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Abstract

A future bioeconomy relying on biotechnological production processes makes it necessary
to find a replacement for sugars as microbial carbon source to prevent ethically question-
able competition with the food and feed sector. An attractive alternative is acetic acid,
as it is inexpensive, available in high quantities and utilized equally well as glucose by
some bacteria. Still, the application of acetic acid as sole carbon source in bioproduction
processes offers several challenges. In its protonated form acetic acid leads to medium
acidification, when applied in high concentrations, while as salt it leads to salinization
causing osmotic stress for the production organisms. As such, established process strate-
gies are difficult to apply with acetic acid, making specialized strategies necessary for

production processes.

Therefore, an efficient fed-batch strategy was developed and is presented in the 1st pub-
lication utilizing acetic acid as sole carbon source for production of itaconic acid with
a genetically modified strain C. glutamicum ICD®453¢ (pEKEx2-malEcad,,;). An earlier
published pH-coupled feeding strategy for addition of glacial acetic acid was adapted to
obtain the nitrogen limited conditions necessary for itaconic acid production. It was found
that the consumption of ammonia at high carbon to nitrogen ratios of the feeds, which was
necessary to achieve nitrogen limited conditions, caused acidification of the medium. This
countered the increase of pH-value caused by acetic acid consumption and led to early
acetate depletion. Thus, an additional DO-coupled feeding of sodium acetate was started
once acetic acid in the medium was depleted. Sodium acetate did not directly effect the
pH-value, but its consumption again led to an increase of the pH-value and continua-
tion of the pH-coupled feeding. With this combined strategy an itaconic acid production
process was developed with separate growth and production phases. In the end a titer
of 29.2 g/L and a volumetric productivity of 0.63gL'h™! were achieved. These were
comparable to bacterial production processes using glucose as sole carbon source, with
the only drawback being a lower yield. Still, the results demonstrated that C. glutamicum

is suited as production organism on acetate as alternative carbon source.

Another challenge is, that biobased acetic acid, for example produced by thermochemical
conversion of lignocellulose, is often available only in dilute concentrations up to 50 g/L or
in complex solutions containing potentially harmful substances. Therefore, conventional
fed-batch processes are not applicable, because of strong dilution of the product and
accumulation of inhibitors. Perfusion bioreactors can be a solution to these problems.
They allow application of dilute substrate concentrations, as the bacteria are retained in

the reactor. Furthermore, the continuous flow through the system prevents accumulation
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of inhibitors.

Thus, the 2nd publication presented a newly developed, lab scale perfusion bioreactor,
that was manufactured via 3D-printing using the fused filament fabrication method. Hy-
drophilic flat sheet membranes in the main bioreactor module were used for cell retention.
A circulation flow was applied for diffusive oxygen supply via an oxygen transfer module
that contained hydrophobic membranes and for temperature control via a heat exchanger
module. The bioreactor system was characterized regarding oxygen transfer rates and
mixing time. Finally, a proof-of-concept cultivation with C. glutamicum ATCC13032 on
glucose utilizing a dilute feed solution resulted in 18.4 g/L biomass after 53 h of culti-
vation and a maximum specific growth rate of 0.34 1/h. Until the end of the process
no membrane blockage occurred. This showed that the reactor system was suited for

bacterial cultivation as well as for application of dilute substrates.

To sum it up, it was shown that acetic acid can be efficiently used as alternative carbon
source for bioproduction with C. glutamicum as model organism. Still, in case of itaconic
acid production further genetic modifications are necessary in future works to increase
the product yield. Regarding process strategies for utilization of biobased acetic acid in
dilute solutions, a new 3D-printed perfusion bioreactor was successfully developed, and
its function proven. Future works can focus on the application of the perfusion system
for production processes and evaluate its suitability for bioprocesses with sustainably

produced acetic acid




Zusammenfassung

Fiir eine zukiinftige Biookonomie, die sich auf biotechnologische Prozesse fiir die Her-
stellung von Produkten verlasst, ist es notwendig einen Ersatz fiir Zucker als mikrobielle
Kohlenstoffquelle zu finden, um eine ethisch fragwiirdige Konkurrenz zu Lebens- und Fut-
termittel zu vermeiden. Essigsdure ist dabei eine attraktive Alternative, da sie giinstig
ist, in groflen Mengen verfiigbar und bei manchen Bakterien ahnlich gut verstoffwechselt
wird, wie Glucose. Dennoch bietet die Anwendung von Essigsdure als einzige Kohlen-
stoffquelle einige Herausforderungenin fiir Bioprozesse. In ihrer protonierten Form fiihrt
Essigsaure zur Versauerung des Mediums. Als Salz fiihrt sie aufgrund der Zufuhr des
nicht-verstoffwechselten Co-lons zu einer Versalzung, die osmotischen Stress bei den Bak-
terien auslost. Dadurch lassen sich konventionelle Prozessstrategien nur schwer anwenden.
Stattdessen miissen spezialisierte Prozessfiihrungsstrategien fiir Essigsaure entwickelt wer-

den.

Deswegen war das Ziel der ersten Publikation, einen Fed-Batch Prozess zu entwickeln,
mit dem eine effiziente Umwandlung von Essigsaure durch den genetisch modifizierten
Stamm C. glutamicum 1ICD™53¢ (pEKEx2-malEcad,,;) zu Itakonsiure erreicht werden
konnte. Mit diesem Stamm war eine Limitierung an Stickstoff fiir die Produktion von
Itakonsaure notwendig, weshalb ein bereits veroffentlichter pH-gekoppelter Fed-Batch
Prozess an diese Bedingung angepasst wurde. Dabei trat das Problem auf, dass bei hohen
Kohlenstoff- zu Stickstoffverhaltnissen der Feeds, wie sie zum Erreichen der Stickstofflim-
itierung notwendig waren, der Verbrauch von Ammoniak durch die Bakterien zu einer
Versduerung des Mediums fithrte. Diese wirkte dem pH-Anstieg durch den Verbrauch
von Essigsdure entgegen und resultierte in einen frithen Essigsauremangel. Als Losung
wurde der Prozess um eine zusatzliche an den pO2 gekoppelte Zufiitterungsstrategie fiir
Natriumacetat erweitert. Natriumacetat beeinflusst bei der Zugabe den pH-Wert nicht
direkt. Stattdessen fiihrt erst der erneute Verbrauch von Acetat zu einem pH-Anstieg und
zu einer Fortsetzung der pH-gekoppelten Zufiitterung von Essigsdure. Mit dieser kom-
binierten Zufiitterungsstrategie konnte ein Prozess fiir die [takonsaureproduktion entwick-
elt werden, bei dem Biomassezunahme und Itakonsaureproduktion zeitlich getrennt wer-
den konnten. Es wurden ein Titer von 29.2 g/L und eine volumetrische Produktivitét von
0.63 g L~th™! erreicht. Diese waren vergleichbar mit bakteriellen Produktionsprozessen
mit Glucose als Kohlenstoffquelle, wobei der einzige Nachteil ein geringerer Ertrag war.
Die Ergebnisse belegten, dass C. glutamicum ein geeigneter Modellorganismus fiir die

Produktion mit Essigsaure als einziger Kohlenstoffquelle ist.

Eine weitere Herausforderung ist die Verfiigharkeit von biobasierter Essigsaure zumeist
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in Losungen mit geringen Konzentrationen oder in komplexen Losungen mit potenziell
schadlichen Komponenten. Die geringe Konzentration fiihrt bei konventionellen Fed-
Batch Prozessen zu einer starken Verdiinnung des Produkts sowie zu einer Akkumulation
von Inhibitoren, weshalb sie nicht geeignet sind. Eine mogliche Losung bieten Perfusions-
bioreaktoren. Diese erlauben die Verwendung von geringen Substratkonzentrationen, da
die Zellen im Reaktor zuriickgehalten werden und bei erhohten Flussraten nicht aus-
geschwemmt werden. Zudem vermeidet der kontinuierlich Feed-Strom die Akkumulation

der Inhibitoren.

Deswegen wurde in der zweiten Veroffentlichung ein Perfusionsbioreaktor entwick-
elt, der mittels des additiven Herstellungsverfahrens fused filament fabrication hergestellt
wurde. Hierbei wurden hydrophile Membranscheiben im Hauptbioreaktormodul fiir die
Zellriickhaltung eingesetzt. Ein Kreislaufstrom wurde fiir die diffusive Sauerstoffver-
sorgung mittels hydrophober Membranen in einem Sauerstoff-Transfer Modul sowie fiir
die Temperaturkontrolle mit einem Warmetauscher-Modul angelegt. Das Bioreaktorsys-
tem wurde anhand der Sauerstofftransferrate sowie anhand der Mischzeit charakterisiert.
Zuletzt wurde eine Kultivierung von C. glutamicum ATCC13032 mit Glucose sowie unter
Verwendung einer niedrigkonzentrierten Feedlosung als Proof-of-Concept durchgefiihrt.
Diese resultierte in eine maximale Biomassekonzentration von 18.4 g/L nach 53 h und
einer maximalen spezifischen Wachstumsrate von 0.34 1/h. Bis zum Ende des Prozesses
trat keine Blockade der Membran ein. Damit wurde gezeigt, dass sich das Reaktorsystem

fiir die Kultivierung von Bakterien sowie fiir die Anwendung diinner Substrate eignet.

Zusammengefasst wurde gezeigt, dass Essigsaure effizient als alternative Kohlenstoffquelle
fiir die mikrobielle Produktion mit C. glutamicum als Modellorganismus eingesetzt wer-
den kann. Dennoch sind fiir die Produktion von Itakonsdure weitere genetische An-
passungen notig, um den Ertrag zu erhohen. Fiir die Biokonversion von biobasierter,
niedrigkonzentrierter Essigsaure wurde erfolgreich ein 3D-gedruckter Perfusionsbioreak-
tor entwickelt und seine Funktion bewiesen. Zukiinftige Arbeiten konnen sich auf die
Anwendung des Perfusionssystems fiir Produktionsprozesse fokussieren und dessen Eig-

nung fiir Bioprozesse zum Beispiel mit Lignocellulose-basierter Essigsaure evaluieren.
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1 INTRODUCTION 2

1.1 General introduction

During the last years global challenges like the supply security of finite resources, the cli-
mate change, as well as global hunger and nutrition have increased the awareness for the
importance of environmental protection as well as sustainable approaches for production
and energy generation (Dieken et al. 2020). This enticed the EU and its member states to
declare research strategies related to bioeconomy, with the goal to reduce carbon dioxide
emissions and usage of fossil resources by using biomass as feedstock (Bell et al. 2018;
Dieken et al. 2020). Biotechnology plays an important role on the way to a biobased econ-
omy. Products like plastics or certain chemicals that normally are produced solely from
non-renewable resources, can at least partially be replaced by more sustainable biotech-
nological production routes with lesser COs-emissions that rely on renewable resources
(Lokko et al. 2018). Still, many biotechnological production processes rely on sugars like
glucose or sucrose won from starch-rich plants and molasses as substrate for production
(Wendisch et al. 2016). At the same time, global food production needs to be doubled
until 2050 to be able to satisfy the nutritional needs of the growing world population
according to prognoses (Wozniak et al. 2021). This sets the utilization of plants, that
are of nutritional value, for conversion into technical products into direct competition to
their use for human nutrition or animal feed and causes an ethical problem. Therefore,
it is important to find alternative substrates that do not compete with food to achieve a
biobased economy. One example for such a substrate is acetic acid (from now on called
acetate, since most often it exists in its dissociated form in the aqueous solutions used in
this study).

Acetate was estimated to be produced at high quantities of 17.88 million tons in 2023
(Mordor Intelligence 2023) and is additionally rather inexpensive (461 — 1019 $ per ton
in 2023, Chemanalyst 2023, with the prices decreasing again after a spike caused by the
recent crises). Currently, it is still mostly produced from fossil resources. The dominant
production route is carbonylation of methanol using syngas and metal-organic catalysts
based on cobalt or iridium (Martin-Espejo et al. 2022). The carbonylation process takes
place at a temperature between 150 — 300°C under elevated pressure of 60 bar. Another
petrochemical production route is direct oxidation of ethane. Besides petrochemical pro-
duction routes, biobased routes for sustainable production of acetate also exist, providing
10% of the total acetate produced in 2015 (Spekreijse et al. 2021). Biobased production
routes of acetate include fermentation of ethanol (Hutkins 2007b), anaerobic digestion
(Luo et al. 2016), conversion of lignocellulose via hydrolysis (Kiefer et al. 2021a) or pyrol-
ysis (Sarchami et al. 2021; Arnold et al. 2017), bacterial fixation of carbon dioxide (Braun
et al. 1981) and microbial electro synthesis (Jourdin et al. 2015), the latter two processes

being still mostly under research.




1 INTRODUCTION 3

Industrially acetate is mainly used for synthesis of cellulose acetate and vinyl acetate
monomers, which are used as precursor or additive for plastics production but also in
paints, coating, and textiles (Pal et al. 2017). Besides applications in the polymer or
chemical industry, fermentative produced acetate also has applications as food conserva-
tive or condiment in the form of vinegar. Still, only a small share of the acetate produced
annually is used for food applications (Martin-Espejo et al. 2022). Hence, utilization of
acetate for microbial conversion to products like speciality chemicals does not compete

with applications for food.

1.2 Fermentative production processes for acetate

Traditionally acetic acid is produced in the form of vinegar via fermentation of ethanol
containing solutions like wine. Acetic acid bacteria (AAB) from the genera Acetobacter,
Gluconobacter and Gluconoacetobacter convert ethanol to acetate via incomplete oxida-
tion (Hutkins 2007b). The reaction includes two oxidation steps of ethanol with the
enzymes alcohol dehydrogenase and aldehyde dehydrogenase (Pal et al. 2017). In gen-
eral, three processes are used for production of vinegar: The Orleans Process or open vat
process, the trickling generator process and submerged fermentation (Deshmukh et al.
2021). The Orleans process is most likely the oldest and is mostly used for premium
vinegar today (Hutkins 2007a). A horizontal barrel with holes for aeration on top is
filled two third with wine or a similar alcoholic solution and inoculated with AAB. The
bacteria form a biofilm on the liquid surface and slowly convert the ethanol. To increase
the ethanol conversion rate, the trickling generator process was developed (Deshmukh
et al. 2021). Here, the already inoculated substrate is trickled onto a solid bed made from
wood chips, which enables continuous production of vinegar. The most modern process
is the submerged fermentation which utilizes distilled ethanol and controlled production
parameters resulting in acetic acid concentrations up to 140 g/L (Andrés-Barrao et al.
2016).

While vinegar is mostly used as conservative, condiment or cleaning agent and is pro-
duced with ethanol fermented from glucose, novel fermentative production processes for
biobased acetic acid targeting industrial applications are under research. Examples are

Cl-gas fixation or electrosynthesis.
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1.2.1 Fermentation of Cl-gasses

Bacteria exist that can convert COy or CO to acetate by using Hy as electron donator.
These bacteria are called homoacetogenic and are mostly obligate anaerobic (Diekert
et al. 1994). Homoacetogenic bacteria transform CO, and Hy to acetate with a conserved
pathway called the reductive acetyl-CoA pathway or Wood-Ljungdahl pathway (WJP),
named after the persons who decrypted it. An overview of the pathway is shown in

Figure 1.
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Figure 1: Reductive acetyl-CoA pathway or Wood-Ljungdahl pathway which is used by
some acetogenic bacteria for acetate formation from Cl-gases like COs. Abbreviations
used in the figure: ATP = adenosine triphosphate, CHs; = methyl, CO = carbon monoxide,
COy = carbon dioxide, Co/Fe-S Pr = corrinoid iron-sulphur protein, [H] = reduction

equivalent, (HS-)CoA = coenzyme A, THF = tetrahydrofolic acid.

Summarized, the WJP consists of two branches (Diekert et al. 1994). The methyl branch
is responsible for forming the methyl group of acetate, while the carbonyl branch is re-

sponsible for the carboxyl-group. The first reaction step in the methyl branch is the




1 INTRODUCTION )

reduction of CO, to formate by formate dehydrogenase, followed by binding to tetrahy-
drofolic acid (THF) via the enzyme formyl-THF synthetase. This reaction is catalysed
under consumption of one molecule adenosine triphosphate (ATP). What follows is an en-
zyme cascade resulting in the dehydration and reduction of formyl-THF to methyl-THF.
Last step for formation of the ready methyl group is its transfer to corrinoid iron-sulphur
protein as carrier by the enzyme methyltransferase.

The carbonyl-branch only consists of the reduction of CO5 to CO by the enzyme carbon
monoxide dehydrogenase, which additionally is responsible for the formation of acetyl
CoA by combining CO with the methyl-group. Acetyl-CoA is then further converted to
acetate by the two enzymes phosphotransacetylase and acetate kinase with acetyl phos-
phate as intermediate. Here one molecule ATP is regenerated.

As can be seen by the WJP, homoacetogenic bacteria are interesting for production of
acetate, as it is their natural main product and formation of side products is low owing
to the low formation of ATP as energy carrier (Stark et al. 2022).

To date the highest acetate titer of 59.2 g/L and highest productivity of 146.8 ¢ L= h™!
were achieved by Kantzow et al. (2015).

1.2.2 Electrobiosynthesis

Microbial electrosynthesis (MES) is another novel method for acetate production first de-
scribed in 2010 by Nevin et al. (2010) as a way to store energy generated from renewables
like solar or wind power. In this method electroautotrophic bacteria, that can directly
use electrons from a cathode for product formation, are used for reduction of CO, as a
carbon source to products like acetate or methane. For acetate production with MES
bacteria from the genera Acetobacterium (Ma et al. 2021), Acetoanaerobium (Sleat et al.
1985) Sporomusa (Aryal et al. 2018; Nevin et al. 2010), Clostridium (Nevin et al. 2011)
or the termophillic Moorella (Yu et al. 2017) are reported. Typically, MES is performed
in H-cells, which is a system consisting of two chambers filled with electrolyte that are are
separated by an ion exchange membrane in the middle (T.-S. Song et al. 2017). The cath-
ode consists mostly of carbon-based materials like carbon cloth, carbon felt or graphite
with high surface areas for the biofilm to adhere on (Aryal et al. 2018). To date, one of
the highest acetate productivities per electrode surface area was achieved by Jourdin et
al. (2015) with an acetic acid production rate of 685 g m~2 d~! and a CO, and electron
recovery of close to 100% using a novel reticulated vitreous carbon cathode covered by
multiwalled carbon nanotubes and the highest volumetric productivity of 1.04 g L= d*
was achieved by Marshall et al. (2013), who used bacterial strains that were adapted
to MES in 150 days of cultivation. While promising, this technology is still at an early
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stage of development and further improvements of productivity must be made to achieve

commercialisation.

1.3 Lignocellulose-based production of acetate

Globally, lignocellulose biomass is one of the largest renewable resources with a yearly
production capacity of up to 181.5 billion tonnes (state 2018, Singh et al. 2022). It forms
the cell wall of plants, and its content is especially high in leaves, grass, or wood. Thus, lig-
nocellulose biomass includes non-food sources like agricultural residues or forestry wastes
(Himmel et al. 2007; Oasmaa et al. 2010). Lignocellulose consists of the three biopoly-
mers cellulose, hemicellulose and lignin. The first polymer, cellulose, consists of glucose
monomers that are bound via (5 1-4)-glycosidic bonds. It forms crystalline strains, that
are interconnected by hydrogen bonds and are covered by the second polymer, hemicel-
lulose (W. Zhang et al. 2013). Hemicellulose is a heterogenous biopolymer that is formed
by different monomers like glucose, xylose, mannose, arabinose, galactose and acidic sac-
charides like glucuronic acid. In opposite to cellulose, it has an amorphous and branched
structure (Mosier et al. 2005). The combination of cellulose and hemicellulose form the
plant’s skeleton. The last polymer, lignin, is an aromatic polymer consisting of phenyl-
propanoid precursors. Typical phenyl-groups are syringyl, guaiacyl or hydroxy-phenyl
(Haghighi Mood et al. 2013). It stabilizes the plants cell wall and makes the cellulose and
hemicellulose structures inaccessible for enzymes or microbes.

Cellulose is the main constituent of lignocellulose with 35 — 50% followed by hemicellulose
with 20 - 35% and lignin with 15 — 20% (Haghighi Mood et al. 2013). The exact com-
position varies from plant to plant and is dependent on factors like type of plant, growth
conditions and age.

In order to make lignocellulose biomass available for biotechnological processes its recal-
citrance has to be overcome, which describes the strong resistance against hydrolysation
by enzymes or decomposition by microbes (Himmel et al. 2007). The insolubility of lig-
nocellulose, the lignin content, wax layers and the heterogenous composition are factors
contributing to the recalcitrance. Thus, methods are necessary to convert lignocellulose
to a substrate that is available for bacterial consumption (Haghighi Mood et al. 2013;
Mosier et al. 2005). Two common methods for converting lignocellulose are hydrolysis

and pyrolysis, which result in substrates that contain acetate as major component.
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1.3.1 Conversion of lignocellulose biomass via hydrolysis or pyrolysis

One property of lignocellulose biomass that makes its depolymerization or conversion
challenging, is its resistance to hydrolysis via enzymes or to decomposition by microor-
ganisms. To make lignocellulose available for bacterial conversion the recalcitrance must
be overcome. Two methods have been established for this purpose: hydrolysis and pyrol-
ysis (Lange 2007).

Hydrolysis describes a process during which the cellulose and hemicellulose fractions of
lignocellulose are converted into their monosaccharides via a combination of chemical and
enzymatic degradation. Pyrolysis is a process that relies mostly on heating to high tem-
peratures in the absence of oxygen (Bridgwater 2012). Through the heat treatment the
energy-rich products biochar, a liquid fraction, often called pyrolysis oil or bio-oil, and
non-condensable gases called syngas are generated. These have high heating values and
thus can be used for energetic purposes like fuels. Both methods have in common, that a
pretreatment of the biomass in the form of drying and grinding is necessary. In the case
of hydrolysis, this pretreatment is often followed by dilute acidic or alkaline hydrolysis
(W. Zhang et al. 2013), auto-hydrothermal treatment, or solvation with organic solvents
like ethanol (Ko et al. 2020) at modest temperatures around 120°C to 200°C. As a result,
hydrogen bonds connecting cellulose, hemicellulose, and lignin are degraded, thus making
the different polymers soluble and available for enzymatic degradation. The final step is
enzymatic hydrolysis of the polysaccharides with cellulases, hemicellulases and accessory
enzymes like phenolic acid esterase into monomeric sugars (Himmel et al. 2007). The
treatment with acids or bases at elevated temperatures can already lead to formation of
small concentration of acetate around 1 to 15 g/L from strongly acetylated hemicellulose
(Ko et al. 2020). To achieve higher concentrations, hydrolysis can be followed up by mi-
crobial conversion of the sugar monomers (Lange 2007).

For pyrolysis the pretreatment is directly followed by heat treatment, leading thermochem-
ical decomposition and fragmentation of lignocellulose to smaller organic and inorganic
substances. Literature distinguishes between three different categories of pyrolysis by
the temperature and heating rate applied: Carbonization, gasification, and fast pyroly-
sis (Bridgwater 2012). Carbonization is characterized by slow heating rates and modest
temperatures around 290 — 400°C with biochar or charcoal as the main product. For
gasification, also slow heating rates are employed, but to high temperatures around 750
—900°C. This results in syngas as the main product. The last category is fast pyrolysis.
Compared to the others, fast pyrolysis applies fast heating rates of a few seconds (around
2 8) to a temperature of around 500°C (Bridgwater 2012). This leads to formation of
pyrolysis oil as the main product with ratios of up to 75% (S. Wang et al. 2017).

Pyrolysis of lignocellulose leads to formation of acetate as a major component with concen-
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trations of up to 17wt% mainly through hydrolysis of acetyl side chains from hemicellulose
(Xinhua Shi et al. 2014). Other reactions leading to acetate formation are fragmentation
of anhydrosugars stemming from cellulose and their degradation products like hydroxy
acetaldehyde and 5-hydroxymethylfurfural (Stefanidis et al. 2014), or the Diels-Alder cy-
cloaddition of conjugated diene and furanone (Demirbas 2007). Highest concentrations
of acetate were found at temperatures around 350°C, which is the initial decomposition
temperature of cellulose and hemicellulose. Increasing the pyrolysis temperature is re-
ported to lead to a reduction in acetate concentration, probably because of the heat labile
nature of acetate (Sarchami et al. 2021).

In comparison to hydrolysis, an advantage of pyrolysis is that all types of biomasses can
be converted, from plant biomass to animal residues and kitchen waste (Ghodake et al.
2021). Furthermore, the achievable acetate concentrations without follow-up processing
steps are 10-times higher (Xinhua Shi et al. 2014; Ko et al. 2020).

Both conversion methods can lead to formation of complex substrates, that contain or-
ganic substances which are potentially harmful for microorganisms (Jénsson et al. 2016).
Still, this problem is more acute for pyrolysis (Horlamus et al. 2019; Arnold et al. 2017).
Pyrolysis leads to a complex composition of organic compounds like different ketones,
organic acids, and alcohols like methanol, because of the high temperature. The degrada-
tion of lignin also leads to release of phenolic components like guaiacol or syringol (Xinhua
Shi et al. 2014), which also have strong inhibiting potential.

For hydrolysis elevated temperatures, and the application of acids or bases can lead to
formation of side products like furfural or 5-hydroxymethyl furfural, which inhibit bacte-
rial growth, but mostly in less complex compositions (Jonsson et al. 2016; Horlamus et al.
2019). Because of these inhibiting components, pyrolysis oils need to be treated, if they

are intended for direct microbial conversion (Arnold et al. 2017).

1.4 Bacterial utilization of acetate

1.4.1 Metabolic pathways for acetate utilization

The tricarboxylic acid (TCA) cycle is the central and most important metabolic pathway
of most aerobes. Its main purpose is formation of redox equivalents like NADH-+H™
that are used for generating a proton motive force in the respiratory chain, which is then
used by the enzyme ATP-synthase to synthesize energy-rich ATP. Besides formation of
redox equivalents, the TCA cycle also serves the purpose of supplying cells with amino

acids for synthesis of new cell components. To keep the cycle running, oxaloacetate
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needs to be continuously replenished. With glucose or other sugars as sole carbon source,
oxaloacetate is mostly formed from pyruvate generated through glycolysis (Gerstmeir
et al. 2003). As acetate cannot enter the central metabolism through glycolysis, different
pathways and anaplerotic reactions are necessary. Figure 2 shows an overview of the
central metabolism with acetate as sole carbon source.

The first step of acetate metabolism is the transport into the cell. In most cases transport
happens passively, as protonated acetate can freely permeate through the lipid bilayer of
the cellular membrane (Roe et al. 2002). Nonetheless, some bacteria like Corynebacterium
glutamicum are reported to possess transporter molecules for acetate anions (Jolkver
et al. 2009). Once acetate entered the cell, it is activated to acetyl-CoA via two pathways
under consumption of ATP. The first pathway involves the enzymes acetate-kinase
(AK) and phosphotransacetylase (PTA). AK catalyses the phosphorylation of acetate
to acetyl-phosphate by transferring one phosphate group from ATP, yielding ADP as a
result (Veit et al. 2009). Next PTA catalyses the transacetylation reaction to acetyl-CoA
during which reaction the phosphate group of acetyl-phosphate is replaced by coenzyme
A (CoA).

The second pathway involves only one enzyme, namely acetyl-CoA synthetase (ACS),
that binds acetate to CoA in a two-step reaction (Renilla et al. 2012). In the first step
ATP is consumed to form acetyl-AMP and pyrophosphate (PP) is released, while in
the second step AMP is replaced by CoA to form acetyl-CoA, thereby releasing AMP.
The activation of acetate via AK-PTA is reversible and less energy-demanding than the
activation via ACS, since ATP is only consumed to ADP instead of AMP (Lin et al.
2006). For many bacteria the AK-PTA pathway is mainly used for recycling CoA from
acetyl-CoA by forming acetate, while at the same time generating a small amount of
ATP during excess of carbon sources like glucose (Wolfe 2005). The acetate activation
reaction via ACS is irreversible invivo due to the presence of pyrophosphatases inside the
cell, that split pyrophosphate to single phosphates (Wolfe 2005, Lin et al. 2006).

After activation to acetyl-CoA, the next step is the TCA-cycle where acetyl-CoA is
converted to amino acids or used for generation of ATP. As mentioned before oxaloac-
etate needs to be replenished to keep the TCA-cycle going. To form the C4-molecule
oxaloacetate from the C2-molecule acetyl-CoA, the glyoxylate cycle (Krebs-Kornberg
cycle) is used as anaplerotic pathway (Gerstmeir et al. 2003; Kornberg et al. 1957). It
involves the two enzymes isocitrate lyase (ICL) and malate synthase (MS) and bypasses
the two decarboxylation steps of isocitrate. As a result, one molecule of succinate and
one molecule of malate are formed from two molecules of acetyl-CoA with glyoxylate as

intermediate product. Both can then be converted to oxaloacetate through the TCA-cycle.
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Figure 2: Metabolic pathways for bacterial acetate consumption and gluconeogenesis
(Kiefer et al. 2021a, Gerstmeir et al. 2003). Black arrows depict the metabolic pathways
specific for C. glutamicum, while the grey lines show general pathways. Abbreviations used
in the figure: ACN = aconitase, ACS = acetate synthase, AK = acetate kinase, ATP =
adenosine triphosphate, COy = carbon dioxide, CS = citrate synthase, FBPase = fructose
bisphosphatase, GPI = glucose-6-phosohate isomerase, GTP = guanosine triphosphate,
HS-CoA = coenzyme A, ICD = isocitrate dehydrogenase, ICL = isocitrate lyase, ME =
malic enzyme, MS = malate synthase, NAD* /NADH = nicotinamid adenine dinucleotide,
NADP*/NADPH = nicotinamid adenine dinucleotide phosphate, ODx = oxaloacetate de-
carboxylase, P = phosphate, PEP = phosphoenolpyruvate, PEPCk = phosphoenolpyru-
vate carboxykinase, PEPS = phosphoenolpyruvate synthase, PP = pyrophosphate, PPase
= pyrophosphatase, PTA = phosphotransacetylase, TCA = tricarboxylic acid.

Besides replenishing oxaloacetate, another important step is the formation of sugar

molecules, that are necessary for synthesis of nucleotides and other cell components. This
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process is called gluconeogenesis and consists of different pathways starting at malate or
oxaloacetate that lead either to formation of pyruvate or phosphoenol-pyruvate (PEP)
(Netzer et al. 2004; Sauer et al. 2005). Both are further converted to fructose-6-phophate
or glucose-6-phosphate via reversed glycolysis, with the enzyme fructose bisphosphatase

bypassing an irreversible glycolysis step.

1.4.2 Inhibiting effect of acetate and tolerance mechanisms

Although acetate has potential as inexpensive and environmentally friendly substrate, it
is harmful to most bacteria in concentrations above 0.5% (Trcek et al. 2015). Also, since
acetate is a side product as consequence of overflow metabolism, for many bacteria its
conversion rates are often low.

Acetate exerts inhibition on bacterial growth in several ways. First, acetic acid in the
protonated form can freely diffuse across the cell membrane into the cytosol (Booth 1985).
Because acetic acid has a pKa of 4.75 and most bacterial cytosols have a regulated pH
value of 7.5 - 7.6 (Booth 1985; Wilks et al. 2007), it dissociates after diffusing into the
cytosol, thus acidifying the intracellular pH-value. The accumulation of acetate inside the
bacterial cell increases the osmotic pressure (Roe et al. 1998), while the accumulation of
protons is believed to disturb the proton-motive force necessary for generation of ATP
(Axe et al. 1995; Herrero et al. 1985). Acetate also directly effects metabolic pathways,
especially the methionine-synthesis pathway, leading to accumulation of toxic homocys-
teine and depletion of methionine as important cellular building block (Roe et al. 2002).
Because of these effects, bacteria developed mechanisms to prevent or soften the harm-
ful effects of acids like acetate. Theses mechanisms are similar in the basic principle for
different bacteria even though different amino acids may be involved (Senouci-Rezkallah
et al. 2011; Tanaka et al. 2008). Because of this, the four acid resistance systems (AR) of
FEscherichia coli (Zhao et al. 2018) will be explained as example. Only few is known about
the first system, AR1. It is a ATP consuming system that is active when the availability
of amino acids like glutamate is limited (Sun et al. 2011). A sigma factor RpoS (Price
et al. 2000) and the catabolite repressor protein CRP (Castanie-Cornet et al. 2001) are
involved in its function. The remaining three systems follow the principle of binding a
proton by decarboxylation of certain amino acids and secretion the decarboxylated prod-
uct into the surrounding medium (Lu et al. 2013; Zhao et al. 2018). For the excretion
antiporters are used that simultaneously transport new amino acids into the cell. In this
regard AR 2 utilizes glutamate, which is decarboxylated to y-amino butyric acid, AR 3
decarboxylates arginine to agmatine and AR 4 lysine to cadaverine. Each system comes

with their own set of decarboxylases and antiporters (Zhao et al. 2018). The release of
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ammonia by deamination of amino acids is another way to counter lowered cytoplasm pH
for some bacteria (Lu et al. 2013).

Besides these resistance systems against acids in general, a class of bacteria exists that has
developed resistance mechanisms especially for acetate, which allow them to cope even
with high acetate concentrations of 6% to over 10% (Trcek et al. 2015; B. Wang et al.
2015a).

Acetobacteracea or so-called AAB, are well known for their ability to oxidize ethanol to
acetic acid via alcohol dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH). The
three genera Acetobacter, Gluconoacetobacter and the reclassified Komagateibacter are
commonly applied in industry for vinegar production. Two transport systems were re-
ported, that aim to reduce the intracellular acetate concentration. The first one is a
proton motive force driven efflux system for acetate (Matsushita et al. 2005) and the
second a putative ABC-transporter that is able to actively transport acetate out of the
cell (Nakano et al. 2006). Furthermore, AAB can change the composition of their cell
membrane to counter passive diffusion of acetic acid. Trcek and colleagues (2007) re-
searched changes in lipid content and composition of Komagateibacter europaecus. They
observed a decrease of overall lipid content with a lower phospholipid ratio and increased
glycolipid and neutral lipid ratios as reaction to acetic acid availability. The authors con-
cluded that these changes serve to reduce the cell surface and to make the cell membrane
more hydrophobic (Trcek et al. 2007). Several authors also found ADH and ALDH to be
important for acetic acid resistance by deletion experiments and comparison of different
versions of the enzymes. High activity ADH and ALDH provide the energy necessary for
morphological changes of the cell membrane and for the active excretion of acetate (Trcek
et al. 2006; Nakano et al. 2008; B. Wang et al. 2015b). Dissimilation of acetate is another
way to cope with its toxicity. For most bacteria acetate is converted to acetyl-CoA via
ACS or via PTA and AK with acetyl-phosphate as intermediate. Some strains of Ace-
tobacter aceti can dissimilate acetic acid via a third pathway with a changed TCA-cycle
depending on the gene cluster aar (Mullins et al. 2013). AarA encodes a citrate synthase,
aarC a succinyl-CoA-acetate-CoA transferase (SCACT) and sizA encodes a phospho-
protein phosphatase, a regulator for the aar complex. SCACT catalyses the conversion
of acetate and succinyl-CoA to acetyl-CoA and succinate, thereby replacing the missing
succinyl-CoA synthetase. Other resistance mechanisms include general stress response to
acids like production of special chaperones (Andrés-Barrao et al. 2012) or acid resistant
versions of certain proteins and enzymes like aconitase (Nakano et al. 2008; Okamoto-
Kainuma et al. 2011). Deamination or decarboxylation of certain amino acids is a way
to adjust intracellular pH by binding protons through replacement of the carboxyl-group
with a proton or by release of ammonia (B. Wang et al. 2015b).
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1.4.3 Strategies for improving acetate tolerance

Because acetate is produced as side product by many organisms, ways of improving the
resistance against acetate as inhibitor, but also on improving acetate consumption were
researched. As many of the natural resistance systems were related to the availability of
amino acids, one approach was to add amino acids to the culture broth to relief acetate
stress (Han et al. 1993; Sandoval et al. 2011; Roe et al. 2002). Of the amino acids tested,
addition of methionine led to a strong release of inhibition by acetate. As mentioned in
section 1.4.2, acetate inhibits enzymes of the methionine biosynthesis branch leading to
accumulation of toxic homocysteine. One theory connects the addition of methionine to
downregulation of the methionine biosynthesis pathway and thus to less production of
homocysteine (Roe et al. 2002). Other attempts to prevent the accumulation of growth-
inhibiting homocysteine due to the presence of acetate targeted genes of the pathway.
Mordukhova and colleagues (2008) experimented on improving heat tolerance of E. coli
by modifying homoserine o-succinyltransferase (MetA) via random mutagenesis. MetA
is the first enzyme in methionine synthesis and was proven to slowly denature at tem-
peratures above 25°C. They succeeded by replacing five amino acids and found that the
modified MetA not only improved growth up to a temperature of 44°C, but also increased
acetic acid resistance (Mordukhova et al. 2008). In a later work the authors created a
mutated version of MetE and combined it with the mutated MetA. MetE is a cobalamin
independent methionine synthetase and is responsible for the conversion of homo cys-
teine to methionine (Mordukhova et al. 2013). The resulting mutant showed an increased
growth rate from 0.16 1/h for the wildtype to 0.21 1/h in presence of 20 mM sodium
acetate. Further methods for improving acetic acid tolerance included adaptive evolution
with identification of mutations, that had beneficial effects on acetic acid resistance (Ra-
jaraman et al. 2016). Utilizing this approach, it was discovered by the authors that a
point mutation in the gene mpoA increases growth of E. coli ATCC8739 from 0.41 1/h to
0.52 1/h with 85 mM acetate as carbon source. The gene rpoA includes the code for the
alpha subunit of a RNA polymerase core enzyme. Modifying a cAMP receptor protein
via error prone PCR (Chong et al. 2013) or overexpressing ATP-dependant helicase gene
recG from A. aceti in E. coli also led to improved growth on acetic acid (Steiner et al.
2003). For the latter case the authors assumed the helicase to be responsible for stress

related DNA-repair.
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1.4.4 Genetically and metabolically enhanced consumption of acetic acid

Improving consumption of acetic acid is another way to enhance resistance against the
acid’s stress, while at the same time increasing productivity. Overexpression of the acs
pathway is a common method for enhancing consumption of acetate (Lin et al. 2006;
Noh et al. 2018; H.-S. Song et al. 2018), while different reports on the effectiveness of
overexpressing the pta-ackA pathway are available. Xiao and colleaques (2013) reported
increased growth for E. coli on pure acetate up to 100 mM with overexpressed acs, but
reduced growth for overexpressed pta-ackA (Xiao et al. 2013). Zhang and colleagues (2019)
reported opposite findings with reduced biomass formation, when overexpressing acs in
comparison to pta-AckA (S. Zhang et al. 2019). Li and colleagues (2016) also found
reduced growth, when overexpressing acs and referred this effect to the higher energy
demand. Another way to improve consumption of acetate is engineering the regulatory
system (Castano-Cerezo et al. 2015). Acs is transcriptionally regulated by cAMP and
post-transcriptionally by acetyltransferase patZ and by deacetylase cobB in presence of
glucose. Acetylation of a lysine-side group of ACS lead to its inactivation. In this regard
deletion of patZ was tested to prevent downregulation of ACS and increase acetate co-
consumption with glucose, which was successful for E. coli BL21 and another strain (Peebo
et al. 2014). In other cases deletion of the transacetylase gene did not lead to changed
growth behaviour (Castano-Cerezo et al. 2015; Starai et al. 2004). A point mutated acs
gene was insensitive to acetylation, so that a 2.7 fold increase in acetate consumption could
be achieved in one study (Novak et al. 2018b). Other methods, that directly affected the
pathways for acetic acid conversion to acetyl CoA included replacement of the promotors of
acs or pta-ackA with stronger, unregulated versions (Huang et al. 2018; Peebo et al. 2014;
H. Yang et al. 2019) and in one case replacement of acs with the gene from A. pasteurianus
(J. Yang et al. 2016). Redistribution of intracellular acetyl-CoA fluxes to the TCA-cycle,
glyoxylate shunt and gluconeogenesis can also have an influence on acetate consumption
and growth on acetate. Increasing flux through the glyoxylate shunt can be achieved
by deleting the AceBAK regulator iclR, thus leading to higher acetate consumption (Li
et al. 2016; Noh et al. 2018). This can be further modulated by overexpression of single
genes of the Ace BAK operon or gltA, a gene coding for citrate synthase (Noh et al. 2018).
A reduction of the flux to gluconeogenesis by deleting maeB, an enzyme responsible for
conversion of malate to pyruvate, was reported to lead to higher acetate consumption and
growth (H. Yang et al. 2019; Li et al. 2016).

It is also possible to introduce acetic acid catabolism in bacteria, that are not able to
utilize it naturally. Kabisch and colleagues (2013) engineered Bacillus subtilis for growth
on acetic acid by transferring the genes aceA and aceB of the glyoxylate shunt from

Bacillus licheniformis. The addition of the glyoxylate shunt genes led to diauxic growth
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with consumption of acetic acid and to a lower degree also acetoin after the main carbon
source glycerol was depleted. The authors also reported increased OD values for the
transformed bacterium (Kabisch et al. 2013).

1.4.5 Overview over bacterial production processes with acetate as sole carbon

source

As mentioned in section 1.4.2, acetate has an inhibiting effect on many microorganisms.
Because of this, only few exceptions and special strains were used in actual production
processes. Besides fungi, where bioproduction processes utilizing acetate as sole carbon
source have been published for lipid synthesis with yeasts (Salsabila et al. 2021) or organic
acid synthesis with filamentous fungi like Aspergillus oryzae (Kovilein et al. 2021), only a
few bacteria were found to be suited for bioproduction on acetate as sole carbon source.
A summary of bacterial processes using acetate is shown in Table 2.

Most reported processes rely on E. coli as production host, with only few mentions of
other bacteria like Cupriavidus necator (Garcia-Gonzalez et al. 2018; Vlaeminck et al.
2022) or Pseudomonas putida (Arnold et al. 2019b; S. Yang et al. 2019). Both bacteria
are model organisms for production of polyhydroxyalcanoates (PHA), a class of polymer
that can be used as bioplastics and that can be synthesized from acetyl CoA as precursor.
Products derived from acetyl CoA are beneficial for using acetate as substrate, because
it is directly converted to acetyl CoA. Thus, ideally carbon loss is minimized. Other
products are derived from the TCA cycle, like succinate (Huang et al. 2018) or itaconate
(Noh et al. 2018), which is a C5 dicarboxylic acid that was listed as one of the twelve
most important products derived from biomass by the US Department of Energy. Genetic
modifications and metabolic engineering even enabled production with novel synthetic
pathways using acetate as sole carbon source (Novak et al. 2020; H. Yang et al. 2019). The
broad spectrum of different products listed in table 1 and the increasing product titers,
especially during recent years, show the great potential of using acetate as alternative to

sugars for bioproduction.
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1.5 Corynebacterium glutamicum as model

bacterium for acetate utilization

Corynebacterium glutamicum is a gram-positive, aerobic and non-pathogenic bacterium,
that was first isolated from soil in 1957 during the search for a natural glutamate produc-
ing organism (Kinoshita et al. 1957). It is a well-known industrial producer of amino acids
like glutamate or lysine, with annual production capacities of over 2.5 million tons/year
and over 1.5 million tons/year, respectively (J.-Y. Lee et al. 2016). Titer of up to 120 g/L
and high productivities of 4 — 5 g L™'h™! are reported for both amino acids (D. Zhang
et al. 2014; Becker et al. 2011). This effective production capability led to a high re-
search interest for C. glutamicum as production organism for other valuables. In 2003 the
complete genome of C. glutamicum was deciphered, leading to better understanding of
the organism and to development of better tools for strain engineering (Kalinowski et al.
2003). Regarding products, C. glutamicum has been used or modified for production of
a selection of chemicals. Other amino acids produced included for example L-alanine, L-
methionine (J.-Y. Lee et al. 2016), or L-valin (Blombach et al. 2014). Regarding organic
acids, C. glutamicum was also found to be an efficient producer of acids like succinic acid
or lactate under oxygen deprived conditions, achieving titer of up to 100 g/L and higher
(Briki et al. 2020; Okino et al. 2005). Further products include alcohols like ethanol (J.-Y.
Lee et al. 2016) or isobutanol (Blombach et al. 2014). A low protease activity and the
existence of two pathways for protein secretion even spurred interest for using C. glutam-
icum as production host for recombinant proteins (M. J. Lee et al. 2018).

Besides the aptitude for producing a selection of different chemicals, another advantage of
C. glutamicum is its broad substrate spectrum. Besides glucose and fructose this includes
carboxy acids like lactate, acetate, pyruvate and propionate (Wendisch et al. 2000), alco-
hols like ethanol (Jolkver et al. 2009) and even aromatic compounds (Shen et al. 2012).
During growth on mixtures of different substrates, C. glutamicum shows no sign for di-
auxic growth or preference for one specific substrate. Instead, the substrates are metabo-
lized simultaneously. Only for glutamate and glucose diauxic growth was reported, where
glucose was consumed first (Wendisch et al. 2000).

Regarding acetate as alternative carbon source, C. glutamicum was reported to be able to
grow on acetate concentrations of up to 10 g/L without signs of inhibition and to tolerate
even higher concentrations (Arnold et al. 2019a). For growth on acetate as sole carbon
source, the bacterium uses the glyoxylate cycle described in section 1.4.1 as anaplerotic
reaction for replenishing the TCA-cycle with C4-moelcules (Black lines and descriptors in
Figure 2 show metabolic pathways for utilization of acetate specific for C. glutamicum).
Opposite to E. coli, which can activate acetate to acetyl-CoA via the PTA-AK and the
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ACS pathways, C. glutamicum is reported to only use the PTA-AK pathway (Veit et al.
2009). The genes pta and ackA of the acetate activation pathway as well as the genes
aceA and aceB of the glyoxylate cycle enzymes are essential for growth on acetate as
sole carbon source. They are strictly controlled by transcriptional regulators, mainly by
RamA and RamB (Cramer et al. 2007; Gerstmeir et al. 2004). RamA is an activator pro-
tein, that increases expression of all enzymes involved in acetate metabolism in presence
of acetate and RamB acts as repressor in absence of this substrate. It has been reported
that only RamA is essential for growth on acetate as sole carbon source, while deletion of
RamB leads to a reduction in a slight reduction in activity of the glyoxylate cycle (Cramer
et al. 2007).

For gluconeogenesis during growth on acetate C. glutamicum specifically uses the PEP-
carboxykinase pathway for conversion of oxaloacetate to PEP under consumption of GTP
as cofactor, making the enzyme essential for growth on acetate as carbon source (Netzer
et al. 2004). While the bacterium possesses genes for malic enzyme, its activity is too low

to sustain growth.
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1.6 Perfusion bioreactors

1.6.1 General information

Commonly bioreactors and bioprocesses are assigned to three categories depending on
their operation mode (Chmiel 2011). These are batch fermentation, fed-batch fermenta-
tion, and continuous fermentation. The three categories are differentiated by the presence
of medium streams entering or leaving the bioreactor system. In batch mode no substance
streams are added or removed from the bioreactor after its inoculation. All substrates
are added from the beginning in high enough concentrations for formation of the target
product. The only substances added are gases like air or O9, because of the low solubility
of Oy and to remove excess CO; formed during the cultivation, gases like CO5 or NH3 that
have an impact on the pH value of the medium and pH-correction solutions. In fed-batch
mode, the bioreactor is only filled with medium to a small percentage of the total working
volume and a feed solution is added during the process. This allows better control over
the bacterial culture and prevents substrate inhibition or overflow metabolism, which is
the production of side products at high substrate concentrations. The last mode is con-
tinuous mode, in which a feed solution is continuously added to the bioreactor and culture
broth is continuously removed, which leads to dilution of the culture broth. The rate at
which the culture broth is diluted is called the dilution rate, which is the ratio between
medium flow rate and bioreactor volume. Generally, the goal of continuous processes is
to achieve a steady state, at which productivity and growth rate can be controlled to a
constant value by controlling the availability of a limiting substrate. At this steady-state
the dilution rate equals the growth rate of the culture, because the same amount of cells
is removed from the culture as is produced by cell growth. In that way the dilution rate
can be used to control the availability of a limiting nutrient and the growth rate of the
cell population. The dilution rate is typically set below the maximum achievable specific
growth rate, since a higher dilution rate would mean that more cells are removed from
the process than the population can produce by growing and that the cells are ultimately
washed out of the reactor (Chmiel 2011). The advantages of a continuous process at
steady state is stable product formation over a long time, while product inhibition is
prevented. Furthermore, cost can be reduced, because smaller reaction vessels are needed
in comparison to the other modes of fermentation. A disadvantage is the increased risk
of contamination.

A special form of continuous mode is the perfusion strategy. Processes run in perfusion
mode utilize bioreactors, which are supplied with a cell retention or cell recycle system
(Sieck et al. 2017). The complete or partial retention and recycling of cells, allows for high

cell density and therefore increased productivities at smaller reactor volumes in compar-
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ison to the other process modes. Furthermore, it allows the application of dilution rates
higher than the maximum specific growth rate of the bacterial culture, that would lead
to wash out of cells at common continuous process mode (Chmiel 2011). Higher dilution
rates can be advantageous for example when substrates with dilute carbon concentrations
are applied or when the substrate contains toxic substances. On the opposite, the main
disadvantage is the high medium consumption combined with a low concentration of ex-
tracellular products, which leads to increased cost for downstream production (Sieck et al.
2017).

Several methods for cell retention have been under use during the last years, that can be
sorted into methods that rely on retention by size or retention by density (Voisard et al.
2003). The first category uses physical barriers like membranes or filter systems in differ-
ent configurations. The second category uses the difference in density between cells and
culture broth and focusses on technology that increases the sedimentation velocity. The
different methods will be described in more detail in the following subsections. Increased
focus will be placed on membrane systems, as they are the most suited for lab and small-
scale applications. An important parameter for perfusion processes and the cell retention
system is the recycle ratio R (Chmiel 2011). It describes the ratio of cell-free permeate
to the medium inflow. With some cell retention devices like membranes full retention of
biomass can be achieved, resulting in a recycle ratio of 1. Other devices and configurations
can be partially permeable for biomass or include a deliberate biomass bleed stream out
of the bioreactor and result in a recycle ratio lower than 1. Both complete retention and
partial retention can have advantages and disadvantages. A complete cell retention can
lead to higher cell densities, but also dead cells and cell fragments are retained potentially
lowering the cell viability (Voisard et al. 2003). A partial retention leads to expulsion of
cell fragments and therefore to better cell viability and ultimately longer process times.
On the other hand, process control is more complex, and an additional biomass removal
step must be included in downstream processing (Gagnon et al. 2018). Furthermore, cell

density and volumetric productivity are limited in this case.

1.6.2 Devices for cell retention based on density

As mentioned before, one way to retain cells is by using the difference in density between
cells and the surrounding liquid. Their main advantage over membrane-based retention
devices, is that they can principally run indefinitely without risk of clogging or fouling
(Voisard et al. 2003). Furthermore, density-based retention devices mostly do not re-
tain the complete biomass but are permeable for dead cells and cell fragments. Thus,

increasing cell viability and product quality. A challenge is the low difference in densities
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between cells and their surrounding fluid. This leads to low sedimentation rates and long
residence times in the cell retention device. Therefore, most cell retention technologies
based on density difference enhance the sedimentation velocity by increasing gravitational
forces or increasing the particle size through formation of agglomerates.

An example of a simple device that uses normal gravity for cell retention is the cell settler
(Choo et al. 2007). This is a device that offers a large surface area with low liquid height
and low perfusion rates to enhance settling time. Enhanced versions are the inclined
settlers that offer several plates that are orientated in an angle to the vertical direction
(Coronel et al. 2020). This improves the separation of living cells from cell debris.
Acoustic settlers are another example for an enhanced cell settling device. Here an acous-
tic resonance filed is applied that causes cells to form agglomerates (Trampler et al. 1994).
The increased size of these agglomerates in comparison to single cells leads to higher sed-
imentation velocity. The high effect of cell size on sedimentation velocity is also what
makes application of cell settlers for production processes with bacteria or yeasts chal-
lenging as they are mainly designed for mammalian cells with more than 10 times larger
cell size. The long sedimentation velocity of bacterial cells leads to low perfusion rates
(Freeman et al. 2017).

A technology that does not depend on normal gravity is the continuous centrifuge (John-
son et al. 1996). Continuous centrifugation is a cell retention method, that utilizes high
centrifugal forces for separation of biomass from spent culture broth. While the culture
broth is collected, the cells are drawn back into the bioreactor system. The centrifuge
has the advantage of achieving high separation efficiency and being reliable, in compari-
son to other methods, where pore clogging or fouling can occur (Choo et al. 2007; Kim
et al. 2007). Centrifuges also have a high separation efficiency for dead cells. Those are
mostly transported out of the bioreactor in the supernatant, as they have a lower density
than viable cells (Johnson et al. 1996). Disadvantages of continuous centrifuges are high
shear forces as well as temperature and nutrient fluctuations, that put the biomass under

increased stress that can lead to lowered cell viability (Kim et al. 2007).

1.6.3 Devices for cell retention based on size

The second category for cell retention devices relies mostly on size differences to separate
biomass from the culture broth using membranes as physical barrier. Bioreactors that
utilize membranes for cell retention are often referred to as membrane bioreactors (MBR)
(Akkoyunlu et al. 2021). The main advantages of membranes for cell retention, in compar-
ison to density based devices, are simple operation and scale up, full retention of biomass

at lower energy consumption and shorter residence times in the retention device (Coutte
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et al. 2017). Membranes can either consist of ceramic materials like aluminium, circo-
nium or titanium oxide or of organic polymers like polyethersulfone (PES), polyvinylidene
fluoride (PVDF), Polypropylene and more (Akkoyunlu et al. 2021; Coutte et al. 2017).
Depending on their pore size they are categorized as macrofiltration, microfiltration, ul-
trafiltration or reverse osmosis membranes. The selection of the required material and
pore size depends on following criteria:

- Size of the cells to be retained.

- Size of products and unwanted contaminants.

- Potential interaction between cells, their side products or medium components with the
membrane material.

- Substance parameters like viscosity and density of the medium.

For bacteria typically microfiltration membranes with a pore size of 0.1 1m to 0.45 pm are
used (Y. Wang et al. 2007). Membrane based cell retention systems can be operated either
externally of the bioreactor vessel with a recycle loop or internally submersed in the cul-
ture broth. Both modes of operation have their advantages and disadvantage (Akkoyunlu
et al. 2021). When the cell retention module is applied externally, often higher specific
membrane areas can be achieved, and the membrane can be exchanged during operation
in case of pore clogging. At the same time the circulation flow can lead to increased shear
stress for cells and introduces inhomogeneities into the process. In comparison, internal
cell retention devices are more limited in the achievable membrane area, but they reduce
energy requirements, because no additional pump is needed for a circulation flow, and
they lead to a more homogenous medium.

The main drawback of membranes in general is the tendency of pore clogging to occur
after some time, which reduces permeate flux, increases transmembrane pressure and can
even lead to complete blockage of the membrane (Akkoyunlu et al. 2021). This effect,
which is referred to as membrane fouling, has several causes (H. Xu et al. 2020). It can
be caused by the formation of a filter cake on the membrane surface, which consists of
retained particles and substances and that leads to increased filter resistance. Adsorption
of solutes or dispersed molecules either inside the pores or at the pore orifice, because
of interactions like Van-der-Waals forces, electrostatic forces or chemical bonding can be
other causes (Xiafu Shi et al. 2014). The adsorbed molecules constraint the effective pore
size and therefore reduce the liquid flux. Furthermore, particulates or macromolecules
can completely block a pore, when they have a high enough size (Slimane et al. 2019).
For biological solutions the most common components leading to membrane fouling are
proteins, polysaccharides (H. Xu et al. 2020) and nucleic acids (Esclade et al. 1991). But
also cells themselves can lead to pore clogging if they start to form biofilms on the mem-
brane surface or inside the pores. To remove or prevent membrane fouling sheer is often

generated at the membrane surface either through stirring, bubble aeration or by using
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high liquid velocities in cross flow mode (Su et al. 2021; Xiafu Shi et al. 2014). Cross
flow refers to an application of membranes, where the main flow passes the membrane
tangentially and is split into an orthogonal permeate flow and a retentate flow, that is
recycled back into the bioreactor (Su et al. 2021). The high liquid velocity and the shear
forces generated prevent the formation of a filter cake as well as adsorption of particu-
lates. This is opposed to the typical dead-end filtration mode, where all the filtrate flow
passes through the membrane and retained substances collect on the membrane. Another
way to prevent membrane fouling is backflushing, where liquid is pumped through the
membrane from the permeate side to remove particles from the pores (Xiafu Shi et al.
2014). Because these methods often are effective only for a certain amount of time or are
difficult to control, specialized membrane devices have been developed that are less prone

to fouling.
Spin filters

Spin filters are cell retention devices that have been used in perfusion cultures for a long
time (Brennan et al. 1987). They consist of a cylindrical filter membrane or a wired
mesh, that is closed on both sides and immersed into the culture broth (Vallez-Chetreanu
et al. 2007). For rotating the filter, it can be attached either to the stirrer shaft or to a
separate rotating shaft. The attachment to a separate shaft was shown to be beneficial, as
too high rotation speed was shown to lead to higher fluid exchange rates and thus lesser
retention efficiency (Voisard et al. 2003). A pump is used to remove the permeate from
the inside of the spin filter, which generates the transmembrane pressure necessary for
filtering the culture broth. Spin filters can be made either from stainless steel (Brennan
et al. 1987), from ceramics (Yabannavar et al. 1992) or from synthetic polymers like for
example nylon (Brennan et al. 1987). Fouling is prevented by the centrifugal forces of
the spinning filter, which also enhances cell sieving in a way, that even higher pore sizes
than cell size can be used (Voisard et al. 2003). A main advantage of a spin filter is a
high achievable perfusion rate (Vallez-Chetreanu et al. 2007). The main drawback is the
tendency for fouling at long process times. It was shown that fouling of spin filters is
impacted by rotation speed, perfusion rate and filter material, where metallic filters are
more prone to adhesion of proteins and DNA and thus to fouling (Brennan et al. 1987).
In literature, usage of spin filters for cell retention is reported for bioreactor volumes of
up to 500 L (Deo et al. 1996).

Hollow Fibers and alternating tangential flow (ATF) devices

Hollow fibers are tubular membranes with diameters below 0.5 mm. They are made from

similar materials and with similar pore sizes than typical flat sheet membranes, but with




1 INTRODUCTION 24

their cylindrical form they offer a high surface to volume ratio as well as more homogenous
fluid dynamics (Akkoyunlu et al. 2021). The homogenous flow behaviour makes them
especially suited for cross flow applications and the high surface to volume ration allows
easy scale up by numbering up the fibers in parallel stacks. In that way high membrane
areas can easily be achieved. Hollow fibers are used for several applications. Examples
are the bubble-free transfer of oxygen via diffusion (Ahmed et al. 1992), cell retention
for suspension cultures as well as nutrient supply and carrier for cells in adhesion culture
(Napoli et al. 2014) or biofilms (Ercan et al. 2015). Because of their cylindrical form and
usually small diameter high flow velocities and thus shear forces can be achieved, that
are able to remove particles and chemicals leading to membrane fouling. Still, fouling is
also a drawback of hollow fiber systems, as changes of transmembrane pressure over the
length of the fibers and concentration polarisation can hinder permeate flow over time
(Weinberger et al. 2022).

One attempt to lower the risk of fouling and increase the process time was the development
of an alternating flow system. The ATF is a special device, where the hollow fiber cartridge
is not connected to a recirculation line for the retentate. Instead, the module ends at a
diaphragm pump that generates a pulsating flow that periodically switches its direction
(Weinberger et al. 2022). By this pulsating behaviour fresh culture broth is drawn into
the cell retention device and filtered. When the flow changes its direction, retained cells
are pushed back into the reactor. At the same time a certain fraction of the permeate is
drawn back into the module, thereby removing particles from the inside of the pores thus
reducing fouling (Kim et al. 2007). Besides better fouling behaviour, ATF devices have
the advantage of lower shear stress in comparison to tangential flow filtration, because of

lower flow velocities (Gupta 2017).

1.6.4 Application of perfusion bioreactors for bacterial processes

Perfusion bioreactors and perfusion processes are commonly used in wastewater treat-
ment either by using a sedimentation basin for removal of activated slugde, which is the
conventional method, or by using special MBR when higher purity or removal of small
contaminants like pharmaceuticals are needed (Bertanza et al. 2017; Al-Asheh et al. 2021).
Besides wastewater, perfusion bioreactors are also commonly applied in cell culture ap-
plications, for example for production of antibodies or other biopharmaceuticals as well
as for tissue engineering (Wong et al. 2022). As mentioned before, utilization of perfusion
processes for cell cultures resulted in high cellular viability and product quality, as cell
fragments or dead cells are continuously removed from the process (Freeman et al. 2017).

Furthermore, protein-based pharmaceuticals often have low stability in the culture broth,
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because of which continuous product removal is necessary (Walther et al. 2019). For
these reasons most of the cell retention devices described in earlier sections were mainly
developed and optimized with cell culture applications in mind.

Still, perfusion bioreactors were also considered for bacterial production processes for ex-
ample to achieve process intensification (Akkoyunlu et al. 2021). As such, higher cell
densities and volumetric productivities can be achieved at lower volumes through cell re-
tention in a perfusion process, because inhibiting side products are continuously removed
from the process and the risk of washing out the biomass is prevented. Furthermore,
the cost for hardware and for downstream processing can potentially be lowered by in-
tegrating the removal of biomass in the production process, which removes the necessity
of additional filtration or centrifugation equipment to remove the cells from the culture
broth.

Tajarudin et al. (2018) achieved to produce acetate with a high productivity of
37.9 gL7'h~! in a MBR using Clostridium butyricum as production organism. Utilization
of the MBR allowed removal of the in higher concentrations toxic acetate and butyrate,
which led to the productivity increase. Jung and Lovitt (2010) demonstrated the utiliza-
tion of a 36 L pilot scale MBR, for production of lactic acid bacteria, which can be used
as food supplement to help digestion or for manufacturing of fermented foods. Because
of the formation of inhibitory metabolites like lactate or acetate, productivity in batch
mode was low. With a MBR cell concentrations as well as volumetric productivities could
be increased by 5.5 — 28.9 times and by 5.5 — 23.7 times, respectively.

Another target for bacterial perfusion processes was the utilization of alternative sub-
strates that originate from waste. Often these substrates contain inhibiting or even toxic
substances or only dilute carbon concentrations, that makes their application in conven-
tional fed-batch processes difficult (see sections 1.2 and 1.3). Inhibitors present in the
substrate do not accumulate in perfusion processes (Akkoyunlu et al. 2021). Further-
more, lower substrate concentrations can be applied by increasing the feed rate.

The applicability of dilute substrates for bioproduction in MBR was shown in several
studies for production of PHA with bacteria like Bacillus megaterium (Kacanski et al.
2022), Cupriavidus necator (Schmidt et al. 2016; Haas et al. 2017) or E. coli (Ahn et al.
2001). For example, Haas et al. (2017) achieved a high productivity of 3.1 g polyhydroxy
butyrate (PHB) L™ h™! as well as a high cell density of 148 g/L with 76%wt PHB using
a MBR with a dilute feed concentration of 50 g/L glucose.

Regarding the utilization of waste liquids as alternative substrates, Aloui et al. (2022) used
crude glycerol as substrate for co-production of PHA and phenazines with Pseudomonas
chlororaphis subsp aurantiaca in a MBR. There they achieved titers of 19.1 g/ PHA,
which was 28.4-times higher than in batch culture, and a phenazine titer of 79.4 mg/L.

In another study of the same group Khomlaem et al. (2023) used sugars from lignocellulose
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hydrolysis for production of PHA as well as PHA + asaxanthin with Bacillus megaterium
and Paracoccus sp. LL1, respectively, in a MBR. By using a MBR they achieved 9 and
13-fold higher PHA and astaxanthin titers as well as 4 and 10-fold higher productivities
of 0.58 and 0.39 g L™'h™!, respectively, in comparison to batch cultivations.

These examples demonstrate the suitability and benefits of perfusion cultures also for

bacterial production processes.
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1.7 Aim of the thesis

As most bacterial production processes rely on sugars as main carbon source (Wendisch
et al. 2016), that are in competition with food and feed applications, it is important to
find alternative carbon sources to achieve a biobased and sustainable industry (Lokko
et al. 2018). As such, acetate has proven to be a suitable candidate, as it can be pro-
duced via sustainable means (Kiefer et al. 2021a), can be utilized by bacteria commonly
used for bioprocessing (Arnold et al. 2019a) and is readily available (Mordor Intelligence
2023). Still, there are several challenges to its utilization. Acetate is inhibiting for most
organisms at concentrations above 5 g/1, thus it must be fed to the process in a strictly
controlled manner (Trcek et al. 2015). As an acid acetate leads to decreasing pH when
added during a fed-batch process, while its addition as salt quickly leads to osmotic
stress due to the low solubility of sodium acetate (300 g/L). Furthermore, production
of biobased acetate through sustainable means like lignocellulose conversion (Ko et al.
2020; Xinhua Shi et al. 2014; Arnold et al. 2017), Cl-gas fixation (Kantzow et al. 2015)
or electrosynthesis (Jourdin et al. 2015) results mostly in substrate solutions with dilute
acetate concentrations. Thus, it is necessary to find novel process strategies that allevi-
ate these restrictions. Regarding the suitable production organism, C. glutamicum was
known to be able to utilize acetate as sole carbon source for a long time (Wendisch et al.
2000). Still, while some studies have shown unrestricted growth for acetate concentrations
of up to 10 g/L and tolerance for even higher concentrations (Arnold et al. 2019a), no
studies were published for bioproduction processes using this organism with acetate as
sole carbon source. For these reasons the aim of this study was structured into two main
objectives. The first objective was to examine the suitability of C. glutamicum for pro-
duction of valuables using acetate as sole carbon source and to develop a fed-batch process
for efficient feeding of acetate using this bacterium. As an exemplary product itaconic
acid was selected, a C5 dicarboxylic acid, which can potentially be used for production
of bioplastics, as biomedical compound and as additive for paints (Noh et al. 2018; Otten
et al. 2015; Merkel et al. 2022). For production of itaconic acid a genetically engineered
strain C. glutamicum 1CDF43C (pEKEx2-malEcad,,;) was used. The requirement for
nitrogen limitation to achieve itaconic acid production added an additional difficulty (Ot-
ten et al. 2015). Therefore, the impact of different carbon to nitrogen (C-N) ratios on
itaconic acid production was examined in shaking flask cultivations. Maximum specific
growth rates, biomass, and product yields, itaconic acid titer and volumetric productivity
were recorded. Next a fed-batch process with pH-coupled feeding of glacial acetic acid
was adapted to the nitrogen limitation conditions necessary for itaconic acid production.
As a result, the pH-coupled process was extended with a DO-coupled feeding of sodium

acetate to achieve an enhanced production phase.
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The second objective was the development of a perfusion bioreactor using 3D-printing as
manufacturing method. A perfusion process was selected, because it allows utilization of
dilute substrates and prevents accumulation of toxic substances or metabolites (Chmiel
2011). With this, direct utilization of sustainably produced acetate can be achieved. 3D-
printing was selected as manufacturing method because it allows fast and inexpensive
prototyping and high flexibility regarding design choices (Thompson 2022). As a first
step suitable materials were selected depending on their chemical tolerances, mechanical
properties, and compatibility with C. glutamicum. After the materials were selected, a
perfusion bioreactor using hydrophilic membranes for cell retention, an oxygen transfer
module based on membrane diffusion and a heat exchanger for temperature control was
developed and characterized regarding oxygen transfer rate as well as mixing time. The

final step was a proof-of-concept batch-perfusion hybrid cultivation with C. glutamicum

ATCC 13032.
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1. Introduction

With the growing awareness for sustainability and the shift to green
production processes with lower impact on environment, biotechno-
logical processes for conversion of renewable substrates increase in
relevance. However, one drawback of most bioprocesses is the pre-
dominant use of carbon sources, which are generated from starch or
sugar containing plants (e.g. sucrose or glucose). Usually, these plants
are used for human nutrition or as animal feed, which results in an
ethical problem (Philp, 2018). For this reason, utilizing alternative
substrates that do not possess this problem but result in similar pro-
duction capabilities has become an important research area. As such,
acetate is one alternative substrate that offers advantages for application
in biotechnology. Examples include the relatively low price and lack of
competition in feed and food as discussed in detail by several authors
(Blombach et al., 2021; Kiefer et al., 2021b; Novak and Pfliigl, 2018). It
is still mostly generated from fossil resources via processes like metal-
catalyzed methanol carbonylation (Yoneda et al., 2001). However, a
large number of alternative acetate production routes with higher sus-
tainability do already exist or are currently under investigation. Pyrol-
ysis (Arnold et al., 2017) or hydrolysis (Gong et al., 2016) of
lignocellulosic biomass and fixation of COg or CO via the acetogenic
Wood-Ljundahl pathway are a few examples (Hu et al., 2013).

In recent years, utilization of acetate has gained attention in research
as replacement for glucose as microbial carbon source, when several
authors achieved high product yields for exemplary production of pol-
yhydroxybutyrate (PHB) (Garcia-Gonzalez and De Wever, 2018) or
succinate (Yuan Liu et al., 2011). However, microbial acetate conversion
is challenging, as most microorganisms are already inhibited at low
acetate concentrations (Trcek et al., 2015).

The industrial platform bacterium Corynebacterium glutamicum is an
example for a promising acetate-converting organism, that demon-
strated high growth rates on moderate concentrations of acetate as sole
carbon source (Arnold et al., 2019). Furthermore, high cell densities
could be achieved with the wild-type strain C. glutamicum ATCC 13032
on acetate by using a novel pH-coupled fed-batch strategy, that was
demonstrated in a previous work (Kiefer et al., 2021a). Continuing from
there, the next goal was to investigate the effectiveness of this process
strategy for production of value-added chemicals. Therefore, a geneti-
cally engineered strain of C. glutamicum was constructed, with the ability
to convert acetate into the C5 chemical itaconic acid.

Under production conditions, itaconic acid is present in its dissoci-
ated form. As such, the term itaconate will subsequently be used.

Itaconate is a potential platform chemical that was considered to be
between the twelve most promising biobased products, as its properties
allow high value applications (Werpy and Petersen, 2004). It can be used
as precursor for bioplastics (Ali and Kaneko, 2021), especially as bio-
based replacement of acrylic acid, resins or coatings (Robert and Friebel,
2016; Trotta et al., 2019). Further applications exist in the textile in-
dustry (Boondaeng et al., 2021) and in the medical area as drug carrier
or carrier with antimicrobial characteristics (Chiloeches et al., 2021).
Currently, around 40.000 t of itaconate are produced annually mainly
from glucose with the filamentous fungus Aspergillus terreus. It is pro-
duced by conversion of citric acid from the tricarboxylic acid (TCA)
cycle first to cis-aconitate with the enzyme aconitase (ACO) followed by
transformation to itaconate by cis-aconitate dehydrogenase (CAD)
(Klement and Biichs, 2013). Although a volumetric productivity (Py) of
0.99 g L 'h™! can be achieved using this microorganism, resulting in a
high titer of 160.0 g/L (Krull et al., 2017), it offers some drawbacks
causing increased production costs. It is sensitive to shear stress and to
fluctuations in oxygen supply, where even short-time oxygen depletion
can lead to production stop for several hours (Saha, 2017). Furthermore,
as an opportunistic human pathogen, A. terreus belongs to risk group 2 in
some countries and requires special safety precautions (Schlembach
et al., 2020). For this reason, different production hosts have been
examined for their capability to produce itaconate: fungi like Ustilago
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maydis (Becker et al., 2020; Demir et al., 2021; Hosseinpour Tehrani
et al., 2019) and bacteria such as Escherichia coli (Harder et al., 2018,
2016; Okamoto et al., 2014) and Corynebacterium glutamicum (Otten
et al., 2015). Until now, the highest bacterial itaconate titer was ach-
ieved with E. coli. Harder et al. (2018) developed a temperature-
controlled production strain and process achieving a titer of 46.9 g/L.
In case of C. glutamicum, the potential of itaconate production was
proven by Otten et al. (2015), who achieved a titer of 7.9 g/L in a batch
cultivation with glucose as carbon source.

In this work, a genetically engineered strain of C. glutamicum ATCC
13032 was used for the first time to produce itaconate from the alter-
native carbon source acetate. The performance of the newly constructed
strain C. glutamicum ICDR#53C (PEKEx2-malEcad,p) was evaluated in
shaking flask cultivations with different carbon to nitrogen (C-N) ratios.
Insights from these experiments were used to adapt a previously pub-
lished high cell density pH-stat process (Kiefer et al., 2021a) to achieve
highest possible itaconate production. Further optimization led to a
novel fed-batch process, that integrates pH and DO-coupled feeding
strategies for production of itaconate under nitrogen limited conditions.
Using glacial acetic acid for both pH-control and as carbon source
eliminated the need for bases for pH titration, which potentially leads to
reduced salt waste. With this process setup a maximum itaconate titer of
29.2 g/L could be achieved after 46.0 h, which is comparable to bac-
terial production processes on glucose (Harder et al., 2016). The results
further support the potential of acetate as alternative substrate for mi-
crobial production processes, with C. glutamicum being a major candi-
date as industrial production organism.

2. Materials and methods
2.1. Chemicals and materials

If not stated otherwise, the chemicals used in this work were ob-
tained from Carl Roth GmbH (Karlsruhe, Germany). Morpholino pro-
panesulfonic acid (MOPS, order number 1081) as buffering agent was
obtained from GERBU Biotechnik GmbH (Heidelberg, Germany). The
antifoam agent was gifted by Zschimmer & Schwarz GmbH & Co KG
(Lahnstein, Germany). Enzymatic assay kits from R-biopharm AG
(Darmstadt, Germany) were obtained for analysis of ammonia (Cat No.
11112732035) and acetate (Cat. No. 10148261035).

2.2. Bacterial strain and strain engineering

Escherichia coli strains were cultured in 2xYT medium (16 g/L tryp-
tone, 10 g/L yeast extract, 5 g/L NaCl; (Green and Sambrook, 2012) at
37 °C for 16.0-20.0 h and supplemented with 50 pg/L kanamycin
sulfate as needed. Corynebacterium glutamicum was grown in 2xYT me-
dium or BHIS medium (37 g/L BHI, 91 g/L sorbitol) at 30 °C for 16.0 —
20.0 h in liquid medium or 2-3 days on agar-plates. Solid medium was
prepared by addition of 18 g/L agar to liquid medium. E. coli DH5«
(Hanahan, 1983) was used for maintenance of plasmids. Plasmid DNA
from E. coli was prepared using the “NucleoSpin® Plasmid” kit pur-
chased from MACHEREY-NAGEL GmbH & Co. KG (Diiren, Germany).
Genomic exchange of isocitrate dehydrogenase (ICD) to the mutated
variant ICDR*%3C in C. glutamicum ATCC 13032 was achieved by a double
cross-over event followed by positive-negative selection on BHIS plates
supplemented with kanamycin and 2xYT plates supplemented with
10% (w/v) sucrose, respectively (Schafer et al., 1994). Therefore, elec-
trocompetent C. glutamicum ATCC 13032 were prepared according to
Tauch et al. (2002) and transformed with pKlQmobsacB-ICDR453C
(Schwentner et al., 2018) by electroporation (van der Rest et al., 1999).
Successful mutation was analyzed by colony PCR using “Q5® High-
Fidelity DNA Polymerase” purchased from New England Biolabs
GmbH (Frankfurt, Germany) including the primers oMS-ICD1 (5'-
TTACTTCTTCAGTGCGTCAACG-3') and oMS-ICD2 (5'-ATGGCTAA-
GATCATCTGGACC-3'). A “NucleoSpin® Gel and PCR Clean-up” kit
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purchased from MACHEREY-NAGEL GmbH & Co. KG (Diiren, Germany)
was used for purification of PCR products. The subsequent sequencing
was performed with the sanger-sequencing method by Eurofins Geno-
mics GmbH (Ebersberg, Germany) with oMS-ICD3 (5’-TGTAGTCACG-
CAGAACGTTACC-3’) using “TubeSeq Service“. A positive clone was
used to produce electrocompetent C. glutamicum ICD®3C as described
above, followed by transformation with pEKEx2-malEcadp (Otten et al.,
2015). Generally, all kits listed in this section were used according to the
manufacturer’s protocols.

2.3. Cultivation media

The bacterial strain was stored as 25% (v/v) glycerol stocks at
—80 °C. 2xYT medium supplemented with 5 g/L Na-acetate was
generally used for first precultures. Acetate was added sterile from an
autoclaved stock solution containing 277 g/L Na-acetate. For consecu-
tive cultures modified CGXII minimal medium based on the composition
of Keilhauer et al. (1993) was used. Kanamycin sulfate (25 pug/mL) was
generally used as a selection marker.

Modified medium composition CGXIIg was used (pH 6.8) for shaking
flask cultivations to investigate the influence of different molar C-N
ratios on growth and itaconate production:

13.7 g/L Na-acetate, 1 g/L KHaPOy4, 1 g/L K2HPOy, 0.25 g/L MgSO4
x 7 H0, 0.01 g/L CaCly x 2 H0, 21 g/L MOPS, 0.2 mg/L D-biotin,
0.06 g/L protocatechuic acid (PCA) and 1 mL/L trace element solution
(TES). TES was composed of 10 g/L FeSO4 x 7 H20, 10 g/L MnSO4-H20,
1 g/L ZnSO4 x 7 Hy0, 0.2 g/L CuSO4 and 0.02 g/L NiCl, x 6 H20 (pH
acidified with HCI). Different concentrations of (NH4)2S04 (10 g/L, 2.2
g/L, 1.1 g/L, 0.56 g/L, 0.37 g/L) resulting in C-N ratios of 2, 10, 20, 40
and 60 mol/mole were added as nitrogen source. The second preculture
medium was prepared with 5 g/L (NH4)2SO4. For fed-batch bioreactor
cultivations the medium composition was further modified, resulting in
modified CGXIIgg minimal medium (pH 6.8): 13.7 g/L Na-acetate, 1 g/L
KHPOy4, 1 g/L KoHPOy, 2.8 g/L (NH4)2S04, 1.25 g/L MgSO4 x 7 Hy0,
0.01 g/L CaCl, x 2 H,0, 21 g/L MOPS, 0.2 mg/L D-biotin, 0.06 g/L PCA
and 2 mL/L TES. Additionally, 1 mL/L antifoam was added to the main
bioreactor cultivations. Modified CGXIlgg medium was always freshly
prepared, as it tends to precipitate after prolonged storage.

During the fed-batch phase, a total number of three different feed
solutions were used. Feed solution 1 contained pure glacial acetic acid
serving as pH control titrant and acetate supply, simultaneously. For
addition of nitrogen source and replenishment of salts, CGXII feed so-
lutions consisting of 10 g/L KHyPO4, 10 g/L KHPO4, 2 mg/L D-biotin
and either 105.0 g/L (C-N ratio of 10 mol/mole) or 26.3 g/L urea (C-N
ratio of 40 mol/mole) were prepared. Feed solution 3 was composed of
300 g/L Na-acetate. The complete feeding strategy is described in more
detail in chapter 2.4.3. During medium preparation, the components
CaCly x 2 Hp0, MgSO4 x 7 H20, (NH4)2S04, PCA, biotin, isopropyl-p-D-
thiogalactopyranosid (IPTG), kanamycin sulfate and TES were always
added aseptically from stock solutions.

2.4. Cultivation conditions

2.4.1. Inoculum preparation

Two consecutive precultures were performed in baffled shaking
flasks filled with 10% (v/v) medium for preparation of the inoculum.
Shaking flask cultivations were generally performed at 30 °C and 120
rpm in an incubator shaker (New Brunswick™/Innova® 44, Eppendorf
AG, Hamburg, Germany). 100 uL bacterial glycerol stock were used for
inoculation of first precultures of C. glutamicum ICD*3C (pEKEx2-mal-
Ecad,py) in 250 mL baffled shaking flasks with 25 mL of 2xYT medium +
5 g/L Na-acetate. After 24.0 — 25.0 h of incubation, 2% (v/Vand preculture)
were used to inoculate 25 mL of the second preculture with respective
modified CGXIlg, minimal medium composition in a shaking flask fol-
lowed by incubation for another 24.0 — 25.0 h. For bioreactor cultiva-
tions the medium volume was increased to 700 mL separated to two 3 L
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2.4.2. Cultivations in shaking flasks

Cultivations in 500 mL shaking flasks with 10% (v/v) medium were
performed to examine growth and production -capabilities of
C. glutamicum ICDR453¢ (PEKEx2-malEcad,p) at different C-N ratios.
Therefore, modified CGXIIf; minimal media with a constant acetate
concentration of 10 g/L and varying C-N ratios (2, 10, 20, 40 and 60
mol/mol) were prepared. To induce itaconate production, 1 mM IPTG
was added at the beginning of the cultivation. Main cultures were
inoculated to a starting optical density (ODggonm) Of 1 and performed as
biological triplicates.

2.4.3. Fed-batch cultivations in bioreactors

Fed-batch experiments were conducted in 42 L custom-built bio-
reactors (Zeta GmbH, Graz/Lieboch, Switzerland) that were previously
described by Hoffmann et al. (2020). They were fitted with probes for
online data measurement of pH (EasyFerm Bio HB Arc 120, Hamilton
Bonaduz AG, Bonaduz, Switzerland) and dissolved oxygen concentra-
tion (DO) (VisiFerm DO ARC 120 Ho, Hamilton Bonaduz AG, Bonaduz,
Switzerland). During the growth phase, DO was controlled to 30% by
increasing the stirring rate (200 — 900 rpm) and air flow (2 L/min - 20
L/min). At higher cell densities a sufficient supply of oxygen was
ensured by enriching the pressurized air with oxygen. When switching
to DO-coupled feeding, stirring rate and air flow were fixed to 900 rpm
and 20 L/min, respectively. Cultivation temperature was controlled to
30 °C. To start a cultivation, 700 mL of inoculum were transferred to the
bioreactor resulting in a starting ODgoonm Of 1. The experiments were
carried out with a starting volume of 10 L including the inoculum.
Furthermore, 1 mM IPTG was added to the medium directly at the
beginning of the cultivation. Since IPTG is a gratuitous induction
molecule and is not metabolized, a concentration of 1 mM should be
sufficient to activate the corresponding promotor system throughout the
cultivation process. In this way, a strong constitutively active promotor
could be simulated. During pH-coupled feeding, glacial acetic acid was
added as titrant by the pH-control. A feeding program written in the
numerical computing environment MATLAB (release 2020b, The
MathWorks, Natick, MA, USA) correlated the addition of CGXII feed
solutions to the addition of glacial acetic acid by comparing weight
differences of the respective storage bottles, as described before by
Kiefer et al. (2021a). The pH control was thus set to 7.2 + 0.1 and first
started, when the pH increased to 7.3. During the additional DO-coupled
feeding phase, feed solution 3 with 300 g/L Na-acetate was added in
pulses to achieve an acetate concentration of around 5.0 — 6.0 g/L. The
rise in DO above 80% signalized the depletion of acetate in the medium.
For better demonstration, Fig. 1 shows a flow scheme visualizing the
control mechanisms leading to feed additions.

2.5. Sampling and offline analytics

Samples were taken in regular intervals for all cultivations per-
formed. Growth was monitored by measuring the ODgoonm using a
spectrophotometer (Biochrom WPA CO8000, Biochrom Ltd., Cam-
brigde, United Kingdom). Saline was used as blank as well as for diluting
when necessary. Dry biomass concentrations were correlated to ODgoonm
using the predetermined correlation factor of 4.3 found in a previous
work (Kiefer et al., 2021a). For analysis of substrate and product con-
centrations, 1 mL cell free culture supernatant was prepared and stored
at —20 °C for each sample. Therefore, 1 mL freshly harvested sample was
centrifuged for 10 min at 14,000 rpm and 4 °C (5430 R, Eppendorf AG,
Hamburg). Acetate and ammonium concentrations were analyzed
spectrophotometrically (Genesys 150 UV/Vis, Thermo Fisher Scientific
GmbH, Braunschweig, Germany) using enzymatic assay kits from R-
Biopharm AG (Darmstadt, Germany), according to the manufacturer’s
protocols. Itaconate concentration in the supernatant was analyzed
using the spectrophotometric method of Hartford (Hartford, 1962)
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Fig. 1. Flow diagram of the control strategy for pH and DO-coupled
feeding of acetate for bacterial conversion to itaconate. Addition of
glacial acetic acid is directly coupled to online pH control. A matlab program is
used to feed the same amount of CGXII-feed solution as acid, by compensating
weight differences (dmgcates). Additional feeding of a Na-acetate solution is
coupled to culture DO. Acetate depletion leads to a rise of DO above a
threshhold (80%), which is used as signal for pulsed Na-acetate feeding. In that
way acetate is replenished, without lowering pH. The availability and con-
sumption of acetate causes a drop in DO and a rise in pH, that continues the pH
coupled feeding.

adapted to well plate format. Therefore, 100 pL sample volume was
mixed with 130 pL pyridine. Next, 575 pL acetic anhydride was added
and the solution incubated at 32 °C and 1500 rpm for 30 min in a thermo
shaker (ThermoMixer C, Eppendorf AG, Hamburg, Germany). A colored
complex is formed by addition of acetic anhydride and pyridine to
itaconate, which absorbs light at 385 nm. In an interval of 0.1 g/L to
0.006 g/L the absorbance has a linear correlation to itaconate concen-
tration. For spectrophotometric analysis 300 pL of each sample was
transferred to a well of a 96 well plate. Absorbance was measured in a
plate reader (Multiscan GO, Thermo Fisher Scientific Oy, Vantaa,
Finland). Itaconate concentrations were calculated using a calibration
curve (0.1, 0.075, 0.05, 0.025, 0.0125, 0.006 and 0 g/L itaconate) that
was run with each analysis.

2.6. Data analysis

Following growth parameters were determined for evaluation of
cultivations and for easier comparison. Linear regression of a semi-
logarithmic plot of ODggonm against time was used for determination
of maximum specific growth rates g [h™']. Maximum product yield
Yp smax [itaconate/Sacetate] and biomass yield Yx smax [8biomass/8acetatel
were calculated using the mass of itaconate (dmp) or biomass (dm,)
accumulated and the amount of acetate consumed during the same time
(dmy) using linear regression of a corresponding graph. Final yields were
calculated using the maximum mass differences over the course of the
complete cultivation. Volumetric productivity over a certain amount of
time (Py;) was determined by linear regression of a plot of product
concentration over time, while overall volumetric productivity (Py) was
calculated by dividing the final itaconate concentration with the total
process time.
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3. Results and discussion

3.1. Effect of different C-N ratios on growth and itaconate production in
shaking flask cultivations

C. glutamicum was engineered for the production of itaconate by
introducing the ICD variant R453C, which possesses 29% activity in
comparison to the wild-type enzyme (Schwentner et al., 2018).
Furthermore, expression vector pEKEx2 was used for plasmid-based
expression of the codon-optimized cis-aconitate dehydrogenase (CAD)
gene from A. terreus fused to the gene encoding the maltose-binding
protein as described in detail by Otten et al. (2015).

To evaluate growth and production capabilities of the newly con-
structed strain C. glutamicum ICDR453C (PEKEx2-malEcad,yp), shaking
flask cultivations were performed with acetate as sole carbon source in
modified CGXIIp, minimal medium. Nitrogen limitation is necessary for
initiating itaconate production, as demonstrated by Otten et al. (2015).
For this purpose, varying ammonium concentrations were tested to
study the effect of different molar C-N ratios on growth and itaconate
production. The C-N ratios tested were C-N 2 mol/mole, which was the
ratio of the original medium composition without limitation, as well as
C-N 10 to 60 mol/mole. Graphs for biomass and product concentration
of each C-N ratio are shown in Fig. 2. A summary of the calculated pa-
rameters is given in Table 1.

Under standard conditions without nitrogen limitation, pmay of strain
C. glutamicum 1CDR453¢ (pEKEx2-malEcad,py) on 10 g/L acetate was
reduced by around 28% compared to that of wild type strain ATCC
13032 (umax = 0.45 h™1), as shown in a previous study (Kiefer et al.,
2021a). The lowered pmay is most likely an effect of downregulated ICD
activity. Although the glyoxylate cycle is highly active during growth on
acetate as a way to replenish oxaloacetate and supply precursors for
gluconeogenesis, a majority of the accumulated carbon is still metabo-
lized through the TCA cycle (Wendisch et al., 2000). The mutation in the
icd gene could have led to reduced growth rates due to the decreased flux
through the common TCA pathway. With increasing C-N ratio, umax as
well as biomass concentrations were found to decrease from maximum
values of 0.34 h ™' and 3.7 g/L (C-N ratio of 2 mol/mole) to a minimum
of0.20h 'and 1.8 g/L (C-N ratio of 60 mol/mole). These results are in
line with findings of Otten et al. (2015), who used a similar strain for
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Fig. 2. Time courses of biomass (symbols) and itaconate (bars) concen-
tration during shaking flask cultivations of C. glutamicum ICDR*>3C
(PEKEx2-malEcad,p) with varying C-N ratios. Acetate was used as sole
carbon source and C-N ratios of 2, 10, 20, 40 and 60 mol/mole were tested.
Error bars represent the standard deviation of biological triplicates.
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Table 1
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Overview over cultivation parameters determined in shaking flask cultivations of C. glutamicum ICDR4%3¢ (pEKEx2-malEcad,,) on acetate as sole carbon source. The
effect of the C-N ratio on itaconate production was investigated by varying the concentration of (NH4)2SO4.

C-N ratio max. biomass Hmax Yxs Yo x Yo s max. productivity titer
concentration

[mol/mol] [g/L1" th']"° [g/8]" [g/g]" [g/g]" [gL'h]° [g/L]

2 (Standard) 3.7+£0.1 0.34 + 0.00 0.35 £ 0.01 0.01 =+ 0.00 0.00 + 0.00 0.00 =+ 0.00 0.0 +£ 0.0
10 3.9+ 0.0 0.25 + 0.00 0.30 + 0.00 0.03 £ 0.00 0.02 + 0.01 0.02 + 0.00 0.1 +0.0
20 3.2+0.1 0.22 + 0.00 0.28 + 0.03 0.07 £ 0.00 0.02 £ 0.00 0.02 + 0.00 0.2 £0.0
40 2.2+0.0 0.22 + 0.00 0.23 £ 0.03 0.09 £ 0.01 0.02 £ 0.00 0.02 £ 0.00 0.2 £0.0
60 1.8+0.1 0.20 + 0.00 0.28 £ 0.02 0.11 £ 0.02 0.03 £ 0.00 0.02 £ 0.00 0.2 +£0.0

@ Calculated from maximum concentrations over the course of the cultivation.

Y Calculated by linear regression of a semi-logarithmic plot of biomass concentration against time.
¢ Determined by linear regression of constant product increase in a plot of itaconate concentration against time.
4 Calculated from optical densities measured at 600 nm using a predetermined correlation factor of 4.3.

production of itaconate on glucose as carbon source. Under non-limiting
conditions they also observed a reduction of growth rate from 0.41 1/h
to 0.33 1/h, which was reduced further to 0.19 1/h under nitrogen
limited conditions. This confirms that the growth rate reduction
observed for C. glutamicum ICDR453¢C (PEKEx2-malEcad,py) is not caused
by the presence of acetate as potentially inhibitory substrate. It is also in
accordance with a finding made in an earlier study, that acetate shows
no growth inhibiting effect at concentrations of up to 10 g/L (Kiefer
et al., 2021a).

According to the elemental biomass composition of C. glutamicum
(CH1.7800.68No.18) (Eggeling and Reyes, 2005) a C-N ratio higher than
5 mol/mole should lead to nitrogen limited conditions and lowered
biomass formation. Even at the highest nitrogen limitation tested (C-N
ratio = 60 mol/mole), a biomass concentration of 1.8 g/L was still
reached, which is about half of the concentration at a C-N ratio of 2 mol/
mole. This might be explained by the fact, that metabolic pathways are
adapted to conserve nitrogen reserves under nitrogen limited or
depleted conditions. These adaptations include increased transport of
nitrogen sources as well as protein degradation to allow growth even
under strong nitrogen limitation or depletion (Burkovski, 2007; Silber-
bach et al., 2005).

In contrast to biomass formation, volumetric productivity of itaco-
nate as well as its Yp s were shown to increase with higher C-N ratios,
reaching a maximum of 0.02 g L *h~! and 0.03 g/g at a C-N ratio of 60
mol/mole, respectively.

While Yp s increased slightly from 0.02 g/g at C-N of 10 mol/mole to
0.03 g/g at C-N 60 and Ypx from 0.03 g/g to 0.11 g/g, Py did not in-
crease further for the C-N ratios tested above 20 mol/mole. Surprisingly,
the itaconate titer did not change much at C-N ratios of 60 and 40 mol/
mole, where 30% of the acetate starting concentration was still available
after 14.0 h of cultivation. This could indicate that a certain amount of
nitrogen is required to maintain cell viability and product formation.
When comparing the itaconate yields on acetate to yields described by
Otten et al. (2015) on glucose as carbon source, the latter was drastically
higher (0.29 g/g in comparison to 0.02 g/g). However, it must be
considered that production on glucose in Otten et al.’s work started first
after ~ 10 h of cultivation during stationary phase, due to a high initial
glucose concentration of 40 g/L. The higher number of generations
might have led to a higher plasmid propagation for CAD overexpression
and thus to an increased itaconate biosynthesis. Therefore, the data for
both substrates might be more comparable under similar production
conditions and longer cultivation times.

3.2. Combined pH and DO-coupled fed-batch process for optimized
itaconate production

Next, the aim was to develop an acetate-based itaconate production
process in a 42 L bioreactor, based on a previously published high cell
density process (Kiefer et al., 2021a). For this, a two-phase fed-batch
cultivation strategy containing a biomass formation (C-N ratio of 10

mol/mole) and itaconate production phase (C-N ratio of pH-coupled
feed solutions = 40 mol/mole + additional DO-coupled feeding of Na-
acetate) was chosen. As demonstrated in the study, acetate feeding
during the fed-batch phase was coupled to pH by using glacial acetic
acid for online pH control. The C-N ratio of 10 mol/mole was chosen for
the growth phase, as it resulted in the highest biomass concentration of
69.8 g/L for C. glutamicum ATCC 13032 wildtype (Kiefer et al., 2021a).
The C-N ratio between the feeds was increased to 40 mol/mole at a cell
density of 19.1 g/L (ODgoonm = 80) to initiate nitrogen limitation and
the production phase. While productivity and final titer were similar for
a C-N ratio of 20 mol/mole in shaking flask cultivations, a ratio of 40
mol/mole was chosen to separate biomass growth and production more
than would be possible with a C-N ratio of 20 mol/mole, by providing
higher nitrogen limitation. It should be noted that the principle of
growth-decoupled production phase is commonly used in biotechno-
logical processes to achieve higher product yields. A ratio of 60 mol/
mole, on the other hand, could be insufficient for maintaining cellular
activity.

When only a pH-coupled feeding control was used in early experi-
ments (see supplementary materials), the acetate concentration was
found to constantly decrease during the itaconate production phase until
complete consumption after only 4.0 h of production. The reasons for
this might be low ammonia supply and itaconate production, both
leading to an acidification of the culture medium. The acidification
counteracts the pH increase necessary for acetic acid feeding. Therefore,
an additional DO-coupled feeding control was integrated within the
production phase after first depletion of acetate. Once acetate was
completely consumed and the DO concentration rose, a concentrated
Na-acetate solution (300 g/L) was added to the medium. Na-acetate was
a way of replenishing the carbon source without effecting pH directly.
Consequently, acetate consumption then led to a rising culture pH again
and with that to the continuation of the pH-coupled feeding principle.
The DO served as a signal for acetate depletion and for pulsed feeding of
the additional Na-acetate solution.

Graphs for cultivation parameters are shown in Fig. 3. A summary of
the determined process parameters for growth and production phase is
given in Table 2.

During the initial batch phase (t = 8.6 h) without pH-control, the
biomass concentration of C. glutamicum ICD*53C increased to 1.7 g/L
(see Fig. 3a). At the same time, consumption of acetate (Fig. 3b) caused
an increase in culture pH (Fig. 3c). The pH control was started after the
pH increased to 7.3 to initiate the pH-coupled feeding phase for biomass
production (C-N ratio between feeds of 10 mol/mole). ppax was at 0.24
h~! until the beginning of the fed-batch phase (t = 10.1 h), where it
slowly declined to 0.20 h™1. Opposite to that, the Yy,s was stable at 0.36
g/g during the whole growth phase (t = 20.0 h). Itaconate production
was at a minimum during the early biomass production phase with an
itaconate concentration of only 0.7 g/L after 16.0 h, as enough nitrogen
was supplied (shown in Fig. 3b). In the following time itaconate con-
centration got tripled to 2.3 g/L after 19.4 h. This increase was
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a Batch CN10 C-N 40 + DO-stat Fig. 3. Plots of cultivation data of a two-phase
40.0 35.0 fed-batch process for acetate-based production
of itaconate with C. glutamicum ICDR*53C
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additional DO-coupled feeding. Therefore, manual feeding of the Na-
Table 2
able

Comparison of cultivation parameters determined in a two-phase fed-batch
process for acetate-based production of itaconate with C. glutamicum 1CD?53¢
(PEKEx2-malEcad,p) using an integrated pH and DO-coupled strategy for
addition of acetic acid and Na-acetate, respectively.

biomass phase production phase overall

process time [h] 19.4 26.6 46.0
Chiomass,max [8/L1" 19.1 30.7 30.7
Mmax [h7'17 0.24 0.07 -
Yxs [8/81" 0.36 0.06 0.16
1A titer [g/L] 2.3 29.2 29.2
Yp s [g/g]° 0.04 0.21 0.16
productivity [gL 'h™1] * 0.12 1.01 0.63

@ See description of footnotes at Table 1.

potentially caused by the increase in biomass from 8.6 to 19.1 g/L
combined with a slight nitrogen limitation. After reaching an ODggonm Of
roughly 80 (19.1 g/L CDW after 19.4 h), the C-N feeding ratio was
adjusted from 10 to 40 mol/mole to induce more severe nitrogen limi-
tation and the itaconate production phase. This led to quick consump-
tion of the remaining ammonium concentration of around 0.6 g/L, while
the biomass concentration still increased to a maximum of 29.8 g/L. At
the same time, the itaconate titer increased to 4.0 g/L and acetate
declined from 5.0 g/L (t = 19.4 h) to complete consumption after a
process time of 23.0 h.

At that point, an increase in DO above 80% signalized the start of the

acetate solution was repeated every time the DO was higher than
80%, as can be seen by the acetate spikes (Fig. 3b) that correlate to the
DO spikes (Fig. 3c). After the first addition of acetate salt, nitrogen was
depleted, only being added by the C-N 40 CGXII-salt feed. This was
sufficient to prevent the biomass from increasing, while keeping the cells
active. Thus, the biomass concentration stayed stable between 26.5 and
30.7 g/L with only small fluctuations. Only within the last few hours of
process time a tendency of decreasing biomass concentration was
detected. This may indicate that an increased ammonia supply might be
necessary to sustain the biomass for a longer cultivation time. However,
as visible in Fig. 3a, the itaconate titer increased in a seemingly linear
manner during the prolonged production phase yielding a final titer of
29.2 g/L after 46.0 h and a maximum volumetric itaconate productivity
of1.01g L hL During production phase Yp s max of itaconate was at
0.21 g/g, which is 30% of the maximum theoretically possible product
yield of 0.73 g/g (Noh et al., 2018). Overall, this process achieved a final
itaconate titer of 29.2 g/L with an overall Ypg of 0.16 g/g and a Py of
0.63 gL thL

Compared to the only available acetate-based itaconate production
process from Noh et al. (2018), which produced 3.6 g/L itaconate using
an engineered strain of E. coli and a pulsed feeding strategy, the bio-
process presented in this study can be regarded as more efficient. With
respect to process performance, using C. glutamicum as production host
and a fed-batch process with integrated pH and DO-coupled feeding
control led to an 8-fold higher titer, 1.8-fold higher final Yp 5 (0.16 g/g in
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comparison to 0.09 g/g), and more than 10-fold higher P, (0.63 gL 'h~!
in comparison to 0.04 g L~th™1). This already demonstrates the poten-
tial of C. glutamicum for itaconate production, but also for product
conversion of acetate in general.

The achieved titer of 29.2 g/L is also comparable to bacterial itaco-
nate production processes based on glucose as carbon source (see sup-
plementary materials). For instance, Harder et al. (2016) achieved a
similar titer of 32.0 g/L on glucose as sole carbon source using a
modified strain of E. coli. The authors used a model-based approach to
genetically enable and improve itaconate production by implementing
five interventions. In addition, their more recent thermo switch process
achieved a higher final titer of 46.9 g/L using a strain of E. coli with
temperature-controlled repression of icd (Harder et al., 2018).

In both works, Harder et al. achieved Yp s between 0.45 and 0.49 g/g.
These were higher than the Yp g of 0.16 g/g, observed in this work with
C. glutamicum ICDR453C (PEKEx2-malEcad,py) on acetate as carbon source
(both carbon sources result in a maximum theoretical yield of ~ 0.7 g/
g). However, a 2.3-fold and 1.6-fold higher volumetric productivity of
0.63 g L 'h ™! was achieved in the present work, in comparison to their
results (Py = 0.27 g L~ 'h™! (Harder et al., 2016) and 0.39 g L h!
(Harder et al., 2018).

A similar conclusion can be drawn for itaconate production with
fungi.

With U. maydis a 2.6-fold higher Yp g of 0.41 g/g was achieved by
Demir et al. (2021). However, the Py of 0.79 g L 'h ™! and Py, max of 1.01
g L'h™! are comparable to the results achieved in this work, especially
considering the 2.5-fold longer process time (t = 112.8 h) that led to a
titer of 88.4 g/L and thus higher Py (Demir et al., 2021).

A lower Yp g was partially expected with this production strain using
acetate as carbon source. In comparison to growth on glucose, the
glyoxylate cycle is active besides the common TCA pathway during
growth on acetate as carbon source. Thus, an inhibition of ICD through
mutation, has a lower impact on the aconitate pool as isocitrate is
further transformed to glyoxylate (Gerstmeir et al., 2003). Regarding the
industrially established production host A. terreus, there is still room for
improvement, as a Py of 0.99 g L 'h™! resulting in a titer of 160.0 g/L
and a Yp s of 0.46 g/g and were achieved with this fungus (Krull et al.,
2017).

In summary, a drawback of the process is the rather low Yp s, while
the main advantage is the high Py, that seemed to be stable for over 22.0
h and did not decline at the end of the 46-h process time. This suggests
that continuing the process for a longer time, might lead to higher
product titers as long as the cells can be kept active. A lower accumu-
lation of salt is another promising benefit in comparison to conventional
processes, as no base titration is necessary to counter the acidification
resulting from itaconate production. With respect to downstream pro-
cessing, this can reduce cost for salt waste. Furthermore, it can improve
itaconate recovery, as itaconate is mainly purified by two consecutive
crystallization steps through evaporation and cooling (Lopez-Garzon
and Straathof, 2014). Besides lower salt accumulation in the culture
medium, the acetate-based process offers another advantage for down-
stream processing. It is stated in literature that residual glucose from
upstream processing leads to reduced itaconate recovery due to inter-
ference with itaconate crystallization (Zhang et al., 2009). With the
process developed in this work, acetate is quickly depleted, when the
DO-controlled feeding is stopped. Furthermore, if acetate is still avail-
able after fermentation, it might be evaporated during the crystallization
process, as its boiling point of 118 °C is close to water.

Overall, this study marks a first step in establishing C. glutamicum as
host of itaconate, but also as general producer with acetate as sole car-
bon source. Until now, only few bacterial acetate-based processes have
been published, where product titers higher than 10.0 g/L were ach-
ieved (Garcia-Gonzalez and De Wever, 2018; Huang et al., 2018), and
none with C. glutamicum. The itaconate titer of 29.2 g/L shows the po-
tential of bacterial processes with acetate to achieve a performance
comparable to their glucose-based counterparts. It must be considered
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that most of the other bacterial strains already underwent several steps
of genetic optimization, while the strain C. glutamicum ICDR*%3C
(pEKEx2-malEcad,p) was engineered with mostly basic modifications
necessary for itaconate production. Genetic adjustments potentially lead
to better overall performance. Thus, a strain engineering approach
might target several aspects like improving acetate consumption under
nitrogen limited conditions. During the experiments a reduction in
specific acetate consumption from 0.5-0.6 g g 'h ™! t0 0.2-0.3 g g 'h™*
could be observed after nitrogen was depleted. A reduction of active
acetate uptake is a known reaction to nitrogen limitation, in order to
conserve energy and nitrogen reserves (Silberbach et al., 2005). In that
regard, a release of active acetate transport from metabolic regulation
might be a starting point for further genetic engineering approaches
targeting productivity. Other options might be overexpressing the acn
gene encoding aconitase, as realized by Okamoto et al. (2014) to
improve itaconate production with E. coli, or mutating the isocitrate
lyase gene icl to reduce flux in the glyoxylate cycle. Besides carbon
fluxes, itaconate transport across the cell wall is another point of opti-
mization. Otten et al (2015) found that intracellular itaconate levels
started to surpass the extracellular itaconate concentration after 24.0 —
48.0 h of production with C. glutamicum and related this to transport
limitation at higher productivities. This limitation could be released by
expression of itaconate transporters from A. terreus. For industrial
application genomic integration of cad or promotor exchange to a
constitutive promoter might be promising to reduce cost for supple-
ments like IPTG needed for gene expression.

From a process engineering standpoint, overall productivity can
potentially be increased further by optimizing the starting concentration
of ammonium (effects umax) and the biomass concentration at the start of
the production phase. With a C-N ratio of 10 mol/mole a biomass con-
centration of up to 69.8 g/L can potentially be achieved, as shown in a
previous study (Kiefer et al., 2021a). The total process time can be
extended by optimizing the C-N ratio of the feeds during production
phase. Probably a C-N ratio between 20 and 40 mol/mole is more
optimal for maintaining cellular activity without active cell growth. As
changes in these points also relate to other parameters, a DOE or model-
based approach for optimization might be most promising. Regarding
downstream processing, as C. glutamicum is known for a broad pH op-
timum between a pH of 6 to 9 (Follmann et al., 2009), stepwise reducing
pH coupled to DO instead of addition of Na-acetate might further
decrease salt waste.

4. Conclusion

In this work, the high potential of C. glutamicum as a model organism
for bioproduction of itaconate using acetate as alternative carbon source
was demonstrated. Yp g was increased from 0.03 g/g in shake flasks to
0.16 g/g in bioreactors using a two-step fed-batch strategy that com-
bines pH and DO-coupled feeding of acetate without the need for
titration of a base for pH control. With this feeding strategy a peak
volumetric productivity of 1.01 g L™th™! resulting in an itaconate titer
of 29.2 g/L was achieved.
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Abstract

3D-printing increased in significance for biotechnological research as new applications
like lab-on-a-chip systems, cell culture devices or 3D-printed foods were uncovered.
Besides mammalian cell culture, only few of those applications focus on the cultiva-
tion of microorganisms and none of these make use of the advantages of perfusion
systems. One example for applying 3D-printing for bioreactor development is the
microbial utilization of alternative substrates derived from lignocellulose, where dilute
carbon concentrations and harmful substances present a major challenge. Further-
more, quickly manufactured and affordable 3D-printed bioreactors can accelerate
early development phases through parallelization. In this work, a novel perfusion biore-
actor system consisting of parts manufactured by fused filament fabrication (FFF) is
presented and evaluated. Hydrophilic membranes are used for cell retention to allow
the application of dilute substrates. Oxygen supply is provided by membrane diffu-
sion via hydrophobic polytetrafluoroethylene membranes. An exemplary cultivation of
Corynebacterium glutamicum ATCC 13032 supports the theoretical design by achiev-
ing competitive biomass concentrations of 18.4 g L-* after 52 h. As a proof-of-concept
for cultivation of microorganisms in perfusion mode, the described bioreactor system
has application potential for bioconversion of multi-component substrate-streams in a
lignocellulose-based bioeconomy, for in-situ product removal or design considerations
of future applications for tissue cultures. Furthermore, this work provides a template-
based toolbox with instructions for creating reference systems in different application
scenarios or tailor-made bioreactor systems.

KEYWORDS
3D-printing, bioeconomy, Corynebacterium glutamicum, membrane bioreactor, perfusion bioreac-
tor process

Abbreviations: ABS, acrylonitrile butadiene styrene; CAD, computer-aided design; CPE, co-polyester; DO, dissolved oxygen; FFF, fused filament fabrication; iD, inner diameter; MOPS,
morpholino propanesulfonic acid; oD, outer diameter; ODgognm, optical density; PTFE, polytetrafluoroethylene; PVDF, polyvinylidene difluoride; TES, trace element solution.
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1 | INTRODUCTION

Additive manufacturing or 3D-printing is a novel manufacturing tech-
nique that has advanced from a tool for creation of demonstration
models to real world industrial applications.!] Its main benefits in
comparison to conventional manufacturing methods are high flexibil-
ity regarding design choices and short manufacturing times.[2] There
are different 3D-printing technologies available like laser sintering,!3!
stereolithography or fused filament fabrication (FFF).[2] This work
focused on the FFF technology, which describes the manufacturing of
objects by applying layers of molten plastic through a heated extrusion
nozzle. In comparison to the other mentioned 3D-printing methods,
FFF printing is less expensive, and a wide range of different materials
are available.l45]

Recently, the technological advancement of 3D-printing has led to
increased interest of research for applications in the biotechnologi-
cal context. The development of cultivation devices for mammalian
cell cultures, where special geometries are necessary to induce cell
differentiation and tissue formation is an example.!68] It is also
applied for manufacturing of lab-on-a-chip systems,?10] cell immo-
bilization devices or individualized labware.[1212] The most recent
applications even include 3D-printed foods or artificial organs for
clinical studies.[13-16] Nevertheless, there are only a few studies
available on 3D-printed bioreactors for bacterial cultivation. They
either focus on microbioreactors or combine commercially available
glass vessels with 3D-printed holders and components, which limits
design freedom.!17:18] Nowadays, research on utilization of alter-
native substrates for sustainable bioproduction is increasing and
3D-printing can be used to develop new reactor concepts for tailor-
made applications.! 19201 The major challenges for bacterial cultivation,
however, is the high content of non-fermentable, potentially harmful
substances that inhibit bacterial growth as reported by Arnold et al.[21]
Using perfusion systems is a possible solution to utilize such substrates,
since the continuous flow of the medium through the bioreactor pre-
vents the accumulation of inhibitors.[621] Additionally, the retention
with membranes reduces the risk to wash-out the bacterial cells, allow-
ing dilute concentrations to be used at higher flow rates. 3D-printed
perfusion bioreactors also offer benefits for optimization experiments
or kinetic studies through parallelization. Because of the low manufac-
turing times and the affordable price, multiple bioreactors can easily
be produced by 3D-printing and operated in parallel.1622] This enables
simultaneous examination of different parameters, thus speeding up
process development times.

With these applications in mind, a new concept for a 3D-printed
perfusion bioreactor system is presented in this study. The bioreac-
tor system with a volume of ~50 mL utilizes a hydrophilic flat sheet
membrane for cell retention. It includes a circulation line for diffu-
sive transfer of oxygen to the medium via a module that includes
hydrophobic membranes for separation of gaseous and liquid phases.
An electric heat exchanger combined with a PID-controller is used for
temperature control. To evaluate the suitability of the system for bac-
terial cultivation, the mixing times and oxygen transfer coefficient were
determined. Finally, a cultivation with Corynebacterium glutamicum

ATCC 13032 on glucose was performed as proof-of-concept, which
showed that the cultivation process can be maintained for at least
52 h up to a biomass concentration of 18.4 g L=1 without membrane
blockage. In this way, this study provides a template of a 3D-printed
perfusion bioreactor that facilitates the exploitation of alternative
substrates without the need for expensive commercial equipment.

2 | MATERIALS AND METHODS
2.1 | Analytics and chemicals

If not stated otherwise, the chemicals used in this work were obtained
from Carl Roth GmbH (Karlsruhe, Germany). Morpholino propanesul-
fonic acid (MOPS, order number 1081) as buffering agent was obtained
from GERBU Biotechnik GmbH (Heidelberg, Germany). Enzymatic
assay kits from R-biopharm AG (Darmstadt, Germany) were obtained
for analysis of glucose (Cat No. 10716251035) and lactate (Cat. No.
11112821035).

2.2 | The 3D-printed perfusion bioreactor system
and its operating conditions

The main flow through the system is generated by two syringe pumps
(Cetoni neMESYS 290N, Cetoni GmbH, Corbussen, Germany) with
10 mL single-use syringes (Omnifix 10 mL with Luer Lock, B.Braun
AG, Melsungen, Germany). A 1-to-10 valve module (Cetoni Qmix V
Ex, Cetoni GmbH, Corbussen, Germany) allows switching between
different feeding or sterilization solutions (Figure 1A). In front of
the main entrance to the bioreactor a pressure probe and a 3-2-way
valve were installed to monitor the pressure of the system followed
by the main bioreactor module (Figure 1B) with ports for different
probes, a sample port and the cell retention membrane as described
in detail in Section 2.1.1. With the latter, the permeate leaves the
bioreactor and is collected in a bottle. Stirring is used for mixing the
reactor content (Figure 1C). Besides the main flow through the reactor,
a six-channel peristaltic pump (Peristaltic Pump peRISYS-S, Cetoni
GmbH, Corbussen, Germany) in combination with two 2-stopper
flexible tubing (2.7 mm iD) is used to generate a circulation flow. The
circulation flow is used for oxygen supply via membrane diffusion by an
oxygen transfer module (Figure 1D) as well as for temperature control
via a heat exchanger module (Figure 1E). Polytetrafluoroethylene
(PTFE)-tubing with 1.6 mm inner diameter (iD) and 3.3 mm outer
diameter (oD) in combination with corresponding 4”—28 flat bottom
fittings and ferrules were used to connect most modules of the system.
To connect the PTFE-tubing to flexible tubing female Luer to 4”—28
male adapters were used. All pumps, valves and pressure probes
were controlled and monitored via the software Qmix elements
(Cetoni GmbH, Korbussen, Germany). The corresponding 3D-models
are provided in the supplementary information as .stl-files. A flow
diagram and render pictures of the different modules are shown in
Figure 1.
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FIGURE 1 Layout and render pictures of the perfusion bioreactor syst

(&)

em. (A) Flow chart of the bioreactor system. (B) Render picture of the

bioreactor main body (1), the cap (2), cell retention membrane support (3 + 4) and probe connectors (5); (C) render picture of the 3D-printed

stirrer frame; (D) render picture of half of the oxygen transfer module with

connectors for gas tubing (8), a stabilizer (7), the liquid compartment,

that has spiral flow channels on both sides which are covered by circular membranes (6), and a middle compartment with connectors for gas tubing
(9). (E) Render of half of the heat exchange module, consisting of an encasing (10), a fitting with connections to fill the outer tube (11) and a cap for
connection to the flow system of the culture broth (12). The brass tubing as well as the thin capillary in the middle are not 3D-printed.

2.2.1 | The main bioreactor module

The main component of the system is the bioreactor module shown
in the exploded view in Figure 1B. The main bioreactor module has
an oD of 41 mm and an iD of 24 mm. The lower half of the tube is
horizontal, while the upper half has an outward slope with an angle
of 4.4° (Figure S1, supporting information). At the reactor end, the
tube splits and narrows into two 2-mm channels with two tap holes
for 14”—28 threading (Figure 1B1). At this point the circulation flow

starts. The main inlet into the reactor (Figure 1B2) consists of a socket
with M27 threading, in which a hydrophilic polyvinylidene difluoride
(PVDF) membrane (Durapore, 0.22 um pore size, 47 mm oD, Merck
KGaA, Darmstadt, Germany), with 24 mm diameter, and a stabilizing
grid are placed. The inlet is closed by the reactor cap with two tap holes
for 14”—28 threading. Starting from the inlet-membrane the inner tube
of the bioreactor module has a height of 7.7 mm. Together with the
iD of 2.4 mm this results in height-to-diameter ratio of 3.2 which is
close to the typical ratio of ~3 for microbial bioreactors allowing best
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mixing conditions.[23] Figure 1B3 shows the cavity, in which another
hydrophilic PVDF membrane (diameter = 47 mm) with wide bearing
area of 4 mm (effective membrane area of 12 cm?) is placed for cell
retention. The membrane is kept in place by the membrane support
(Figure 1B4), which is fixed with six M3.5 screws and nuts. It was incor-
porated into the bioreactor’s mantle to offer a high enough surface area
to keep the pressure in the system caused by the transmembrane pres-
sure low and to lower the risk of pressure spikes caused by membrane
fouling as shown by Darcy’s law: [24]

Q= * = (1)

Q = flow rate in mL min—1, k = permeability in Darcy, A = membrane
area in cm?, dP = pressure difference in bar, 7 = dynamic viscosity in
kgm~1s~1 | = membrane/filter thickness in m.

The stirrer (Figure 1C) consists of a 3D-printed frame covering a
magnetic stirrer bar (7 mm diameter, 20 mm long) and is placed above
the membrane. In addition, Figure 1B5 marks two ports for pH or DO
probes. The probe adapters are connected via M20 threading. Fur-
thermore, on the sides of the reactor module five connections for
14" —28 threading are placed. Another connection with a 3 mm chan-
nel is reserved for a Pt100 temperature probe. Three connections are
used for the sample port and the pH-correction solutions (1 M HCI
and 4 M NaOH), the last one as inlet for the circulation flow. For the
pH-correction solutions, PTFE tubing with an oD of 1.6 mm was used,
which could be pushed through the channels directly into the interior of
the bioreactor to prevent contact between NaOH and the 3D-printing
material. For the sample port, a Luer 3-2 way valve was added with a
sterile filter at one end and a syringe on the other. In total, the reac-
tor contains a volume of 39 mL. All probes, the bioreactor cap and the
membrane support were sealed with o-ring gaskets.

2.2.2 | Liquid-gas membrane contactors for oxygen
supply

For the reactor setup chosen in this work bubble aeration is not
suitable, as the gas flow would have to be strictly controlled to prevent
liquid expulsion from the reactor. Additionally, bubble aeration could
cause foam formation, which leads to the same problem. Accordingly,
oxygen supply via diffusion was chosen and an oxygen transfer module
was constructed (Figure 1D), relying on hydrophobic PTFE membranes
for separation of liquid and gaseous phases. One module consists of
several compartments. The liquid compartment (Figure 1D6) with
flow channels for the culture broth is equipped with two tap holes
for 14”—28 threading. The liquid follows spiral patterns on each side
of the module, which are connected in the middle. The rectangular
channels (1 mm deep and 2.3 mm wide) are covered by hydrophobic
PTFE-membranes with an oD of 47 mm, a pore size of 0.22 um and
85% porosity (Fluoropore membrane filter, Merck KGaA, Darmstadt,
Germany) resulting in an effective membrane area of 8.7-9.0 cm?.
To seal the liquid compartment, a ring socket with 42 mm iD and

47.5 mm oD surrounds the spiral flow pattern, in which silicone
gaskets with a strength of 2 mm are placed beneath the membrane.
A plastic grid (Figure 1D7) that mimics the flow channels is placed
on top of the membrane to prevent it from warping outwards. The
module was set up in a way that allows increasing the membrane
area by stacking multiple liquid and gas compartments (Figure 1D8
and D9) onto each other. Each liquid compartment contains a volume
of ~1mL.

2.2.3 | Heating module for temperature control

The heat exchange module follows the principle of a double pipe heat
exchanger. The outside pipe is a brass pipe (19 mm length, 25 mm oD,
1 mm strong) that is covered by an electric heating element (Thermo
Tech Polyester heating foil, 30 W, 24 V). It is filled with water as heat
transfer medium. The inner pipe is a stainless-steel pipe (21 mm length,
0.5 mm strength) with 2.1 mm iD, through which the culture broth
is pumped. Brass was chosen as metal for the outer pipe, due to its
superior thermal conductivity compared to stainless steel. The heat-
ing element as well as a PT100 temperature probe were connected
to a PID controller (ITC-100VL PID Temperature Controller 12-24V,
Inkbird, China) for temperature control. The temperature probe was
placed into the bioreactor to measure the temperature at the main
reaction compartment. 3D-printed holders (Figure 1E10) and a 3D-
printed encasing (Figure 1E11) were used to separate the tubes and
isolate the heating element from external factors. The heat exchange
module adds 0.8 mL to the total reactor volume.

2.3 | Design and fabrication of the 3D-printed
components

All 3D-printed components were constructed using the computer-
aided design (CAD) software Solidworks 2018 (Dassault Systemes
SolidWorks Corporation, Waltham, USA). The designed CAD-files were
then exported to .stl files (see supporting information for a list and
description of included models) that could be imported and con-
verted by the slicing-application for 3D-printers Cura (Ultimaker BV,
Utrecht, Netherlands). Cura is an open-source software that con-
verts 3D-objects into layer-based files, which can be used by most
3D-printers for manufacturing real objects. In this study, the FFF 3D-
printers Ultimaker 3 and Ultimaker 3 extended (Ultimaker BV, Utrecht,
Netherlands) outfitted with AA 0.4 mm brass nozzles were used. The
Ultimaker 3 is equipped with a dual extrusion print head allowing the
use of two different filament types at the same time. Additionally,
the printing chambers of both printers were encased. This allowed
higher temperatures on the inside of the printer and prevented dis-
turbances from the outside, which is necessary for printing with most
technical filaments. The 3D-printing filaments acrylonitrile butadiene
styrene (ABS), CPE+, CPE from Ultimaker and nGen flex from Color-
Fabb (ColorFabb B.V., Belfeld, Netherlands) were used in this study. For

1PUOD PR SWLR 13U 885 *[£202/20/9T] U AsiqiT2UIIUO 3110 *AuRLIRS BURIU0D AQ 55002202 1010/200T OT/10p/i00 A 1M ARRJq 1 fou 1 uo//SdWY Wi} papeojumo ‘0 ‘yTEL098T

85U8D| 7 SUOLLILLIOD aA1E8.1D) 3|qeal idde ay) Ag pauieAoh afe sajaiie O '8N Jo Sajni Joj AriqiTaulluo A3 1M uo




2 PUBLICATIONS

45

MERKEL ET AL.

Biotechnology

the Ultimaker materials, printing profiles were available in Cura, which
were used as templates with some modifications. For nGen flex, the
profile of CPE+ was used as template. The settings used for printing
the different materials are given as part of the supporting information
(Table S1).

Only threading with a size of M20 or higher could be printed when
the tap hole had a vertical orientation. For all other threading-types
special cutting tools (taps) were used. Since 3D-printing using the
FFF principle often produces rough and porous surfaces, but clean
surfaces are needed for sealing and waterproof prints, two methods
were applied for smoothing. The first method is only applicable for
ABS-prints, for which acetone vapor was used.2%] In detail, the
objects to be treated were placed into a 1 L glass beaker filled with
30-50 mL of acetone, which was then heated to a temperature of 80°C
for 25 min to generate the vapor. A glass inlet was used to prevent
the objects from touching the liquid acetone. The top of the beaker
was closed with aluminum foil. The second method was material
independent and contained treatment of sealing surfaces with a
two-component epoxy resin (XTC-3D, Smooth-On, Inc, Macungie,
Pennsylvania).

2.4 | Determination of mixing time

Typically, the tos value is determined to characterize the mixing effi-
ciency (time to reach 95% of complete homogenization). In this work,
a decolorization method based on iodometry was used.[26] Therefore,
a 0.05 g L~ starch solution colored by addition of 12 mL L~ 1%
iodine/potassium iodide solution was filled into the bioreactor system.
After a stable circulation flow was achieved, 4 mL L= 0.1 M sodium
thiosulfate heptahydrate solution was added via syringe for decol-
orization. The time until complete decolorization of the starch solution
is then defined as tgs. A camera was used to document the mixing
experiments.

2.5 | Determination of oxygen transfer rates

The dynamic gassing-out method according to Van't Riet was used for
determination of oxygen transfer rates.[27] First, oxygen was removed
from the solution by nitrogen aeration. Subsequently, aeration was
switched to pure oxygen and the dissolved oxygen (DO) was measured
with a probe. The oxygen transfer rate was calculated from the slope of
the DO curve according to equation 1:
Moo = Vg * 02 ~ 02 o) (tz : :52 (fo) (2)

Mo, = oxygen mass transfer in mg h™1, co,(t) = oxygen concentra-
tion and coy s = oxygen solubility in mg L=%, Vg = Reactor volume in L,
t=timeinh.

A 35 g L= NaCl-solution was used as substitute for typical media,
since solubilities for this solution are available.[28]

50f12
Journal

2.6 | Cultivation conditions
2.6.1 | Bacterial strain and cultivation medium

The bacterial wildtype strain C. glutamicum ATCC 13032 was used for
all cultivations performed in this study. The inoculum and media were
prepared as described in an earlier publication, with the difference
that glucose instead of acetate was used as the sole carbon source.[2%]
The medium composition CGXIlIg was used for shake flask cultivations
and as batch medium for cultivations in the perfusion bioreactor with
a pH value of 7.12%] For experiments with the perfusion bioreactor,
CGXllperfusion Was used as feed medium during the continuous phase:

5g Lt glucose, 0.5 g L1 KH,PO,4, 0.5 g L=1 K,HPO,4, 0.13 g L1
MgSO, x 7H,0,0.01gL~1 CaCl, x 2H,0,21 gL~ MOPS,0.2mg L~*
D-biotin and 0.5 mL L~! trace element solution (TES).

In comparison to the medium composition CGXIIg most concentra-
tions (besides CaCl, and D-biotin) were halved to prevent precipita-
tion.

2.6.2 | Determining the effects of 3D-printed
filaments on cell growth

Shake flask cultivations were performed to determine potential effects
on the cell growth of C. glutamicum caused by the presence of 3D-
printing materials. Therefore, the different 3D-printing filaments used
during this study, ABS, CPE+, nGen flex, were cut to 1-2 cm pieces,
sterilized by autoclaving and added to 500 mL shake flasks containing
50 mL CGXIlg medium. For each filament, 10 g of pieces were added to
one shake flask. Additionally, the experiment was also performed with
pieces of CPE+ covered in epoxy resin. As control, a cultivation with-
out filaments was performed. All cultures were inoculated to a starting
optical density (ODgoonm) of 1.

2.6.3 | Cultivation in the perfusion bioreactor

For bioreactor cultivations, the 3D-printed perfusion bioreactor sys-
tem described before was used. For measurement of DO and for
pH-control, the reactor was equipped with a DO (VisiFerm DO 225;
Hamilton Hamilton Company, Reno, USA) and a pH probe (EasyFerm
Bio K8224; Hamilton Company, Reno, USA), which were connected to
a data station of a 2 L bioreactor (Labfors 4, Infors AG, Bottmingen,
Switzerland). The pumps and the pH controller of the Labfors were
used for addition of pH-control solutions. At the beginning of the cul-
tivation, air was used for oxygen transfer. When the DO concentration
became limiting, pure oxygen was used instead. The cultivation tem-
perature was controlled at 30°C by using a PID controller connected
to a temperature probe and to the heating module described before.
To start a cultivation, the culture broth was inoculated to a starting
ODgoonm Of 1 using the sample port. The pH control was set to a value
of 7.0 with the pH control solutions 1 M HCl and 4 M NaOH.
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Sterilisation of the main bioreactor compartment and the fluidic
control system was performed with 70% ethanol using the peristaltic
pump of the circulation line. After filling, the ethanol solution was
connected to the syringe pumps and pumped through the perfusion
system at a flow rate of 1 mL min~1. At the same time, the peristaltic
pump was set to 30 mL min~? for distributing the ethanol through the
system. After 1 h of sterilization, the bioreactor module was discon-
nected from the pumps, manually rinsed, and filled again with sterile
water beneath the laminar flow. After reconnecting, an additional vol-
ume of 400 mL sterile water was pumped through the system to rinse
off all remaining traces of ethanol at a flow rate of 0.5 mL min~L. The
oxygen transfer module was sterilized separately from the remaining
bioreactor system. For sterilization of the oxygen transfer module, 1 M
NaOH was used and incubated for 1 h at room temperature beneath
the laminar flow, followed by careful rinsing with 50 mL of sterile
water.

After both modules were sterilized, they were reconnected beneath
the laminar flow cabinet and the pH and DO probes were installed.
Finally, the whole system was flushed and filled with medium at a flow
rate of 3 mL min~! for 1 h using the syringe pumps.

2.7 | Sampling and offline analytics

During cultivations, samples were taken every 2 h. The ODgoonm
was determined using a spectrophotometer (Biochrom WPA CO8000,
Biochrom Ltd., Cambrigde, United Kingdom) to monitor the cell
growth. The biomass concentration was determined with a ODggonm
correlation factor of 4.3, determined in a previous study.[2] A volume
of 0.5 mL of cell-free supernatant was prepared by centrifugation of
each sample for 10 min at 14,000 rpm and 4°C (5430 R, Eppendorf
AG, Hamburg, Germany). The supernatants were stored at —20°C. Glu-
cose and lactate concentrations were determined using a spectrometer
(Genesys 150 UV/Vis, Thermo Fisher Scientific GmbH, Braunschweig,
Germany) and enzymatic assays from R-biopharm AG (Darmstadt,
Germany), according to the manufacturer’s protocols.

2.8 | Data analysis

Data analysis was performed using Microsoft Office Excel (Microsoft
Corporation, Redmont). Maximum specific growth rates umay [h~1]
were determined by linear regression of a semi-logarithmic plot of
ODggonm against time with at least four sample points and a R2 higher
than 0.99. Biomass yields Yxs [8piomass/8glucose] Were calculated by
linear regression of the accumulated biomass (dm,) and the mass of
glucose consumed during the same time (dmg). At least four sample
points were included with a R2 higher than 0.95. Linear regression
was also used for determining oxygen transfer rates by plotting DO
against time as described in Section 2.5. During the experiment DO was
recorded every 5 s until saturation. R? was higher than 0.99 for all con-
ditions tested. Standard deviations were calculated using the “STDEV”
function of Microsoft Excel.

25

Time [h]

® Control
O ABS

v CPE+
A nGen flex

m Epoxy

FIGURE 2 Time course of optical densities for C. glutamicum
ATCC 13032 grown in the presence of 3D-printing filament pieces.
10 g of filament pieces were added to 50 mL of CGXIIF-medium using
10 g L1 glucose as carbon source.

3 | RESULTS
3.1 | Selection of 3D-printing filaments

Different types of plastic filaments are available for 3D-printers fol-
lowing the FFF-principle. The filaments used in this work were chosen
based on their chemical resistance and thermal stability according to
the manufacturers’ technical data sheets. Accordingly, the following
materials were chosen for manufacturing the bioreactor: Ultimaker
ABS (deformation temperature (Tp) of 87°C) and Ultimaker CPE+ (Tp
of 100°C). Colorfabbs nGen flex was also considered as an additional
material because it is autoclavable. But since printed objects were not
waterproof, it was not used for the final bioreactor.

Instead, CPE+ was used as 3D-printing material for the bioreac-
tor’s main body and for smaller parts like Y- or T-connectors due to its
superior mechanical stability, when compared to ABS. The main body
was exposed to increased tension because of the high number of con-
nections via threading. One drawback of CPE+ was its intolerance for
NaOH, which was intended to be used as sterilization agent because
heat sterilization was not applicable. Ethanol, as alternative, wets the
hydrophobic PTFE membranes of the oxygen transfer modules, mak-
ing them permeable for aqueous solutions. Accordingly, ABS was used
for manufacturing the oxygen transfer module, as it proved to be toler-
ant for contact with 1 M NaOH even for extended periods of time (over
24 h). The different modules were sterilized independently from each
other according to Section 2.8 and reconnected aseptically.

To examine the impact of the 3D-printing materials on bacterial
growth, shake flask cultivations with C. glutamicum ATCC 13032 were
performed with pieces of the different filaments (CPE+, ABS, nGen flex
or CPE+ covered with hardened epoxy resin, see Figure 2). Compared
to the control all cultures with filaments showed a reduction of 10% in
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Hmax (from 0.42 +0.01 1h~1t00.36 + 0.01 1 h~1), while the maximum
biomass concentration was unaffected (4.9 + 0.4 g L~1). Altogether,
even though a small reduction in cell growth was determined, sufficient
Himax 0f 0.36 £ 0.01 1 h~1 was achieved.

3.2 | Evaluation of oxygen transfer

The construction of the oxygen transfer module was based on model
equations for diffusive mass transfer of oxygen into a moving liquid
based on Fick’s law.30] In this study, a hydrophobic, non-wettable PTFE
membrane was used. A high solubility of oxygen in PTFE, a porosity of
85% and the low solubility of oxygen in water (8.3 mg L~1 at 25°C) led
to the assumption that the mass-transfer-resistance on the liquid side
is limiting for oxygen supply.!39-32] Accordingly, Equation (3) was used
for calculating the mass transfer of oxygen into a flowing medium Moy,
considering only the mass transfer coefficient on the liquid side j; :

Moz = B # A Cops (3)

B = liquid mass transfer coefficient in cm/s.

B can be calculated from the Sherwood number Sh, a dimensionless
number describing the ratio of convective to diffusive mass transfer
according to Equation (4):

_dnx B

Sh )

(4)

Sh = dimensionless Sherwood number, dj, = characteristic diameter
in m, D = diffusion coefficient in cm?/s.

The analogy between heat and mass transfer was used for calcula-
tion of Sh, Thus, dimensionless Nusselt-numbers were replaced with
Sherwood-numbers and Prandtl-numbers with Schmidt-numbers. As
no equations for heat transfer with forced convection in non-circular
channels were available, heat transfer in a narrow slit was used as an
approximation.33]

The Reynold‘s number Re and the characteristic diameter for a
narrow slit d, were calculated to determine the flow pattern of the
medium in the channels according to Equations (5-7). The flow is con-
sidered laminar for Re < 2300 and turbulent for Re > 10°. The flow
pattern strongly influences substance transfer as it effects the thick-
ness of boundary layers, the degree of radial mixing between flow
layers as well as the distribution of flow speed.

dp=2%s (5)
Re:"'“T*” )
b= __Q @)

Across 60 % sxb

s = channel height in cm, Re = dimensionless Reynolds number,
u = flow velocity in cm/s, 8 = kinematic viscosity in cm?/s, A oss = chan-
nel cross area in cm?, b = channel width in cm.

7of12
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Restrictions caused by the 3D-printer and pumping equipment used
in this work limited the range of flow rates and channel sizes to ranges
where a laminar flow pattern is achieved. Thus, Equations (8-11) for
the laminar flow through a narrow slit were used for calculating the

mean Sh.
1/3
Sh = (Sh3 + Sh3) (8)
Shy = 4.861 (9)
d 1/3
Shy = 1.841 « (Re # S * Th> (10)
Sc=98/D (11)

Sc = dimensionless Schmidt number, | = channel length in cm.

Equation (8) is valid in case that mass transfer only takes place from
one side of the rift. This is true for the oxygen transfer module since
oxygen can only be transferred from the membrane side but not from
the channel bottom. Combining Equations (3-11) allows estimation of
the oxygen mass transfer rate. Solubilities of oxygen can be found in
literature.[3*] Figure 3A shows a comparison between measured val-
ues of the oxygen permeability for the module as described in Section
2 and the values calculated with the equations above for different
flow rates (10, 20, 30, 40, and 50 mL min~1). For this experiment 3.5%
NaCl-solution in water was chosen to mimic typical medium osmo-
larity. Two liquid compartments with an effective membrane area of
35.7 cm? were used. Pure oxygen was used for the gaseous phase and
the temperature was controlled to 30°C, which is the typical cultiva-
tion temperature for C. glutamicum.[35] The experimentally determined
mass flow coefficients correlated well with the coefficients calculated.
This proves that the Sherwood correlation for thin channels was suited
as afirst approximation, when using rectangular channels. As expected,
the highest mass transfer coefficient of 2.1 gh=! m=2 bar~! was deter-
mined with the highest flow rate of 50 mL min~?. This resulted in a
maximum oxygen transfer rate (OTR) of 161.6 mg L-1h~1. As expected
for diffusion-based aeration, this is lower than the OTR achieved with
typical stirred tank bioreactors, which can be as high as 9000 mg L~1
h=1 at maximum stirring and aeration rate (1200 rpm, 4 vwm).[38] Ways
toincrease the OTR are toincrease the membrane area or the flow rate.
With the pump used in this work, the maximum possible flow rate was
50 mL min~1. Switching, for example, to amembrane pump would allow
application of higher flow rates. For the test cultivations with C. glu-
tamicum ATCC 13032, it was planned to use two of the oxygen transfer
modules in series to increase the oxygen transfer rate to 236.0 mg L~*
h-1,

3.3 | Determination of the perfusion bioreactor’s
mixing time

Table 1 shows a summary of important process parameters of the per-
fusion process, including mixing time tgs. Mixing time refers to the time
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FIGURE 3 Summary of important process parameter. Comparison of oxygen transfer coefficients and rates experimentally obtained to
mathematically estimated versions at different flow rates. Experimental conditions were 30°C, 35 g L=1 NaCl-solution as liquid medium and

aeration with pure oxygen.

TABLE 1 Summary of important process parameters of the
3D-printed perfusion bioreactor.

Parameter Unit Value
Total volume? mL ~50
Circulation flow rate mLmin~t 30-50
Main flow rate mLmin~t 0.25

tos s 63.3+64
tos, stirrer” s 35406
Oxygen transfer rate® mg/h 6.3-7.4
Oxygen mass transfer coefficient gm~2barth-t 15-2.1
Membrane area, oxygen transfer® cm? 354
Membrane area, cell retention cm? 12.0
Hona? 1h-t 0.34
Max. biomass concentrationd gLt 18.4

aFinal volume depending on tubing length.
bWith 300 rpm stirring speed.

“Determined with two liquid module parts.
dDetermined with C. glutamicum ATCC 13032.

until 95% of total homogeneity is achieved. It was determined with the
decolorization method described in Section 2.7. In a first configuration
of the bioreactor system without stirrer, where mixing was achieved by
circulation of the medium, a high mixing time of 63.3 + 6.4 s was deter-
mined. This was due to the laminar flow conditions in the bioreactor at

acirculation flow rate of 30 mL min~1. To improve mixing, the magnetic
stirrer and 3D-printed stirrer frame (see Figure 1C) were implemented
into the bioreactor system, leading to a strongly reduced mixing time of
3.5 + 0.6 s. The design of the stirrer resembles a plate impeller, a type
of stirrer which is known to cause strong turbulences. It was placed
directly above the membrane, as early perfusion experiments resulted
in cells depositing on the membrane and forming a biofilm. The stirrer
placement as well as the turbulences caused by it, prevented this effect.
The unusual direction of the rotary axis (90°) was necessary to position
the magnetic stirrer close enough to the stirring plate.

3.4 | Cultivation of C.glutamicum as
proof-of-principle

To evaluate the suitability of the perfusion system for bacterial culti-
vation, a test cultivation was performed with the bacterial wildtype
strain C. glutamicum ATCC 13032 on glucose as carbon source. In the
beginning, a batch phase with 10 g L= of glucose was performed until
abiomass concentration of 2.8 g L1 was reached and 55% of the avail-
able glucose was consumed. At that point, a continuous feed with a
flow rate of 0.25 mL min~1 was started, containing 5 g L~ of glucose.
Regarding oxygen transfer, pressurized air was initially used for diffu-
sive oxygen transfer to prevent oxygen stress for the bacteria during
the early growth phase. The circulation flow was set to 30 mL min~1
and the magnetic stirrer to 300 rpm. For pH control,4 M NaOH and HCI
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FIGURE 4 Cultivation data of a batch-perfusion hybrid cultivation of C. glutamicum ATCC 13032 performed in the 3D-printed perfusion
bioreactor. The batch phase started with an initial glucose concentration of 10 g L=1. At a biomass concentration of 3.1 g L™, the continuous feed
containing 5 g L=1 glucose was started with a flow rate of 0.25 mL min—?. Temperature was set to 30°C and pH to 7. (A) Time courses of glucose,
biomass, and lactate concentration. Error bars show the standard deviation for a technical triplicate. (B) Time courses of temperature and pressure
at the entrance to the bioreactor system. C) Time courses of the pH-value and DO.

were used to adjust the pH to 7.0. The time course of the cultivation
datais provided in Figure 4.

While the bacteria were still adapting to the new medium com-
position, the air was sufficient for diffusive oxygen supply. When cell
growth started after 1.4 h, the DO was quickly decreasing (Figure 4C).
At a DO of 15.0%, pure oxygen was used for oxygen transfer, result-
ing in a DO-peak. After 4.8 h of cultivation, the DO started to decrease
again and was depleted about 3.0 h later. During the time until oxy-
gen depletion, the biomass concentration increased exponentially to
2.7 g L~ (Figure 4A) with a .y of 0.34 1 h=1. Overall, the oxygen
supply was sufficient to allow an exponential growth until a biomass
concentration of 3.3 g L1 was reached after 9 h of cultivation. As quick
consumption of the remaining glucose was expected after this time

point, continuous feed was started with a flow rate of 0.25 mL min—1.

To allow strong mixing and turbulent flow conditions inside the main
bioreactor module, the stirring rate was increased to 400 rpm. Growth
of C. glutamicum continued with a gradual decrease to 0.05 1 h~1 until
the process was stopped at a biomass concentration of 18.4 g L1 after
515h.

During the batch phase, growth of C. glutamicum resulted in a max-
imum biomass yield of 0.51 g g~ glucose. After the feeding phase
was started, the biomass yield decreased to 0.24 g g1, as oxygen
depletion led to partially anaerobic conditions. This is shown by the
drop in DO close to 0%. Nevertheless, the added glucose was com-
pletely consumed, as can be seen in Figure 4. Besides biomass, glucose
was transformed to lactate, a side product which is typically produced
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by C. glutamicum under anaerobic conditions.[37) In literature it was
stated that C. glutamicum shows neglectable growth under anaero-
bic conditions and instead converted glucose to lactate, acetate and
succinate.[38:3%] While lactate was produced at the end of the batch
phase during this cultivation, cell growth continued at a reduced rate
of 0.05 1 h~1. This suggests that cell growth was not completely under
anaerobic conditions, as the oxygen transfer module still supplied the
medium with oxygen, resulting in micro-aerobic conditions.

The pressure in the system is another important parameter espe-
cially for perfusion processes. During cultivations, it is adirect indicator
for the degree of clogging of the cell retention membrane and thus
of process stability. During the first 15 h after starting the continu-
ous feed the pressure was stable at 0.2 bar. Subsequently, the pressure
increased and peaked at 1 bar after 21 h. This peak was caused by clog-
ging of the inlet membrane, potentially because of precipitated medium
components and entrapped air bubbles. By removing the inlet mem-
brane, the pressure could be reduced to 0.2 bar, proving that the main
cell retention membrane was still free of blockage. Following this, the
pressure remained constant until the end of the process after 44 h of
feeding.

4 | DISCUSSION

In this work, a novel perfusion bioreactor system based on membrane
diffusion for aeration and on hydrophilic flat sheet membranes for cell
retention was developed using 3D-printing as manufacturing method.
As described in Section 3.1 the 3D-printing materials CPE+ and ABS
were selected for manufacturing different parts of the bioreactor, due
to their respective mechanical stability and chemical resistances. The
10% reduction in specific growth rate u,.x observed in shake flask
cultivations of C. glutamicum ATCC 13032 in presence of the differ-
ent materials, was either caused by volatile additives of the plastic
filaments,[4041] or by the presence of solids and potentially hydropho-
bic surfaces, which is likely as all materials tested showed the same
effect. Still, an observed pay of 0.36 1 h~1 allows for acquisition of data
in a meaningful range, and the materials thus considered suitable for
manufacturing the reactor.

Following the material selection, the oxygen transfer rate was eval-
uated, and the bioreactor’s mixing time determined. For construction
of the oxygen transfer module a combination of model equations for
diffusive mass transfer into a moving liquid based on Fick’s law and
Sherwood correlations for thin channels were used. In an experiment
the actual oxygen transfer rates at flow rates from 10 to 50 mL min~1
were determined and compared to the expected transfer rates, based
on the model equations. Experimentally determined oxygen transfer
rates of 80.0-161.6 mg L=1 h~1 aligned well with calculated values,
showing that the model equations offer an accurate representation
(Figure 3).

Regarding the mixing time, without a stirrer the mixing time tos
was 67 s and thus not efficient for providing a homogenous medium.
To improve mixing, a magnetic stirrer encased in a 3D-printed frame
was added, which reduced the mixing time to 3.5 + 0.6 s at 300 rpm.

This was comparable to commercial small scale bioreactors, which can
achieve a mixing time between 5-20 s. [42] Besides a strong reduction
of tgs the addition of the magnetic stirrer also reduced cell sedimen-
tation and membrane fouling, as the stirrer was placed directly above
the membrane. Consequently, this contributes to the ability to sustain
longer process times.

The final step of the perfusion bioreactor’s evaluation was a
batch/perfusion hybrid cultivation of C. glutamicum ATCC 13032. Dur-
ing the batch phase, the specific growth rate pmay of 0.34 1 h=1 was
comparable to shake flask cultivations with the same medium com-
position in presence of 3D-printing materials (Section 3.1). Although
oxygen became limiting after 7.3 h, growth continued at a reduced rate
and a final biomass concentration of 18.4 g L= could be achieved after
51 h of cultivation. Furthermore, there was no clogging of the main cell
retention membrane, while the pressure in the system remained con-
stant at 0.2 bar for at least 44 h of feeding, indicating no or only limited
clogging of the membrane system.

While bacterial cell growth continued even after oxygen depletion,
depending on the intended application, it might be required to improve
the oxygen transfer rate. This can be done by increasing the membrane
area available for oxygen diffusion either by increasing the number of
oxygen transfer modules or by upscaling the module and membrane
size. In this respect, upscaling the module size and the size of the mem-
brane circles used seems to be more efficient, as the increase in volume
would be lower than for the other approach. Another option would be
to switch to hollow fiber membranes. It should be considered however,
that the use of hollow fibers would likely be more cost intensive.

In summary, a novel 3D-printed perfusion bioreactor system was
presented, and its functionality demonstrated. Using a magnetic stir-
rer with a 3D-printed frame, homogenous medium conditions could
be guaranteed in the main bioreactor, as shown by the mixing time
of only 3.6 s. While a mass transfer coefficient for oxygen of 2.1 g
h=1 m=2 bar~! at a circulation flow rate of 50 mL min~! was not
enough to offer aerobic conditions above a biomass concentration of
2.7 g L1, it was still sufficient to support cell growth up to a biomass
concentration of 18.4 g L~ using C. glutamicum ATCC 13032 as model
organism in a continuous cultivation experiment. Furthermore, pres-
sure in the bioreactor remained constant at 0.2 bar even after 44 h
of feeding in perfusion mode. This shows that only minor membrane
fouling occurred, offering the potential for prolonged cultivation times.
It should be considered however that perfusion processes come with
innate disadvantages, which should be taken into account during the
planning and design stage of a bioreactor system and process layout.
These disadvantages include high amounts of perfused liquid and con-
sequently diluted (extracellular) products, a potentially higher risk of
contamination and a lack of data and comparable processes during
the design stage of new processes. The described perfusion biore-
actor system has broad application potential, from multi-component
substrate-stream in a lignocellulose-based bioeconomy to in-situ prod-
uct removal of potentially high-value products or even considerations
of future applications for cultured meat by perfusion tissue cultures.
As such, this work offers researchers a low-cost template for perfusion
systems as well as a toolbox (all CAD files used or referred to in this
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study are included as .stl files and described in the supporting infor-
mation) with instructions for creating reference systems in different
application scenarios or tailor-made bioreactor systems.
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3.1 Introductory remarks

The topic of this work was the development of suitable process strategies and tech-
nologies for bacterial conversion of acetate as alternative, potentially more sustainable
carbon source in comparison to glucose. The industrial producer C. glutamicum was
used as model organism for utilization of acetate, because of its well-researched acetate
metabolism and its capability for efficient utilization of acetate as energy source. Still, no
study was available that considered C. glutamicum as production organism in combina-
tion with acetate as sole carbon source. Furthermore, only few studies reporting high-titer
production processes with bacteria grown on acetate were available in literature, probably
due to the difficulties that the inhibiting and acidic nature of acetate brings for process
development (see Table 2). As such, one approach was to examine the production ca-
pability of C. glutamicum with acetate as sole carbon source and to develop a process
strategy for efficient production using itaconic acid as exemplary product. A pH-coupled
fed-batch process for feeding of glacial acetic acid, which was reported by Kiefer et al.
(2021Db), served as starting point and was expanded further for the specific production

requirements of itaconic acid. The results for this approach are presented in chapter 2.1.

Another approach was the development of a perfusion bioreactor manufactured with the
additive manufacturing method 3D-printing. Sustainable biobased production methods
for acetate like electrosynthesis, Cl-gas fixation or conversion of lignocellulose biomass
often result in dilute concentrations, which are not suited for conventional process strate-
gies like fed-batch, as they would lead to strong product dilution and process limitations
due to the high feed volume (Kantzow et al. 2015; Marshall et al. 2013; Xinhua Shi et al.
2014). Furthermore, especially lignocellulose-based substrates often contain organic com-
ponents that are harmful for bacteria (Arnold et al. 2017). A perfusion bioreactor allows
utilization of dilute and inhibitor containing substrates, as the continuous flow-through in
combination with cell retention allows the application of high feeding rates and prevents
the accumulation of inhibitors. The results regarding the characterization of the devel-
oped perfusion bioreactor as well as a proof-of-concept study are presented in chapter
2.2.
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3.2 Acetate as promising alternative carbon source

Acetate is a promising alternative to sugar-based carbon sources like glucose, which re-
cently has gained increased attention in research as shown by several reviews (Kiefer et
al. 2021a; Novak et al. 2018a). Additionally to its low cost (461 — 1019 $ per ton in the
second quarter of 2023, Chemanalyst 2023) and estimated high market size of 17.9 mil-
lion tons in 2023 (Mordor Intelligence 2023), it does not compete with the food and feed
sector (Martin-Espejo et al. 2022), thus evading moral problems. While its production
still relies mostly on petrochemical production pathways like methanol carbonylation or
direct oxidation of ethane, the share of sustainably produced acetate via fermentation
was already at 10% in 2015 and is expected to increase with novel sustainable production
methods like syngas fermentation, conversion of lignocellulose biomass or electrosynthesis
being under research (Martin-Espejo et al. 2022; Spekreijse et al. 2021).

Still, the utilization of acetate as microbial carbon source offers several challenges. The
first being its inhibitory nature for most bacteria at a concentration of 5 g/L (Trcek et
al. 2015), which is mostly caused by unhindered diffusion of acetic acid through the cell
membrane and consequential dissociation in the cytoplasm causing an uncoupling of the
proton gradient necessary for generating ATP and changes of the intracellular pH (Roe
et al. 2002; Herrero et al. 1985; Axe et al. 1995). This necessitates using specialised bac-
teria able to tolerate and grow under these conditions for bioproduction with acetate as
sole carbon source.

In literature several suitable bacteria already have been identified, with Cupriavidus neca-
tor being an example for an efficient producer of the bioplastic PHB using acetate as sole
carbon source (Vlaeminck et al. 2022; Garcia-Gonzalez et al. 2018). Another bacterium,
that was shown to be able to achieve high growth rates of up to 0.52 1/h on acetate as sole
carbon source is the gram-negative Pseudomonas putida, a model organism for bacterial
PHA and rhamnolipid production (Arnold et al. 2019b). Also, the well-known industrial
producer E. coli has been genetically enhanced for growth and production with acetate
as sole carbon source in several studies, demonstrating a broad spectrum of products
from organic acids to organic solvents like 2,3-butanediol or acetone (H. Yang et al. 2019;
Novak et al. 2020; Huang et al. 2018). This broad array of products that can be produced
with acetate as sole carbon source, is an important argument for its potential.

Still, the final titers of most production processes with acetate as sole carbon source are
rather low, with only few cases that achieved titers higher than 10 g/L (see Table 2).
This can partially be explained by a lack of optimized process strategies. Due to its
acidic nature, conventional strategies like linear or exponential feeding are not applicable
as the pH would be strongly affected. Solubility of acetate salt on the other side is rather

low. Conventional feeding strategies with this solution would lead to saltification, osmotic
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stress and strong dilution, which lowers growth and limits feeding capacity. An efficient
strategy to feed acetate as carbon source, is to directly couple the addition of acetic acid
to pH-control (Kiefer et al. 2021b). This strategy is based on the increase in pH due to
the consumption of acetic acid in the protonated form and has been successfully applied
for example for production of PHB by Garcia-Gonzalez und Wever (2018), for production
of biomass in a high cell density process with C. glutamicum by Kiefer et al. (2021b) and
for itaconate production with C. glutamicum as shown in chapter 2.1. In all these cases
high product titers could be achieved, proving the efficiency of this type of feeding strat-
egy. Further adaptations to other products combined with enhanced genetic optimization
attempts will potentially help to further increase the competitiveness of acetate as carbon

source in comparison to glucose.
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3.3 Acetate-based production of itaconic acid with
Corynebacterium glutamicum using an

integrated pH-coupled feeding control

C. glutamicum is a bacterium that was shown to be able to utilize acetate nearly equally
well for growth as glucose but has not been considered for bioproduction with acetate as
sole carbon source before the start of this work (Arnold et al. 2019a). C. glutamicum is
a gram-positive soil bacterium, that is established as industrial producer of amino acids
like glutamate or lysine, but also for organic acids like lactate (J.-Y. Lee et al. 2016).
Furthermore, while not possessing the GRAS status, it is generally considered as non-
pathogenic save bacterium. The acetate metabolism of C. glutamicum is well researched
(Wendisch et al. 2000; Gerstmeir et al. 2004; Cramer et al. 2007) and the bacterium has
been shown to be free of inhibition at acetate concentrations of up to 10 g/L and to be
able to tolerate even higher acetate concentrations in an earlier study by Arnold et al.
(2019a). This observation was confirmed by a study from Kiefer et al. (2021b) where
high e of up to 0.47 1/h were determined, which was similar to ft,,4, achieved with
glucose as sole carbon source. Furthermore, growth was not completely inhibited even
at a concentration of 60 g/L. Besides examining growth of C. glutamicum on acetate,
the study also presented a process strategy for feeding of acetate, where the addition of
glacial acetic acid was directly coupled to pH-control. Urea as nitrogen source as well
as the phosphate source were added via a secondary feed solution. With this feeding
strategy, a biomass concentration of 80 g/L could be achieved. These results already
demonstrate the strong capability of C. glutamicum for utilizing acetate as sole carbon
source and its potential as model organism for production with acetate. The next step
was to adapt this process strategy and utilize it for production of itaconate to evaluate
C. glutamicum’s production capability with acetate as sole carbon source. This was the
objective of the first publication (see section 2.1 for results).

In this study the strain C. glutamicum ICD®453¢ (pEKEx2-malEcad,,;) was used for pro-
duction of itaconic acid. As a first step growth and itaconic acid production was examined
at different C-N ratios (2 (standard), 10, 20, 40 and 60 mole/mole) in shaking flask cul-
tivations. From a study from Otten et al. (2015) in which a similar strain was used for
production of itaconic acid on glucose, it was known that nitrogen limitation is necessary
to achieve itaconic acid production with C. glutamicum. With the insights on how the
C-N ratio effects growth and production, the earlier published pH-coupled fed-batch pro-
cess for glacial acetic acid (Kiefer et al. 2021b) was expanded by a DO-coupled feeding
strategy for sodium acetate and adapted to the conditions needed for growth decoupled

itaconate production in a 42 L bioreactor.
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The production strain C. glutamicum ICD3¢ (pEKEx2-malEcad,,) was able to grow
at all C-N ratios tested. At standard conditions with a C-N ratio of 2 mole/mole fi4.
was reduced from 0.45 1/h for the wildtype strain to 0.34 1/h and further to 0.20 1/h
at strong nitrogen limitation with a C-N ratio of 60 mole/mole. The reduction in fi,,q.
in comparison to the wildtype strain was probably caused by the mutation of the gene
icd and the consequentially reduced activity of the enzyme. While the glyoxylate circle is
active during growth on acetate as sole carbon source, most of the carbon flux is still me-
tabolized via the TCA-cycle to provide building blocks for growth (Wendisch et al. 2000).
As expected, no itaconic acid was produced at standard conditions without nitrogen lim-
itation. With increasing C-N ratio the Ypg did also increase to a maximum of 0.03 g/g
at C-N 60 mole/mole, but volumetric productivity and titer did not continue to increase
at higher C-N ratios than 20 mole/mole. In the end it was decided to go for a C-N ratio
of 40 mole/mole for production of itaconate in the fed-batch process, as productivity and
titer were already at maximum under this condition. Furthermore, it was observed that
at a C-N ratio of 60 mole/mole remaining acetate in the medium was left unconsumed,
which could be a result of low viability due to the strong nitrogen limitation. The C-N
ratio of 40 mole/mole was selected to prevent this effect during the fed-batch experiment,
while still achieving high productivity and itaconic acid yields.

After the shake flask cultivations, the next step was to perform a fed-batch process in the
42 L bioreactor with pH-coupled feeding of acetic acid and high C-N ratios between the
feeds. But consumption of the ammonium supplied at the start of the cultivation coun-
teracted the pH increase caused by acetate consumption leading to acetate depletion, a
short production phase and only low titer.

Therefore, the process strategy was expanded by a DO-coupled feeding strategy for sodium
acetate, which was started once acetate got depleted for the first time leading to a rise in
DO above 80%. The DO-coupled feeding of sodium acetate allowed it to supply acetate
to the medium without directly effecting the pH. The continued consumption then led
again to a rise in pH-value and thus continued pH-coupled feeding of glacial acetic acid.
This combined pH and DO-coupled feeding strategy led to a high itaconic acid titer of
29 g/L, a high overall volumetric productivity of 0.63 g L~'h™! and final product yield
of 0.16 g/g. These results surpassed the only other bacterial itaconic acid production
process with acetate as sole carbon source, which used a strain of E. coli as production
organism (3.6 g/L itaconic acid, Ypg 0.09 g/g and overall productivity of 0.04 g L~'h™!
(Noh et al. 2018)) and was even comparable to glucose-based bacterial production pro-
cesses in regards to volumetric productivity (B.-J. Harder et al. 2018; Demir et al. 2021)
and partially also titer (B. Harder et al. 2016). This again shows the huge potential of C.
glutamicum as model organism for bioproduction using acetate as sole carbon source.

While productivity and titer were comparable, most production processes that used glu-
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cose as sole carbon source managed to achieve 2 - 3-fold higher product yields (B. Harder
et al. 2016; B.-J. Harder et al. 2018; Demir et al. 2021; Otten et al. 2015). This was
partially explained by the activity of the glyoxylate shunt, that is active during growth
on acetate but not on glucose as sole carbon source and represents an additional sink for
isocitrate (Wendisch et al. 2000). The result is a lowered availability of aconitate, the pre-
cursor for itaconic acid production. Furthermore, the strain itself was not yet optimised
genetically at this point. More recently Schmollack et al. (2022) reported an genetically
optimised itaconic acid production strain for C. glutamicum based on the strain used in
this work. The new strain C. glutamicum AramB Agdh ICD™53C (pEKEx2-malEcad,y;)
included a deletion of the regulator ramB, which according to the authors led to de-
creased activity of the glyoxylate shunt, and deletion of the gene gdh which is part of
the main nitrogen assimilation pathway. As a result the maximum specific growth rate of
the optimized strain was strongly reduced, but the product yield increased to 0.18 g/g in
shaking flask cultivations. Thus, applying the process strategy presented in this work for
the new strain might lead to even more competitive results. From a process development
point of view, the integrated DO and pH-coupled itaconic acid production process offers
a few points of optimisation, with probably the most important being the C-N ratios in
the biomass formation and production phases. By adjusting the C-N ratios depletion of
acetate could be prevented and the process efficiency improved. A model-based approach
in combination with a feeding program would even allow to adjust the C-N ratio during
the process and adapt it to changes in the bacteria’s metabolism.

In summary, while the itaconic acid yield on acetate as sole carbon source was lower
than for glucose-based itaconic acid production processes, the volumetric productivity
and final titer were comparable, especially since the maximum volumetric productivity
was constant at 1.0 g L™'h™! for more than 22 h of production. This shows that C.
glutamicum has great potential as producer for itaconic acid on acetate as the sole carbon
source, but also as general production organism on this carbon source. This conclusion is
further supported by a recent publication that achieved production of eYFP as example
for recombinant protein production on acetate (Kiefer et al. 2022). The authors even
observed 83% higher biomass specific production of eYFP for acetate as carbon source in

comparison to glucose.




3 GENERAL DISCUSSION 60

3.4 Design and evaluation of a 3D-printed, lab-scale
perfusion bioreactor for novel biotechnological

applications

Most sustainable production methods for acetic acid result in rather dilute acetate con-
centrations of up to 59 g/L (Arnold et al. 2017; Kantzow et al. 2015). Substrates like
this are not applicable for fed-batch processes like the one presented in chapter 2.1, as
the low nutrient concentration would make it necessary to add high volumes of feed to
the process. Furthermore, in case of lignocellulose-based acetate, the substrate solutions
even contain harmful substances to varying degrees that would accumulate in the process
and eventually lead to an early process end (Arnold et al. 2017). As such, it is necessary
to rely on process strategies that are less commonly applied for bacterial bioproduction,
namely perfusion processes. Therefore, in this study a 3D-printed perfusion bioreactor
was developed, characterized and its applicability for dilute feed solutions evaluated.

As a first step, the compatibility of the materials selected for 3D-printing with cultures of
C. glutamicum was evaluated in shaking flask cultivations on glucose as carbon source. As
all materials led to the same reduction of fi,q, to 0.36 1/h in comparison to the 0.42 1/h
observed for the control, the selected materials Ultimaker CPE+ and ABS as well as the
epoxy resin used for sealing the bioreactor system were considered suitable. The reduction
of growth was referred to the presence of hydrophobic surfaces or to volatile 3D-printing
additives (Min et al. 2021; Thompson 2022). Besides biological compatibility, the mate-
rials were also selected due to their chemical properties. Both materials were described
by the manufacturer to show good chemical resistance. To be sure compatibility with
a pyrolysis oil won from straw and provided by the Bioliq pilot plant in Karlsruhe was
tested, by placing 3D-printed objects into the pyrolysis oil for one week and observing
changes in colour, size, weight, and consistency (see supplementary materials). Besides
other organic and non-organic components, the pyrolysis oil contained around 30 g/L
acetate. While a change in colour was observed, changes in weight of the testobjects were
between 0.1 — 0.4 g and in size below 0.5 mm. No degradation of the objects structure
was visible, which was showing that the materials were suited for usage with this kind of
pyrolysis oil, but also for acetate concentrations in a similar range.

Next step was the development and characterisation of the perfusion bioreactor, which
consisted of a main bioreactor module that included hydrophilic PVDF membranes for
cell retention, multiple connectors for pH, temperature and DO-probes as well as for sam-
pling. Further modules of the perfusion system were an oxygen transfer system using
hydrophobic PTFE membranes and a heat transfer module connected to a PID controller

for temperature control. These were connected to the main bioreactor module by a circu-
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lation flow. A magnetic stirrer with 3D-printed frame was placed in the main bioreactor
module, with which a fast mixing time of 3.5 s could be achieved. This was sufficient to
achieve a homogenously mixed medium and comparable to other small-scale bioreactors
(Nienow et al. 2013).

The last step was a proof-of-concept cultivation with C. glutamicum and glucose as car-
bon source. The perfusion process was separated into two phases, a first batch phase that
started at a glucose concentration of 10 g/L and a second perfusion phase, during which
CGXII-medium with halved concentrations and 5 g/L glucose were used as dilute feed
with a rate of 0.25 mL/min. During the batch-phase a fi;,q, comparable to the shaking
flask cultivations with 3D-printing filaments was achieved. Furthermore, besides a tech-
nical failure of the syringe pumps that could be resolved, the pressure in the bioreactor
was rather stable at 0.2 bar over 52 h of cultivation. This shows that only minor fouling
occurred and no blockage of the membrane, even at the final cell density of 18.4 g/L.
From this it could be concluded that the proof of concept was successful.

One down-side of the presented bioreactor was a rather low oxygen transfer rate, which
led to oxygen limitation and micro-aerobic conditions already at a biomass concentration
of 2.7 g/L. This caused formation of lactate, a typical side-product of C. glutamicum
produced under anaerobic conditions (Michel et al. 2015), and a gradual reduction of the
specific growth rate to 0.05 1/h. Thus, a next step for a follow-up project would be to
optimize the oxygen transfer either by scaling up the module size and thus the membrane
area or by replacing the flat-sheet membranes with hollow fibers. They offer the advan-
tage of a high surface to volume ratio at the disadvantage of higher cost.

Regarding the application of sustainable acetate solutions, the range of expected acetate
concentration is up to 59 g/L for acetate solutions produced through syngas fermentation
or pyrolysis (Arnold et al. 2017; Kantzow et al. 2015). In case of hydrolysis the expected
concentration is up to 15 g/L (Ko et al. 2020). All these concentrations are considered
dilute. While not with acetate, the capability of the perfusion system presented here to
be used with dilute substrate concentrations was demonstrated with the feed solution
containing only 5 g/L glucose. The application was possible due to the successful reten-
tion of the bacterial cells inside the reactor by the hydrophilic membrane. This allowed
to apply a dilution rate of 0.3 1/h (the flow rate of 0.25 mL/min divided by the total
reactor volume of 50 mL), which was multiple times higher than the specific growth rate
of the bacteria at the time (0.05 — 0.1 1/h). In a typical continuous bioreactor without
cell retention, the cells would have been washed out of the reactor at this rate. Since the
glucose concentration was at 0 g/L during the perfusion phase, the flow rate or the glucose
concentration could still be increased, as all supplied glucose was completely consumed.
Regarding the flow rate, care must be taken, that a higher flow rate leads to a higher

back pressure caused by the cell retention membrane. To reduce the back pressure, the
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membrane area must be increased.

Besides optimisation of the oxygen transfer rate, a next step would be the development
of actual production processes. Preferably intracellular products should be selected since
the continuous feeding would lead to strong dilution of extracellular products. Examples
would be intracellular proteins or bioplastics like PHA (Kiefer et al. 2022; Garcia-Gonzalez
et al. 2018). Since the 3D-printed perfusion bioreactor can be produced rather easily and
fast, an interesting application would be a consecutive process, where in a first step ac-
etate is produced either through anaerobic fermentation with acetogenic bacteria or by
syngas fermentation and in a second step the produced acetate is continuously converted
to a valuable product. An example for such a consecutive process would be a process
reported by Oswald et al. (2016), who used acetogenic mixed culture to convert syngas
to acetate and then in a follow up fermentation produced malic acid from acetate with
the filamentous fungus A. oryzae reaching a malic acid yield of 0.22 g/g syngas.

Overall, a 3D-printed perfusion bioreactor was successfully developed, and its functional-
ity demonstrated in a proof-of-concept cultivation with C. glutamicum. Although oxygen
transfer was limiting and needs to be improved in future, a high biomass concentration of
18.4 g/L could be achieved. The process could be run for 52 h without the main cell re-
tention membrane getting blocked. Instead, the pressure inside the bioreactor was stable
at 0.2 bar. The CAD-files and instruction on how to create such systems, were published
(Merkel et al. 2023) and should enable researchers to create reference systems in different

applications by using this bioreactor system as template.
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This study aimed at evaluating the suitability of the industrial production organism C.
glutamicum for bioproduction with acetate as alternative carbons source and at develop-
ing suitable process strategies for utilization of acetate. As such a novel integrated pH
and DO-coupled fed-batch process for production of itaconic acid with C. glutamicum on
acetate as sole carbon source was presented. A high titer and volumetric productivity
comparable to glucose-based production processes for itaconic acid could be achieved.
Still, one downside was a comparably low product yield, that should be the target for fu-
ture optimization for example through genetic engineering targeting acetate uptake and
the glyoxylate cycle, an additional sink for the precursor of itaconic acid. Nonetheless,
the potential of C. glutamicum for bioproduction with acetate as sole carbon source was
demonstrated for the first time and an efficient process strategy was developed.

While the fed-batch process presented was suitable for highly concentrated acetic acid, it
was not suited for most cases of sustainably produced acetate due to their low concen-
tration. To utilize those solutions, without using energy-demanding concentration steps,
a perfusion bioreactor was successfully developed. The additive manufacturing method
3D-printing with the advantages of fast prototyping and design freedom was successfully
used for manufacturing the perfusion reactor. While the oxygen transfer rate was leading
to oxygen limitation and needs to be optimized in future, the suitability of the perfusion
bioreactor for applying dilute substrate concentrations and its general functionality could
be demonstrated in a proof-of-concept cultivation with C. glutamicum on glucose as car-
bon source. Future studies should focus on developing actual production processes for

example in consecutive cultivations with different organisms.
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Figure S1: Arrangement of a set of 3D-printed objects for examining compatibility with

an aqueous fraction of a pyrolysis oil.

Figure S2: 3D-printed objects consisting of different materials after immersion in an
aqueous condensate of a pyrolysis oil for one week at room temperature (RT). The tested
3D-printing materials were Ultimaker ABS, polylactidacid (PLA), CPE+, CPE, Nylon,
thermoplastic polyurethane (TPU), polypropylene (PP) (Ultimaker BV, Utrecht, The
Netherlands)and BASF Ultrafuse acrylonitrile styrene acrylate (ASA) (BASF 3D Print-
ing Solutions GmbH, Heidelberg, Germany). After drying the objects were examined

optically, weighted and their sizes measured.
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Figure S3: Graphs showing the change in size (A) and weight (B) of 3D-printed objects
after immersion in the aqueous condensate of a pyrolysis oil for one week at RT. The
objects are shown in figure S1 (before immersion) and S2 (after immersion). The changes

were determined after drying the objects at RT.
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