W) Check for updates

Received: 24 October 2025 Revised: 23 February 2026 Accepted: 27 February 2026
DOI: 10.1002/aic.70348

RESEARCH ARTICLE AI?BIEJRNAL

Biomolecular Engineering, Bioengineering, Biochemicals, Biofuels, and Food

Scale-up of Streptomyces species cultivations based on the
morphological response to the energy dissipation rate

Gesa Brauneck? | Anton Brass? | Artiom Boreiko? | Marvin UeReler? |
Marcel Mann® @ | Johannes Pastoors®® | Valentin Steier'® | Philipp Eibl?® |
Christian Witz? | Dorothea M. Schiitterle®* | Ivan Schlembach®* |

Miriam A. Rosenbaum®4® | Jorgen Magnus?

LAVT—Biochemical Engineering, RWTH Aachen University, Aachen, Germany
2SimVantage GmbH, Graz, Austria
3Leibniz Institute for Natural Product Research and Infection Biology, Hans-Knéll-Institute, Jena, Germany

“Faculty of Biological Sciences, Friedrich-Schiller-University Jena, Jena, Germany

Correspondence
Jorgen Magnus, AVT—Biochemical Abstract
Engineering, RWTH Aachen University,
Aachen, Germany.

Email: jorgen.magnus@avt.rwth-aachen.de formation and are affected by various bioprocess parameters. Consistent morphology

Filamentous microorganisms exhibit complex morphologies that influence product
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vations demonstrated that variations in hydromechanical stress, quantified by the
energy dissipation rate, strongly affect the morphology of Streptomyces spp., confirm-
ing its relevance for scale-up. A scale-up based on the average energy dissipation rate
led to altered morphology. Alternatively, the maximum energy dissipation rate was
investigated, as it reflects hydromechanical stress more accurately. Since prior deter-
mination or measurement is unfeasible, computational fluid dynamics (CFD) simula-
tions were applied for systematic quantification. Scale-up based on these simulations
resulted in improved morphological consistency across scales, suggesting a new
scale-up parameter. To overcome oxygen limitations, pure oxygen aeration was

implemented, further enhancing morphological comparability.
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1 | INTRODUCTION

Streptomyces spp. are the largest genus within the Actinomycetota,
comprising over 700 described species.>? These gram-positive, aero-
bic bacteria are ubiquitous in soil environments.® Due to their exten-
sive genomic capacity and metabolic versatility, Streptomyces spp.
exhibit a broad range of secondary metabolites?® including pigments,*
siderophores,® and most notably, numerous pharmaceutically relevant
products.>¢ This remarkable metabolic versatility makes Streptomyces
spp. one of the most promising bacterial genera for application in
biotechnology.

In contrast to most bacteria, Streptomyces spp. do not proliferate by
binary cell division into coccoid or rod-shaped cells, but rather exhibit a
complex, filamentous growth resembling that of fungi.”® Their life cycle
begins with the germination of spores, from which germ tubes emerge
and differentiate into a branching network of hyphae. Hyphal elongation
occurs exclusively at the apical tips, leading to the formation of a vegeta-
tive mycelium. Under specific, often nutrient-limiting conditions, an aerial
mycelium develops, which eventually differentiates into chains of
spores.”? The macroscopic and microscopic morphology of filamentous
microorganisms is highly variable and influenced by both genetic and
environmental factors. Depending on the species and cultivation condi-
tions, growth in submerged cultivations may occur as dispersed mycelia,
as compact pellets, or as intermediate morphologies such as clumps.’®
Several bioprocess parameters critically affect the morphology of filamen-
tous microorganisms. These include the composition of the medium,* as
well as osmolality,*? pH value,*® temperature,** the presence of additives
such as talc,® or the inoculum concentration.** Furthermore, process con-
ditions such as oxygen availability and hydromechanical stress have a sig-

1415 The two major types of

nificant impact on morphology.
morphologies, pelleted and dispersed, exhibit specific advantages and dis-
advantages in biotechnological processes but there is no universally opti-
mal morphology since the preferred growth form is highly product- and
process-specific. However, it is well established that morphology has a

111416 affecting not only

profound influence on microbial productivity,
the product formation and secretion but also the extent of posttransla-
tional modifications.'” Therefore, consistent and precise control of mor-
phology is essential to ensure reproducibility, scalability, and overall
performance of microbial processes.

In bioprocess development, shake flasks are widely used due to their
low operational effort and high throughput.® At industrial scale, how-
ever, cultivations are conducted in bioreactors, with the stirred-tank
reactor having become the predominant system, accounting for approxi-
mately 90% of all conducted bioprocesses.'> Scale-up from shake flasks
to stirred-tank reactors is challenging due to the transition from a laminar
flow regime in shaken systems'? to a turbulent flow regime in stirred
systems,?° resulting in different hydrodynamics. This difference affects
critical process conditions, including oxygen availability, mixing time, and
hydromechanical stress.'>??? These parameters are also frequently
used as scale-up parameters, although the choice of an appropriate
scale-up parameter varies depending on the specific process.

Hydromechanical stress represents a relevant scale-up parameter

for bioprocesses involving shear-sensitive organisms, such as animal cell

cultures and filamentous microorganisms. The latter, including Streptomy-
ces spp., are particularly sensitive due to their complex morphology.1#
Hydromechanical stress refers to the mechanical forces acting on cells as
a result of fluid movement, arising from flow-induced shear, turbulence,
mixing, and aeration.?>?® A prevalent hypothesis to quantify hydrome-
chanical stress attributes cell damage to eddies similar in size to the
cells,®* with the smallest eddies calculable via Kolmogorov's theory.?®
Given the larger cell size of filamentous microorganisms compared to
unicellular organisms, this explains their sensitivity. For a more quantita-
tive assessment, the volumetric power input or the energy dissipation
rate is commonly used.!”?® In most studies, the average volumetric
power input or average energy dissipation rate is used,>”?® representing
an average value over the liquid phase. However, these average values

do not account for spatial heterogeneities?®*°

and are inadequate for
systems with significant local fluctuations, such as stirred-tank reactors.
This limitation is particularly critical in cultivations with shear-sensitive
organisms,'? like filamentous microorganisms, where local peaks in
hydromechanical stress can affect morphology. Thus, the maximum
power input, the maximum energy dissipation rate, or the quotient of
maximum and average values provide a more accurate measure of
hydromechanical stress.?°

Although the maximum energy dissipation rate or its ratio to the
average is useful for quantifying hydromechanical stress, reported
values in literature for the ratio vary widely due to process-specific
factors, but also due to the lack of determination.®? Aeration further
complicates the issue by significantly affecting energy dissipation
rates.>2 While a few empirical correlations exist,2® they are system-
specific and not applicable to the reactor studied here. Conse-
quently, estimating the maximum energy dissipation rate remains
uncertain. Nowadays, computational fluid dynamics (CFD) simula-
tions enable a detailed analysis of hydromechanical conditions and
can be applied to quantify energy dissipation rates.??*3 Eslahpazir
Esfandabadi et al. demonstrated this by using CFD-based modeling
to more accurately describe hydromechanical stress in stirred-tank
reactors during Aspergillus niger cultivations.>* More recently, Zhou
et al. developed a CFD model for Streptomyces atratus in a 5L
stirred-tank reactor, focusing primarily on the dynamic changes of
the broth viscosity during cultivation due to biomass growth and its
effects on the production of ilamycin E, while also incorporating
aspects of energy input.>> CFD simulations have also been con-
ducted for shake flasks, including analyses of energy dissipation
rates, by both Dinter et al.>¢ and van Valderen et al.®” In both cases,
the results were consistent with the empirical data reported by
Blichs et al. in 2000. Despite their potential, CFD simulations
require considerable expertise, computational resources, and effort
to be implemented effectively, which is why their application in
industrial process development remains limited.

Although various Streptomyces spp. have been extensively stud-
ied, systematic and quantitative scale-up approaches remain limited.
Many review and research articles highlight hydromechanical stress
as a key parameter for scaling up filamentous microorganisms,
including Streptomyces spp. However, this knowledge is rarely imple-

mented in practice, likely due to the complexity in its determination.
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Power input and energy dissipation rate are often referenced, but
usually only as average values. For example, Zhou et al. reported the
influence of stirrer speed on Streptomyces kanasenisi, but based their
scale-up primarily on oxygen availability.>® Gamboa-Suasnavart
et al. studied the scale-up of Streptomyces lividans using average vol-
umetric power input and observed morphological differences
between shake flasks and stirred-tank reactors, which were not fur-
ther addressed.1”%?

This study aims to develop a scale-up strategy for Streptomyces
spp. from shake flasks to stirred-tank reactor. The energy dissipation
rate was selected as the scale-up parameter, as the literature shows
that it quantifies hydromechanical stress imposed on filamentous
microorganisms, which are particularly sensitive to it.2>4° Both aver-
age and maximum values are evaluated, and two novel stirrers are
employed to modify their ratio. Additionally, simulations for the
stirred-tank reactor are carried out to develop a deeper and more
quantitative understanding of the process. The insights gained serve
as a valuable basis for subsequent cultivations, with the goal of
achieving comparable morphology of various Streptomyces spp. in

both scales.

2 | MATERIALS AND METHODS

21 | Microorganisms

This study involved three different Streptomyces spp. obtained from the
culture collection of the Leibniz Institute for Natural Product Research
and Infection Biology, Hans-Knéll-Institute (Jena, Germany), specifically
Streptomyces coeruleorubidus DSMZ 40145 (S. coeruleorubidus), Strepto-
myces albofaciens DSMZ 20368 (S. albofaciens), and Streptomyces bobili
DSMZ 40481 (S. bobili), which were previously identified as Streptomy-
ces galilaeus.**

Spore solutions were prepared similarly to Hobbs et al.*? and
Finger et al.* Briefly, a spore solution was spread on agar plates,
consisting of 20 g L~ soy flour (Reformhaus, Zarrentin, Germany),
20 g L~! mannitol, and 20 g L~ agar (both from Carl Roth GmbH
+ Co. KG, Karlsruhe, Germany), and incubated at 30°C for 7 to
10 days, depending on the species. Afterward, the spores were har-
vested by scraping off and suspending them in deionized water.
The mycelium was removed by filtration with a 40 um cut-off cell
strainer (pluriSelect Life Science, Leipzig, Germany). The spore con-
centration was measured using a particle sizer (Multisizer 4e, Beck-
mann Coulter, Brea, USA) and adjusted to 108 mL~. The spores
were stored at —80°C in 25% glycerol (Carl Roth GmbH 4 Co. KG,
Karlsruhe, Germany).

2.2 | Medium composition

Medium composition was adapted from Pakula medium*3, as pre-
viously described.** The used chemicals were sourced from Carl
Roth GmbH + Co. KG (Karlsruhe, Germany), Merck KGaA
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(Darmstadt, Germany), or VWR International (Radnor, USA). For
all cultivations, the medium consists of 15 g Lt glucose, 0.1 M 2
(-N-morpholino)-ethanesulfonic  acid, 7.6gL™' (NH4),SO0.,
2.6 gL™t KHyPO,, 0.50 gL~ MgSO, - 7H,0, 0.45g L™t citric
acid, 0.30 g L™* urea, 0.23 gL~* CaCl, - 2H,0, 0.05 g L™* NaCl,
0.04 gL ZnSO,4 - 7H,0, 8.0 mg L~! CuSO, - 5H,0, 6.8 mg L™t
CoCl, - 6H,0, 6.0mgL™?! Fey(SO4); - H,O, 40mglL?
MnSO, - 7H,0, 2.0 mg L=t H3BO3, and 0.01% v/v Tween 80. The
pH value of the medium was set to 6.7 by adding 5 M NaOH, and
Tween 80 was added after pH value adjustment. Subsequently,
the medium was sterilized by filtration through a 0.22 um cut-off
filter (Millipore, Merck KGaA, Darmstadt, Germany). The medium
was stored as two-fold concentrated stock at room temperature,

with glucose added freshly just before the experiment.

2.3 | Precultures

Precultures were prepared by inoculating modified Pakula medium,
see Section 2.2, with 10 mL~* spores and cultivated in unbaffled
250 mL shake flasks containing 20 mL of medium. The further cultiva-
tion conditions were set to a temperature of 30°C, a humidity of 80%,
a shaking frequency of 350 rpm, and a shaking diameter of 50 mm
(Climo-Shaker ISF1-X, Adolf Kiihner AG, Birsfelden, Switzerland). To
prevent pellet formation and achieve a higher homogeneity, 600 mg
of glass beads with a diameter of 2.7 + 0.27 mm (BioSpec Products,
Bartlesville, USA) were added to each flask®. The precultures were
incubated for 3 days, after which cells were harvested by centrifuga-
tion at 4000 rpm for 10 min (Rotina 35R, Andreas Hettich GmbH,
Tuttlingen, Germany). The supernatant was discarded, and the cell
pellet was resuspended in deionized water.

2.4 | Main cultures

Main cultures were conducted in modified Pakula medium, see
Section 2.2, and inoculated with cells from the preculture. The optical
density at the beginning of the cultivation (ODs,), measured at
600 nm using a photometer (Genesys 20, Thermo Fisher Scientific,
Darmstadt, Germany), was set to 0.2.

Shake flask cultivations were conducted in unbaffled 250 mL
shake flasks with a filling volume of 20 mL. The temperature was set
to 30°C, the shaking frequency to 350 rpm, and the shaking diameter
to 50 mm (Climo-Shaker ISF1-X, Adolf Kihner AG, Birsfelden,
Switzerland). An in-house built respiratory activity monitoring system
(RAMOS) was used to monitor the oxygen transfer rate (OTR) during
the cultivations.*® All shake flask cultivations were conducted in bio-
logical duplicates or triplicates.

Cultivations in bioreactors were performed in a 2 L stirred-tank reac-
tor (Biostat, Sartorius, Géttingen, Germany), which was equipped with four
baffles and one stirrer. Three different stirrers were used, one standard
six-bladed Rushton turbine (diameter 52.6 mm, blade height 10.5 mm,
blade width 14.3 mm) and two newly designed ones (small: diameter:
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34 mm, blade height: 6.8 mm, blade width: 8.5 mm; large: diameter:
80 mm, blade height: 16 mm, blade width: 20 mm), see Supporting
Information S1: Supplement 5. OTR and carbon dioxide transfer rate
(CTR) were determined from the exhaust gas analysis (DASGIP GA4,
Eppendorf SE, Hamburg, Germany). To keep the conditions as comparable
as possible to those in the shake flask, the pH value was measured during
cultivations (EasyFerm Plus K8 225, Hamilton, Hoechst, Germany) but not
controlled. Similarly, the dissolved oxygen tension was measured (VisiFerm
DO 225, Hamilton, Hoechst, Germany) but not controlled. The filling vol-
ume was 1 L, and the temperature was controlled at 30°C. Unless other-
wise specified, aeration was performed with air. The aeration rate was
kept constant at 60 L h™?, corresponding to 1 vwm, and the stirrer speed
was kept constant. The values used for the stirrer speed in the different
cultivations are explained in more detail in Section 3.3. To prevent foam
formation, 0.1 mL of antifoam (Plurafac LF 1300, BASF, Ludwigshafen,
Germany) was added at the start and, if needed, during cultivations. Biore-

actor cultivations were performed once due to the high workload.

2.5 | Offline measurements
During the cultivations, samples were taken at regular time intervals
and analyzed using the following offline measurement methods.

For morphology documentation, microscopic images of the cul-
ture broth were taken with a microscope (Nikon Eclipse E600, Nikon
Corporation, Tokyo, Japan), equipped with a camera (Sony o 6000,
Nikon Corporation, Tokyo, Japan) with a 10x objective, providing a
total magnification of 100x. Pellet diameter was measured with an
objective micrometer (2 mm scale, 0.01 mm divisions; Ernst Leitz
Wetzlar GmbH, Wetzlar, Germany).

The pH value was additionally measured offline with a pH meter
(InLab Solids, Mettler Toledo, Columbus, USA; HI 221, Hanna Instru-
ments, Thermo Fisher Scientific Inc., Schwerte, Germany).

To determine the cell dry weight gravimetrically, 1 mL of culture
broth was added to a pre-weighed reaction vessel, centrifuged for
10 min at 14,000 rpm (Sigma 1-15PK, Sigma Laborzentrifugen GmbH,
Osterode, Germany), and the supernatant was removed. The reaction
vessel containing the cell pellet was dried at 80°C for 48 h and weighed
again to determine the cell dry weight from the weight difference.

The glucose concentration was quantified using high-
performance liquid chromatography (HPLC). The supernatant after
centrifugation for the determination of the cell dry weight was sterile
filtered using a 0.2 um cut-off filter (VWR International, Radnor, USA)
and stored at —20°C until the measurement. HPLC analysis was per-
formed with a Thermo Fisher Ultimate 3000 (Thermo Fisher Scientific
Inc., Waltham, USA), equipped with an ERC RefractoMax 520 detector
(IDEX Health & Science LLC, Oak Harbor, USA) and a Rezex ROA-
Organic Acid column (300 x 7.8 mm, Phenomenex, Torrance, USA).
The flow rate of the mobile phase, 25 mM H,SO, (Carl Roth GmbH
+ Co. KG, Karlsruhe, Germany), was set to 0.8 mL min~! with a col-

umn temperature of 85°C.

2.6 | Calculations
The volumetric power input (P/V) and the energy dissipation rate ¢ are

mathematically related through the liquid density p, see Equation (1).

g:%x (g) (1)

Assuming a constant Newton number Ne, defined in
Equation (2),*” in the turbulent flow regime, it can be used to obtain
an expression for the average energy dissipation ¢,, see Equation (3).
It includes the power input P, the stirrer speed n, the stirrer diameter
d, the liquid volume V, and the liquid density.

p
Ne:pix e (2)

mxd®
g5 =Ne x .

3)

The Newton number depends on the flow regime within the reac-
tor. To assess the flow regime, the Reynolds number Re is used, see
Equation (4), also including the dynamic viscosity n. In the turbulent
regime, typically defined as Re >10% a constant Newton number of
4.9 is usually observed for stirred-tank reactors equipped with a six-
bladed Rushton turbine.*”#®

7n><d2><p
. .

Re 4)

In biological systems, stirred-tank reactors are typically operated
with aeration, which affects the volumetric power input and the
energy dissipation rate in the system. For processes with one stirrer,
this influence is accounted for by using Equation (5), which includes
the gravitational acceleration (g) and the superficial gas velocity vg.
This velocity is calculated from the ratio of the volumetric gas flow
rate Qg to the reactor cross-sectional area Agr, as shown in
Equation (6).*° This equation was selected because, in contrast to

50-52 it was derived from experiments

other literature correlations,
conducted in both water and higher-viscosity media, thereby better

reflecting the properties of actual fermentation broths more

accurately.
(P/v)a,aerated _ _Eoaerated _ 1 5
(P/V)a,unaerated €g,unaerated \/1 + 750 x (VG/\/g X d)
Qe
Vg = Ar . (6)

For shake flasks, based on the assumptions of Clark and

3 a modified Newton number Ne' was introduced, see

Vermeulen,
Equation (7).>* Since it is a shaken system, the shaking frequency ns

and the inner flask diameter dg are included in the calculation.
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p

Ne'=— — .
pxndxdyx Vi3

7)

This leads to expressions for the average energy dissipation rate,

as shown in Equation (8).

nd x di
£, =Ne' x ?/2/30‘ (8)

For estimating the modified Newton number, Equation (9), empir-
ically derived by Biichs et al., is used.”® The Reynolds number for
shake flasks is calculated analogously to the stirred-tank reactor with
adjusted input parameters, according to Equation (10).>*

Ne' =70 x Re ' +25 xRe %6+ 1.5 x Re 02, 9)
hs X d2 Xp
Re=—=—"0"F (10)
n

The turbulent regime in shake flasks is reached at Reynolds num-
bers above 60,000.%7 In contrast to stirred-tank reactors, shake flasks
operate at substantially lower Reynolds numbers and predominantly
in the laminar flow regime. Under these conditions, the energy dissi-
pation rate is distributed uniformly across the liquid phase, such that
the average energy dissipation rate can be considered approximately
equivalent to the maximum energy dissipation rate ey, as previously
reported in literature.*® Therefore, Equation (8) applies to calculate
the maximum energy dissipation rate. In the turbulent regime, the
maximum energy dissipation rate in shake flasks can be calculated
using Equation (11) based on the liquid height h and the liquid velocity
at the shake flask wall u. Peter et al. empirically derived an expression
for the liquid height that depends on the Froude number Fr, given in
Equations (12) or (13),%7 also including the shaking diameter ds.

3 3
emax =0.1 X”_:QMM. (11)
h h
Fr>0.4:h=1.11xd2"8 x dj 0t x n44 x vO-34, (12)
Fr<0.4:h=1.31xd2% x dJ% x n2? x V03, (13)

The Froude number is calculated according to Equation (14).1?

2
Fr:(2><7z2><><n;) de_ (14)

2.7 | Simulations
Simulations were performed using the commercially available CFD
software from SimVantage GmbH (https://simvantage.com/), which

uses the lattice Boltzmann method to calculate the fluid flow field and

AI?BIFJ R NALJE’;H‘S

a Lagrangian Parcel Model to calculate the gas-phase dynamics. Turbu-
lence is modeled via large eddy simulation, where the Smagorinsky-Lilly
Model was used with a Smagorinsky constant of 0.16. Each simulation
starts from resting fluid and simulates until a quasi-steady state is
reached. More details on the implementation and additional validation of
the solver used in this work can be found in previous publications.’¢~>%
A spatial resolution of 1.182 mm per grid node was chosen, which
was deemed sufficient to recover the flow field and power charac-
teristics. The temporal resolution was defined via a Courant number
of 0.05 at the stirrer blade tips. This simulation setup is compared to
literature data in terms of power input for Rushton Disc Turbines
across all simulated operating ranges. A detailed analysis of the
results is found in Supporting Information S1: Supplements 11 and
12. The steady-state power characteristics show excellent agree-
ment across the whole operating range including flooded conditions
in low stirred operating conditions. The reactor dimensions, includ-
ing its components, as well as the process parameters set during the
cultivations, see Section 2.4, were entered into the software. Since
the liquid density, dynamic viscosity, and surface tension of the
medium were also needed as input parameters, they were measured
using a density viscometer (DMA 4100M, Anton Paar GmbH, Graz,
Austria) and a drop volume tensiometer (DVT50, Kriiss GmbH, Ham-
burg, Germany), with the temperature set to 30°C during the mea-
surements. The simulated time range was chosen to include at least
50 stirrer rotations for each simulation case. Complete three-
dimensional output data was collected during the transient simula-
tion every second. Stirrer speeds ranging from 100 to 1000 rpm
were simulated for the three stirrers used. The post-processing anal-
ysis was performed using the software ParaView (Version 5.11.0.,
Sandia National Laboratories, Kitware, Los Alamos National Labora-
tory). The calculation of the different energy dissipation rates is car-
ried out according to the following Equations (15-20):

Average energy dissipation rate &,:

gg:.[:EX@dE. (15)

Median of energy dissipation rate e5q9:

550%& n
JO 100 %=05. (16)

Maximum energy dissipation rate enay:

Emax = Max{e1, €2, ..., &n}- (17)
Ninetieth percentile value of energy dissipation rate e9q9:

€90% M _
JO P de=0.9. (18)

Ninety-fifth percentile value of energy dissipation rate egs9:
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p(e) L
Jo 100 % =095. (19)

Ninety-ninth percentile value of energy dissipation rate e999:

(€99% & _
JO 100 %€ =099- (20)

3 | RESULTS AND DISCUSSION

3.1 | Variation of energy dissipation rate in
shake flask

The effect of hydromechanical stress, quantified by the energy dissipa-
tion rate, on the morphology of Streptomyces spp. was investigated.
Three representative Streptomyces spp., S. coeruleorubidus, S. albofaciens,
and S. bobili, were selected for cultivation. According to Equation (8), the
shaking frequency, the inner shake flask diameter, and the liquid volume

all influence the average energy dissipation rate. In this study, three dif-
ferent shaking frequencies, 250, 300, and 350 rpm, were investigated.
For all conditions tested, the Reynolds number remained below 60,000,
indicating a laminar flow regime. Under these conditions, average and
maximum energy dissipation rates are considered equal. OTR, used to
monitor microbial growth, along with microscopic images of the microor-
ganisms at the end of the growth phase, is shown in Figure 1 for varying
shaking frequencies.

For S. coeruleorubidus, an increase in the OTR was observed during
the first 27 to 30 h of cultivation. After a short lag phase, an exponential
growth phase was observed, followed by a linear increase in OTR, reach-
ing a maximum of approximately 20 mmol L=t h~? for all three shaking
frequencies. Subsequently, the OTR decreased sharply, reflecting glucose
depletion. For the lowest shaking frequency of 250 rpm, a slight delay of
2 h was observed before the maximum OTR was reached. Microscopic
images show that this species grew in pellets under the set cultivation
conditions, with pellet diameter varying depending on the shaking fre-
quency. At 250 rpm, pellets up to 500 um in diameter were observed,

FIGURE 1 Effect of varied

average energy dissipation rate
on Streptomyces species by
changing the shaking frequency.
(A, B) Streptomyces
coeruleorubidus. (C, D)
Streptomyces albofaciens. (E, F)
Streptomyces bobili. Cultivations

were conducted in shake flasks
and at the same time for
comparison. Three different
shaking frequencies were tested:
250, 300, and 350 rpm. The
average energy dissipation rate is
calculated according to

Equation (8) and displayed in the
figure. Under the set conditions,
£ = emax is valid. (A, C, E) Oxygen
transfer rate was monitored over
time with an in-house-built

respiratory activity monitoring
system device. For clarity, only
every sixth data point of OTR is
plotted as a symbol. The data
presented are mean values
derived from biological duplicates
(except for S. coeruleorubidus at
250 rpm, and S. albofaciens at
350 rpm, which are measured
once). The shaded areas indicate
minimum and maximum values
for the duplicates. (B, D, F)
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Microscopic images were taken
at the end of the growth phase at
100x magnification.
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whereas at the highest shaking frequency of 350 rpm, pellet diameters
reached only about 250 um. A similar trend was observed for the other
Streptomyces spp., both in terms of OTR and morphology. S. albofaciens
exhibited an exponential growth phase lasting 16-18 h, followed by a
decline in OTR. For the lower shaking frequencies, a delay of approxi-
mately 2 h was also noted, along with a slightly reduced maximum OTR
of 28 mmol L™t h™ compared to 37 mmol L~* h™? at the highest shak-
ing frequency. This species grew in pellets, with diameters decreasing
from 300 pum at 250 rpm to about 100 um at 350 rpm. For S. bobili, fol-
lowing the lag phase, an exponential growth phase was observed from
around 6 h up to 24 h. The lowest shaking frequency of 250 rpm caused
a slight delay and a lower maximum OTR of 35 mmol L~ h~* compared
to 46 mmol L~ h~?! at higher shaking frequencies. Morphological com-
parison was more challenging for this species, as it showed less pro-
nounced pellets and more dispersed growth. However, the results
suggest that pellet diameter decreases with increasing shaking frequency.

Overall, the variation in maximum and average energy dissipation
rates through changes in shaking frequency had only a minor effect
on OTR, as growth curves were very similar, differing mainly in a time
shift for the lowest shaking frequency. This time shift can be explained
by the different morphologies observed. All three species showed a
clear reduction in pellet diameter with increasing shaking frequency.
Larger pellets likely experienced stronger nutrient limitations in their
core regions, which may contribute to growth delays. In the center of
the pellets, a highly dense and distinctly colored structure was
observed, which has been described in the literature as a nutrient-
limited region, often containing partially dead or lysed cells.®° The effect
of reduced pellet diameter with increasing shaking frequency has also
been demonstrated for Streptomyces pristinaespiralis at shaking frequen-
cies between 250 and 350 rpm®? and for other filamentous microorgan-
isms.42%% For a more systematic investigation of this effect, abiotic
experiments demonstrated that the size distribution of oil droplets var-
jed with shaking frequency.!® In summary, the results confirm that
hydromechanical stress affects the morphology of filamentous microor-
ganisms, as demonstrated here for the investigated Streptomyces spp.
However, a complete transition from pellet growth to purely dispersed
growth was not observed under the set cultivation conditions. Achiev-
ing this morphological change would likely require a higher energy dissi-

pation rate, which is not achievable in shake flask cultivations.

3.2 | Scale-up based on average energy
dissipation rate

After confirming that hydromechanical stress affects the morphology
of Streptomyces spp., a scale-up from a shake flask to a stirred-tank
reactor was performed. In a first step, the scale-up was carried out
based on the average energy dissipation rate. For this, the average
energy dissipation rate in the shake flask at 350 rpm was calculated
according to Equation (8), and the corresponding stirrer speed in the
stirred-tank reactor was adjusted using Equations (3) and (5). To
ensure reliability and to rule out any influence of the inoculum during

evaluation, a parallel cultivation was conducted in shake flasks.

AI?BIFJ R NALm

Figure 2 shows the courses of the OTR as well as microscopic images
at the end of the growth phase.

For S. coeruleorubidus, a very similar course of OTR was observed in
the shake flask and the stirred-tank reactor. After a lag phase of approxi-
mately 6 h, the OTR increased nearly exponentially, reaching a maximum
of about 35 and 43 mmol L™t h~%, respectively, followed by a sharp
decrease due to glucose depletion after 25 h in the shake flask and 2 h
later in the stirred-tank reactor. However, a major difference was
observed for the morphology: While large pellets with diameters of sev-
eral hundred micrometers were present in the shake flask, showing
diffusion-limited cores, only dispersed growth were observed in the
stirred-tank reactor. This observation was made throughout the entire
exponential growth phase, see Supporting Information S1: Supplement 2a.
This trend was confirmed for the other two Streptomyces spp.
S. albofaciens exhibited a very similar OTR course for both scales, increas-
ing during the first 15 h to a maximum of 45 mmol L~ h™%, followed by a
drop with a small secondary peak. Supporting Information S1: Supple-
ments 1, 3, and 4 revealed a decrease in pH value during the exponential
growth phase, with a slight increase following the glucose depletion. Espe-
cially for this species, a significant acidification of the medium was
observed, suggesting the formation and subsequent metabolization of
acidic by-products after glucose depletion. Morphologically, S. albofaciens
showed pellet formation in shake flasks, while in the stirred-tank reactor,
only dispersed growth was present. For S. bobili, an exponential growth
phase was observed following a lag phase of 12 h, with a maximum OTR
of 40 and 50 mmol L= h™! in the shake flask and stirred-tank reactor,
respectively, followed by a sharp decline. Similar to the observations for
S. coeruleorubidus, the maximum OTR occurred with a delay of about 2 h
between the two scales. This shift may be attributed either to differences
between the two scales or to minor biological and experimental variability.
While pellet formation mixed with dispersed cells was visible in shake
flasks, only dispersed growth occurred in the stirred-tank reactor.

All in all, all three species exhibited a consistent trend: Although
scale-up based on average energy dissipation rate resulted in highly
similar OTR courses, the morphology differed between shake flask
and stirred-tank reactor. These findings are consistent with previous
reports in the literature. For example, in Streptomyces lividans cultiva-
tions, scale-up based on average volumetric power input, which is
equivalent to the average energy dissipation rate, since they differ only
by the factor liquid density, resulted in comparable online parameters
but led to altered morphology.}”?” For instance, the pellet diameter
decreased from 370 um in the shake flask cultivation to 245 um in the
bioreactor cultivation, even though the average power input remained
constant at 0.2 W m™2, which corresponds to an average energy dissi-
pation rate of 200 W kg~ 1.} In that case, the morphological shift nega-
tively impacted the comparability of product formation. In another
study, average volumetric power input was varied during Aspergillus
niger cultivations in stirred-tank reactors, which led to a significant
reduction in pellet diameter. However, pellets were still present, but
stirrer speeds were only tested up to 500 rpm, corresponding to a volu-
metric power input of 443 W m™2 according to their calculations.>* This
equals an average energy dissipation rate of 0.442 W kg™ and is there-

fore lower than the energy dissipation rate in our experiments, where
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FIGURE 2  Scale-up of
Streptomyces species, based on
average energy dissipation rate.
(A-D) Streptomyces
coeruleorubidus. (E-H)
Streptomyces albofaciens. (I1-L)
Streptomyces bobili. Cultivations
were conducted in shake flasks
and in a stirred-tank reactor at
the same time for comparison.
(A, E, 1) Oxygen transfer rate in
shake flasks was monitored over
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system device. For clarity, only
every sixth data point of OTR is
plotted as a symbol. The data
presented are mean values
derived from biological triplicates.
The shaded areas indicate the
standard deviations. (C, G, K)
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adjusted by setting the stirrer
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(1) S. bobili
Shake flask

50

40 4

30

20 +

Oxygen transfer rate
[mmol-L"-h™"]

10 +

achieve the same average energy
dissipation rate of 2.68 W kg~!
as in the shake flask, calculated
according to Equations (3), (5),
and (8). A standard six-bladed
Rushton turbine (diameter:

52.6 mm, blade height: 10.5 mm,
blade width: 14.3 mm) was used.
The time-resolved course of OTR
was measured. For clarity, only
every fifteenth point of OTR is
plotted as a symbol. (B, D, F, H, J,
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the stirrer speed was also considerably higher at a comparable reactor
size. It can therefore be concluded that scale-up based on the average
energy dissipation rate is not suitable for filamentous microorganisms
to achieve a comparable morphology between shake flasks and stirred-
tank reactors. High local peaks in hydromechanical stress in the stirred-
tank reactor likely result in pellet destruction. As this maximum stress is
not captured by the average energy dissipation rate, there is a need for

an alternative scale-up parameter that accounts for this.

3.3 | CFD simulation of energy dissipation rate

Due to the lack of sufficient data in literature, the energy dissipation
rate was examined systematically via CFD simulations. Simulations
were performed across a stirrer range from 100 to 1000 rpm in

100 rpm increments.

12

T
18 24 30 36 42
Time [h]

L) Microscopic images were taken
at the end of the growth phase at
100x magnification. Further data
are provided in Supporting
Information S1: Supplements 1, 3
and 4.

Figure 3 shows the probability distribution and the cumulative
distribution function of energy dissipation rate for an example case at
500 rpm using the standard Rushton turbine. The probability distribu-
tion is asymmetric and positively skewed, closely resembling a log-
normal distribution. A high probability density was observed at low
energy dissipation rates, particularly below 1 W kg=%. The highest
probability occurred at 0.1 W kg™L. Following this peak, a long right-
hand tail extended toward high values, reaching up to 75 W kg™, see
Equation (17). The average energy dissipation rate in this case was
0.766 W kg1, see Equation (15). Both values are marked as vertical
dashed lines in the diagram. Additionally, three percentile values, the
90th, the 95th, and the 99th, were selected to consider values with
more statistical robustness than the maximum energy dissipation rate,
see Equations (18-20). These three percentile values correspond to
1.684, 3.451, and 9.929 W kgfl, respectively, and are also marked as
vertical dashed lines in the diagram. In a stirred-tank reactor, energy is
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FIGURE 3 Computational fluid dynamics simulation of energy dissipation rate from simulations for the standard Rushton turbine operated at
500 rpm. (A) Probability distribution and cumulative distribution function of energy dissipation. Mean values were determined by averaging the
last three recorded time points. Probability density (black) and cumulative distribution function (gray) are displayed. Average and maximum energy
dissipation rates, along with the 90th, 95th, and 99th percentile values, are displayed by vertical dashed lines. (B, C) Logarithmic scale of the
energy dissipation rate. (B) Cross-section in the XY plane. (C) Cross-section in the XZ plane. The simulations were performed using the CFD
software from SimVantage GmbH (https://simvantage.com) for a 2 L stirred-tank reactor with a filling volume of 1 L. The stirrer speed was set to
500 rpm. All geometrical parameters of the reactor, internal components, and the stirrer were included as input. A standard six-bladed Rushton
turbine (diameter: 52.6 mm, blade height: 10.5 mm, blade width: 14.3 mm) was used. The aeration at 60 L h~* and the properties of the medium
were considered in the simulation. The simulation data were calculated every second, with a total simulation time of at least 5 s and at least

50 rotations.

introduced into the system via the stirrer, resulting in a highly local-
ized input and consequently an inhomogeneous distribution of the
energy dissipation rate. High dissipation values occur in the region
surrounding the stirrer, while significantly lower values dominate the
rest of the liquid volume. Since the regions of high energy dissipation
rates are small relative to the total volume, this explains the high prob-
ability of low dissipation values observed in the distribution.

The choice of stirrer strongly influences process conditions such
as hydromechanical stress, oxygen availability, and mixing time. To
reduce hydromechanical stress while maintaining adequate oxygen
supply and mixing efficiency, two new stirrers were designed. In pre-
liminary experiments, the standard Rushton turbine caused pro-
nounced changes in morphology, likely due to high maximum energy
dissipation rates. Since most equations and correlations in the litera-
ture are derived for Rushton turbines, their application to new geome-
tries is limited and complicates quantitative analysis. Therefore, the

new stirrers were designed to retain the geometric proportions of

the standard Rushton turbine while varying in size, see Supporting
Information S1: Supplement 5.

The quantitative analysis was repeated for all simulated stirrer
speeds and for the two newly designed Rushton turbines. Results are
presented in Figure 4. Due to the wide range of values, only the range
relevant to scale-up is shown. The complete data set is provided in
Supporting Information S1: Supplement 6. A horizontal dashed line
indicates the average energy dissipation rate in a shake flask under
standard cultivation conditions at 350 rpm, calculated according to
Equation (8). In shake flasks, the maximum energy dissipation rate can
be simplified as the average dissipation rate in the laminar regime.

For all turbines, the simulated energy dissipation rate increased
with stirrer speed. This observation was also reported by Zhou et al.,
who performed CFD simulations in a 5 L stirred-tank reactor at stir-
ring speeds between 250 and 650 rpm.>> A comparison of turbines at
identical stirrer speeds revealed that the simulated energy dissipation

rates for the large Rushton turbine were higher, attributable to the
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FIGURE 4 Simulation results of energy dissipation rates for the three different Rushton turbines across varying stirrer speeds. (A) Small
Rushton turbine. (B) Standard Rushton turbine. (C) Large Rushton turbine. The simulations were performed using the computational fluid
dynamics software from SimVantage GmbH (https://simvantage.com) for a 2 L stirred-tank reactor with a filling volume of 1 L. The stirrer speeds
ranged from 100 to 1000 rpm in 100 rpm increments. All geometrical parameters of the reactor, internal components, and the stirrer were
included as input. Three different six-bladed Rushton turbines with varying dimensions were used: Small Rushton turbine (diameter: 34 mm, blade
height: 6.8 mm, blade width: 8.5 mm), standard Rushton turbine (diameter: 52.6 mm, blade height: 10.5 mm, blade width: 14.3 mm), and large
Rushton turbine (diameter: 80 mm, blade height: 16 mm, blade width: 20 mm). The aeration at 60 L h~! and the properties of the medium were
considered in the simulation. The simulation data were calculated every second, with a total simulation time of at least 5 s and at least

50 rotations. Mean values were determined by averaging the last three recorded time points. Average and maximum energy dissipation rates,
along with the 90th, 95th, and 99th percentile values, were calculated. The error bars indicate the standard deviations. The average energy
dissipation rate in the shake flask is calculated according to Equation (8) and displayed in the figure as a horizontal dashed line. Under the set
conditions, e5 = £max = 2.68 W kg™t is valid. This figure presents a process-relevant excerpt of the simulation data. A full representation of the
energy dissipation rate profile across all regions is provided in Supporting Information S1: Supplement 6.

stronger impact of its larger blades on the flow regime. To determine
the stirrer speed corresponding to the same hydromechanical stress
as in the shake flask, the intersection point between the simulated
energy dissipation rate curve and the horizontal line representing the
shake flask value was used. Since it was not feasible to test all stirrers

and scale-up parameters due to the extensive laboratory effort

required, a single stirrer and scale-up parameter based on the simula-
tion results had to be selected. To identify the most suitable stirrer,
the ratio of maximum to average simulated energy dissipation rate
was calculated for each turbine and compared. The large and standard
Rushton turbines showed similar values of 90 and 83, respectively,

whereas the small Rushton turbine exhibited a markedly high ratio

85UB017 SUOWILIOD BA1TE.1D) 8[qealdde 8y Aq peusenof a8 sejoliie YO ‘8SN J0 $9|NI o} ARiq1 T 8UlUO A8]IA UO (SUOTHIPUOD-PUR-SLLIBY WD A8 |1 ALRIq 1 U1 |UD//SANY) SUORIPUOD PUe SWLB | 8U1 89S *[9202/50/80] UO ARiq1T auluo A8 (1M AISIBAIUN UBYIey HLMY ¥eUiolqiasielsBAIUN AQ 87E0. 91/Z00T OT/I0p/woo" A3 1M Areiqjuljuo'ayo ke//:saiy Woiy papeojumoqd ‘0 'S06G.YST


https://simvantage.com

BRAUNECK ET AL.

of 211. Even at the same power input, lower maximum energy dissi-
pation rates result when the energy is distributed over a larger swept
volume. Therefore, small stirrers generate higher maximum energy
dissipation rates at the same average energy dissipation rate, since
the energy dissipation is more localized. Due to this high ratio, the
small Rushton turbine was considered unsuitable and excluded from
further investigations. Based on the simulation results, the large Rush-
ton turbine was selected for subsequent experiments, based on the
assumption that it ensures adequate oxygen supply while inducing
comparatively low hydromechanical stress at low stirrer speeds.

In terms of choosing a scale-up parameter, the average energy
dissipation rate is not suitable to characterize hydromechanical stress,
particularly when working with filamentous organisms, since it fails to
account for local maxima, as shown in Section 3.2. The simulation-
derived values for the average energy dissipation rate were slightly
higher, on average by about 19%, than those calculated using Equa-
tions (3) and (5), although the overall order of magnitude remained
comparable. This discrepancy may be explained by inaccuracies in the
consideration of aeration with the applied equation, with alternative
formulations also reported in the literature. While the raw value of
the maximum energy dissipation rate appears to be a promising candi-
date for comparison during scale-up, it is a highly localized value, only
affecting a small region of the liquid volume. Therefore, even small
turbulent fluctuations or the current angular position of the stirrer can
influence the exact numerical value of the maximum energy
dissipation rate. As it reflects a potentially singular, statistically non-
reproducible event, it cannot be considered a robust scale-up parame-
ter. Given these limitations, a more statistically robust value was
sought, so the three percentile values were considered, which indi-
cates that a specific percentage of all reached energy dissipation rates
is below this threshold. At this point, it is not possible to definitively
predict which percentile value will prove most effective. Nevertheless,
the 95th percentile of the energy dissipation rate, 959, was chosen
for further application. This percentile is commonly used in statistics
and appears in other areas of bioprocess engineering, such as mixing

time analysis.

3.4 | Scale-up based on maximum energy
dissipation rate

Based on the scale-up conditions defined in Section 3.3, specifically
using the 95th percentile value of the energy dissipation rate with the
large Rushton turbine, cultivations were carried out in both shake
flasks and the stirred-tank reactor. A stirrer speed of 212 rpm was
selected to achieve the targeted energy dissipation rate. The OTR and
the morphology at the end of the exponential growth phase in both
scales were compared. The results are shown in Figure 5 and addi-
tional fermentation data can be found in Supporting Information S1:
Supplements 7-9.

For all Streptomyces spp., the OTR in shake flasks showed a simi-
lar trend to earlier experiments, with an initial exponential increase to
35-45 mmol L~* h=?, depending on the species, followed by a sharp
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drop due to glucose depletion. The time point of glucose depletion
also differed by a few hours between species. For the stirred-tank
reactor, the OTR courses were nearly identical to the courses of the
shake flask during the first 12-15 h, again showing an exponential
increase. However, the OTR then entered a plateau at around
10 mmol L~ h* and remained at this level until dropping due to glu-
cose depletion after 35-45 h, depending on the species, much later
than in the shake flask. These distinct OTR courses can be attributed
to the low stirrer speed applied during these cultivations, which was
applied to reach a comparably low maximum energy dissipation rate
like in shake flask cultivations. However, this also resulted in reduced
oxygen transfer to the liquid phase, leading to oxygen limitation
already at an OTR of approximately 10 mmolL *h~% This
limitation is also reflected in the dissolved oxygen tension, which
reached 0% at the onset of the plateau phase and only increased again
after the end of growth due to glucose depletion.

More crucial, however, is the evaluation of microscopic images, as
the primary goal was to achieve comparable morphology. For
S. coeruleorubidus, pellet formation was observed in shake flasks, with
maximum pellet diameters around 200 pum. Similar morphology and pel-
let diameter were observed in the stirred-tank reactor. This observation
was consistently made throughout the exponential growth phase, while
a shift toward a more dispersed morphology became apparent during
the stationary phase, see Supporting Information S1: Supplement 2b. For
S. albofaciens, a mixture of dispersed growth and pellets around 100 pum
in diameter was seen in the shake flask, and a comparable morphology
with pellets and mycelia was observed in the reactor. S. bobili showed a
mixed morphology of pellets and dispersed growth in shake flasks, which
was likewise seen in the stirred-tank reactor.

Overall, scale-up based on the 95th percentile of the energy dissi-
pation rate e95¢ resulted in significantly more comparable morphology
between the shake flask and stirred-tank reactor. While scale-up
based on average energy dissipation rate failed to produce pellet for-
mation in the reactor, distinct pellet formation with a similar diameter
was visible here. Due to the promising results, the 95th percentile of
the energy dissipation rate e959 is proposed as a new parameter to
describe maximum energy dissipation more statistically reliably and
with greater clarity, especially in comparison to literature values
where it often remains unclear whether a percentile value or a single
peak value is meant. Furthermore, the 95th percentile of the energy
dissipation rate egs59, is suggested as a scale-up parameter for shear-
sensitive organisms, such as filamentous microorganisms, to achieve a
comparable morphology. To the best of our knowledge, this approach
has not been applied in literature to date. However, the equivalent
hydromechanical stress came at the cost of oxygen limitation, which
cannot be avoided under the selected process conditions. It can also

not be excluded that the low oxygen availability affects morphology.

3.5 | Effect of oxygen availability

In the previous scale-up experiment, a stirrer speed of 212 rpm was

chosen to ensure a hydromechanical stress comparable to that of the
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FIGURE 5 Scale-up of Streptomyces species, based on the maximum energy dissipation rate, represented by the 95th percentile of energy
dissipation rate. (A-D) Streptomyces coeruleorubidus. (E-H) Streptomyces albofaciens. (1-L) Streptomyces bobili. Cultivations were conducted in shake
flasks and in a stirred-tank reactor at the same time for comparison. (A, E, I) Oxygen transfer rate in shake flasks was monitored over time with an in-
house-built respiratory activity monitoring system device. For clarity, only every sixth data point of OTR is plotted as a symbol. The data presented are
mean values derived from biological triplicates. The shaded areas indicate the standard deviations. (C, G, K) Energy dissipation rate was adjusted by
setting the stirrer speed to 212 rpm and the aeration rate to 60 L h™! to achieve the same maximum energy dissipation rate as in the shake flask. For
the shake flask, according to Equation (8), e5 = emax = 2.68 W kg~ is valid under the set conditions. For the stirred-tank reactor, the maximum energy
dissipation rate, represented by the 95th percentile of energy dissipation rate, was determined according to the simulations, displayed in Figure 4. A
large six-bladed Rushton turbine (diameter: 80 mm, blade height: 16 mm, blade width: 20 mm) was used. The time-resolved course of OTR was
measured. For clarity, only every fifteenth point of OTR is plotted as a symbol. (B, D, F, H, J, L) Microscopic images were taken at the end of the growth
phase at 100x magnification. Further data are provided in Supporting Information S1: Supplements 7-9.

shake flask. However, this low speed resulted in oxygen limitation. To
investigate whether this oxygen limitation influences morphology, a
cultivation was performed under the same hydromechanical stress but
without inducing oxygen limitation. Since changes in stirrer speed or
aeration rate would have affected the energy dissipation rate, pure
oxygen was used as inlet gas. Data recorded during this cultivation,

conducted using only one representative species, S. coeruleorubidus,

and microscopic images are provided in Figure 6 and Supporting
Information S1: Supplement 10. Due to the high oxygen content in
the inlet gas, the dissolved oxygen tension could no longer be mea-
sured, as it exceeded the sensor's measurement range. A dilution of
the exhaust gas with nitrogen was required for off-gas analysis, since
the sensor had a maximum detection limit of 50%. As a result, the sys-

tem became sensitive to fluctuations, and the OTR appeared noisy.
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FIGURE 6 Scale-up of Streptomyces coeruleorubidus on pure oxygen, based on the maximum energy dissipation rate, represented by the 95th

percentile of energy dissipation rate. Cultivations were conducted in shake flasks and in a stirred-tank reactor. Energy dissipation rate was
adjusted by setting the stirrer speed to 212 rpm and the aeration rate to 60 L h™* to achieve the same maximum energy dissipation rate as in the
shake flask. For the shake flask, according to Equation (8), £5 = emax = 2.68 W kg~ is valid under the set conditions. For the stirred-tank reactor,
the maximum energy dissipation rate, represented by the 95th percentile of energy dissipation rate, was determined according to the simulations,
displayed in Figure 4. Pure oxygen was used for aeration. A large six-bladed Rushton turbine (diameter: 80 mm, blade height: 16 mm, blade width:
20 mm) was used. (A) Display of gas transfer rates. For clarity, only every fifteenth point is plotted as a symbol. (B) Microscopic images were
taken at the end of the growth phase at 100x magnification. Further data are provided in Supporting Information S1: Supplement 10.

However, CTR showed a more reliable trend. Assuming a respiratory
quotient of 1, consistent with all previous cultivations and known
from literature for growth on glucose,®* the CTR can be considered
representative of the OTR.

The CTR course was similar to previous oxygen-unlimited OTR
courses of S. coeruleorubidus cultivations, with an exponential growth
phase reaching a maximum of 31 mmol L~ h™2, followed by a decline
due to glucose depletion. Notably, growth began only after a pro-
longed lag phase of 12-15 h, and the maximum CTR was reached
after 31 h. This delay suggests that cultivation with pure oxygen
imposed oxidative stress on the cells, negatively affecting growth. A
similar effect has been reported for Streptomyces clavuligerus, where
growth was also delayed under elevated oxygen conditions.®® Priorly,
it was unclear whether growth could occur under high dissolved oxy-
gen tension, as the literature does not unequivocally confirm that all
Streptomyces spp. can tolerate such conditions. Additionally, a lack of
carbon dioxide may impair growth, as it is essential for carboxylase
reactions and involved in both primary and secondary metabolic path-
ways of Streptomyces spp.66

In terms of morphology, pellet formation was observed with
almost no dispersed growth. These pellets were significantly larger
than those observed in previous stirred-tank reactor and shake flask
cultivations. They also exhibited a pronounced central region, likely
nutrient-limited and containing mainly dead cells. This core
appeared much darker than in previous experiments. Since the pel-
lets in this experiment were significantly larger than in previous
experiments, it can be concluded that oxygen availability, as already
described in the literature,*C affects the morphology of filamentous

microorganisms. This effect was confirmed here for the

investigation of S. coeruleorubidus. The larger pellet diameter sug-
gests that oxygen availability was significantly higher than in all pre-
vious cultivations.

However, for future applications, it is questionable whether such
a setup is feasible, as fermentation with pure oxygen poses significant
safety risks. Furthermore, reports in the literature indicate that elevated
oxygen concentrations can lead to oxidative stress, altering both the
product spectrum and product titer in Streptomyces spp. cultivations,®”
which would negatively impact comparability during scale-up. A poten-
tial alternative for future experiments and industrial applications could
be controlling the oxygen content in the inlet gas by maintaining a con-
stant dissolved oxygen tension, rather than continuously supplying pure
oxygen. This would reduce the cells' exposure to oxidative stress, which,
as observed here, contributed to a prolonged lag phase. However, even
this setup would face the problem that oxygen availability in shake
flasks could not be directly reproduced. Unlike hydromechanical stress,
which can be maintained at a constant level, oxygen availability follows
a dynamic course throughout the cultivation due to oxygen depletion
during growth. The results show that both process conditions, hydro-
mechanical stress and oxygen availability, affect the morphology of fila-
mentous microorganisms, making it difficult to completely separate
their individual influences on morphology. Practical implementation of
such a separation is challenging because changing one condition almost
inevitably alters the other. Nevertheless, for hydromechanical stress,
the scale-up parameter e959, the 95th percentile of the energy dissipa-
tion rate, could be successfully established, leading to more comparable
morphology in scale-up of filamentous microorganisms. Further investi-
gation on oxygen availability in this context will be crucial but is beyond

the scope of the presented work.
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4 | CONCLUSION

This study aimed to establish a reliable scale-up strategy for Strepto-
myces spp. from shake flask to stirred-tank reactor. Given the decisive
influence of filamentous microorganisms' morphology on overall pro-
cess performance, comparable morphology across scales was the pri-
mary objective.

Initial experiments demonstrated that hydromechanical stress,
quantified via the energy dissipation rate, strongly affects morphol-
ogy. Shake flask cultivations at increasing shaking frequencies showed
a clear trend toward smaller pellet diameter, confirming the energy
dissipation rate as a suitable scale-up parameter. A first scale-up
attempt based on average energy dissipation rate failed to achieve
comparable morphology from shake flask cultivations, resulting in a
shift from pelleted to dispersed growth. As this likely alters the prod-
uct formation, an alternative scale-up parameter was pursued. The
maximum energy dissipation rate appeared to be a more promising
parameter. However, due to a lack of reliable literature data on maxi-
mum energy dissipation rates in stirred-tank reactors, CFD-based
simulations were conducted to gain systematic and reliable quantifica-
tion. These simulations revealed strong fluctuations in the maximum
value, making it statistically unreliable. As a result, a more robust
parameter, the 95th percentile of the energy dissipation rate egs9,
was introduced as a reliable quantification of maximum energy dissi-
pation rate and as a novel scale-up parameter for filamentous cultiva-
tion processes. Using this scale-up parameter, subsequent cultivations
in the stirred-tank reactor achieved significantly improved morpholog-
ical comparability to the shake flask. A further experiment with pure
oxygen in the inlet gas shows that oxygen availability also critically
affects pellet diameter. Thus, oxygen content represents an additional
important process condition influencing morphology.

This suggests that morphology can be further optimized by pre-
cisely controlling the oxygen content of the inlet gas. Moreover,
microscopy has so far been applied only qualitatively, but quantitative
image analysis with sufficient images would enable a more robust and
objective characterization. Our findings highlight the importance of
systematically analyzing process conditions that influence morphol-
ogy, an approach likely to be valuable for other filamentous microor-
ganism processes. It would be of great interest to investigate whether
maintaining comparable morphology results in the same product titer
in real production processes or in cultivations of filamentous microor-
ganisms producing a quantifiable product during future process

development.
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