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1 | INTRODUCTION

Many fungi produce secondary metabolites that could be of
pharmaceutical interest, such as antibiotics (penicillin and
cephalosporins) [1], vitamins (riboflavin and §-carotene)
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Abstract

This study introduced an automated long-term fermentation process for fun-
gals grown in pellet form. The goal was to reduce the overgrowth of bioreac-
tor internals and sensors while better rheological properties in the fermentation
broth, such as oxygen transfer and mixing time, can be achieved. Because this
could not be accomplished with continuous culture and fed-batch fermentation,
repeated-batch fermentation was implemented with the help of additional biore-
actor internals (“sporulation supports”). This should capture some biomass dur-
ing fermentation. After harvesting the suspended biomass, intermediate clean-
ing was performed using a cleaning device. The biomass retained on the sporula-
tion support went through the sporulation phase. The spores were subsequently
used as inocula for the next batch. The reason for this approach was that the
retained pellets could otherwise cause problems (e.g., overgrowth on sensors)
in subsequent batches because the fungus would then show undesirable hyphal
growth. Various sporulation supports were tested for sufficient biomass fixation
to start the next batch. A reproducible spore concentration within the range of
the requirements could be achieved by adjusting the sporulation support (design
and construction material), and an intermediate cleaning adapted to this.

KEYWORDS
bioreactor internals, fungal growth, fungal pellets, repeated-batch fermentation, sporulation
conditions

[2, 3], and antifungals (griseofulvin and echinocandin) [4,
5]. Another interesting bioactive metabolite is the protease-
inhibiting substance produced by the aerobic filamen-
tous fungus Penicillium sp. IBWF 040-09), provided by
the Institut fiir Biotechnologie und Wirkstoff-Forschung

Abbreviations: BDM, bio dry mass; CAD, computer-aided design; Glu,
glucose; HPLC, high-performance liquid chromatography; IBWF,
Institut fiir Biotechnologie und Wirkstoff-Forschung gGmbH; YMG,

yeast extract, malt extract, glucose

gGmbH (IBWF). This substance could potentially be used
against pathogens, such as cysteine endopeptidases, offer-
ing the possibility of curing diseases, including trypanoso-
miasis — African sleeping sickness [6, 7].
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In general, there are two ways to cultivate filamentous
fungi, i.e., loose mycelia or pellets [8-10]. It has been men-
tioned in many studies [11-16] that fermentation in pellet
form resulted in lower viscosity of the broth in comparison
to the mycelial form. Gbewonyo et al. [17] reported that the
viscosity of fungal pellet fermentation was over 50 % lower
than that of mycelial fermentation. The lower viscosity of
the fermentation broth led to a shorter mixing time and
better oxygen transfer. In addition, fungal overgrowth on
bioreactor internals and sensors is lower when fungi grow
as pellets.

A disadvantage to pellet morphology could be mass
transport in the pellets, affecting productivity [18]. How-
ever, this should not be a serious problem in the pro-
tease inhibitor produced by Penicillium sp. IBWF 040-09)
because this substance is produced as a secondary metabo-
lite by undersupplied fungal cells [7]. Undersupply does
not mean that the substrates in the medium must be com-
pletely consumed. A limited mass transfer of the substrate
through the fungal pellets also leads to an undersupply of
the fungus inside the pellets. Posch et al. [19] reported that
pellets will continue to grow until a few hours before sub-
strate exhaustion is reached. At this point, even though
the growth of the outer pellets continues, the core pel-
lets will stop growing. Furthermore, Meyer et al. [16] also
highlighted that limited oxygen diffusion could destroy the
internal pellet structure. The inhibitory activity test, with
samples from fermentation with both pellets and mycelia
of Penicillium sp. (IBWF 040-09), showed that fermenta-
tion in the mycelial form resulted in only 24 % inhibitory
activity of the cumulated rows A, B, and C in the microtiter
plate (as described in [7]) in comparison to the same mass
of fungus in pellet form. This indicated that mass transport
limitation leading to undersupplied fungus inside the pel-
lets is preferred for producing the target substance in this
case. Because of the advantages of fermenting the fungus
in pellet form regarding process engineering aspects and
yield of the target substance, this growth form was the sub-
ject of the work presented here.

Protease inhibitors are expressed intracellularly by Peni-
cillium sp. IBWF 040-09) [7]. Because an increase in intra-
cellular products correlates with an increase in biomass
yield, the process engineering concept attempts to achieve
the highest possible space-time yield of biomass at low-
operating costs. From this perspective, continuous cul-
ture is preferred. However, with filamentous fungi in con-
tinuous culture, a problem arises over time, which also
occurs with pellet-like growth: the colonization of bioreac-
tor internals (such as aeration equipment and baffle plates)
and the sensors with the fungus increases. Fungal growth
in pellet form is suppressed after reaching a certain degree
of “biofouling” on the bioreactor internals. The fungus
then grows predominantly only in the undesired mycelial
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PRACTICAL APPLICATION

In long-term fermentation with filamentous fungi,
problems often arise because of the overgrowth
of fungal hyphae on the internal surfaces of the
bioreactor or the sensors. With sensors overgrown
with hyphae, it is no longer possible to obtain reli-
able measurement data. Such effects are less pro-
nounced when the fungus grows in the form of pel-
lets. In addition to the improve rheological proper-
ties of the fermentation broth, the pellet form may
also be favorable for product formation in some
cases. Under such circumstances, as in the case
of Penicillium sp. IBWF 040-09), repeated-batch
fermentation was considered to ensure growth in
pellet form and to achieve the desired productiv-
ity. In the developed process, growth in pellet form
was ensured by two measures, first, by intermedi-
ate cleaning that was possible in this process, and
second, by initiating each batch phase with fresh
spores instead of the retained biomass.

form, which consequently worsens the biofouling of the
bioreactor internals. The same problem occurs with long-
lasting fed-batch fermentation.

Based on the observations in preliminary studies, longer
fermentation time causes more fragile pellets, which is also
in agreement with the study on the age effect of pellets
by Cronenberg et al. [20]. Consequently, they break apart
more easily in the following batch, which leads to unde-
sirable fungal growth in the mycelial form. The change
in morphology after extended cultivation time has already
been observed in various filamentous fungi fermentations
when, for example, nutrients are limited [21]. Thereby,
hyphal breakage/fragmentation and vacuolization of the
older cells in hyphae can lead to autolysis [22, 23], leading
to an increase in the biofouling of sensors and other inter-
nals. Cronenberg et al. [20] also reported morphological
changes in the pellets of Penicillium chrysogenum during
fermentation, from compact into fluffy pellets. This phe-
nomenon was also shown by the change in mass trans-
port, as oxygen transport into the core of the fluffy pel-
lets increased again at the later stage of fermentation.
However, it is most likely that oxygen was not used for
metabolic activity because no glucose consumption was
detected in the deeper region of the pellets during this
period.

Therefore, this study reveals repeated-batch fermenta-
tion as an alternative approach to overcome the previously
described shortcomings. Compared to batch and fed-batch



Engineering

476

SOERJAWINATA ET AL.

in Life Sciences

fermentation, the time-consuming and labor-intensive
production of the inoculum was eliminated. The repeated-
batch fermentation described in this present study is dis-
tinct from the procedure presented in many conventional
studies, in which the biomass itself is the starting point
for new biomass growth [24-26]. In the newly suggested
repeated-batch approach, a defined amount of biomass
will be retained and then undergo the sporulation phase,
resulting in conidia used as inoculum for the next batch
fermentation. Thus, special bioreactor internals, referred
to in the following as sporulation supports, were designed
and tested. Two important criteria for sporulation support
are that the spores resulting from the sporulation support
should be sufficient to start the next batch, and fermenta-
tion should result in pellet form. To the best of our knowl-
edge, this is the first study about repeated-batch fermenta-
tion with the help of sporulation supports.

Furthermore, automation should be considered in the
laboratory to improve the production processes. Turbidity
sensors, which operate on a transmittance principle, are
commonly used to monitor the growth of microorganisms.
However, it is not suitable for microorganisms cultivated
in pellet form because of the uneven cell distribution in
the fermentation medium. Therefore, a time-consuming
and labor-intensive offline gravimetric method has been
the only available method to date. However, this method
has several disadvantages, including relatively large sam-
ple volumes and non-representative samples. To overcome
these disadvantages, the suitability of a sensor based on the
principle of backscattered light was examined.

When the first batch fermentation with sporulation
support was completed, the biomass was harvested, and
some biomass was retained on the sporulation support.
Before the retained biomass underwent the sporulation
phase, the bioreactor was cleaned using a self-rotating noz-
zle designed, constructed, and tested in this study. This
intermediate cleaning step was performed between batch
phases.

2 | MATERIALS AND METHODS
2.1 | Design and manufacturing of the
sporulation supports

The sporulation supports were designed using computer-
aided design (CAD) with the software Siemens NX 1859.
Manufacturing was performed with a Vida 3D printer
(EnvisionTEC GmbH) using the principle of inverse digi-
tal light processing (inverse DLP) at a temperature of 23°C.
The pixel width of the light projector with a power of 330 W
was 73 X 73 um at a resolution of 1920 x 1080. The printing
process was performed with a layer height of 50 um. For

this purpose, the components created in the CAD software
were divided into individual layers using Perfactory Rapid
Prototyping 3.2.3377.1712 software. The resins used were
HTM 140 V.2 (EnvisionTEC GmbH) and E-Shell 600 clear
(DeltaMed GmbH). E-Shell 600 clear is certified accord-
ing to the United States Pharmacopeia (USP) as Class VI
and thus is biocompatible according to ISO 10993, making
it suitable for pharmaceutical applications.

2.2 | Strain and inoculum preparation

The microorganisms used in this study were Penicillium
sp. IBWF 040-09), which were maintained on YMG-agar
plates (9 g/L glucose, 10 g/L malt extract, 4 g/L yeast
extract, 20 g/L agar, and adjusted to pH = 5.5using1 M
HCI). The agar plates were incubated at 22°C in an incuba-
tor (INCU-Line, IL 23R, VWR) for 4 weeks before fermen-
tation. Preservation of the fungi was performed using the
streak plate method from 2-week-old spore plates to new
agar plates every week. Inoculum preparation for fermen-
tation was conducted by washing the spores from an agar
plate using sterile 0.9 % NaCl solution containing 10 uL/L
Triton-X-100. Triton-X-100 was used to reduce surface ten-
sion because the spores were hydrophobic.

2.3 | Fermentations in the bioreactor and
shake flasks

A glass bioreactor UniVessel Glass DW 2 L from Sarto-
rius Stedim Biotech GmbH, equipped with two pieces of
a three-blade segment impeller (d; = 54 mm; d;/d, = 0.41),
was used. Other properties of the bioreactor are explained
elsewhere [7]. The fermentation medium used in this study
was the YMG medium, with a composition similar to that
described in Section 2.2 but without agar. A volume of 2 L
of the medium was used in all experiments with the addi-
tion of 1 g/L CacCl, [27-29]. Polypropylene glycol was added
before sterilization and used as an antifoaming agent at
a concentration of 25 uL/L of the medium. For fermen-
tation, the medium was autoclaved in the glass bioreac-
tor at 121°C for 15 min. Penicillium sp. (IBWF 040-09)
fermentation was conducted at 22°C. Before inoculation
with 6.62 x 10° spores/L of fermentation medium, sterile-
filtered Pluronic F68 with a final concentration of 0.2 %
(v/v) was added to the medium to reduce the shear stress
[30]. The initial aeration of the fermentation was set to
1 L/min (0.5 vvm). Aeration was controlled to maintain
a minimum dissolved oxygen (DO) saturation of 30 % by
increasing the atmospheric airflow rate to a maximum of
2.25 L/min and adding additional pure oxygen up to 0.25
L/min, as needed. The pH value during fermentation was
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only measured but not controlled to observe the metabolic
activity of the fungus. The stirrer speed remained constant
at 350 min™" (refers to ur, = 1m/s). Under these fermen-
tation conditions, the submerged fermentation of Penicil-
lium sp. (IBWF 040-09) resulted in pellets with diame-
ters between 2 and 4 mm. Each fermentation was termi-
nated when the aeration rate decreased and returned to
1 L/min. During fermentation, samples were taken regu-
larly to analyze further bio dry mass (BDM) and substrate
concentration (glucose and maltose). Substrate analysis
via high-performance liquid chromatography (HPLC) was
performed as previously described [7] with an additional
pre-column (Repromer Ca?*,9 pm, 20 X 8 mm, Dr. Maisch
GmbH). Online measurements of fungal growth were per-
formed using the CGQ BioR (Aquila Biolabs GmbH and
Infors AG).

Additional shaking flask experiments were performed in
250 mL baffled shaking flasks with a medium volume of
50 mL. The medium used was YMG medium, as described
above. The shaking flask experiments were performed at
22°C with shaking at 100 min™! in an incubator (HAT
Ecotron, Infors AG).

2.4 | Sporulation experiments

Pellets from shaking flask cultures were transferred into
sterile Schott bottles for sporulation experiments. Three
aeration conditions were used. One condition was per-
formed without an air supply in sealed Schott bottles. The
Schott bottles for the other two aeration conditions were
connected to an air supply via a sterile filter, with an
exhaust hose equipped with a sterile filter. In one case, the
Schott bottles were aerated with dry air; in the other, the air
was humidified with an upstream wash bottle. The Schott
bottles were incubated in a water bath (K12-NR, Peter
Huber Kiltemaschinenbau GmbH) or an incubator (Cer-
tomat HK, Sartorius AG) to maintain a constant tempera-
ture of 10°C, 16°C, 22°C, 28°C, and 37°C. Sporulation was
determined after 7 days by suspending spores with 50 mL
of sterile 0.9 % NaCl solution, to which 10 uL/L Triton-
X-100 was added. The concentration of this suspension
was determined using a Brightfield Cell Counter (Celldrop
BF, DeNovix Inc.). A volume of 10 uL of spore suspension
was used to quantify spore concentration. The focus was
adjusted according to the manufacturer’s instructions for
every measurement.

For the sporulation experiments in the bioreactor, the
entire medium, including the biomass, was pumped out
of the bioreactor at the end of fermentation. To ensure
reproducibility of the experiments, all biomass deposits in
the bioreactor were removed in a biological safety cabinet.
Only the biomass on the sporulation support remained in
the bioreactor. Subsequently, aeration with humid air was
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set to 0.2 L/min, and the temperature control in the reac-
tor was set to 22°C. The sporulation phase was terminated
after 7 days by suspending the spores with 2 L of sterile 0.9
% NaCl solution to which 10 uL/L Triton-X-100 was added.
The concentration of this suspension was determined anal-
ogously to the sporulation experiments in Schott bottles
using a Brightfield Cell Counter (Celldrop BF, DeNovix
Inc.).

2.5 | Determination of BDM

The BDM of the cells, expressed in grams of dry weight
per liter of culture medium (g/L), was determined gravi-
metrically. Samples (5 mL) collected during fermentation
were filtered using a Biichner funnel with a predried and
preweighted 0.45 um membrane filter (¢ 47 mm, PES
Supor Membrane Disc Filter, PALL Life Science). The
pellets were then washed with distilled water. The filter
cakes were dried at 80°C in an oven (UT12P, Thermo
Electron LED GmbH) until they reached a constant
weight. As previously described, the statistical assessment
(t-test) of the correlation between BDM and backscatter
was performed [7].

3 | RESULTS AND DISCUSSION

3.1 | Sporulation conditions
The sporulation phase occurs between the individual
batch phases of the repeated-batch process. The spores
produced are used as inocula for the subsequent batch.
Thus, it is important to provide optimal sporulation
conditions. Two parameters must be considered, namely
temperature and aeration conditions. Sporulation exper-
iments were conducted at different temperatures (10°C,
16°C, 22°C, 28°C, and 37°C) and aeration conditions
(humid aeration, dry aeration, and no aeration) in Schott
flasks. Table 1 shows the spore concentrations achieved as
described in Section 2.4 under different temperatures and
humidity conditions.

At 22°C with humid aeration, sporulation began after
3 days. At lower temperatures, sporulation occurred to a
lesser extent and was visible by eye only after 5-6 days. The
extent of sporulation was lower at higher temperatures. At
37°C, no sporulation was observed. These results indicated
that temperature is a crucial factor. Therefore, the bioreac-
tor should be fixed at 22°C during the sporulation phase
because this temperature is also used for preparation of
strain and inoculum preparation as well as fermentation
[7]. As shown in Table 1, sporulation also occurred on the
wet biomass without aeration because of sufficient oxygen
content and humidity in the (almost empty) Schott bottles.
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TABLE 1 Sporulation in Schott bottles under different temperatures and aeration conditions after 7 d
Temperature
10°C 16°C 22°C 28°C 37°C
Dry aeration Not determinable Not determinable Not determinable Not determinable Not determinable

3.16 x 10° spores/L
3.24 x 10° spores/L

3.43 x 10° spores/L
4.75 x 10'° spores/L

Humid aeration

No aeration

However, it was observed that at every temperature, dry
aeration caused the fungus to dry quickly before sporula-
tion could begin. Thus, these results indicated that suffi-
cient moisture must be available in the bioreactor, and aer-
ation of the bioreactor with dry air should be avoided dur-
ing the sporulation phase. To ensure that sufficient mois-
ture was available during the sporulation phase, humid
aeration at 22°C was used in the following bioreactor
experiments.

3.2 | Sporulation supports

Bioreactor internals, which we call sporulation supports,
were developed to retain a defined amount of biomass. The
geometries of these sporulation supports were designed
using CAD software. The design should ensure that
the biomass adhering to the sporulation supports is not
detached in turbulent stirring flow or during intermedi-
ate cleaning. The retained biomass should result in a spore
concentration between 6.62 x 10> spores/L and 6.62 X
10% spores/L after the sporulation phase, which was con-
sidered sufficient for growth in pellet form in prelimi-
nary studies. If the sporulation supports retain too much
biomass, they will form too many spores, and growth will
no longer occur in pellet form. If too little biomass is
retained during intermediate cleaning, the spore concen-
tration will be too low, and the production process will be
undesirably slowed in the next batch phase. When opti-
mizing the sporulation support, care must be taken to pro-
duce a reproducible spore concentration in the desired
range. However, this only works if intermediate cleaning
is performed accordingly. 3D printing, as described in Sec-
tion 2.1, was chosen to produce the sporulation supports
because this technique allows easy revision of the geome-
try within optimization. Two materials were tested as con-
struction materials: E-Shell 600 clear (DeltaMed GmbH)
and HTM 140 V.2 (EnvisionTEC GmbH).

3.21 | Fixed sporulation support

Fixed sporulation support was developed in the form of
a probe. It has been designed to be installed in a com-
mon 11 mm port in the head plate of many laboratory
fermenters via a 6 mm adapter. The installation height

1.22 x 10" spores/L Not determinable

2.02 x 10" spores/L

2 x 108 spores/L

6.3 x 10% spores/L Not determinable

A B

FIGURE 1 Type Fl1 (top row) and type F2 (bottom row) of the
fixed sporulation support; CAD drawings (A and D, respectively),
photos of manufactured fixed sporulation supports with E-Shell 600
clear (B and E, respectively) and biomass on them after
fermentation (C and F, respectively)

could be adjusted using a compression fitting. The distance
between the sporulation support and the stirrer shaft was
49 mm. Figure 1 shows the CAD drawings of two different
geometries (F1 and F2) of the fixed sporulation support and
photos of the manufactured fixed sporulation supports.
Figure 1C and 1F show the accumulated biomass onto the
sporulation support types, F1 and F2, respectively. It can be
seen that both fixed sporulation supports performed very
well. The sporulation support type F1 was designed as a
cylindrical body with grooves. These grooves protect the
fungi from shear stress; thus, the fungi could attach and
grow there. The BDM at the end of the fermentation with
sporulation support type F1 (first batch phase) was 5.79 +
0.29 g/L.

With the optimal sporulation conditions described in
Section 3.1, a spore concentration of 2.25 x 10 spores/L,
according to Section 2.4, could be measured using the
sporulation support type F1 (see Figure 1, upper row).
This spore concentration is in the range of the required
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spore concentration, as mentioned in Section 3.2. However,
it was approximately 300 times higher than the desired
initial inoculum concentration of ca. 7 X 10° spores/L.
Therefore, further optimization was performed to reduce
biomass accumulation and the subsequent sporulation
of biomass. The length of the sporulation support was
decreased from 80 to 10 mm, and different shapes were
designed to control the growth on the sporulation support.
This geometry optimization resulted in sporulation sup-
port type F2, which possesses a cylindrical hollow body
structure formed by a 3D grid (see Figure 1, bottom row).
The sporulation support type F2 produced better results
in biomass accumulation and subsequent spore concen-
tration achieved (3.76 x 107 spores/L). This spore concen-
tration was not as high as type F1 and was a better start-
ing point for cultivation. A drawback was the lower BDM
(4.35 £ 0.26 g/L) obtained at the end of fermentation (first
batch phase).

The pH profiles of the subsequent fermentation after
sporulation (second batch phase) exhibited the typical
profile of fermentation with Penicillium sp. IBWF 040-09)
in all experiments, as previously shown [7]. This suggests
that the metabolic activity of the fungus in the experi-
ments corresponded to fermentation inoculated with a
spore suspension.

Unfortunately, during the experiments, the fixed sporu-
lation support resulted in more free mycelia and fewer pel-
lets compared to conventional batch fermentations with
a spore suspension as the inoculum. The additional reac-
tor installation led to higher shear forces in the fermenta-
tion broth, which destroyed the pellets. Revising the design
of the fixed sporulation support (from type F1 to type F2,
as described above) reduced the additional shear forces,
ensuring growth mainly in pellet form. Nevertheless, other
solutions were still sought (see Section 3.2.2).

3.2.2 | Spinning sporulation support

The spinning sporulation support was designed and devel-
oped to be mounted on the stirrer shaft between the
two stirrers. This arrangement should minimize the inter-
ference of the flow in the bioreactor. Because the spin-
ning sporulation support acts like a thicker stirrer shaft,
it should cause less additional shear forces than the
fixed sporulation support. The rotation of the sporulation
support should also prevent the deposition of excessive
amounts of biomass on the outside of this sporulation
support compared to the fixed sporulation support. The
deposition should only occur in protected areas because
of the shear forces on the flat rotating outer surface. Two
types of spinning sporulation supports were designed (see
Figure 2): type S1 with an outer closed structure and type

in Life Sciences

FIGURE 2
sporulation (bottom row) of different types of spinning sporulation
support made of HTM 140 V.2 (A and D = type S1, B and E = type
S2a) and E-Shell 600 clear (C and F = type S2b)

CAD drawings (top row) and photos after

S2 with grooves on the outside, similar to those of the
fixed sporulation support type F1. Type S1 protected fun-
gal growth in vertical slots.

Fermentation with sporulation support type S1 resulted
in the desired growth in pellet form and a BDM of 5.09 +
0.55 g/L at the end of fermentation (first batch phase).
Although biomass deposition on the support was very
low (see Figure 2A), a spore concentration of 3.75 X
107 spores/L, according to Section 2.4, was achieved after
the subsequent sporulation phase. This value was more
than sufficient for reactor inoculation. In contrast, fer-
mentation with type S2a showed a lower BDM of 3.88 +
0.31 g/L. More biomass was deposited on the sporulation
support (see Figure 2B). Because type S2a was equipped
with grooves, a larger surface area was provided for the col-
onization of the fungus compared to type S1. As aresult, the
spore concentration with type S2a was 9.00 x 108 spores/L,
which was 24-times higher than that of type S1.

Further optimization of the sporulation support type S2
was conducted by providing fewer grooves (type S2b). In
addition, instead of HTM 140 V.2 (dark gray), the E-Shell
600 clear (colorless-transparent) material was used in 3D
printing. Both measures could improve biomass deposition
in the desired way (see Figure 2F). Biomass accumulated
only in the grooves of sporulation support. The cross-flow
during agitation and the smooth material E-Shell 600 clear
prevented the accumulation of further biomass on the sur-
face as desired. The BDM at the end of fermentation (first
batch phase) was 5.72 + 0.42 g/L, which was the best result
achieved with the spinning sporulation supports.
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After the sporulation step, a sufficient spore concen-
tration of 3.76 x 107 spores/L was achieved. The subse-
quent fermentation (second batch phase) with Penicillium
sp. (IBWF 040-09) showed a typical pH course and normal
metabolic activity. A shortcoming of the spinning sporula-
tion support is the positioning between the stirrers, which
is not possible in every case.

3.3 | Measurement of the fermentation
progress with a backscattered light sensor

Tests were conducted to determine whether online pro-
cess monitoring was possible with the non-invasive sensor
CGQ BioR (Aquila Biolabs GmbH and Infors AG). It mea-
sures the backscattered light through the reactor wall (for
laboratory glass reactors). Higher cell densities increase
the probability of backscattering. Therefore, the backscat-
tered light is theoretically proportional to the cell concen-
tration. This principle works very well in the fermentation
of bacteria and yeast. [31-33]. In contrast, Jansen et al. [34]
reported problems regarding the reproducibility of mea-
suring fungi that grew in pellet form in microbioreactors.
Nevertheless, this study determined whether the sensor
was suitable for application in the present case. This sensor
was advantageous because it was attached to the outside
of the bioreactor wall; thus, it did not generate additional
shear forces in the bioreactor.

The sensor could detect the increase in biomass concen-
tration in the exponential phase, as shown by the compar-
ison with the BDM determined in parallel (see Figure 3A).
Using measurements in triplicate and a statistical assess-
ment (¢-test), which was previously described [7], a good
correlation occurred between the sensor signal and the
BDM with 95 % prediction accuracy (see Figure 3B). The
linear correlation was 136.72 + 11.97 AU X L/g for Penicil-
lium sp. (IBWF 040-09) fermented under the experimen-
tal parameters presented here. The resulting deviation was
mainly because the biomass was also deposited on the reac-
tor wall in the vicinity of the sensor position distorting the
measurement results. However, as is shown in Section 3.4,
this biomass could be removed between batch phases with
intermediate cleaning. Therefore, CGQ BioR is a suitable
sensor for automating fungal fermentation in pellet form
in conjunction with a repeated-batch process.

3.4 | Cleaninglance

The main idea was to determine a suitable approach for
long-term fermentation in pellet form to produce a suf-
ficient amount of the target substance for further stud-
ies of pharmaceutical activity. This process should be fea-
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FIGURE 3 Online data from CGQ BioR sensor (A, line) and
offline data from bio dry mass determination (A, dots) and
correlation between bio dry mass and sensor signal in exponential
phase (B)

sible without “dead times” for cleaning and sterilization
and without additional work to produce spore suspensions
for inoculation. A cleaning phase between batch phases
is an important step to ensure growth in pellet form and
the functionality of the pH- and pO,-sensors. Therefore,
a cleaning device that could be implemented in repeated-
batch fermentation was also introduced and tested in this
study. In addition, biofouling, which could occur during
fermentation even with the growth in pellet form, will lead
to an inaccurate measurement of biomass concentration,
both online and offline. In the case of the online measure-
ment presented in Section 3.3, any biofouling on the biore-
actor wall will also result in an incorrect interpretation of
the sensor signal using a calibration curve because the cal-
ibration curve was made in the absence of biofouling. This
is one reason why cleaning devices are necessary.

Fixed or rotating nozzle systems are implemented in
cleaning industrial reactors and bioreactors. However, no
cleaning nozzle system is commercially available for lab-
oratory bioreactors. Therefore, a “cleaning lance” with a
self-rotating nozzle that could be installed in a PG 13.5
port or with an adapter in an M26 X 1 port was designed
and built (see Figure 4). Height adjustment was possible
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FIGURE 4 CAD drawings of the cleaning lance (A) and

self-rotating nozzle PicoWhirly (B) and photo of the cleaning lance
with a compression fitting (C)

by compression fitting. The nozzle PicoWhirly (Lechler
GmbH) was selected as a suitable nozzle for the existing
2-10 L bioreactors.

Commonly used alkalis, acids, or cleaning solutions can-
not be used in the repeated-batch process because they pre-
vent sporulation. Therefore, we investigated whether a suf-
ficient cleaning effect could also be achieved when operat-
ing the rotary nozzle with sterilized water. STT sterile cou-
pling (Sartorius Stedim Biotech GmbH) was installed on
the hose supply line of the cleaning lance. This allowed the
bioreactor to be autoclaved as usual. The sterilized water
required to operate the cleaning lance was autoclaved sep-
arately in a pressure vessel with a riser tube (pressure
cask). The corresponding counterpart of sterile coupling
was mounted on the riser tube. A sterile filter was placed
at the compressed air connection of the pressure cask. The
complete assembly was sterilized in an autoclave. After
connecting the sterile coupling, it was possible to rinse
the bioreactor. The maximum permissible pressure of the
first test setup was 2 bar,. At this pressure and with a suit-
ably selected position of the cleaning lance, a reasonably
good cleaning effect was achieved (see Figure 5). In par-
ticular, we wanted to ensure growth in pellet form and
to maintain the functionality of the pH- and pO,-sensors.
Both are already possible with the cleaning performance
achieved so far. However, because (small) biomass residues
are present, further optimization with regard to position
and pressure must be conducted to achieve a cleaning
effect at the desired level.

Because of the geometry of the sporulation support (see
Section 3.2), part of the biomass remained on the sporula-
tion support in the bioreactor as desired, despite the use of
the cleaning lance. Moreover, the remaining biomass could
sporulate after cleaning. The cleaning lance and pressure
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FIGURE 5 Biofouling after a batch fermentation of 140 h (A)
and cleaning effect of the cleaning lance (B); dissolved oxygen
sensor before (C) and after cleaning with the cleaning lance (D)

cask could also be used to refill the bioreactor with fresh
medium, which allowed the spores that form on the sporu-
lation support to be better rinsed and uniformly suspended
in the fermentation medium. Sterilization of the medium
in an autoclave could be performed using a pressure cask.

3.5 | Repeated-batch fermentation

After all individual steps for the planned repeated-batch
process were successfully implemented (see Sections 3.2,
3.3, and 3.4), it was investigated whether the desired pro-
cess flow could be carried out. In this process, the spores
formed on the biomass retained by the sporulation support
were rinsed off and suspended via the cleaning lance at the
beginning of the following batch phase, when the biore-
actor was refilled with fresh medium. A problem caused
by aeration during sporulation was identified. Some of the
spores formed on the sporulation support were already
distributed in the reactor during the sporulation phase if
the airflow rate was too high. This led to an undesirable
high deposition of biomass on the internals and in the
headspace of the bioreactor. Therefore, the airflow rate
must be reduced in the sporulation phase to 0.1 vvin, which
is sufficient.

Figure 6 shows the typical pH curve and glucose con-
sumption profile for the fermentation of Penicillium sp.
(IBWF 040-09) in both phases of repeated-batch fermen-
tation. The biomass growth calculated from the values
of the backscattered light sensor also showed a similar
trend of fungal growth in both batch phases. However,
the signal of the backscatter sensor was interfered with
starting from t = 370 h, which is because the cleaning
lance was not yet optimized to ensure proper intermediate
cleaning of the bioreactor. During the subsequent batch
phase, accumulation of new mycelia was observed on the
remaining biomass, which was located in the upper part
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FIGURE 6 Course of the pH value (black line), glucose

concentration (dots), and the biomass concentration calculated
from the signal of the backscatter sensor (red line) in a
repeated-batch fermentation; starting at 370 h, the backscatter
signal was interfered with by the biofouling on the bioreactor wall

of the bioreactor wall and some parts of the stirrer (see
Figure 4). The accumulation of biomass on the reactor wall
in the area of the backscatter sensor led to measurement
errors. Further optimization of the cleaning process is
expected to significantly improve the online measurement
of growth in this case.

4 | CONCLUDING REMARKS

An automated long-term fermentation process of the fil-
amentous fungus Penicillium sp. (IBWF 040-09) in pellet
form was designed and investigated in this study. Sporula-
tion support, cleaning lance, and backscattered CGQ sen-
sors were implemented in repeated-batch fermentation.
The purpose of the sporulation support in repeated-batch
fermentations was to accumulate a suitable amount of
biomass, keep this in the bioreactor during intermediate
cleaning, and enable a subsequent sporulation phase. The
spores were then used as inocula for the next batch phase.
This approach ensured fungal growth in the form of pellets.
The amount of biomass retained by the sporulation sup-
ports was adjusted by changing the geometry. The inter-
action between the designs of the sporulation supports on
the one hand, and the intermediate cleaning on the other
is important. Using suitable geometries, we have achieved
different amounts of biomass formed on the sporulation
supports, which are rinsed off during intermediate clean-
ing in such a way that the remaining biomass produces a
spore concentration that is within the desired range of val-
ues. The complete procedure for repeated-batch fermenta-
tion is summarized as follows:

Step 1: First batch phase at 22°C with spore suspension
as the inoculum.

Step 2: Determination of fungal growth with the CGQ
sensor (see Section 3.3); stop the batch phase when
the sensor signal indicates a decreasing growth rate
or when the aeration rate decreases to 1 L/min.

Step 3: Harvest the biomass and empty the bioreactor
(preferably via a bottom drain valve).

Step 4: Intermediate cleaning of the bioreactor with a
cleaning lance by rinsing with sterilized water (see
Section 3.4).

Step 5: Starting the sporulation phase with the help of
sporulation support (see Section 3.2) at 22°C with
humid aeration (see Section 3.1) and reduced air-
flow rate (see Section 3.5).

Step 6: Refilling the bioreactor with fresh medium via
cleaning lance and uniform suspension of spores in
the medium.

Step 7: Start the next batch phase by increasing the air-
flow.

Step 8: Continue with Step 2

With this concept, biofouling on the surfaces of the
bioreactor and sensors can be avoided and removed during
the process. Consequently, the pellet form could be main-
tained in repeated-batch fermentation. To evaluate the fer-
mentation strategy with the sporulation support in more
detail, the fungal morphology and the production of the
target substance are being investigated in studies already
underway.
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