first effect 
would be rather limited. Most of the produced CL precipitates as needle-like crystals [5] varying in size at pH 2.5. 
Microscopic images of CL culture broths reveal a heterogeneous size distribution of these crystals (own results, not 
shown), including crystals in the range of 1–10 µm, thus favoring the second foam stabilizing mechanism. Depending 
on the dominating effect, the mechanism of separating CL through foam during fermentations would be correctly 
termed foam fractionation or foam flotation. Since both effects would contribute to the separation process, in this 
paper for simplicity purposes, we only use the term foam fractionation.

Biomass can also serve as foam stabilizing agents due to their particulate character as wetted solids [46]. In a 
rhamnolipid fermentation, a more significant influence on foaming was attributed to Pseudomonas aeruginosa cells, 
compared to the effect of the biosurfactant [47]. However, comparing the effect of biomass vs. biosurfactant in the 
case of CL was not possible since extracting CL from the biomass pellet with ethanol for sample preparation would 
alter the cell surface and thus show different effects than the ones occurring during fermentation.

Further, cell hydrophobicity may vary along the different fermentation phases and affect the foaming behavior dif-
ferently. For example, in a T. reesei fermentation, increased cell hydrophobicity during the late exponential phase was 
presented as a possible reason for increased foaming [48]. Whether a similar effect explains the increased foaming after 
N-depletion and the end of the exponential growth phase during CL fermentation needs to be examined in further 
work. Nevertheless, the obtained results show an overall stabilizing effect of both CL and biomass on foam. Additionally, 
unknown water-soluble components present in the supernatant showed an equally significant stabilizing effect on the 
foam. These may include other metabolites or extracellular proteins, present in the culture broth.

However, sucrose (sample 8) did not further enhance the foaming parameters, although a stabilizing effect on foam 
was previously attributed to carbohydrates [49], and increased foaming is usually observed during CL fermentation right 
after the feed of sugar.

Besides culture media, biomass, extracellular proteins, and secondary metabolites, pH was also described to signifi-
cantly affect foam generation and stability by altering the charge of cells and thus changing electrostatic forces. In a 
rhamnolipid fermentation, foaming decreased at lower pH [47]. A change in pH further affects protein solubility, which 
can influence foam formation and stability [46]. However, in the case of CL fermentation, three different culture broth 
samples with adjusted pH values between 2.0 and 2.9 did not show a significant difference in  ug or  ud. This indicates that 
neither of the mentioned effects occurs in that pH range and shows stability in the foaming behaviour towards slight 
fluctuations in pH during the CL fermentation process.

Fig. 7  Schematic illustration of the hypothesized mechanisms of the foam stabilising effect of CL. A CL adsorption of soluble CL molecules 
in the liquid film surrounding a foam bubble. The circles indicate the hydrophilic parts, and the lines indicate the hydrophobic parts of CL. B 
The natural flow of liquid in foam lamellae due to drainage. C CL particle in a foam lamella, hindering the liquid flow and thus stabilising the 
foam
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Overall, although some culture components were identified as contributors to the foaming behaviour, no single 
component could be identified as the primary agent that significantly affects foaming. The foaming behaviour during 
CL fermentations remains a complex interplay of different parameters, as was previously shown for other fermentations, 
e.g., in [49]. In order to examine the effect of a foam column on CL enrichment and recovery, different foam columns were 
examined in a next step. Column design, including the column height and diameter can affect foam ripening effects 
and thus contribute to enrichment. A detailed overview on the effects of foam columns on enrichment and recovery is 
given in [28].

3.4  Effect of foam column on CL enrichment and recovery

The examination of three different foam columns with an U. maydis culture broth containing CL confirmed the hypoth-
esized positive effect of the columns on CL enrichment in the foamate (Fig. 8). An increase in CL concentration in the 
foamate fraction from approximately 1.0 g∙L−1 up to 1.7–2.4 g∙L−1 was achieved with all three columns, resulting in an 
enrichment of 1.9–2.3 and recoveries of 41–54%, respectively. This shows that using a foam column increases CL enrich-
ment in the separated foam. At the same time, CDW concentration decreased in the foamate fraction from 4.6, 5.8, and 
3.0 g∙L−1 to 3.2, 2.5, and 2.8 g∙L−1, and increased in the retentate to 12.5, 11.3 and 11.0 g∙L−1, respectively. While biomass 
loss is still present, an enrichment of only 0.22–0.26 was achieved in the foamate, showing that the affinity of CL to the 
foam is higher than that of the biomass. Transferring these results to the bioreactor and implementing a foam column 
to the FF setup would thus enhance the separation efficiency of CL (recovery and enrichment) while maintaining bio-
mass loss at a tolerable level. To further reduce biomass loss, a recirculation setup was implemented in the fermenter, 
as discussed in Sect. 3.7.

No significant change in sugar concentration in either fraction was found, as the sugar is transported in solution 
with the liquid fraction. However, this highlights the necessity of foamate recirculation in order to minimize medium 
component loss.

3.5  Effect of different aeration units on  kLa and foam formation

In order to assess the effect of aeration with a porous ceramic sparger on oxygen transfer rates and their possible effect 
on foaming during fermentation,  kLa values of the unit were first measured and compared to the values obtained with a 
traditional aeration ring. Implementing the porous ceramic sparger instead of a regular aeration ring resulted in higher 
 kLa values at the same power input and aeration rates (Fig. 9). This enabled covering the required oxygen supply to the 
microorganisms while reducing the power consumption needed for aeration and agitation.

In the case of U. maydis, an  OURmax in the range of 1.8–3.0 mmol∙gCDW
−1∙h−1 was measured, and an  OURmax of 

2.6 mmol∙gCDW
−1∙h−1 was measured with S. scitamineum.

Another lower limit for the minimum  kLa, or in that case for agitation and aeration rates, is the supply of sufficient air 
bubbles for foam generation when foaming is desired. The upper limit of  kLa is a minimum excess above the required 

Fig. 8  CL and biomass con-
centrations in the feed, reten-
tate, and foamate fraction 
after foaming a CL-containing 
culture broth of U. maydis 
using the set-up described 
in Sect. 2.4. 200/20, 300/30, 
400/40 indicate the length/
diameter of each column in 
mm
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minimal values to avoid unnecessary energy demand. Several fermentations in the 1 L and 10 L scale, where  kLa was 
adjusted to maintain a  pO2 level above 10% to ensure sufficient oxygen supply to the microorganisms, showed that 
neither additional stirring nor gas bubble introduction to the liquid was necessary for foam generation using the tra-
ditional aeration ring. The minimum agitation rate necessary for foam generation was determined at different aeration 
rates for U. maydis and S. scitamineum in a 1 L bioreactor, as previously published in a project report by our group [51].

Using the ceramic sparger even increased foam formation during fermentation significantly. In fermentations, where 
the ceramic sparger was used, larger amounts of foam were produced (qualitative observation). This is explained by the 
smaller bubble sizes introduced to the fermenter by the ceramic sparger, resulting in more stable and dense foam, as 
previously described in [21, 52]. Therefore, the filling volume of the fermenter had to be decreased to have enough head 
space for the formed foam. However, an increase in the filling volume was possible when adding a foam column to the 
fermenter, as discussed in detail in Sect. 3.7.

3.6  Purification of CL and variation in CL purity through FF

For a FF setup to be efficient, it has to result in an increase in CL enrichment and recovery in the separated fractions. In 
order to calculate these values, a purification protocol with minimal ethanol consumption was optimized to obtain puri-
fied CL after fermentation. Furthermore, the effect of FF on the purity of the obtained CL fraction was analysed.

The low solubility of CL in water at acidic pH values is of great advantage for the purification process. CL is largely 
present as a solid in the culture broth and can thus be separated from the liquid phase containing the remaining culture 
media and other secondary metabolites. CL crystals usually arrange themselves as agglomerates and form larger particles 
that are easily separated together with the biomass. As previously described by us, the biosurfactant is then obtained 
via ethanol extraction from the biomass/CL pellet [29]. Since ethanol consumption is a considerable cost factor in the 
purification process, our goal was to determine the minimum amount of ethanol needed for CL extraction from the pellet.

Solubility curves of three CL samples from U. maydis and S. scitamineum in different EtOH:H2O mixtures showed a 
sudden decrease in solubility at EtOH contents below 60% (Fig. 10). This means that during purification, the highest 
extraction efficiency at RT can only be obtained at EtOH contents above 60% in the solvent. However, after separation, 
the CL/biomass pellet already contains about approx. > 80% liquid, depending on the separation efficiency. Therefore, 
an EtOH:pellet ratio of 2 g∙g−1 was used for purification to guarantee an EtOH content above 60% in the solvent. One 
or more extractions were necessary until the biomass pellet was CL-free, based on the CL amount in the pellet. For two 
fermentations of U. maydis and one of S. scitamineum, it was possible to extract more than 90% of the produced CL in 
the first extraction step from the culture broth, the depositions, and the FF fraction, respectively.

Initial CL samples extracted from the pellet of a culture broth showed a yellowish colouring (Fig. 11A). TLC examination 
showed this is due to sugar residues in the CL extract. After separation, the liquid content in the CL/biomass pellet con-
tains dissolved sugar residues. Resuspending the pellet in acidic water results in a dilution of these sugars by the factor 
added amount of water

water content in pellet
 . By adding equal amounts of acidic water to the pellet, as the initial volume of the broth, the sugar 

content in the pellet was reduced to < 0.3% in a single washing step with acidic water (pH 2.5,  H2SO4) before extraction. 
Initial sugar residue concentrations in these samples varied between 15 and 43 g∙L−1. These results were obtained with 
four culture broths containing different sugar concentrations. The amount of acidic washing water used can be reduced 

Fig. 9  kLa values of a ceramic 
aeration unit and a gassing 
ring in a 10 L fermenter with 
8 L filling volume, measured 
according to [33]. Results were 
partly published previously 
[53]
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depending on the concentration of sugar residues in the pellet. The added washing step resulted in white CL after drying 
(Fig. 11B). Washing CL with acidic water to obtain higher purity was previously suggested by [14]. However, in that pro-
tocol, the already extracted CL was washed after drying. Adding the washing step before ethanol extractions proved to 
be less time-consuming since an additional drying step could be omitted. Further, resuspending the wet pellet after the 
first centrifugation step was more practical compared to resuspending the already dried CL. The use of acidic water is 
crucial here, to prevent a loss of CL due to dissolving in water at higher pH values.

A better method to obtain CL with high purity was achieved by implementing FF. Extracts obtained from the FCV or 
even from the depositions in the fermenter headspace showed less impurities and fatty acids, and the dry CL did not 
have a yellowish colouring; it was "whiter" than the fraction obtained from the culture broth extract. This was reflected in 
the TLC analysis, where fatty acids and other impurities of extracts obtained from the foam fraction were less compared 
to the extracts obtained directly from the culture broth (Fig. 12A, B). The origin of the fatty acids and other non-polar 
impurities detected in the extracts could be from extracellular lipids present in the culture broth’s liquid phase or lipids 
extracted from the biomass during purification. Having a smaller amount of biomass, due to FF (compare results in 
Sect. 3.4) would automatically result in a reduced amount of lipids that would be extracted. This will result in a higher 
purity of the extract obtained from depositions/foam, compared to the one obtained from the culture broth. Microscopic 
images of the depositions/foam fraction showed large amounts of CL crystals (Fig. 12C) with only few microbial cells. This 
may therefore be one reason for the increased purity of the CL extracts. Altogether, we managed to increase CL purity 
solely through FF without adding additional purification steps. Furthermore, using the same EtOH:pellet ratio during 
extraction, less ethanol was needed to extract CL from the foam depositions since the CL concentration in the foamate 
pellet is higher compared to pellets obtained from the culture broth.

Fig. 10  Solubility of three 
different purified CL samples 
obtained from U. maydis and 
S. scitamineum culture broths 
in different EtOH:H2O mixtures 
at room temperature. Solubil-
ity tests were performed in 
triplicates as described in 
Sect. 2.7. Error bars indicate 
the standard deviation of a 
triplicate

Fig. 11  Purified and dried CL 
obtained via ethanol extrac-
tion from fermentation broth 
pellets. A: without washing 
prior to extraction. B: with 
washing with acidic H2O (pH 
2.5,  H2SO4) prior to extraction
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3.7  Evolution of a FF setup to obtain maximum enrichment and recovery

Based on the previously shown results, we optimised a FF setup to maximise both enrichment and recovery of CL, as 
well as the utilised fermenter volume, and to obtain CL with high purity. The final setup consisting of a FC and a FCV is 
illustrated in Fig. 3. By implementing the ceramic sparger (Sect. 3.5), a significant shift in CL accumulation was observed, 
compared to a fermentation with a FF setup using a traditional aeration ring (Table 2). The increased foam formation 
caused by the smaller air bubbles of the ceramic sparger, and the hereby associated CL transport out of the culture broth 
decreased the remaining CL in the culture broth to only 1%. 98.6% of the produced CL was recovered from the deposi-
tions in the reactor headspace and the FF unit, including the FCV and the tubes leading to it. However, due to the lower 
filling volume that had to be used because of the increased foaming, a larger fraction of the separated CL accumulated in 
the fermenter headspace and could not reach the FCV. A total enrichment of 386 was achieved. These results are highly 
important when considering the DSP as discussed in Sect. 3.6.

However, a downside associated with the use of ceramic spargers, and the therefrom resulting increase in foam 
formation, is the associated transport of biomass. Right after inoculation, biomass accumulation in the foam (foam 
flotation) was observed and reflected in the overall lower biomass concentrations in the culture broth when using 
the ceramic sparger, compared to the aeration ring (Additional file 1: Fig. S4). This problem of biomass stripping 
with the foam is a well-known problem, as discussed for instance by Noble et al., where 22% of the total biomass 
was stripped out with the foam fraction in less than 40 h of fermentation [49]. One method to decrease biomass loss 
was the recirculation of foamate. Another solution was to compensate for biomass loss with a urea feed, resulting in 
an additional growth phase of biomass. Interestingly though, a higher biomass-specific product yield compensated 
for the lower biomass concentration, resulting in higher CL yields (Table 2).

While the use of the ceramic sparger increased the recovery rate significantly, adding a FC contributed to an 
increased enrichment and complete recovery of the produced CL. The combination of the ceramic sparger and 
foam column resulted in the complete separation of CL from the culture broth, reflected in a recovery rate of 100% 
(Table 2). Furthermore, the flexible construction of the FC enabled us to adapt the H/D ratio of the column to the 
amount of generated foam during fermentation.

By adding a FC to the fermenter headspace, we were able to increase the working volume of the fermenter to 9 
L because the column provided additional space for the foam. The empty fermenter headspace automatically acts 
as a foam column, providing the space and time for foam ripening effects to take place. While this would result in 
higher enrichment of CL, it also means a loss in potential working volume. Therefore, shifting the place of foam 
ripening from the fermenter headspace to the foam column increases available working volume while providing 
room for foam ripening. The higher working volume means a more efficient utilisation of equipment and thus a 
more economic fermentation process. Furthermore, the increase in the liquid column would provide gas bubbles 
with a longer residence time in the fermentation broth, resulting in a higher enrichment with amphiphilic molecules 
[53], like CL, to begin with.

Fig. 12  TLC lanes from two CL extracts obtained from a S. scitamineum fermentation. A: Extract from the culture broth. B: Extract from the 
separated foam fraction. C: Microscopic image of a sample from foam depositions containing CL crystals
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Another advantage of the higher working volume was the shift in the amount of recovered CL from depositions 
in the fermenter headspace towards the fraction obtained from the FCV (Table 2). While CL obtained from the 
depositions in the fermenter headspace is already separated from the culture broth, it remains in the fermenter 
during fermentation. On the other hand, depositions from the foam entering the FCV are entirely separated from 
the fermenter during fermentation. This may be of enormous advantage for in situ product recovery. Chen et al. 
were able to continuously separate rhamnolipid during a P. aeruginosa fermentation by implementing a FF with 
a FCV. This resulted in doubling the obtained concentration compared to their batch process [54]. With our setup 
and a working volume of 9 L in the 10 L fermenter, 85% of the separated CL remains in the reactor headspace, and 
a maximum of 15% were completely separated in the FCV. In order to increase this amount, the reactor should be 
entirely filled until the top. This would result in even higher fermentation capacity utilization and a complete CL 
shift towards the FCV.

Looking at the low share of biomass in the FF fraction (1%) when implementing the FC, it becomes evident that 
biomass becomes de-enriched in the separated fraction, as indicated by the offline experiments in foam columns. 
Additionally, recirculating the foamate from the FCV enabled us to limit the potential loss of separated biomass 
and nutrients. CL accumulated on the inserts in the FCV, while nutrients and biomass were recirculated to the fer-
menter along with the liquid foamate. The inserts further helped collapse the foam in the FCV due to shear stress. 
Examination of different types of inserts proved the used polypropylene balls to be best suited. They provided an 
increased surface area for CL accumulation, and CL was easily recovered by simply washing the balls due to their 
smooth surface. In contrast, CL recovery from the examined natural sponge and smaller polypropylene particles 
(Additional file 1: Fig. S5) was difficult due to their small size.

Overall, the small amount of biomass in the FF would mean that solely washing this fraction from remaining sug-
ars and drying it would result in purified CL. Depending on the aspired purity grade, this would save an additional 
separation step and, more importantly, the ethanol extraction. Linke et al. showed similar results for the recovery 
of laccase from a Pleurotus sapidus culture via foam fractionation. Equivalent purity was achieved compared to the 
purification from a filtrated supernatant [55]. However, depending on the area of application of the purified CL, a 
100% cell-free product may be required.

The initial loss of biomass due to the implementation of the ceramic sparger was compensated by an addi-
tional urea feed during this fermentation. This resulted in final biomass concentrations in the same range as in 

Table 2  Overview on 3 CL 
fermentations with U. maydis 
using an aeration ring and our 
ceramic sparger for aeration, 
as well as implementing a 
foam column to the FF setup

Parameter Aeration ring Ceramic sparger Ceramic 
sparger + foam 
column

Vstart [L] 8 6 9
tFerment [d] 7.0 9.6 9.7

V̇
air

[vvm] 0.25–0.38 0.14–0.31 0.16–0.27

cBTM,broth [g·L−1] 18.1 5.5 19.2
µmax  [h−1] 0.11 0.14 0.11
YPS [g·g−1] 0.10 0.15 0.11
YXS [g·g−1] 0.13 0.04 0.15
YPX [g·g−1] 0.78 3.75 0.73
STY [g·L−1·h−1] 0.07 0.09 0.06
Biomass in broth [%] n.a 51 94
Biomass in depositions, fer-

menter headspace [%]
n.a 44 5

Biomass in FF [%] n.a 5 1
CL in broth [%] 18 1 0
CL in depositions, fermenter 

headspace [%]
80 94 85

CL in FF [%] 2 5 15
E [ − ] 37 386 ∞
R [%] 81.9 98.6 100.0
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the fermentation where the aeration unit was used (Table 2). However, looking at the biomass-specific CL yields, 
it becomes disputable whether or not an increase in biomass concentration is necessary for efficient CL fermenta-
tion. Higher biomass concentrations did not result in higher CL concentrations but rather lower biomass-specific 
CL yields.

Overall, our newly developed FF setup with foam column resulted in increased utilisation of the fermenter 
volume and complete recovery of CL from the culture broth. This resulted in a smaller fraction that needed to be 
purified to obtain CL. A similar fermenter setup with a foam column is currently scaled to a 42 L fermenter during 
an S. scitamineum cultivation.

4  Conclusion

This work presents a FF setup that enables a stable CL fermentation without using additional foam mitigation methods. 
Our preliminary results showed that a CL-enriched fraction can be obtained when separating the foam fraction through 
a foam column (FC) from the culture broth. This was shown using three different column geometries at a fixed H/D ratio 
of 10. At the same time, biomass was not enriched significantly in the foam fraction but was nevertheless present, how-
ever, at significantly reduced rates. Nevertheless, biomass and media recirculation during fermentation were necessary 
for CL fermentation with FF.

A FF setup with a foam collecting vessel (FCV) with inserts and foamate recirculation was thus designed. Aeration and 
agitation rates necessary to cover the microorganism’s oxygen demand were sufficient to generate enough foam for foam 
fractionation. The fermenter headspace served as a column that enabled foam enrichment, and with this setup, we could 
recover > 90% of the produced CL from the separated fractions consisting of foam depositions in the fermenter head-
space and the foam collecting vessel. Integrating an external FC into the fermenter headspace increased the fermenter 
filling volume, thus obtaining a higher fermentation capacity. At the same time, the foam column resulted in sufficient 
CL enrichment in the foam fraction, enabling us to recover 100% of the produced CL from the foam depositions in the 
remaining fermenter headspace and the FCV attached to the FC.

The separated CL fraction was then purified via ethanol extraction to obtain high purity CL, with purities > 90%, using 
only 2  gEtOH∙gPellet

−1. Due to the high CL enrichment in the foam depositions, a lower amount of ethanol was needed for 
extraction compared to previous CL extraction from the culture broth. Furthermore, CL obtained from the foam deposi-
tions showed higher purity than CL obtained directly from the culture broth.

Examining different fermentation media constituents, including biomass and CL, showed that no single component 
could be identified as the primary agent that significantly affects foaming. Although it was shown that CL is a major 
contributor to foam generation, the foaming behaviour during CL fermentations remains a complex interplay of differ-
ent parameters. However, since both foaming and purification were previously identified as the main hurdles for the 
economical production of biosurfactants [56], integrating FF in our CL fermentation process is even more beneficial.
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