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Abstract

Compatible solutes are water-soluble, low molecular weight, and neutrally net-charged
molecules, which are accumulated by halophilic organisms to preserve the functionality of
the cellular components in the saline environment. Due to their protective characteristics,
these molecules offer industrial relevance as functional ingredients in cosmetic and healthcare
products. Further, halophilic organisms as production strains benefit from low susceptibility
to contamination as a high salt concentration is required in the cultivation process. The
moderate halophilic bacteria Halomonas elongata is already of industrial relevance as it
produces the active component ectoine. The precursor molecule in the ectoine-metabolism of
H. elongata, Ny-acetyl-L-2,4-diaminobutyric acid (v—NADA), shows comparable protective
functionalities and, thus, the potential as a valuable product. Here, we show a fermentation
process to produce v~-NADA and a downstream process (DSP) adjusted to the saline condi-
tions. v—NADA proved to be a better stabilizer against thermal stress for the proteins BSA
and streptavidin than the established solutes ectoine, hydroxyectoine, and trehalose. The salt-
dependent accumulation of v~NADA was shown for the mutant Halomonas elongata AectC.
A reproducible batch-fermentation process was established in Iab and small pilot-scale in 1
M salt conditions with a productivity of 60-70 mg L' h™'. These high salt concentrations
shaped the proposed downstream process (DSP). In a filtration cascade comprising micro-
filtration (MF'), ultrafiltration (UF), and nanofiltration (NF), cell debris, macromolecular
impurities, and salts are separated while simultaneously concentrating the target molecule
~v-NADA. After a final crystallization step, v~NADA can be obtained with high purity and
recovered as a stable solid. Suitable membranes and optimal conditions for each filtration
step (MF, UF, and NF') were identified in a membrane screening performed with a complex
solution from fermentation to include all occurring separation effects and perfectly mimicked
the real process conditions. The solubility of v~NADA in different solvents and solvent
mixtures was verified dependent on the temperature to establish cooling and antisolvent
crystallization for the small molecule. Here, water was identified as a suitable solvent, favorite
due to the aqueous environment of a biotechnological product. Further, ethanol (EtOH)
was proven as a suitable antisolvent, significantly reducing the solubility of v~NADA to
recover the solid product. Both crystallization methods result in needle-shaped crystals of

the amino acid derivative. In water, the molecule crystallizes in chiral orthorhombic space
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group P2:272;. Under the examined conditions, the cooling and antisolvent crystallization
of v~NADA reached a yield of 48 % and 86 %, respectively. All findings were combined to
the purification process of v~NADA, starting with lysate from the pilot-scale fermentation.
After the filtration cascade, v~ NADA was successfully concentrated to 16 g L~ with a purity
of 45 % - suitable conditions for the antisolvent crystallization. 7~NADA was recovered
as a crystalline product with a purity > 94 % after a combined antisolvent and cooling
crystallization. The proposed DSP could be the starting point for industrial production of
~v—NADA.
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Kurzzusammenfassung

Kompatible Solute sind wasserlosliche, niedermolekulare und neutral geladene Molekiile,
die von halophilen Organismen akkumuliert werden, um die Funktionalitit der zellularen
Komponenten in der salzhaltigen Umgebung zu erhalten. Aufgrund ihrer schiitzenden Eigen-
schaften sind diese Molekiile fiir die Industrie als funktionelle Inhaltsstoffe in Kosmetik- und
Gesundheitsprodukten von Bedeutung. Da fiir den Kultivierungsprozess halophiler Bakterien
eine hohe Salzkonzentration erforderlich ist, profitiert die Verwendung dieser Organismen
als Produktionsstamm von einer geringen Anfilligkeit fiir Kontaminationen, Das moderat
halophile Bakterium Halomonas elongata ist bereits industriell von Bedeutung, da es den
Wirkstoff Ectoin produziert. Das Vorlaufermolekiil im Ectoin-Stoffwechsel von H. elon-
gata, Nvy-acetyl-L-2,4-Diaminobuttersédure (y—NADA), zeigt vergleichbare Schutzfunktionen
und damit das Potenzial als wertvolles Produkt. Wir demonstrieren hier einen Fermen-
tationsprozess zur Herstellung von v~NADA und einen Reinigungsprozess (DSP), der an
die salzhaltigen Bedingungen angepasst ist. 7—NADA erwies sich fiir die Proteine BSA
und Streptavidin als besserer Stabilisator gegen thermischen Stress als die etablierten So-
lute Ectoin, Hydroxyectoin und Trehalose. Die salzabhéngige Akkumulation von yv-NADA
wurde fiir die Mutante Halomonas elongata AectC gezeigt und ein reproduzierbarer Batch-
Fermentationsprozess im Labor und im kleinen Pilotmaflstab unter 1 M Salzbedingungen mit
einer Produktivitit von 60-70 mg L~ h~! etabliert. Diese hohen Salzkonzentrationen prigen
den geplanten Downstream-Prozess (DSP). In einer Filtrationskaskade aus Mikrofiltration
(MF), Ultrafiltration (UF) und Nanofiltration (NF') werden Zelltriimmer, makromolekulare
Verunreinigungen und Salze abgetrennt und gleichzeitig das Zielmolekiil v~-NADA konzen-
triert. Nach einem abschliefenden Kristallisationsschritt kann v~NADA mit hoher Reinheit
und als stabiler Feststoff gewonnen werden. Geeignete Membranen und optimale Bedin-
gungen fiir jeden Filtrationsschritt (MF, UF und NF') wurden in einem Membranscreening
ermittelt. Um alle auftretenden Trenneffekte zu berticksichtigen und die realen Prozessbe-
dingungen abzubilden wurde dieses mit einer komplexen Fermentationslosung durchgefiihrt.
Die Loslichkeit von v~NADA in verschiedenen Losemitteln und Losemittelgemischen wurde
in Abhéngigkeit der Temperatur iiberpriift, um eine Kiihlung und eine Antisolventenkristalli-
sation des small molecules zu erreichen. Dabei wurde Wasser als geeignetes Losungsmittel

identifiziert, welches aufgrund der wissrigen Umgebung eines biotechnologischen Produkts



bevorzugt wird. Dariiber hinaus erwies sich Ethanol (EtOH) als geeignetes Antisolvent,
da es die Loslichkeit von v~NADA deutlich herabsetzt, um ein feste Produkt zu gewinnen.
Beide Kristallisationsmethoden fiihren zu nadelformigen Kristallen des Aminosdurederivats.
In Wasser kristallisiert das Molekiil in der chiralen orthorhombischen Raumgruppe P2;212;.
Unter den untersuchten Bedingungen konnte eine Ausbeute von 48 % bzw. 86 % fiir die Kiihl-
und Antisolvent-Kristallisation erreicht werden. Alle Ergebnisse wurden zu einem Reini-
gungsprozess fiir v~NADA kombiniert, beginnend mit dem Lysat aus der Fermentation im
PilotmaBstab. Nach der Filtrationskaskade wurde v~ NADA erfolgreich auf 16 g L~! mit einer
Reinheit von 45 % konzentriert - geeignete Bedingungen fiir die Antisolvent-Kristallisation.
Nach einer kombinierten Antisolvent- und Kiihlkristallisation wurde v~NADA als kristallines
Produkt mit einer Reinheit von > 94 % gewonnen. Der vorgeschlagene DSP konnte der

Ausgangspunkt fiir die industrielle Produktion von v~NADA sein.
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1 Introduction

Biotechnology, an industry that is becoming increasingly relevant in pharmaceutics and
cosmetics, claims itself ’green’. Yet energy consumption is high to maintain the obligate
sterile process conditions during production and obtain the demanded final product purity,
which requires several successive steps. Here, bacteria strains called extremophiles have
the advantage of growing exclusively under their ’extreme’ conditions, saving the demand
on sterilization steps before and after their production process, as undesirable cell growth of
contaminants is inhibited. Developing efficient but energy-saving production processes is most
relevant for both industries to reduce the most important factor, 'costs’, in their production
processes and for society to maintain a reasonable living standard. Yet, from a social
perspective, the ecologic advantage of less energy consumption with constant production
output should also be in focus. Worldwide climate change and ecocide threaten the existence
of many human beings, fauna, and flora species and will cause high costs. This shows that
ecological and economic consequences go hand in hand, which, even more, should force the

development of low-energy production processes.

Another advantage of extremophilic organisms is their diverse and innovative molecule port-
folio to fight the harsh conditions they can survive. The halophilic organism Halomonas
elongata grows best in a salinity range of 0.5 - 2 M NaCl; here, contaminants do not have
a chance. Thus sterility is given. One of the strategies of halophilic organisms to survive
salinities is the production and accumulation of small molecules known as compatible solutes.
They maintain osmotic pressure without interfering with the metabolism and protect the
enzymatic cell machinery. Halomonas elongata accumulates ectoine as the main compatible
solute, yet many of its metabolic precursors and successors show cell protective functions. One
of these functional molecules is Ny-acetyl-L-2,4-diaminobutyric acid (y—NADA), the direct
precursor of ectoine and an amino acid derivative with qualified protective abilities. Here,
the interdisciplinarity of the HOBBIT (Halophilic bacteria for Biocatalysis) project allows
a holistic consideration of the whole process development spectrum to bring this innovative
compound, v-NADA, to the market. Starting with metabolic understanding and development
of the producer strain Halomonas elongata, a production and purification process is designed,

and the product is finally refined by polymerization to increase the economic value. The basis



1 Introduction

of the project is at the level of strain development. Here, the knock-out mutant Halomonas
elongata AectC is engineered and forms the platform to produce v~NADA instead of ectoine.
The growth and production behavior of the strain are evaluated on a small scale and translated
in a lab- and pilot-scale batch-fermentation. With the development of an efficient and salt-
tolerant downstream process (DSP), the molecule of interest, 7~NADA, will be purified and

can be both a high-value end product and a precursor for bio-polymer production [1].

Objectives

The goals of the DSP development for v~NADA are both, a product as pure as possible and
also a process without energy intense desalting procedures and thus, an overall reduced energy
input with reduced production costs. Yet, the high NaCl concentration in the cultivation will
mainly shape the DSP as it excludes many ’standard’ separation methods from the start.

Figure 1.1 illustrates the purification and desalting strategy for y~NADA.

]

_( \_ l 1 l £ D
>< II,I ///l
AN J |k
l |
MF UF NF
Cultivation Filtration cascade Crystallization

Figure 1.1: Production and purification process for the compatible solute v~NADA. The
molecule is produced in the Halomonas elongata AectC mutant, which does
not accumulate ectoine, the final metabolic solute in the wildtype, but the
precursor molecule v~-NADA. The DSP idea is a filtration cascade for the
concentration and desalting of the target with a downstream crystallization to
obtain a solid and pure product with a small number of process steps.

After the cultivation in high-salt media of the Halomonas elongata mutant, lacking of ectoine
synthase to accumulate v~NADA, in high-salt media a filtration cascade is performed. First,
the microfiltration MF step separates cells and large, organic macromolecules. Once a leaky-

mutant for yv-NADA is available, as it is for ectoine [2], MF could be integrated in the reactor
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system for cell retention. Here, the risk of contamination is very much reduced, due to the
salinity of the media, which would simply make a continuous setup possible. Downstream
of the MF an ultrafiltration UF and nanofiltration NF' retains dissolved organic molecules
and finally concentrates v~NADA, respectively. The whole cascade thus, must establish the
suitable conditions - product concentration and impurity and NaCl content - for the following
crystallization step. The target molecule will be solidified and selectively separated from the

remaining NaCl in the process stream to obtain a product of maximum purity.






2 Theoretical Background

This chapter gives a profound overview of the production and purification of biotechno-
logically produced, organic molecules. Beside information about the used bacterial strain
Halomonas elongata and its compatible solutes, the applied process units, cultivation, filtra-

tion, and crystallization, are also defined and described.

2.1 Halophilic organism and their metabolic products

In biotechnology, probably Escherichia coli (E. coli) and yeast such as Pichia pastoris are
the most common microbial production strains for a bunch of products. Their metabolism
is fully elucidated, genetic modifications are easy and reported and optimized strains for
the production of foreign molecules are available. Yet, innovative compounds are found
in more specialized, yet extremophilic organisms (reviewed in for example [3, 4]). The
halophilic bacteria strain Halomonas elongata survives in saline environment by accumulating
different osmolytes, mainly ectoine, to overcome the osmotic stress situation. This strain is
already validated as potent industrial producer for ectoine, also bringing the advantage of
low contamination risk and thus reducing the effort in biotechnological production [2]. These
characteristics pave the way for new products from this class with modified and somehow

optimized strains.

2.1.1 Characteristic of halophilic organisms and their survival strategies

Halophilic organisms are a sub-type of extremophiles which are able to live in surroundings
with high salinity. They are grouped in slightly halophilic with a salinity range of 0.2 — 0.5 M,
moderately halophilic in the range of 0.5 — 2.0 M, borderline extremely from 2.0 — 3.0 M, and
extremely halophilic from 3.0 — 4.0 M [5, 6]. This high ionic strength forces the organism to

find strategies to overcome the osmotic pressure, which results in both, adapted metabolic

pathways and innovative, functional molecules to maintain enzyme stability and functionality.



2 Theoretical Background 2.1 Halophilic organism and their metabolic products

These characteristics qualifies halophilic organism as interesting producer of new compounds
for various industrial sectors - health care, cosmetics, chemistry. The biotechnological pro-
duction benefits from the high salt content in the cultivation medium, which greatly reduces
the risk of contamination in the process as the majority of microorganisms are limited to
physiological salt condition. Since the maintenance of sterility in bioprocesses is associated
with high energy consumption, the potential use of halophiles in open or non-sterile process
set-ups could reduced arising costs to a high degree. Johnson et al. [7] demonstrated in
their eco-biotechnological process, that a continuous and non-sterile production of polyhy-
droxyalkanoates (PHA) is possible over 4 years. Further, the biotechnological process with
halophilic organism get out of dependence of fresh water - sea water, with a salt content of
approximately 3.5 % NaCl, could be used without intense desalination. The combination of
using sea water and non-sterile conditions was already shown by Yue et al. [8], producing

bioplastics with the halophile Halomonas campaniensis strain.

Water is able to pass the semipermeable biological cell membrane unhindered. Yet, in
unbalanced salt conditions of the intra- and extracellular space, there is always the tendency to
equalize this situation by water permeating. An excess of salt in the surrounding environment,
an hypertonic environment, leads to a loss of cytoplasmic water and drying out of the cell. The
reverse hypotonic environment, where intracellular salinity exceeds the extracellular, causes
an inward oriented water flux and with this, a burst of the cells. Here, halophilic organisms,
which have to deal with a high NaCl amount (a hypertonic environment) have mainly two
strategies to survive in this challenging situation - the salt-in and the organic-osmolyte
strategy [9-11]. The salt-in strategy describes the uptake of KCl in the cell’s cytoplasm
to adjust the intracellular solute content to the surrounding one [12, 13]. This means that
the whole protein-based metabolic machinery is aligned to the higher salt concentration to
maintain cellular processes. Yet, organisms employing this strategy are restricted to a specific
salinity range and cannot adapt to concentration changes in their habitat. The organic-
osmolyte strategy overcomes this drawback as osmoprotective compounds are accumulated
in the cells to reduce the osmotic pressure. These so called compatible solutes are mainly
small, polar and water-soluble, but neutrally net-charged molecules which do not directly
interact with the cell metabolism, although accumulated up to several molar concentration
[14]. In response to changes in surrounding salinity, a fast release of intracellular solutes via
mechanosensitive channels [15], an uptake of these compounds through transporter systems
[14, 16] and biosynthesis by the organism itself is possible. These strategies make the
organisms more flexible to environmental discontinuities. However the detail release strategy
of the solute ectoine produced by Halomonas elongata is not yet fully elucidated. Vandrich
et al. [17] recently showed that mechanosensitive channels only have a subordinate role in the

ejection of ectoine.



2 Theoretical Background 2.1 Halophilic organism and their metabolic products

2.1.2 Compatible solutes and their diverse application range

Several molecules are classified as compatible solutes - sugars, polyols, betaines, amino acids
and their derivatives [14, 18]; all having in common to stabilize the cell system without
directly intervene in the metabolism. Kunte [14] reviews that, dependent on the tolerable salt
concentration, the tendency to accumulate specific compounds is as follows: less salt-tolerant
organism use low-complex sugars, halotolerant accumulate sugar-polyols and halophilic or-
ganism use amino acids and their derivatives. Literature agrees, that the effect of compatible
solutes on protein stability can be described by the preferential exclusion model [19-21]. The
small molecules are excluded from the protein’s vicinity and thus, by giving space to water

molecules in the direct surrounding of the proteins, the hydration shell is stabilized [22, 23].

Ectoine and its relevance in industrial production with Halomonas elongata

One of the most industrial relevant compatible solute is ectoine. It was first described in
Ectothiorhodospira halochloris [24], yet it is industrially produced in the halophilic bacteria
strain Halomonas elongata in several tons per year [2]. Figure 2.1 shows the metabolic
pathway in H. elongata wildtype, starting from aspartate in several enzymatic conversions to
ectoine [25].

In the biotechnological production of ectoine in high salt medium, several strategies are
performed to yield the maximum amount of ectoine (reviewed in Crowley [19]). First, with

the bacterial milking, described by Sauer & Galinski [26], ectoine is spontaneously released
from the cytoplasm by repetitive osmotic down-shocking cycles with pure H,O. Here, a
artificial hypotonic environment is created and thus, to prevent the cell from bursting, the
ectoine solute content has to be lowered by excretion. Supernatant can than be further
processed, while remaining, undamaged cells are recycled. As already described above, the
exact excretion mechanism is still unknown, however, mechanosensitive channels appear to
play a minor role [17]. Secondly, a leaky mutant, which permanently excretes ectoine in the
surrounding medium, is applied in the production process. The deletion of several transporter
genes in an ectoine uptake system (TeaABC) resulted in an overproducing and excreting
H. elongata strain - the leaky mutant [2, 16]. Here, the main advantage is that the cell
amount and target titer are decoupled, which results in a high ectoine yield per process run.
Several studies showed, that ectoine stabilizes whole cell systems, but also macromolecules
in general [27, 28]. Hence, research on potential application fields is diverse - process and

formulation optimization [29, 30], protein folding disease [31], respiratory infections [32, 33],
skin care [34, 35|, and side effects in cancer therapy [36].
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Figure 2.1: Ectoine synthesis pathway in Halomonas elongata wildtype, starting from L-
aspartate which is converted in several steps to diaminobutyric acid. Via the
enzymes L-2 4-diaminobutyric acid transaminase (EctA) and ectoine synthase
(EctC) the conversion to Nvy-acetyl-L-2,4-diaminobutyric acid (y~NADA) and
ectoine is catalyzed, respectively. Ectoine hydroxylase (EctD) hydroxylates
ectoine to hydroxyectoine, while ectoine hydrolase DoeA) degrades ectoine to
Na-acetyl-L-2,4-diaminobutyric acid (a—NADA). Adapted with changes from
[25].

N~-acetyl-L-2,4-diaminobutyric acid — the auspicious precursor of ectoine

As the applicability of compatible solutes manifests itself and the market continues to grow,
there is also a demand for novel, innovative compounds. In the metabolism of H. elongata
(see Figure 2.1) several interesting candidates occur. Hydroxyectoine, which is already on the
market and proofed its potential [30, 37, 38|, but as well Ny-acetyl-L-2,4-diaminobutyric acid
(v-NADA), the precursor molecule of ectoine. It was the first time extracted from Fuphorbia
pulcherrima by Liss [39] and was also found in sugar-beet [40]. The first indication, that
~v—NADA can also act as compatible solute in Halomonas elongata and Salmonella enterica
gave Canovas et al. [41] and Garcia-Estepa et al. [27], respectively. Canovas et al. [42] further
showed, that also isolated v~NADA stabilizes the enzyme rabbit muscle lactate dehydrogenase
in vitro against thermal treatment, even better than ectoine does. These findings announce
a potential, which was recently shown by Ahmadi et al. [1]. Here, v~ NADA was polymerized
and used as drug delivery system for potential dermal treatments. This thesis focus on the
biotechnological production and the purification process of v~NADA, to bring research and

industrial relevance one step further.
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2.2 Cultivation in biotechnological production processes

Bacteria cells reproduce by cell division. The cell concentration cx after a certain number of

cell division n can be calculated with in initial cell concentration cy, from Equation 2.1.

cx = CXO'2n [gLfl] (2.1)
de

X~ e gL (22)
cx(t) = cx, +etmert [g L7 (2.3)

Cell growth in batch bioprocesses can then be described as the change of cell concentration
cx during the process time t, defined in Equation 2.2, which is the cell concentration cx
times the specific growth rate p. The maximum, specific growth rate fimq., which is achieved
in the exponential growth phase, can be calculated from Equation 2.3. Here, cx (t) describes
the biomass content at a specific process time t and cx, the initial cell concentration. The
maximum specific growth rate fi,q. is specific for the cultivated organism. While E. coli and
S. cerevisiae, two established producer strains in biotechnology, have a ji;q; of 2 h™! and
0.47 h™!, respectively [43], H. elongata’s fiyq, is approximately 0.4 h~! in a range of 0.5 -
1.0 M NaCl [44].

Death
phase

Lag phase

Exponential growth
phase

Stationary
phase

In ¢y

Process time ¢

Figure 2.2: Logarithmic plot of cell growth during batch cultivation.
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Figure 2.2 shows the simplified description of bacterial growth behavior in a batch-process.
At the beginning of the process, inoculated bacteria cells adapt to the new environmental
conditions, described as the lag phase. In the subsequent exponential growth phase, the max-
imum cell growth rate p,q. is reached. Here, required substrate and aeration is abundantly
available, thus no limitations hamper cell growth. In the stationary phase, the provided
substrate is consumed and therefor cell growth stops until the cells begin to die, which marks
the start of the death phase [45].

2.2.1 Process methods — batch, fed-batch and continuous set-up

Growth, if no other limitations exist, is coupled to the supply of available but limited
substrate cg. This is described by the Monod-kinetic in Equation 2.4 with Kg being the
half-saturation/affinity constant [46].

Cs(t)

e h (24)

M(t) =  Hmaz *

This description is coupled to two assumptions: only one substrate is limiting and no toxic
by-products emerge [45]. In general three different cultivation methods, shown in Figure 2.3,
exist, which differ in the way, how substrate is added. In batch cultivation (Figure 2.3a), a
defined concentration of substrate cg is provided at the beginning of the process and consumed
over time, while cell concentration cx and concentration of products ¢; increase. As there
is no volume stream into or out of the process, volume V stays constant. Batch cultivation
is the easiest of the three methods to perform — it does not require detail knowledge about
the process or complex infrastructure, the risk of contamination is reduced as no feed is
added and process duration is short. Yet, final cell and product yield is limited to the initial
substrate concentration which, if too high, promotes the formation of sometimes harmful
by-products. The fed-batch process in Figure 2.3b is characterized by the continuous supply
of substrate and medium components, described by Fy,, thus V increases over time. Same
as for the batch process, cx, cg and ¢; change during process, however here, the limited
substrate supply is overcome by the continuous feeding procedure and with this increases
the productive process time. The feeding rate can be flexibly adapted and with this growth
and production are triggered. Here, reactor volume and aeration are the limiting factors.
The third method is the continuous process, shown in Figure 2.3c. Here, both an influx and
outgoing stream (Fj, and F,,;), equal in volume flow, keep the volume constant. As cg is

consumed and ,with F,, cx and ¢; are transported out of the process these parameter stay
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2 Theoretical Background 2.2 Cultivation in biotechnological production processes

constant after an defined equilibration time. This method requires the most knowledge of
the cultivation process, as both streams have to be adapted to the growth and production
rate and the substrate consumption. Hence, the productivity and process control are high,
since a metabolic steady-state is reached and maintained. In some cases, genetic changes are

favored due to the high number of cell divisions during the long-lasting process.

g O SN i N

Y \4
V # const. = V = const. =
X X = const.
cs(t) Cs = const.
ci(t) Ci = const.
[— - [—
(a) Batch process. (b) Fed-batch process. (c¢) Continuous process.

Figure 2.3: Process description of batch (a), fed-batch (b) and continuous (c¢) cultivation in
bioprocessing. Volume V is constant for batch and continuous processes, while
it increases in fed-batch. Biomass concentration cx, substrate concentration cg
and concentration ¢; of product species i are a function over time in batch and
fed-batch, while remain constant in continuous set-up. F;, and F,,; describe
the incoming and outcoming process streams, respectively.

Here, cultivation is performed in batch cultivation. The used producer strain Halomonas
elongata AectC, a halophilic organism, requires NaCl in the medium to trigger the production
of the target — the compatible solute v-NADA. Thus, not only Glucose, the limiting substrate,

has to be provided, but also NaCl is essential in the medium.

2.2.2 NaCl-dependent growth and compound production in halophilic
bacteria strains

Détsch et al. [44] described a growth optimum of H. elongata at a NaCl concentration just
above 0.5 M, the tolerable range of NaCl is yet broad. Interestingly, less NaCl is even worse
than a higher NaCl concentration, here growth is maintained until 3.6 M. Yet, with increasing

salinity the ectoine production increases. In Hobmeier [47] the dependency is simplified to
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a linear correlation with the ectoine and NaCl concentration Cgetoine in gmol mg;“lp pyw and

CcNact in M, respectively:

CEctoine = 0.837- CNaCl + 0.012 [:U’m01 mg_l} (25)

Compared to the salt-in strategy described above in subsection 2.1.1, the organic-osmolyte

strategy is more energy-intensive, as solutes have to be produced or actively taken up,
depending on the salinity of the surrounding. Therefore, with increasing need for solutes

to overcome the osmotic pressure, less energy can be used for growth which is thus reduced

[10].

As just described, the production process of yv~NADA thrives from the high salt content,
which brings several advantages in the upstream, yet downstream processing might be more

challenging. Shown in Figure 1.1 in chapter 1, the first DSP step is the microfiltration.

Membrane processes, as described in the following section 2.3 combine both, the selectivity
to purify the desired compound and the tolerance to a high salt concentration, which is not

the case for many other DSP units.

2.3 Membrane processes

2.3.1 Classification and filtration modes

Dependent on the applied operating pressure and the pore size of the membrane, which
correlates with the molecular weight cut off (MWCO), pressure-driven membrane processes

can be classified as shown in Figure 2.4.

In biotechnology, microfiltration (MF'), with an operating transmembrane pressure (Apras)
range of 0.3 to 3 bar (see Figure 2.4), is mainly used to separate undissolved particles as
organic macromolecules, whole bacteria cells and cell debris [49]. The separation is based
on size exclusion of the retained particles by the pore size of the membrane, the permeating
suspension is free from turbidity and easier to process in further steps. The diverse application
is reviewed in [49]. In ultrafiltration (UF), separation is also based on the size of the species,
yet pore size is smaller than in MF. Thus, the applicable pressure is increased to a range of

0.5 to 10 bar to overcome the bigger resistance. UF is for example used in food [50] and dairy
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Figure 2.4: Classification of general filtration processes: reverse osmosis, nano-, ultra- and
microfiltration dependent on MWCO, the operating pressure and the pore
diameter. Adapted from [48].

production, for virus separation, discoloration and protein separation. Nanofiltration (NF'),
fills the gap between UF and reverse osmosis (RO). Here, a pressure between 3 to 30 bar is
generally applied to retain small, organic molecules and multivalent ions, yet monovalent ions
can permeate nearly unhindered. Electrostatic interactions between the membrane and ions
retain such with a higher charge density, thus separation of differently ions is possible [51-53].
The applied pressure is highest in reverse osmosis (RO), which is mainly used in desalination.
As any type of ions can be retained, it is a standardized process for fresh water production
(48, 54]. The driving force in the introduced filtration classes is the transmembrane pressure
(Aprar), which is defined as the pressure difference between the feed and the permeate side
of the membrane (see Equation 2.6). In a cross-flow set-up, the pressure on the feed-side inlet
(pr) and on the concentrate-side outlet (p¢) is averaged and the pressure on the permeate
side pp is subtracted. For polymeric membranes, as used here, pp is close to zero and can

be usually neglected.

_|_
Apry = M—pp [bar] (2.6)

The filtration process can be run in basically two different modes, namely dead-end and cross-
flow filtration. The general principles are illustrated in Figure 2.5. In dead-end filtration, the

feed stream flows vertically through the membrane and the retained species build up an ever
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(a) Dead-end filtration. (b) Cross-flow filtration.

Figure 2.5: Filtration modes in biotechnological processes.In dead-end filtration the feed
pass through the membrane vertically, whereas in cross-flow filtration the feed
flows tangentially over the membrane. Adapted from [55]

growing filter cake (see Figure 2.5a). This is the limiting factor in the process, hence at some
point in the process, the filter cake becomes too dense and thick and permeate flux decreases
to an uneconomic level. With ongoing process, the filter cake itself plays the major role in
retaining the present particles, thus the retention behavior might change over time. Cross-flow
filtration, on the other hand, is performed with a tangential feed flow, while retentate can
be recirculated in the feed tank (see Figure 2.5b). Same as in dead-end filtration, a filter
cake results, yet the shear forces of the tangential feed flux keep the thickness and density

constant at a certain, reduced level.

Ci,p
b= = F27)
Ci F
Ci,p
R = 1-pP=1-2E [ (2.8)
Gi,Fr

The quantitative estimation of the filtration performance is given by the amount of permeated

or retained target species, the permeation P; and rejection R;, respectively. P; is defined by
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the species concentration in the permeate ¢; p divided by the species feed concentration ¢;
(see Equation 2.7. If the membrane is unrestricted permeable for the observed species, ¢; p
is equal to the concentration in the feed c¢; p, thus P; is 1. When in contrast, the target is
rejected by the membrane, ¢; p is depleted and P; reduced to minimum zero. Here, rejection

of the observed species R;, given in Equation 2.8, approaches 1.

Membrane modules in cross-flow filtration

The tangential feed flux in a cross-flow filtration is realized with different modular configu-
rations of the membrane. The principles of a flat-sheet membrane, a spiral wound module,

and a hollow fiber module are shown in Figure 2.6.

Feed
S — o
Feed
<«——  Spacer

Feed

(a) Flat-sheet membrane. (b) Spiral wound module. (¢) Hollow fiber module.

Figure 2.6: Membrane modules for cross-flow filtration.

As described above and shown in Figure 2.5, in cross-flow filtration, the feed flows tangentially
accross the membrane. In a filtration set-up with flat-sheet membranes (see Figure 2.6a) the
permeate is collected on the reverse side of the membrane (see Figure 2.6a). Flat-sheet
membranes are easy in use, yet lack of sufficient, effective membrane area. This is overcome
by the wrapped construction of the spiral wound module in Figure 2.6b. In the spiral wound
configuration, two flat-sheet membranes, placed on top of each other and separated by a
spacer (membrane envelop), are wrapped around a tube which collects the permeate. The
feed flows across the outward facing side of the membrane and the permeate is collected and
transported at the spacer-facing side. The spiral wound module is considered as scaled-up
and more industrially relevant version of the flat-sheet membrane [56, 57]. In hollow fiber
modules, tubular membranes with a thin diameter (hollow fibers) are bundled in parallel.
Here, the feed is pumped through the inner part of the hollow fiber and permeat is collected
on the outside and channeled through the housing (Figure 2.6¢c). Wang & Liang [58] review
several implementations and optimizations of this design in detail. The compact structure of
the bundled fibers enables a dense packing and thus, a very high surface area [59, 60] and the

tube-like design makes the processing of a feed with high solid concentration possible. Yet,
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irreversible fouling and breaking of the hollow fibers is a drawback and the flux is generally
lower compared to flat-sheet configurations [60]. Although, the packing density is less than for
hollow fibers, spiral wound modules reach a high surface to volume ratio. It is also less prone
to fouling since cleaning is more straight forward. Yet, due to the wrapped packing, spiral
wound modules cannot process a feed stream with a high solid concentration. Nevertheless,
Schwinge et al. [61] mention, that the industrial relevance of this set-up results from the good

compromise in it’s operation.

2.3.2 Filtration effects and fouling mechanisms
Separation effects

The exclusion of species due to membrane filtration can be mainly categorized in the sepa-
ration due to physical hindrance and due to charge effects. Several models to describe and
predict these effects are available, as for example reviewed in Wang et al. [62]. Schmidt et al.
[63] considers steric and Donnan exclusion which is extended with the dielectric exclusion in
Epsztein et al. [53], Vezzani & Bandini [64], Roy & Warsinger [65], and Bandini & Vezzani
[66].
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Figure 2.7: Separation effects occurring in the filtration of cultivation suspensions for the
separation of y-NADA.

Figure 2.7 images the separation effects of the main components which might be present
in a feed from biotechnological cultivation — cell debris, macromolecules, charged ions and
molecules. The bigger the pore size, as it is for MF and UF, the exclusion of molecules
mainly results from the steric hindrance of the membrane pores. Here, the hydrated size of

feed components are relevant [53], yet also the shape plays a role. With decreasing pore size,
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the charge of the membrane becomes relevant for the separation principle. This is described
as Donnan effect [67-69]: equally charged molecules or ions are repelled while oppositely
charged ones are attracted and able to pass. This is more pronounced for multivalent ions,
than for monovalent ions, making a separation according to the valency of ions possible in NF
[53]. The smaller the ions and the higher the net charge, the effect increases [53]. However, for
uncharged molecules still the steric rejection is the dominant effect [70]. For charged amino

acids, Timmer et al. [71] further describes, that when the Donnan effect is the dominant
separation effect, the salt composition and the target concentration additionally have an effect
on rejection. Further, the separation is more efficient, the more is the separation dependent on
Donnan exclusion [71]. Yet, Schaep et al. [72] demonstrated that Donnan exclusion does not
completely explain the observed retention of different salt types, but the higher the diffusion
coefficient of the salt species, the less retention is observed with charged NF membranes
supporting diffusion as contributing separation effect. Dielectric exclusion also influences
charged molecule, yet independent of their charge compared to the membranes charge [65].
Here, the pore ’forces’ the ion to strip off its hydration shell to pass the membrane, which
results in a energy barrier hindering the permeation [73]. The charge effects are mainly
described for NF, yet also for UF it is reported [71]. The size exclusion is present in all areas
of filtration and is also the main separation effect for uncharged molecules, independent of
size. Here, the transport of uncharged molecules occurs by convection and by diffusion, due to
the pressure difference (Ap) and concentration differences (Ac) in pressure-driven membrane

processes, respectively [72].

The above described effects can be manipulated in filtration processes by pH, ionic strength
and the corresponding choice of salt (reviewed in [74]). The effect of electrostatic interactions
in UF on protein separation, manipulated by ion species, ion concentration, and pH, is
summarized in the review by Rohani & Zydney [75]. The pH influences the net charge of
the protein and with this the interaction with the charged membrane surface. A high surface
charge of the protein promotes either attractive or repulsive forces and with this a higher
retention. Same is reported for the charge of the membrane - higher charge means a higher
retention. Increasing the ionic strength reduces this effect due to shielding effects of the buffer
ions. Yet, the higher the valencies of the used salt species, the higher is the charge effect
on the protein and with this the effect on the separation process. Further aspects discussed
in [75] are the surface charge distribution of the protein and the changes in surrounding
conditions while membrane transfer.

As mentioned above, charge effects become more dominant in NF. Teixeira et al. [76] showed
the complex interplay of the charge of the membrane (triggered by the pH) and the retention
of different ion species of different valencies. At pH approximately the isoelectric point (pI)
of the membrane, the retention of ion species is low as the membrane has a neutral net charge

and separation is only dependent on the size of the molecule. Increasing the pH results in
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a highly charged membrane surface, however, shielding effects of opposite charged ions at
high ionic strength reduce this effect. The charged surface groups of the membrane take up
more space due to restructuring, repulsive effects and narrow the effective pore size which,
as a consequence, reduces the permeate flux and increases the retention of the ions. Further,
the high retention increases the osmotic pressure at the membrane surface, which reduces the
effective pressure in the filtration process and thus decreases the permeate flux (Equation 2.9).
Yet, the effect of pH and salt on the filtration performance in NF is very dependent on the
solute properties and membrane characteristics, as reviewed and pointed out in Luo & Wan
[74]. The effect of pH on the salt retention is highly dependent on the salt species: the
retention of salts of equivalent anions and cations (e.g. KCl, MgSO,) decreases with the pH
shifting to the pI of the membrane, while the retention of salts with different ion valency (e.g.
MgCly) can be described with a sigmoidal curve over the pH range. This is explained by the
more dominant repulsive effects (Donnan effect) between ions with higher valencies and the
membrane. In general, the retention of salts decreases with increasing salt concentration.
The effect of the ionic strength on the retention of salts can also be explained by the Donnan
effect and a shielding performance of the equally charged ions to reduce the surface charge
of the membrane [74]. The effect of both on amino acids occurs to be more complex. Here
both, the charge of the membrane and the charge of the molecule are affected by variations
in pH and ionic strength [77]. Further, a mixture of different amino acids and inorganic
salts is less predictable, as both types of molecules, dependent of their charge at respective
pH, contribute individually to shielding and electrostatic effects. Further, described by Van
der Bruggen et al. [78], the polarity of molecules can play a role in the separation, since the

dipole orients towards the membrane and eases the permeation.

Fouling mechanism

One parameter, which mainly defines the economic performance of the filtration process is

the permeate flux (Qp), defined in Equation 2.9:

% Apry

Sy A [Lm=2h~l (2.9)

Qp

Here, r is the average pore radius of the membrane, 7 the viscosity of the filtration suspension
and Ax the thickness of the filtration layer. QQp is further dependent on the above described
driving force Apras; with increasing Apras, Qp rises. A higher Aprjs consequently results

in an increased Qp but promotes fouling phenomena that now influence the layer thickness
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Ax. This mechanism is the main reasons for a reduced permeate flux over the process time.

As Figure 2.8 shows, concentration polarization denotes the formation of a concentration

Membrane Membrane

Boundary Permeate Boundary Permeate
layer Bulk layer
feed Cp
Cm
c
Bulk e
feed

Cp

Cp Cm
X 9 0 X o 0
(a) Retained species. (b) Permeated species.

Figure 2.8: Concentration profile with concentration polarization: (A) mass transfer lim-
ited by the membrane and (B) mass transfer limited by the boundary layer.
Adapted from [79].

gradient upstream of the filtration membrane. With ongoing convective transport of the
target species to the membrane surface, yet when rejected, the concentration close to the
membrane increases related to the bulk concentration (Figure 2.8a). Due to the resulting
diffusive back transport in the bulk, a stationary boundary layer occurs. On the other hand,
if the species permeates the membrane unhindered, concentration close to the membrane is
reduced (Figure 2.8b). These concentration profiles work against the driving force for the
separation, Aprys, and thus reduce Qp, as shown in Equation 2.9. Beside, concentration
polarization enhances membrane fouling, which describes the reduction of the membrane
performance due to accumulation of suspension particles on or in the membrane’s surface
and pores. Here can be distinguished between particulate fouling, organic and inorganic
fouling and biofouling, according to the causing foulants (reviewed in [80, 81]). Figure 2.9

illustrates the four different models which describe the general appearing particulate fouling

mechanism.
(a) Complete. (b) Standard. (c) Intermediate. (d) Cake layer.

Figure 2.9: Types of pore blocking which initiate fouling in membrane filtration: Complete
(a), standard (b) and (c) intermediate blocking, which promote cake layer
formation (d) as next fouling step. Adapted from [82]
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The complete pore blocking in Figure 2.9a describes that the plugging of pores by one particle
each, while in the standard pore blocking model in Figure 2.9b particles penetrate the pores
and deposit on the pore opening and the inner pore wall. The intermediate pore blocking in
Figure 2.9c is characterized by the coagulation of particles which than can block the pores.
As can be seen in Figure 2.9d, the final stage of fouling is the formation of a cake layer, which,
with ongoing process, can form a gel layer [82]. Yet, these layers differ in their characteristics
as composition and charge, which could be a reason of a higher filtration resistance cause
by the gel layer compared to a filtration cake [83]. An increasing hydraulic resistance due
to the reduced permeability and the progressive deposition of foulants can further compact
the filter cake and results in a decreasing permeate flux Qp. Further, the filter cake itself
shapes the membrane performance, as pore size and permeability for several species change
(80, 82, 84, 85]. Organic and inorganic fouling traces back to dissolved species which adsorb
and precipitate on the membrane surface. Last, biofouling is an additional but independent
problem in bioprocesses, which occurs from bacterial attaching and growth in and on the
membrane. Here, the main components of the bio-film are the cell mass and extracellular
polymeric substances (EPS). More hydrophobic membranes with a rough surface preferably
tends to bio-film building [86, 87].

As a result, the control of fouling is the key challenge in filtration as fouling is responsible for
the declining process efficiency due to reduction of Qp. Here, understanding the mechanism
and adjusting the process conditions can counteract the fouling effects: preconditioning the
feed suspension, modifying the membrane material, finding optimal operating conditions, and

introducing and establishing suitable cleaning protocols [85].

2.4 Crystallization

In the v~NADA production process, introduced in chapter 1, the filtration cascade is followed
by a final crystallization step. Crystallization’s goal is the formation of solid and, at the same
time, pure substances from solution, melts, and even gas phase. Here, special requirements
to the final product are aimed. Success, yield, and efficiency of the crystallization process are
dependent on several solution conditions which are described and referred to the process in

the following.
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2.4.1 Solution properties in crystallization

The crystallization of a specified solute from a solution is dependent on the properties of
the solute suspension at given conditions - temperature, pressure, solvent composition. Here,
phase diagrams (see Figure 2.10) define the equilibrium composition of a solution under
certain conditions, yet solubility of the target molecule simplifies the explanation and is
mainly used to describe the behavior of the solute in solution. It is defined by the amount
of solute which can be maximally dissolved in a saturated solution at given temperature and
given solvent [88].

Thermodynamically, crystallization results from the disparity of the chemical potential Ay, of
the respective target molecule i in saturated and supersaturated solutions (see Equation 2.10).
Here, a; and a; are the activities of the component in the given and saturated solutions,
respectively, with R the molar gas constant and T the temperature at given conditions.

When a; exceeds af, supersaturation is reached (compare Figure 2.10).

Api = pi—pf=RT- ln% [J mol~!] (2.10)
a; Api
S.i = — =ex — - 2.11
) ERNCARS
a; = Ti"i [l (2.12)
JNZz‘ xX; C;
- _ - 2.1

The saturation S,; can be calculated from the quotient of the two activities a; and a; (see
Equation 2.11). Since the activity a; is defined by the molar fraction of the compound Z; and
the activity coefficient ~; (see Equation 2.12) and 7; can be approximated to equal values when
supersaturation is low, the saturation S, ; simplifies to the quotient of the molar fractions
Z; or mass fractions x; or concentration ¢; in saturated and supersaturated solutions (see
Equation 2.13) [89].

Figure 2.10 shows the temperature-dependent solubility of a species. According to Equa-

tion 2.13, the solubility curve describes the state at which S, ; is 1 as in a saturated solution
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Figure 2.10: Temperature-dependent solubility curve of exemplary solute in solution.
Dashed arrows describe the changes of equilibrium condition due to main
crystallization methods, namely cooling crystallization, evaporation crystal-
lization and crystallization due to adding a precipitation agent or solvent
(antisolvent crystallization).

¢; and ¢ are equal. Supersaturation and undersaturation describe the conditions at which
the maximum solubility is exceeded and undercutted, respectively. To initiate nucleation

(subsection 2.4.2), which is the initial step for crystallization, the solubility curve has to

be exceeded until a critical supersaturation is generated. In a crystallization process, the
condition is achieved by various methods — cooling, evaporation and adding precipitation
reagents and solvents. Which method is the most suitable is dependent on the molecule to
be crystallized, the solvent(s), the applicability in the process, the required characteristics of

the solid product and the behavior of the system during crystallization.

Crystallization methods

In cooling crystallization, supersaturation is generated with cooling the solution to a critical
temperature, shown by the dashed dark blue arrow in Figure 2.10. For many substances,
solubility is temperature-dependent, which can be described by the enthalpy of the system,
defined as Gibb’s free energy in Equation 2.14. If dissolving of a solute is an endothermic
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system (AG > 0) the solubility increases with increasing temperature, if endothermic (AG

< 0) solubility decreases.

AG = AH-TAS 0] (2.14)

Thus, in a system where temperature positively affects solubility, cooling crystallization can be
applied. Yet, remaining solubility of the solute at the cooled temperature and the steepness of
the solubility curve establish if this method is applicable in the process. Here, less remaining

solubility and a very steep slope are favored for a maximum yield and efficiency.

As the name suggests, in evaporation crystallization, the supersaturated state is reached
through evaporation of the solvent. Here, concentration of the solute increases, shown by the
grey dashed arrow in Figure 2.10, and exceeds the solubility at some point. As evaporation
is a relative energy intense method, evaporation crystallization is mainly suitable for solvents
with a high vapor pressure. In application, vacuum is used to reduce the evaporation

temperature.

The addition of a second solvent (antisolvent) or a precipitation agent changes the solubility
conditions for the solute, shown by the shifted solubility curve in Figure 2.10. With this,
the current state slides into the supersaturation area, making a nucleation and a further
crystallization possible. In antisolvent crystallization the decision for a suitable solvent pair
is crucial — the first one in which the solute has an high solubility and another one with a

poor solubility. Further important, the chosen solvents have to be miscible.

2.4.2 Nucleation and crystal growth

Regardless of the chosen crystallization method, supersaturation, a non-equilibrium state,

has to be reached to induce nucleation and further crystal growth.

Nucleation

The first step in a crystallization process — nucleation — can be either a spontaneous process
or can be triggered by external input like seeding material. According to this, the nucleation

mechanism is divided into primary and secondary nucleation, describing the nuclei formation
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from a supersaturated, crystal-free solution and from a solution spiked with already existing
parent crystals of the target species, respectively. Primary nucleation can be further subdi-
vided in homogeneous and heterogeneous nucleation. Both describe the nuclei formation from
a solution with completely dissolved target species, yet in heterogeneous nucleation surfaces
of foreign substances (equipment walls, dust, impurities) ease the initiation of nucleation of
the target. Secondary nucleation takes place when nucleation is induced by crystal surfaces,
crystal interaction and abrasion of crystals, but from the same material as the solute. Thus,
seeding of crystal material is advantageous in the process, as less supersaturation is required

to initiate secondary nucleation compared to primary nucleation.
4
AG = AGs + AG, = 4711’0 + gm«%cy [J] (2.15)

Theory, describing the initial nucleation bases on homogeneous nucleation, though mainly
heterogeneous nucleation exists in reality. In classical nucleation theory (CNT), which traces
back to Volmer & Weber [90] and Becker & Déring [91], a pre-nucleation cluster has to exceed
a critical nucleus size r. to result in a stable nuclei. Therefor a energy barrier AG* must be
overcome which is shown in Figure 2.11. The equation for AG is given in dependence of r in

Equation 2.15 [92].
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Figure 2.11: Gibbs free energy AG barrier dependent on the size of nucleus. For a
successful nucleation and thus crystallization, a ‘critical nucleus “size r. has
to be overcome. Adapted from [92].

The solidification during crystallization reduces AG as the state is more stable compared to
the supersaturated state of the molecule in solution. Thus, as shown in Figure 2.11, AG,,
the free energy change for phase transformation, becomes negative with increasing nucleus

size. In contrast, the free energy change of surface formation AGg increases with increasing
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r. When a critical nucleus size r. is reached, a stable nuclei can be formed and crystal
growth can occur, resulting in the decrease of AG. Yet, classical nucleation theory is bound
to several assumptions, summed up in for example Erdemir et al. [93] and Karthika et al.
[94], and often does not match experimental observations. Another widely accepted theory is
the two-step model of nucleation, initiated by Gebauer et al. [95]. Here, the solute molecules
in solution first arrange to a cluster of sufficient dimension [95] and then form a stable nuclei

due to structure-forming rearranges. The difference of both nucleation pathways is shown in

Figure 2.12.

Two-step nucleation theory
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Figure 2.12: Schematic comparison of classical nucleation theory CNT and two-step model
of nucleation. Adapted from [92]

The applicability of the two-step model was described for both, the crystallization of proteins
and for the crystallization of small molecules by Knezic et al. [96] and Zaccaro et al. [97],

respectively. Further, the second step of the model appears to be the rate limiting, as shown
for proteins by Pan et al. [98].

As already mentioned, nucleation theories describe homogeneous nucleation, yet mainly
heterogeneous nucleation occurs. Here, the activation energy barrier, as shown in Figure 2.11,
is lowered and thus, nucleation and with this crystallization can take place at much lower
supersaturation conditions. This effect depends on the contact angle between the solution

and the foreign material — less than 180° results in a decreased energy barrier [92].
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Process control and methods to induce nucleation

Nucleation takes place if the solution is supersaturated under the given conditions, yet
nucleation does not always happen spontaneous. Here, the metastable zone, shown in
Figure 2.10, defines a state range where solubility is already exceeded but nucleation does not
happen due to kinetic barriers. In this range, nucleation can be controlled, which is important
in crystallization processes in which standardized sizes and morphology have to be maintained
to gain a constant product quality. Working in the metastable zone prevents nucleation-
dominated crystallization which often results in many but small crystals. Smaller crystals
complicate downstream handling like filtration, yet are sometimes desired as for example
bioavailability increases with increasing surface. Since supersaturation in the metastable zone
is not sufficient for spontaneous nucleation it requires a initiator to lower the energy barrier
and start nucleation. A method to caused nucleation is seeding of the solution. In industrial
crystallization mainly homogeneous seeding is performed by adding seeding material of the
target solute which ensures process control due to control over crystallization start, less batch-
to-batch variations, control over particle size and shape and preventing undesired phases. To
maintain a good process control during seeding, 0.1-1.0 % of seed crystals are recommended

in a slurred mixture with the appropriate solvent [92].

Crystal growth

When a stable nuclei is formed, the actual crystal formation is initiated. Here, the solute
molecules arrange in a highly ordered lattice structure which results in defined crystal systems,
for example summed up and described in [99]. The process of crystal growth is defined by
the transport of the solute molecules to the crystal surface, by an equilibrium of subsequent
adsorption, diffusion and desorption effects and by the final insert of the molecule in the
crystal system. Here, the growth can be both, diffusion limited and limited by the rate of

molecule integration.
G=ky (S, —1) [s71] (2.16)

The growth rate G is dependent on the saturation S; (see Equation 2.13) and further defined
by a kinetic coefficient k, and the order of the growth rate g, see Equation 2.16. Since the
growth rate of the different crystal faces differ, the crystal habit occurs in various geometries.
As shown in Martin et al. [100], the molecule of interest, v-NADA, crystallizes in an external
needle shape demonstrating clearly the differences in growth kinetics of the crystal faces.
Yet, the outer appearance is not mandatory, additives and impurities [101, 102], solvents

103] and process conditions can significantly change the crystal habit and with this affect
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the purification process of the solidified molecule. This has to be taken into account regarding
the purification of v~NADA with a crystallization step. NaCl, as one of the main impurity,
shapes the surrounding conditions and thus, as described above, might have an effect on the
final crystalline product. Here, the upstream filtration cascade has to ensure both, a first
purification of the product stream and sufficiently adjusted and constant conditions in which

crystallization of the target is feasible.

2.4.3 Operation modes and reactor set-up in crystallization

The in subsection 2.4.1 described critical reactions, nucleation and crystal growth, can

be controlled through the operation modes and technical implementation. As shown in
Figure 2.13, the crystallization process can be performed in batch or continuous mode, while
two main set-ups are used for the continuous workflow, mixed suspension mixed product
removal reactor (MSMPR), comparable to the continuous stirred tank reactor (CSTR) [104],
and the plug-flow reactor (PFR).

batch mode continuous mode

-0

= f

stage 1 stage 1+n

batch reactor MSMPR PFR

Figure 2.13: Schema of the batch and continuous operation modes for crystallization.
A batch reactor mainly is designed as a stirred tank reactor, while in the
continuous set-up several designs are dominant - mixed suspension mixed
product removal (MSMPR) and plug-flow reactors (PFR).

When crystallization is performed in batch mode, the crystallization solution with defined
amount of solute is initially transferred in the reactor and supersaturation is created, de-

pendent on the crystallization method described in subsection 2.4.1. Due to the ongoing

crystallization process, the concentration of solute in solution decreases over the process time

(see Figure A.la). This relation is given in the population balance in Equation 2.17 with
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the following assumptions: a well mixed reactor with constant volume in the process, crystal

growth rate and crystal size are decoupled, and size of nuclei is insignificant [105].

—+G— = 0 (2.17)

The population density n, which describes the amount of crystals per unit volume of size,
changes over time t and over the crystal size L, dependent on the crystal growth rate G (see
Equation 2.16).

In continuous crystallization, mainly two set-ups are in relevant use: mixed suspension mixed
product removal reactors (MSMPR), exemplarily reviewed in Eren et al. [106], and plug-
flow reactors (PFR) [107, 108] . In both, a continuous inlet and outlet stream, define the
concentration of the solute in the reactor. In a MSMPR the solute concentration in each
stage n reaches a steady-state, yet decreasing with the number of stages (see Figure A.1b),
while in the PFR the concentration decreases over the length of the reactor (see Figure A.lc
in Figure A.1) [109]. The balance equation of the MSMPR for 1 to n stages is given in

Equation 2.18 and Equation 2.19, respectively [110].

dm

e = 2.1
G17'1 dL 0 ( 8)
dn,,
GnTn . E = Nnp-1 (219)

The crystallization process in a multi-stage MSMPR is described as a function of the crystal
growth rate G, the residence time 7, and the change of n over the crystal size L (compare
[110]). It is further assumed, that each stage operates at a steady-state, no agglomeration or
breaking of the crystals happens, an equal crystal size distribution CSD of final product and
in the reactor is given, and a solid-free feed stream enters stage 1 [110]. The balance equation

of a PFR is given in Equation 2.20 [108].

Up— + G = 0 (2.20)
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Here, the change of the amount of crystals n is dependent on both, the crystal size L and
the position x in the tubular PFR. Further, the growth rate G and the flow velocity u, are
relevant. Here, no radial or axial dispersion is assumed, the growth rate does not change
with the crystal size and, as for the MSMPR, no agglomeration or breaking of the crystals
happen.

Especially pharmaceutical products have to reach certain requirements to ensure a repro-
ducible standard of quality. However, batch processes exploit their simplicity and versatile
application, the drawback of batch-to-batch variations, long process times and possible scale-
up difficulties guides industrial production more and more to continuous processes [106]. The
main advantage of a continuous crystallization set-up is the high process control to reach
the characteristic quality and quantity of the desired product. The supersaturation level in
the steady-state of each stage (in a MSMPR) and at the inlet of a PFR [111, 112] and the
residence time [113, 114] control the final crystal size and crystal size distribution (CSD) in the
process: a higher supersaturation generates a smaller CSD, however the longer the residence
time 7 in the reactor, the more dominant is the crystal growth compared to nucleation,
resulting in larger crystals [106, 115]. Also the yield can be improved with more stages in the
MSMPR cascade and longer residence time, yet, as Li et al. [116] points out, an acceptable
compromise of yield and efficiency needs to be found. Recycling of the outlet streams could
further improve the process yield, however, as Alvarez et al. [110] explains, might reduce the
final purity. Different continuously operated reactor set-ups further optimize the quality of the
product. Each stage n of subsequent MSMPR can be operated at individual conditions [110,

116]. Variations in PFR designs, also create different crystallization conditions over the length
of the reactor: Kwon et al. [107] divided the PFR in sections with different crystallization
temperatures to control shape and size in the process while Alvarez & Myerson [108] used a
(non-conventional) plug-flow reactor design with multiple injection points for antisolvent to
control the final product size, however, the effect is dependent on the molecules’ kinetic. Also
Ferguson et al. [117] limits the successful crystallization in an antisolvent PFR set-up (shown
with benzoic acid) to molecules with a fast kinetic, due to the short residence time. Thus, the
decision for the best operation mode is also dependent on the molecule. Complex reactions

might require a batch process, although, industrial use moves to continuous workflows.
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3 Material and Methods

3.1 Material

Table 3.1: List of chemicals.

Product

Supplier

Streptavidin

a-Amylase from Aspergillus oryzae

Acetonitrile

Agar

BSA

BH;0;4

cDPG

CoCl, -6 H,O
CuSO, -5H,0
DGP

DIP

EDTA

Ethanol

FeSO,

fiorin
Hydrochloric acid
Glucose

Glycerol
Hydrolysed ectoine material

Isopropanol

Serva

Sigma-Aldrich

VWR International GmbH, Darmstadt, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
AppliChem GmbH, Darmstadt, Germany
provided by bitop

Merck KGaA, Darmstadt, Germany

Carl Roth GmbH & Co. KG, Karlsruhe, Germany
provided by bitop

provided by bitop

Carl Roth GmbH & Co. KG, Karlsruhe, Germany
VWR International GmbH, Darmstadt, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
provided by bitop

VWR International GmbH, Darmstadt, Germany
AppliChem GmbH, Darmstadt, Germany

Merck KGaA, Darmstadt, Germany

provided by bitop

VWR International GmbH, Darmstadt, Germany
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KAI(SO,), - 12H,0 Merck KGaA, Darmstadt, Germany

KH,PO, Carl Roth GmbH & Co. KG, Karlsruhe, Germany
K,HPO, Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Methanol VWR International GmbH, Darmstadt, Germany
MgSO, Carl Roth GmbH & Co. KG, Karlsruhe, Germany
MnSO, - H,O VWR International GmbH, Darmstadt, Germany
(NH,),S0, Merck KGaA, Darmstadt, Germany

NiCl, - 6 H,O Merck KGaA, Darmstadt, Germany

P-3-ultrasil 112 Ecolab Deutschland GmbH, Monheim, Germany
P-3-ultrasil 75 Ecolab Deutschland GmbH, Monheim, Germany
Pierce™BCA Protein Assay Kit Thermo Fischer Scientific Inc., Waltham, United States
Potassium hydroxide VWR International GmbH, Darmstadt, Germany
Sodium chloride AppliChem GmbH, Darmstadt, Germany

Sodium hydroxide Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Trehalose Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Tris base VWR International GmbH, Darmstadt, Germany
Tryptone Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Yeast extract BioChemica AppliChem GmbH, Darmstadt, Germany

ZnSO, - 7TH,0 Merck KGaA, Darmstadt, Germany

Table 3.2: List of consumables.

Name Specification Supplier
Aluminium oxide pans Thepro GbR, Heinsberg, Germany
Cuvettes
HPLC columns YMC-Pack Polyamine YMC Europe GmbH, Dinslaken,
II; 12nm, S-5 pm, 250 Germany
x 4.6 mm ID
MF flatsheet membrane  FR Synder filtration, Vacaville,

United states

MF flatsheet membrane V0.2 Synder  filtration, Vacaville,
United states
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NF flatsheet membrane

NF flatsheet membrane

NF flatsheet membrane

NF flatsheet membrane

NF flatsheet membrane

NF flatsheet membrane

NF flatsheet membrane

Prometheus NT.48 capil-

laries

UF flatsheet membrane

UF flatsheet membrane

UF flatsheet membrane

96 well microtiter plate

NFW

DK

DL

FilmTec™ NF

FilmTec™ NF270

Dairy NF™

XN45

nanoDSF High Sensi-

tivity Grade
ST

MQ

LY

Nunc™

Synder  filtration, Vacaville,

United states

GE Water & Process Technologies,
Trevose, United States

GE Water & Process Technologies,
Trevose, United States

DuPont Water Solutions, Wilm-
ington, United States

DuPont Water Solutions, Wilm-
ington, United States

Hydranautics — A Nitto Group

Company, Oceanside, United
States
TriSep  Corporation, Goleta,

United States

NanoTemper Technologies, Mu-

nich, Germany

Synder  filtration, Vacaville,
United states
Synder  filtration, Vacaville,
United states
Synder  filtration, Vacaville,

United states

Thermo Fischer Scientific Inc.,
Waltham, United States

Table 3.3: List of equipment.

Name

Specification

Supplier

Bioreactor 2L

Bioreactor 50 L

Diffractometer

Biostat® B plus
LP75

STOE
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Sartorius AG, Gottingen,
Germany

Bioengineering AG, Zurich,
Switzerland

Stadivari, Darmstadt, Ger-
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Disc separator

Filtration plant

Freeze dryer

FTIR

HPLC

Incubator

Incubator

nanoDSF

pH-meter

Photometer

Raman

SEM

Thermal

analysis

gravimetric

Ultracentrifuge

CSA 8-06-476

Cube80 VA

Alpha 1-2 LDplus

ALPHA spectrometer

1260 Infinity II

MaxQ™2000

WiseCube

Prometheus NT .48

Biospectrometer basic

SENTERRE spectrometer

JSM-6390

TGA/DSC 3+

Beckman LE-70 Optima, rotor
70-Ti

GEA Group AG, Diissel-

dorf, Germany

SIMA-tec,

Germany

Schwalmtal,

Martin Christ Gefriertrock-
nungsanlagen GmbH, Os-

terode am Harz, Germany
Bruker Optics, Ettlingen,
Germany

Agilent Technologies, Inc.,

Santa Clara, United States

Thermo Fisher Scientific
Inc., Waltham, United
States

witeg Labortechnik GmbH,
Wertheim, Germany

NanoTemper Technologies,
Munich, Germany
Mettler-Toledo

Gielen, Germany

Eppendorf AG, Hamburg,

Germany

GmbH,

Bruker Optics, Ettlingen,
Germany
JEOL GmbH, Freising,
Germany
METTLER TOLEDO,

Columbus, United States
Beckman Coulter, Krefeld,

Germany
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3.2 Methods

In the following sections, the experimental methods for the characterization of the molecule

(subsection 3.2.1) and the process development for USP (subsection 3.2.2, subsection 3.2.3)

and DSP (subsection 3.2.4, subsection 3.2.5) are described in detail. The analysis to determine

the characteristic data is described in subsection 3.2.6. The following student researchers were

involved in parts of the experimental work as part of their studies: Andrew Walters, Jennifer

Meiler, Lennart Zimmermann and Leonie Wittmann.

3.2.1 Characterization of Nvy-acetyl-L-2,4-diaminobutyric acid

XRD measurements

X -ray single crystal diffraction (XRD) was kindly performed by Dr. Wilhelm Klein from the
Chair of Inorganic Chemistry with Focus on Novel Materials (TUM) to investigate the crystal
structure of 7-NADA after cooling crystallization. Crystals were put on a glass fiber and, if
necessary, cooled with a No gas stream. Measurements were performed at 100 K, 200 K and
300 K with a STOE StadiVari (Damrstadt, Germany) (Mo Ko radiation) diffractometer, a
DECTRIS PILATUS 300K (Baden-Ddttwil, Switzerland) detector and an Ozford Cryostream
800 system (Ozxford, United Kingdom). Detailled description can be found in [100].

Raman and Fourier-transform infrared (FTIR) spectroscopy

Raman (Raman SENTERRA spectrometer (Bruker Optics, Ettlingen, Germany)) and FTIR
spectroscopy (ALPHAspectrometer with matching platinum attenuated total reflection (ATR)
module, Bruker Optics, Ettlingen, Germany) for the characterization of the 7-NADA crystals
were performed as described in Martin et al. [100]. For both methods, three independent
measurements were conducted at room temperature with dried v—NADA crystals from cooling
crystallization and 24 scans per sample. Raman measurements were performed with 488 nm
excitation wavelength and 40 mW laser power. The baseline was subtracted with the rubber
band method in the OPUS software.
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nanoDSF for the determination of the thermal stability of proteins

Thermal protein stability was determined according to the changes in proteins’ autofluores-
cence during denaturation with nanoDSF (Prometheus NT.48, NanoTemper Technologies,
Munich, Germany). Three different proteins, namely bovin serum albumin (BSA), amylase
from aspergillus oryzae and streptavidin, were tested in a concentration of 0.5 g L™!, solely
and in the presence of several compatible solutes. Beside the here in detail discussed ectoine,

hydroxyectoine, 7-NADA from cooling crystallization (see subsection 3.2.5) and trehalose also

di-nyo-inositol 1,1-phosphate (DIP), cyclic bisdiphosphoglycerat (cDPG), diglycerol phos-
phate (DGP) and fiorin were used, all in a concentration of 0.5 M. Further two buffer
conditions, 10 mM potassium phosphate (KPO4) and 80 mM Tris-HCI buffer, both pH 7.6,
and four different NaCl conditions (0, 0.1, 0.5, 1.0 M) were examined. Dependent on the
native thermal stability of the tested proteins, samples were heated with a heating gradient
of 1 K min~! in a temperature range of 20 — 85 °C, 20 — 80 °C and 20 — 95 °C for BSA, amylase
and streptavidin, respectively. All experiments were performed in Prometheus NT./8 Series
nanoDSF Grade High Sensitivity Capillaries.

3.2.2 Cultivation of Halomonas elongata AectC

Halomonas elongata AectC cultivation was performed in MM63 medium with 0.5 M and
1.0 M NaCl as well as in two different bioreactors, namely the Biostat® B plus 2 L reactor
by Sartorius and the 50 L reactor LP75 from Bioengineering.

Initially, a single H. elongata AectC colony, picked from a 1 M LB plate (Table 3.4), was
cultivated in 1 M LB medium (Table 3.5) at 30 °C overnight (preculture I). To adapt to later
cultivation conditions, preculture I was inoculated 1:100 in shaking flask with MM63 medium

(Table 3.6) without trace element solution (TE) and incubated overnight at 30 °C (preculture
II).

Table 3.4: LB Medium with 1 M NaCl for plating.

Component Concentration

Tryptone 10g Lt
Yeast extract 5gL7!
NaCl 1M
Agar 15g L™t
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Table 3.5: LB Medium with 1 M NaCl.

Component Concentration

Tryptone 10g Lt
Yeast extract 5g L1
NaCl 1M

For the MM63 medium a combined 4x stock solution of the salt components (KH2POy,
KOH, (NH4)2S04, NaCl) and separate stock solutions for glucose, MgSO,4 and FeSO,4 were
prepared according to Table 3.6. Salt component stock, glucose stock and MgSOy4 stock
were autoclaved, whereas FeSO, and TE were steril filtered to avoid precipitation of the
components. The TE was prepared according to Table 3.7, following the order of named
ingredients to avoid complexation of the components. Finale MM63 medium ingredient
concentrations are reached by mixing the stock solutions and fill up to the required volume
with sterile ddH5O.

Table 3.6: MM63 minimal medium.

Component Concentration Stock concentration
KHyPOy4 100 mM 400 mM
KOH 75 mM 300 mM
(NH4)2S04 60 mM 240 mM
NaCl 0.5-1M 2-4M
CgH120¢ 15 g Lt 300 g Lt
MgSOy4 1 mM 1M
FeSOy4 12 uM variable
Trace element solution 3mL L™!

The next day, preculture II was centrifuged at room temperature (RT) for 20 min and 3200 g.
The cell pellet was resuspended in fresh MM63 medium (Table 3.6) to reach an OD of 15 and
25 for 1.5 L and 50 L cultivation, respectively. Thus, inoculation volume to reach a similar
start OD of 0.1 was 10 mL and 200 mL for 1.5 L and 50 L batch cultivation, respectively.
The conditions for the main cultivation of H. elongata AectC in a 1.5 L and a 50 L reactor

system are presented in Table 3.8.

During cultivation, samples from cultivation broth were take periodically over the whole

process time. ODgog was measured with the BioSpectrometer basic from Eppendorf against
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Table 3.7: Trace element solution; pH 7 to adjust

Component

Concentration Weight in

MnSO, - H,0
ZnS0, - TH,0
CoCl, - 6 H,0

CuSO, - 5H,0

KAI(SO,), - 12 H,0

BH,0,
NiCl, - 6 H,O
EDTA

3 mM 0.4532 g
1 mM 0.1818 g

1 mM 0.1864 g
40 M 0.1030 g
4 M 0.0204 g
162 pM 0.0110 g
105 uM 0.0273 g
5 mM 1.5008 g

Table 3.8: Cultivation conditions Halomonas elongata AectC.

Set value Control

Temperature 30 °C  controlled
pH 7 controlled
Pressure 1 atm
Stirring speed > 300 controlled
Aeration 1.25 vvm
Oxygen saturation 30% controlled
Medium MM63

MM63 medium at 600 nm in 10 mm cuvettes. Further, -NADA concentration was analyzed.

Here, cultivation broth was centrifuged for 10 min at 17000 g. Supernatant was discarded after

centrifugation. The cell pellet was resuspended in ddH2O and frozen up at least overnight.
After thawing, v-NADA was excreted via freeze-thaw mechanism [118] and the v-NADA

enriched supernatant was analysed in HPLC (see subsection 3.2.6).

When provided glucose was exhausted (indicated by sudden pOs rise), the cultivation was

stopped and cells were harvested. Cultivation broth from 1.5 L reactor were centrifuged for

15 min and 3260 g. Supernatant was discarded and the remaining cell pellet was resuspended

in ddH2O to receive an approximated ODggg of 25. Then, cells were frozen and stored at
-20 °C. Cells from the 50 L reactor were harvested and separated with the help of a disk

separator. Here, cultivation volume was recycled from the reactor to the separator and back
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Figure 3.1: Recycling setup for the cell harvesting and cell concentration after cultivation
of H. elongata AectC in the 50 L reactor.

to concentrate the cells as much as possible (see Figure 3.1). For filling the separator, a
volume flow of 250 L h~! was used until a first ejection of the cells. After, flow was set to
150 L h~! with a filling time of 15 min and an ejection time of 160 ms. Moreover back-pressure
was et to 3.7 bar. When ODggg in the reactor was less than 0.5, the separation was stopped
and harvested cell volume was filled up to 20 L with ddHO and further frozen and stored at
-20 °C.

3.2.3 Determination of the ash free dry weight from Halomonas elongata
AectC

The high salinity in the cultivation medium of H. elongata AectC limits standard biomass
quantification. Thus, thermal gravimetric analysis (TGA) was performed to accurately
distinguish between water, biomass and ash content in the sample. Thus, in following the

biomass of H. elongata from cultivation is given as ash free dry weight (AFDW).
During a cultivation in 1.5 L scale with 1 M NaCl and 15 g L=! glucose, up to 40 mL
samples were taken at different ODggg levels and centrifuged with 4000 g for 20 min at room

temperature (RT'). The supernatant was discarded, however ODggy was previously analyzed

for correcting the OD-AFDW correlation according to Equation 3.1.

OD600 = ODGOO,cultivation - ODGOO,supernatant H (3 1)
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Remaining cell pellet was resuspended in 1 mL of 1.4 M NaCl, transferred to a reaction
tube and again centrifuged for 5 min at 14000 g at RT. Supernatant was discarded. The
resuspension step was repeated and the dissolved cells were transferred to be previously
weighted reaction tube, centrifuged and the pellet was frozen at -80 °C for subsequent
lyophillization (Alpha 1-2 LDplus, Martin Christ Gefriertrocknungsanlagen GmbH, Osterode

am Harz, Germany).

Freeze-dried samples in a range of 5 - 17 mg were analyzed in TGA (TGA/DSC 3+, MET-
TLER TOLEDO, Columbus, United States), using 50 pL aluminum oxide pans (THEPRO
GbR, Heinsberg, Germany). After 10 min equilibration of the system at 30 °C samples were
heated with 10 K min~" up o 1050 °C in a synthetic air stream of 20 L h™'. AFDW was
finally evaluated from the detected mass loss between 160 °C and the equilibrium state at

the end of the measurement (> 1000 °C) and the weight of the freeze-dried sample.

3.2.4 Filtration

For the implementation of a filtration cascade in the downstream process for v-NADA first
a screening of five microfiltration (MF'), three ultrafiltration (UF) and seven nanofiltration
(NF) flat-sheet membranes from different suppliers was performed (compare Table 3.9). The

filtration was operated in cross-flow mode (see Figure 2.5b in subsection 2.3.1) with a Cube80-

VA system from SIMA-tec. Figure 3.2 shows the corresponding piping and instrumentation
diagram (PID).

The feed flow rate is adjusted manually based on the power of the pump and is recorded
downstream of the membrane cell on the concentrate side (FI/FIR01). The pressure before
(PIRO1) and after (PIR02) the membrane is measured and, based on the pressure differ-
ence, the transmembrane pressure (TMP) (Equation 3.4) is calculated and indicated by
the instrument. TMP can be adjusted with the manual valve, placed before the flow rate
sensors (FIR/FIO1). Further, the permeate flux (FIR02) (Equation 2.9), the conductivity of
the permeate (QIR01) and the temperature at the membrane (TIR01) are recorded. The

temperature can be controlled with an external chiller, connected to the heat exchanger.
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Figure 3.2: PID of the cross-flow filtration system Cube80-VA from SIMA-tec. Pressure
(PI/PIR), temperature (TIR), conductivity (QIR) and the flow rate (FI/FIR)
are recorded and if the level in the feed tank falls below the minimum level
(LS) a safety-switch off for the pump is initiated. Flat-sheet membranes are

installed in the filtration membrane cell. Adapted from information of supplier
[119].

Membrane preparation and membrane resistance determination

Membranes listed in Table 3.9 were either purchased from the manufacturer or were kindly
provided from the Department of Soft Matter Science and Dairy Technology (150e) at the

University of Hohenheim.

Before using the flat-sheet membranes they were conditioned with the workflow shown
in Figure 3.3. The hydration step is performed in a water bath, whereas conditioning,
compacting and cleaning are performed with the membrane inserted in the Cube80-VA
filtration plant. According to the information of the supplier of the system, the membrane is
placed in the membrane cell facing the PTFE spacer and reticular spacer with its’ active side.
The cross-striped and longitudinal-striped collecting plates for the permeate are placed on
top in that order. The conditioning, compacting and cleaning of the membranes is performed
with applied pressure (see Figure 3.3). Cleaned membranes were stored in 2 % glycerol at
4 °C. Thus reused membranes where washed with ddHoO until conductivity in the concentrate
was lower 10 pS em ™.

Before and after the filtration process and after the cleaning protocol the membrane (R,,) and

the fouling (Ry) resistance were calculated with Equation 3.2 and Equation 3.3, respectively.
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Table 3.9: Filtration membranes.
Membrane type Supplier Name Material Cut-off
Synder FR PVDF 850 kDa
Nadir MP005 PES 0.05 pm
Microfiltration Pall Supor 200 PES 0.2 pm
Synder V0.2 PVDF 0.2 pm
Pall Supor 450 PES 0.45 pm
Synder ST PES 10 kDa
Ultrafiltration Synder MQ PES 50 kDa
Synder LY PES 100 kDa
Desal/GE DK Propietary 150 - 300 Da
Desal/GE DL Propiertary 150 - 300 Da
Nitto Dairy NF' Composite polyamid 150 - 250 Da
Nanofiltration DOW NF Polyamid 200 - 400 Da
DOW NF270 Polyamid 200 - 400 Da
Synder NFW Polyamid 300 - 500 Da
Trisep XN45 Piperazine 300 - 500 Da

Inlet pressure p; was set to the values listed in Table 3.10 and the feed flowrate )y was set to

10 L h~!. Outlet pressure pp and permeate flowrate Qp were noted from online recording or
P

analog measurements. Here, a kinematic viscosity v of 0.893 - 1075 m? s=1, 0.724 - 107 m? s~ !
and 0.602 - 1076 m? s~! for 25 °C, 35 °C, and 45 °C at 0.1 MPa is assumed, respectively.

Table 3.10: Initial pressure p; for the calculation of membrane (R;) and fouling (R,,) resistance

determination.

Membrane type

Inlet pressure p;

1 2 3 4 5 6
Microfiltration 0.2 bar 04 bar 0.6 bar 0.8 bar 1.0 bar 1.2 bar
Ultrafiltration 2 bar 3 bar 3.5 bar 4 bar 7 bar
Nanofiltration 3 bar 3.5 bar 4 bar 5 bar 8 bar 10 bar

42



3 Material and Methods 3.2 Methods

Membrane

¥

| 25% 2-propanol — 1 h, RT |

-

ddH,0 — 1 h, RT

-

Hydrophilation

ddH,0 — over night, RT

«

Hydrophilic membrane

.

| Ultrasil base 0.4% - 15 min; 45 °C, 50% flow rate, TMP*

«

Conditioned membrane

.

| 1% w/w NaCl - over night, 35 °C, 30% flow rate, TMP* |

-«

Compacting Conditioning

Compacted membrane — R, determination

-

| Filtration process |

«

—— R determination
| Ultrasil base 0.3%, pH 10 — 30 min, 45 °C, 70% flow rate, TMP*|

| Ultrasil acid 0.3%, pH 2 — 30 min, 45 °C, 70% flow rate, TMP*

Cleaing

— R,, determination

Figure 3.3: Preparation protocol of flat-sheet membranes. Applied pressure (TMP*) for
MF membranes: conditioning 2 bar, compacting 2 bar, cleaning 2 bar; UF
membranes: conditioning 2 bar, compacting 8 bar, cleaning 5 bar; NF mem-
branes: conditioning 20 bar, compacting 40 bar, cleaning 25 bar.

_ Apru- A -1
o = 50 qp m=] (3:2)
_ Apru - A -1
Ry = 32.0-Qp R, m~] (3.3)
+
Apra = w [bar] (3.4)
Recovery = 1—M ] (3.5)
Rm,before
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The obtained recovery (see Equation 3.5) clarifies the cleaning efficiency and reusability of
the membrane. The closer the recovery remains to 1, the more successful is the cleaning

protocol.

Membrane screening

The membrane screening was performed with all flat-sheet membranes of different filtration
types listed in Table 3.9. The related screening transmembrane pressure (Aprys) and feed
flowrate (Qr) conditions are shown in Table 3.11. According to Hartinger et al. [120],
filtration performance is not affected when Ap7pj is altered in ascending order. Thus, for each
membrane, screening experiments were performed in a row, starting with the lower Appas
value at 10 and 60 L h~! and subsequently running the experiments at the higher Apys with
both Qp conditions. Thawed fermentation broth of the 50 L cultivation (subsection 3.2.2)

was directly used as feed solution in the MF membrane screening, whereas for UF and NF

screening the fermentation suspension has been initially ultracentrifuged after thawing. Here,
cells were centrifuged at 21000 g for 45 min at 4 °C (Beckman LE-70 Optima, rotor 70-Ti,
Beckman Coulter, Krefeld, Germany) and remaining supernatant was used as feed in UF
and NF screening. The screening experiments were performed in steady state experiments
at 35 °C.

Table 3.11: Membrane screening conditions for microfiltration (MF'), ultrafiltration (UF) and
nanofiltration (NF) at 35°C.

Transmembrane pressure Aprys
2bar 3 bar & bar 10 bar 40 bar

I0Lh™'| MF MF - - -
60 Lh~'| MF MF - - -

Feed flowrate 10 L h~! UF UF - -
Qr 60Lh~t| - UF UF - -

10L h™! - - - NF NF

60 L h—! - - - NF NF

Therefor, cross-flow filtration was run in recycling mode, meaning that permeat and concen-
trate were pumped back into the feed tank. An initial feed sample was taken in duplicates and
after 20 min a steady state equilibrium at the membrane was assumed. Duplicate samples of
the permeat were taken. Accordingly, filtration conditions were adapted to the next step and
the experiment was repeated without changing the feed. Finally a duplicated feed sample

was taken and the membrane was washed and stored.
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Concentration of v~-NADA, proteins and NaCl were analyzed in the feed (¢; ) and in the per-

meate (¢; p) samples (see subsection 3.2.6). The membrane ranking based on the permeation

P; (Equation 2.7) and rejection R; (Equation 2.8) performance of the membranes for the
respective ingredient i. For each filtration step (MF, UF, NF') the best performing membrane
was chosen based on the weighted sum method for multi-objective optimization described by

Zadeh [121] and subsequently used for optimization and whole process performance.

Optimization

The optimization of the nanofiltrations’ process parameters temperature T and pressure
Apry was performed at a constant flow rate Qr of 10 L h~! and with the Desal/GE DL
membrane exclusively. T and Apras were varied from 25 to 45°C and 5 to 40 bar, respectively,
while the respective other was kept constant. Here, the recycling mode, already described

above was applied for the experimental setup.

Filtration cascade

On the basis of the membrane screening and the parameter optimization the cascade process

was designed with the parameter conditions shown in Table 3.12.

Table 3.12: Membranes and conditions for the filtration cascade process according to the screening
and optimization results described in section 3.2.4 Membrane screening and section 3.2.4
Optimization.

Membrane type Membrane Feed flowrate Transmembrane pressure Temperature

Qr Aprm T
Microfiltration Synder V0.2 10Lh! 3 bar 45 °C
Ultrafiltration Synder MQ50 10 Lh™! 2 bar 35 °C
Nanofiltration Desal DL 10Lh! 10 bar 35 °C

The filtration steps MF, UF and NF were performed successively. In the beginning, permeat
and concentrate were recirculated in the feed tank until the desired temperature (see Ta-
ble 3.12) was reached. The final permeat was collected on ice in MF and UF and further used
as feed for the next downstream filtration step. Finally, the concentrate of the NF was used

for the final crystallization (see subsection 3.2.5). Over the process time, permeat samples

were periodically taken and analyzed to have an insight on the ongoing process. After each
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filtration step, volumes of concentrate and permeate were measured and duplicate samples

were taken from the initial feed as well as from the remaining permeat and concentrate.

y — MNADA %] (3.6)
MFEeed

vop = Yo HG7)
after

CF, = Ccafﬂ ] (3.8)
before

Pyapa = TNADA %] (3.9)

MNaCl + M Protein

The filtration process was valued according to the factors yield Y (Equation 3.6), volume con-
centration factor VCy (Equation 3.7), v-NADA concentration factor CFnyapa (Equation 3.8)
and 7-NADA purity Pyapa (Equation 3.9).

3.2.5 Crystallization

Solubility of v-INADA in various solvents

The solubility of v~-NADA in various solvents, typical for the crystallization of small molecules
[122], was tested. First, the conductor-like screening model for realistic solvents method
(COSMO RS) was used to estimate the solubility of v~NADA and to narrow down the list of
potential solvents for the crystallization. Subsequently, the real solubility experiments were

carried out with a selection of solvents, according to the simulations.
Simulation of the solubility with COSMO-RS

For the simulation of the solubility of v~NADA following COSMO-RS based tools were
used: TURBOMOLE, Tmolex, and COSMOtherm. All simulations were conducted by Dr.
Ljubomir Grozdev according to the methodology described for terpenes in Grozdev [123].

The chemical structure of v~-NADA was translated into a primary 3D structure through a
simplified molecular-input line-entry system (SMILES) code. The GEO-OPT-quick option
in Tmolex was further used for geometrical optimization of the 3D structure. Based on

this structure, COSMO-RS specific parameters (COSMO-BP-TZVP-FINE parameterization)

46



3 Material and Methods 3.2 Methods

were calculated, resulting in the o-surface and chemical potential of v~NADA, which were
further implemented in the COMSOtherm database. The relative solubility of v~ NADA was
simulated in COSMOtherm for the following solvents: acetic acid, acetonitrile, benzene, 1-
butanol, chloroform, cyclohexane, cyclohexanol, diethylether, DMF, DMSO, ethylacetate,
glycerol, ethanol, hexane, 1-hexanol, methanol, 1-octanol, propanol, propanone, toluene,
water. Here, 7-NADA was considered in a solid state for all tested temperatures (0, 5, 20, 25,
30, 50, 80°C) which required an additional simulation of AG. After a primary simulation with
a non-iterative calculation, the iterative simulation was done with a considered equilibrium
for v~NADA in each solvent at each temperature, resulting in absolute solubility values.

Same was done for the solubility calculations of v~NADA in different solvent-water mixtures
at 25°C. The ratio of water to solvent was tested in 10% increments in a range from 0-100%

for acetonitrile, ethanol, methanol, and propanol.
Ezxperimental validation of the solubility of v~-NADA

Based on the findings of the simulation described above, the solubility of v-NADA was tested
in acetic acid, ethanol, methanol, water, and 1 M NaCl dependent on the temperature. Here,
the the hydrolyzed bitop sample, containing ectoine, v-NADA, a-NADA and NaCl (exact
composition shown in Table 3.13), was dissolved at the respective temperature to maximum

saturation.

Table 3.13: Composition of the hydrolyzed bitop sample (hydrolyzed ectoine material) kindly pro-
vided by bitop AG. Material was dissolved in ddH>O to maximum saturation at 50 °C.
Amino acid concentration was quantified in HPLC, NaCl amount was quantified with
ICP-MS (see subsection 3.2.6).

Ectoine y~NADA o—NADA NaCl

w/w [%]  2.6+0.2 17.5+4.5 49.242.5 30.8£1.1

Samples were taken after the equilibration time of 24 h, centrifuged at the required tem-

perature at 17000 g and the supernatant was analyzed in HPLC (see subsection 3.2.6) to

determine the dissolved v-NADA concentration. Solubility determination of v-NADA in
ethanol (EtOH), methanol (MeOH) and 2-propanol (IPA) fractions was performed from 0 -
100 % solvent concentration in 10 % increments. Here, purified 7-NADA crystals from cooling
crystallization (see description below) were dissolved to maximum saturation overnight at
room temperature and 1500 rpm stirring. Further, samples were analyzed as described

above.
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Cooling crystallization

For the ideal cooling crystallization experiments, the hydrolyzed bitop sample (see Table 3.13)
was dissolved overnight in HoO at 50 °C and 1000 rpm shaking or stirring to saturation. Then,
supernatant was sterile filtered to avoid secondary nucleation and the saturated solution was
cooled down to 20 °C overnight and 300 rpm stirring. Obtained crystals were separated from
supernatant, subsequently dried and analyzed in HPLC (see subsection 3.2.6) by dissolving
in HyO.

The method for the cooling crystallization was adapted to crystallize v-NADA in a 500 mL
reactor system (OptiMaz 1001 Synthesis workstation, Mettler Toledo Inc), kindly supported
by Dr. Simon Schiele at the Chair of process systems engineering, TUM. For the evaluation of
the effect of the cooling rates on the crystallization, a saturated solution of hydrolyzed bitop
material (see Table 3.13) was cooled down from 50°C to 20°C with different cooling rates (0.1
K min™!, 1.0 K min™', 10 K min™' at a constant impeller speed of 300 rpm. The effect of
variations in the impeller speed was examined at a constant cooling rate of 10 K min~'. The
progress of the crystallization was visualized with inline microscope pictures (particle vision
and measurement, PVM; Mettler Toledo Inc.).

Antisolvent crystallization at ideal conditions

For the ideal antisolvent crystallization experiments in defined conditions, pre-purified -
NADA from cooling crystallization was used. Here the hydrolyzed bitop sample (Table 3.13)
was dissolve and crystallized as described above and pure v-NADA crystals were obtained

which are used further.

First, the saturation concentration of v~-NADA at room temperature (RT') was determined in
EtOH, MeOH and IPA and in their respective percentages mixed with HyO. Here, the whole
range between 0 - 100 % antisolvent was examined in 10 % increments. Pure v-NADA was
dissolved in excess in the respective solvent concentration, overnight at RT and 1500 rpm
shaking. Further, samples were centrifuged at 17000 g and supernatant concentration was

analyzed in HPLC (subsection 3.2.6). Supersaturation, when batch-wise adding solvent to

reach a given concentration, was determined as follows: v-NADA was dissolved to maximum
concentration overnight at RT and 1000 rpm stirring. Further supernatant was sterile filtered
to avoid secondary nucleation. Pure solvent was added in 10 % increments to the solution
to step-wise reach necessary solvent concentration. Here, solution was stirred at 350 rpm

and samples were taken after 10 min equilibration time at given solvent conditions before
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continuing with the next solvent step. They were prepared for HPLC analysis as described
above. For simplicity, resulting saturation S,; at the respective solvent percentage was
calculated according to Equation 2.13 with the saturated concentration c; from solubility
experiments and the supersaturated concentration ¢; from batch-wise increase experiments.
Saturation and supersaturation conditions are similar, thus activity coefficients ~; can be
neglected (see Equation 2.12). Since solubility data were determined at slightly different
solvent percentages compared to the additive experiments, they were fitted with a matlab
DS data fit.

Antisolvent crystallization of concentrate from nanofiltration

7-NADA in nanofiltration (NF) concentrate was crystallized as described above, however
the step-wise adding of antisolvent was adapted. First, an initial step increasing the EtOH
fraction to 0.45 was performed. An additional centrifugation step was performed to exclude
precipitated proteins and the supernatant was further used in crystallization. Here, the EtOH
fraction was step-wise (5 % increments) increased to a maximum of 0.85. Each described
solvent condition was equilibrated for 10 min. To increase the yield, an additional cooling
crystallization was performed over night under same stirring condition and cooling down to

4 °C. Obtained solid material was harvested with centrifugation and subsequently dried.

3.2.6 Analytics

HPLC analysis to quantify N~-acetyl-L-2,4-diaminobutyric acid

~v-NADA was analyzed in HPLC (Infinity II from Agilent Technologies) with a reversed phase
setup. Here, a YMC-Pack Polyamine II; 12nm, S-5 pm, 250 x 4.6 mm ID with the fitting

pre-column from YMC was used. The method parameter are listed in Table 3.14.

Samples were diluted with deionized water to fit into the standard concentration range of
0.05 - 0.5 g L=! and subsequently steril filtered. Samples from antisolvent crystallization (see

subsection 4.4.3) were previously lyophillized (Alpha 1-2 LDplus, Martin Christ Gefriertrock-

nungsanlagen GmbH, Osterode am Harz, Germany) and resuspended in deionized water to

avoid disturbing effects in analysis due to the solvent content.
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Table 3.14: HPLC method defintion.

Column YMC-Pack Polyamine II; 12nm, S-5 pm, 250 x 4.6 mm ID
Flow rate 1 mL min—!
Temperature 30 °C
Buffer composition 65/35 acetonitrile/water
Injection volume 20 puL
Detection 198 nm, 210 nm, 280 nm
Standard concentration range 0.05-05gL™!

Bicinchoninic acid (BCA) assay to calculated quantity of protein content

To analyze the impurity amount resulting from proteins in the process, a BCA assay was
performed with the help of the Pierce” BCA Protein Assay Kit, following the microplate
procedure (sample to WR ratio = 1:8) instruction of the manual [124]. Samples were diluted
in deionized water to fit into the standard concentration range of the standard protein BSA
(0.025 - 2.0 g L!) which was included in the kit. Absorbance of the obtained complex was
measured at 562 nm with the plate reader Infinite M200 from Tecan.

Inductively coupled plasma mass spectrometry (ICP-MS) and AgCl

precipitation to calculate NaCl concentration

Samples for ICP-MS analysis were directly dissolved or diluted in 3 % HNOj3 to avoid
oxidation. The maximum tolerated NaCl concentration was 0.1 g L™! and a volume of
10 mL was required. Samples were kindly analyzed by Magdalene Spicher at the Fraunhofer

Institute for Process Engineering and Packaging IVV in Freising, Germany.

For the second method to quantify the NaCl content in the sample, silver nitrate precipitation
was performed. Here, chloride is precipitated with the help of silver nitrate (AgNO3) to silver
chloride (AgCl). First, reaction tubes were dried over night at 60 °C and weight afterwards.
One part of standard solution of NaCl (0.01 M - 1.0 M) was mixed with 10 parts of 0.1 M

AgNOg3 solution. Samples were prepared the same way as NaCl standard, however more than

50



3 Material and Methods 3.2 Methods

one part is possible when the multiplication factor is taken into account in the evaluation.

Occurring AgCl precipitate is centrifuged at 17000 g for 5 min and supernatant is discarded.

MAGCI = MTubetAgCl — MTube [g] (3.10)

Remaining solid is dried over night at 60 °C and subsequent the reaction tubes are weighted
a second time. The mass of AgCl precipitate myqc; is calculated from the difference of the
weighted reaction tube with precipitate mzypet 401 and the sole mass of the reaction tube

myype (see Equation 3.10). Chloride content was assumed to be similar to NaCl content.
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4 Results and Discussion

4.1 Characterization of N~vy-acetyl-L-2,4-diaminobutyric acid

As more detailed described in section 2.1 and subsection 2.1.2, the compatible solute N~-

acetyl-L-2,4-diaminobutyric acid (7-NADA) is known mainly for being the precursor molecule
of ectoine, one of the most established compatible solutes on the market. Ectoine and its
potential is well described (for example reviewed in Pastor et al. [125]), yet little is known
about the potential and characteristics of v-NADA. The molecule was described for the first
time in Liss [39], isolated from latex of Eupborbia pulcherrimu. Here, also a crystallization in
propanol to needle-shaped morphology was explained. Years later, Cénovas et al. [41] showed
that a Halomonas elongata strain is able to grow in saline environment, although lacking of
ectoine synthase and thus accumulating v-NADA as final compatible solute (see Figure 2.1).
In Cénovas et al. [42], the potential of purified 7-NADA to stabilize enzymes in vitro, here
rabbit muscle lactate dehydrogenase, was demonstrated. To fill this knowledge gap about the
molecule itself and to demonstrate the potential, the characterization of v~-NADA is shown

and discussed in the following sections.

4.1.1 Crystal structure and spectroscopic analysis of 7~NADA

The crystallization of v~NADA from model solutions and from biotechnological production in
Halomonas elongata AectC is described and discussed later in section 4.4. Here, the crystal
structure determination of 7»~NADA and the spectroscopic analysis is discussed, already
published in Martin et al. [100].

The resulting crystal structure of the single v~NADA molecule is shown in Figure 4.1. The
deprotonated form of the oxygen atoms of the carboxylic acid groups and the third hydrogen
atom at the amine group (N1) demonstrate the zwitterionic character of v~NADA, very
typical for amino acids and their derivatives. Detail length and angles of the respective
bonds are given in Martin et al. [100].
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Figure 4.1: Structure determination of single v~-NADA molecule. Atoms are assigned as
followed: carbon (C) as black, hydrogen (H) as white, oxygen (O) as red, and
nitrogen (N) as blue. Adapted from [100].

The two- and three-dimensional connections of the v~NADA molecules in the crystal by
short and linear hydrogen bonds (H-bonds) are shown in Figure A.2. Here, the NH3*...O
bonds and N2-H2B---O3 form the 2D plane which is connected via N1-H1A---O1 bonds to a

3D structure. The molecule crystallizes in chiral orthorhombic space group P21212;.

The spectroscopic analysis of the obtained yv~NADA crystals is shown in Figure 4.2. Here,
peaks and bands at specific wave numbers indicate the presence of respective bonds and
atomic structures. In the characteristic “fingerprint region’ (400 - 1700 cm™!) of the amino
acid derivative, two peaks are very pronounced in Raman (Figure 4.2a) - 1296 cm~! and
910 cm~!. In IR in Figure 4.2b the peaks are generally more clustered, here a broad spectra
with several peaks between 1700 an 1300 cm ™! stands out. As can be seen in Figure 4.1,
the amino acid derivative v—NADA has three characteristic groups - the typical carboxyl
(COOH/COO ) and amino (NHy/NHZ) group and an additional amide group (O=C-NH-C)
in the side chain. The most pronounced band in the “fingerprint region” (400-1700 cm™!)
[126] at 1537 cm ™! in IR represents the symmetric bending of the amino group §(NH3) [127],
while signals for amide II stretching of C-N v(C-N) and planar bending of N-H (6(N-H)) are
visible in the range of 1480-1580 cm™' [128, 129]. N-H stretching (v(NH)) in O=C-NH-C
secondary amide [130] is represented slightly shifted in the bands at 3257 cem~ ! and 3250 cm !
for Raman and IR, respectively. Symmetric #(COO ) and asymmetric stretching v,5(COO")
of the carboxylic group of the amino acid is visible at a wave number of 1419/1411 ecm™!
(Raman/IR) and 1588 cm ™1, respectively. A very detail assignment is shown in Martin et al.
[100], yet the here discussed vibration bands proof and characterize the solids as y~NADA
and fit well to the described findings in crystal structure. Showing the zwitterionic character
fits well in the properties of compatible solute [10, 131] and underline it’s potential function

as osmolyte in halophilic organism. In the following subsection 4.1.2; this potential is further

demonstrated with thermal stability studies of three different proteins.
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Figure 4.2: Spectroscopic analysis of 7~NADA crystals with Raman (a) and IR (b) spec-
troscopy. Peaks are normalized to the respective highest peak in the wavenum-
ber range of 4000 - 1700 cm~! and 1700 - 400 cm~!. Adapted from [100].

4.1.2 Thermal protein stabilization with v~NADA and comparable

compatible solutes

As already described above, the ability of v~NADA to act as compatible solute in the

organism and to stabilize isolated enzymes was shown by Canovas et al. [41], Garcia-Estepa

et al. [27] and Canovas et al. [42], respectively. However, the stabilization of proteins with

the help of compatible solutes is mostly dependent on the solute-protein combination [132,

133]. Therefore, no too precise statement can be made on the basis of one example. Thus,

the thermal stabilization potential of 7~NADA was demonstrated with three very different

proteins, namely BSA, amylase and streptavidin, in four NaCl conditions and in comparison

to their native stability and with established solutes as ectoine, hydroxyectoine and trehalose.
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Further, with performing the stability studies with nanoDSF, the examination was extended

to non-enzymatic proteins, like BSA and streptavidin.
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Figure 4.3: Unfolding temperature T,, (a-c) and AT, (d-f) of 0.5 g L=' BSA (a,d),
amylase (b,e) and streptavidin (c,f) with and without 0.5 M compatible solutes
ectoine, hydroxyectoine, v~NADA and trehalose at 0, 0.1, 0.5 and 1.0 M
sodium chloride in 10 mM potassium phosphate buffer pH 7.6.

Figure 4.3a, Figure 4.3b and Figure 4.3c¢c show the unfolding temperature of BSA, amylase

and streptavidin, respectively, with the respective compatible solutes added and in different

NaCl conditions. Figure 4.3d, Figure 4.3e and Figure 4.3f show the related temperature

difference (AT,,, defined in Equation 4.1) dependent on the NaCl concentration.

AT, = Tm;w/ solute — Tm;w/o solute [OC] (41)
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Comparing the native protein stability of the proteins, streptavidin is the most thermal stable
one (Figure 4.3c), yet with increasing NaCl concentration BSA catches up (Figure 4.3a).
Both proteins are best stabilized with yv~NADA, however, the effect of the other compatible
solutes differ. While ectoine stabilizes streptavidin second best, it is least for BSA and vice
versa. Amylase, shown in Figure 4.3b, behaves completely different - trehalose is by far
the best stabilizing compatible solute, the effect of hydroxyectoine and v~NADA is very
little and ectoine even destabilizes the protein. Further, NaCl does not have any effect
on the native protein stability. AT, in Equation 4.1 subtracts the effect of NaCl in the
different saline conditions, to clarify the effect of the solutes itself (Figure 4.3d, Figure 4.3e

and Figure 4.3f). Regardless of the protein, with increasing NaCl the effect of the solutes
is reduced, especially pronounced for 7v~NADA. As shown in Figure A.3, the percentage
stabilizing effect of v~NADA stands out for BSA and streptavidin, yet shows the steepest
decline with increasing NaCl concentration. Nevertheless, also in high saline environment,
~v-NADA performs best for the two proteins. As the native stability of amylase was already
least affected by NaCl, also the effectiveness of the solutes is least modified. The obtained
native protein stability of the respective proteins fit well with published data [134-138]. Also
the effect of NaCl in the respective protein stability is already reported for BSA [138-140]
and amylase [137]; for streptavidin, to our knowledge, no NaCl effect is reported yet. NaCl in
solution changes the repulsion effects between the medium and the protein and thus support a
more compact folding of the protein [138], meaning a better stability. The stabilizing effect of
the tested solutes and especially ectoine is reported in vivo [41, 141] and for isolated proteins
(28, 132, 142, 143] and further reviewed in Pastor et al. [125]. As mentioned above, the
effect of - NADA against thermal treatment was already reported by Cénovas et al. [42].
Here, hydroxyectoine showed an even better stabilization. Yet, literature agree, that no clear
statement can be made about the effectiveness of the solutes - each protein requires different
solutes for best stabilization against stress [132, 133]. The effect of the compatible solutes

like ectoine and hydroxyectoine is mainly described by the preferential exclusion model [19,
23, 144-146]. The same effect is also described for trehalose [147-149], yet low interaction
with water is reported [150, 151], which could explain the variations of trehalose as stabilizer

for proteins.

In summary, v~NADA was proofed to be an efficient stabilizer for proteins against thermal
stress. In case of BSA and streptavidin, it was even the best of the tested compatible
solutes; the effect of v~NADA on the stability of amylase was yet weak. Beside ectoine,
hydroxyectoine and trehalose a bunch of different compatible solutes are on the market.
They were not intensively examined here, however to give a comparison and underline the
potential of v~NADA the thermal stability of BSA was also measured for these solutes shown
in Figure A.4: Cyclic 2,3-diphosphoglycerate (¢cDPG), diglycerol-phospate (DGP), di-myo-
inositol-phosphate (DIP) and fiorin. Even in comparison with these products, v~ NADA was
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4 Results and Discussion 4.2 Cultivation of Halomonas elongata AectC

best to increase the thermal stability. Beside the potential of the v~NADA monomer, Ahmadi
et al. [1] recently demonstrated the application of polymerized v~ NADA as drug carrier and
dermal delivery system, open up a potential market. Consequently, the development of a
potent production and downstream process is the essential step for a future application of

~v—NADA. In the following, this step is made and discussed.

4.2 Cultivation of Halomonas elongata AectC

For the industrial production of Ny-acetyl-L-2,4-diaminobutyric acid (y-NADA) the Kunte
Group of the Bundesanstalt fiir Materialforschung und -priifung (BAM) designed a Halomonas
elongata mutant (Halomonas elongata AectC) lacking ectoine synthase ectC (see Figure 2.1)
to accumulate v-NADA, not ectoine, as final metabolic product. As can be seen in Figure 4.4,
both, the wildtype and the AectC mutant, do not differ in size or shape during growth and
production (see Figure 4.4a and Figure 4.4b) and both show the typical elongation in the
stationary phase [152] (see Figure 4.4c and Figure 4.4d).

In following batch cultivation experiments the growth behavior and the v-NADA production
of the designed strain were examined. Therefore, the impact of the sodium chloride con-
centration on the v-NADA production and growth rate was considered. Additionally, the
impact of the reactor size, to test the scalability and robustness of the up-stream process,
were evaluated. Here, we compare a sodium chloride concentration in the cultivation media

and a working reactor volume of 0.5 M and 1.0 M and 1.5 L and 50 L, respectively.

4.2.1 Correlation of ODgy and ash free dry weight for Halomonas
elongata AectC

The measurement of the optical density ODgog of a cell culture is the well-established
and simple method to map the organisms growth [153, 154]. However, due to the high
sodium chloride content in the cultivation process, the ash free dry weight AFDW is used
to specify the quantity of the biomass of marine organism [155], in particular Halomonas
elongata [156]. To ensure a greater significance and comparability with the literature,
a correlation of the easy and rapid-to-measure ODgog and the more precise AFDW of
H. elongata AectC was established. Thermal gravimetric analysis (TGA) was performed

as described in subsection 3.2.3. The weight loss, when heating the sample, can be accurately

assigned to water, biomass and ash content (in this case dominated by NaCl). Thus this

method eliminates disturbing sodium chloride variations in the samples, originating from the
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(a) Wildtype in exponential phase. (b) AectC in exponential phase.
(c) Wildtype in stationary phase. (d) AectC in stationary phase.

Figure 4.4: H. elongata wildtype and H. elongata AectC in both, exponential and sta-
tionary phase grown in LB complex medium with 1 M NaCl (Table 3.5).
Microscope pictures were taken in phase-contrast mode, 40x magnification and
additional 2.5x optovar magnification (Azio Observer 7, Carl Zeiss Microscopy
Deutschland GmbH, Oberkochen, Germany)

high salt cultivation conditions. The loss of mass and the related heat flow per sample weight
in Figure A.6 gives a vivid image of the step-wise combustion process for the respective

components.

Samples were taken from a 1.5 L cultivation with 15 g L=! glucose and 1 M NaCl. This

type of cultivation is described in detail later in subsection 4.2.2, however growth behaviour

and 7-NADA production of the specific cultivation can be seen in Figure A.5. The received

correlation between the optical density ODggg, which was measured spectrophotometically
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4 Results and Discussion 4.2 Cultivation of Halomonas elongata AectC

during cultivation in regular intervals, and the AFDW is shown in Figure 4.5 and can be
calculated from a linear fit given in Equation 4.2.

AFDW = 0.2676 - ODgyo + 0.03088 g L7 (4.2)

Comparing the obtained correlation in Equation 4.2 with the correlation of H. elongata
wildtype shown in [156], the remarkably high difference between the correlation factors,

meaning the slope of the correlation equations, stands out. ODggy measurements do not

6
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Figure 4.5: Correlation of the optical density ODggp and the ash free dry weight AFDW
of Halomonas elongata AectC, cultivated in MM63 minimal medium with
1 M NaCl. In the cultivation process, the ODggg was measured and the
corresponding AFDW was calculated from Equation 4.2.

base on absorbance described with the Beer—Lambert law but result from light scattering
of the sample. Thus, the organisms shape, size and somehow vitality (living cells, dead
cells, debris) have a major impact on the measured ODggg values. Comparing both strains

in Figure 4.4a and Figure 4.4b, yet, no difference in both, shape and size of H. elongata

wildtype and AectC are observed. However, also expression levels and metabolic systems
can result in ODgoo variations [157]. The ectoine metabolism, a major regulation system
(25, 158], is interrupted in the AectC mutant to accumulate 7-NADA, which may cause
the ODggo discrepancy. This hypothesis is supported by the ODgog - AFDW correlation
of H. elongata AectC 038 [159], a second H. elongata strain with an intermittent ectoine
metabolism. Again, neither in the exponential (Figure A.8a) nor in the stationary phase

(Figure A.8b) morphology variations are apparent, but still the correlation factor is similar
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to the AectC mutant and differs from the wildtype (Figure A.7). Another cause might be the
ODggo range the AFDW calculation was performed; while in Hobmeier et al. [156] AFDW
correlation was measured to a maximum ODggg of 1.2, in this work the range went up to
18.8 and 16.2 for H. elongata AectC and AectC 038, respectively, to meet the cell amount
in the described 1.5 L batch cultivation scale. Care was taken to ensure that the ODggg of

the samples overlapped, starting the correlation with an ODggg value of 0.73 4+ 0.08.

Summed up, establishing the correlation between the ODggo and the AFDW was a necessary
step to further calculate the biomass in the batch cultivations of H. elongata AectC (see

subsection 4.2.2 and subsection 4.2.3). A comparison of the following v-NADA production

processes with the one of ectoine is only possible when the obtained solute yields can be related
to the cell weight. Further, the non-existent compliance of the correlations of the wildtype
and the AectC mutants give a hint to the sensitivity of the bacteria strain to disturbance of
the ectoine metabolism. As described in Vreeland & Martin [160], the shape of H. elongata

maintains over a wide NaCl range in the medium, the correlation was used for both 0.5 M

and 1.0 M NaCl cultivations, described in the next section (subsection 4.2.2).

4.2.2 1.5 L lab-scale — comparing the cultivation in 0.5 M and 1.0 M NaCl

Since NaCl triggers the solute production in Halomonas elongata [44, 161}, the growth
behavior and production of the solute v~-NADA was evaluated for H. elongata AectC — first in
1.5 L lab scale (discussed here) and later in 50 L pilot scale (see subsection 4.2.3). Figure 4.6a

and Figure 4.6b map the batch cultivation of H. elongata AectC in the 1.5 L reactor system
(Biostat® B Plus Twin, Sartorius AG, Gdottingen, Germany) in MM63 medium with 15 g
L~ glucose, supplemented with 0.5 M and 1.0 M NaCl, respectively. The initial ODggg was
set to 0.1.

The scatter plots show the increasing ODggo while the bar charts represent the v-NADA
concentration over the process time. However the cultivations under the given condition were

performed several times (see subsection 3.2.2), just one cultivation run for each condition is

shown exemplarily in Figure 4.6. In Table 4.1 all performed batch cultivations are averaged for

the respective conditions. Comparing the cultivations with 0.5 M and 1.0 M NaCl, the similar
final ODggg but disparate growth rates, finale -NADA concentrations and solute yields are
striking. While in 0.5 M NaCl a maximum ODggg of 22.540.7 is reached after around 15 h,
meaning a growth rate of 0.3340.03 h™', it takes over 22 h to achieve the final ODggg of
24.3+1.5 in 1.0 M NaCl conditions. Thus, the growth rate drops to 0.2640.01 h—!. However,
since the 7-NADA concentration increases from 0.62+0.11 g L™! to 1.30+0.10 g L~! with

doubled NaCl amount, the economically relevant space-time yield improves despite longer
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(c) 50 L reactor with 1.0 M NaClL.

Figure 4.6: Growth curve and v-NADA concentration over the process time in 1.5 L (a,b)
and 50 L (c) reactor with 0.5 M (a) and 1 M (b, ¢) NaCl, respectively.
H. elongata AectC was cultivated in MM63 medium with 15 ¢ L™! glucose
and varying salt concentration, with a controlled temperature of 30 °C and
controlled pH of 7.0. Stirrer speed increases to control the pOy to 30%. ~-
NADA was extracted from cells with freeze-thaw and analysed in HPLC. ODggg
was measured spectrophotometically. Cultivation process was performed until
provided glucose was consumed.
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production time. H. elongata AectC produces 0.0640.01 g L=' h=! 4-NADA in the high salt
concentration, signifying an improved production rate by the factor 1.5 compared to 0.5 M
conditions. Relating the produced v-NADA amount on the biomass, which is assigned as
ash free dry weight AFDW and calculated from the correlation in Equation 4.2, H. elongata
AectC requires 0.140.00 and 0.240.01 g g~! to compensate the osmotic pressure of 0.5 M
and 1.0 M NaCl, respectively.

Table 4.1: Parameters for the evaluation of the cultivation of Halomonas elongata AectC in MM63
medium supplemented with 15 g L=! glucose as carbon source and either 0.5 M or 1.0 M
NaCl. Two working volumes, namely 1.5 L and 50 L, were tested.

Volume NaCl Max. Growth Final Final Space-time
condition ODyggg rate v~-NADA ~-NADA yield
[-] [h] L] [ggarpw] [gL7'h7]
5L 0.5 M 22.540.7 0.33+0.03 0.624+0.03  0.10£0.00 0.04+0.00
1.0 M 24.3+1.5 0.26£0.01 1.30£0.18 0.20£0.01 0.06+0.01
50 L 1.0 M 16.2+0.4 0.24 1.51+£0.10  0.35+0.02 0.07+0.00

The described, reduced growth rate with increasing salt concentration is known for halophilic
organisms [162, 163], also for H. elongata [41, 156]. However, there is a salt optimum -
both, Détsch et al. [44] and Hobmeier et al. [156] describe an optimum for H. elongata
wildtype somewhere between 0.5 M and 1.0 M NaCl. To compare the growth behavior of
several H. elongata strains, Cénovas et al. [41] also designed an H. elongata mutant lacking
of ectoine synthase and accumulating v-NADA as final osmolyte. Here, the growth rate of
the designed mutant was slower than the wildtype ones. When comparing the growth of
the wildtype described in Détsch et al. [44] and Hobmeier et al. [156] with the results of
the H. elongata AectC cultivation in both NaCl conditions, shown in Table 4.1, this trend
is confirmed. Even though the wildtype grows faster, the AectC variant produces more
solute per biomass. While here 0.10 and 0.20 g g=' 7-NADA are reached in 0.5 M and
1.0 M NaCl, respectively, Détsch et al. [44] specifies the ectoine amount in their correlation
lower for both conditions. Ono et al. [164] measured 35.5 ug g~ and 78.1 ug g~! ectoine
under comparable salinities of 0.51 M and 0.86 M, respectively. These findings are consistent
with the explanation of Canovas et al. [41], that the NaCl sensitivity of the degraded
H. elongata mutant for --NADA accumulation results from v-NADA being the less effective
solute compared to ectoine. Thus, more solute, in this case v-NADA, has to be accumulated
to withstand the osmotic pressure from the salinity conditions. This could also explain
the reduced growth rate of the v~-NADA producing H. elongata strain. If a higher solute
concentration is required to maintain the metabolism, less energy is directed to cell growth

and thus growth rate decreases.
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Nevertheless, the batch production process for v-NADA in the lab-scale worked reproducible
and robust for both tested salinities. Since the space-time yield in 1.0 M NaCl was higher
with 0.06 g L= h™!, this condition was chosen for the scaled-up process in the pilot reactor

system which is described next in subsection 4.2.3.

4.2.3 50 L pilot scale — scale-up of the cultivation process

Since the H. elongata AectC cultivation in 1.5 L working volume with 1.0 M NaCl results
in a doubled, final 7-NADA concentration and despite a longer process time in an improved
space-time yield of 0.0640.01 g L™! h™! (subsection 4.2.2), this condition was chosen to
be scaled to a pilot reactor system (LP75, Bioengineering AG, Wald, Switzerland) with a

working volume of 50 L. Figure 4.7 visualizes the process by mapping the recorded online
process parameter oxygen saturation (pOs), pH, stirrer speed and temperature in combination
with the cell growth (ODgoo).
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Figure 4.7: Cultivation process of Halomonas elongata AectC in MM63 medium and 1 M
NaCl in 50 L reactor with recorded online parameters temperature, impeller
speed, pH and pOs saturation. ODggg measurements were performed offline
with spectroscopy.

Temperature and pH are controlled to 30 °C and 7, respectively, thus being constant over the
whole process time. Since pOs control was set to 30 %, the stirrer speed increases at around
17 h to maintain the set value. The sharp pOs rise after 22 h, and thus the drop of the stirrer
speed, indicates that the carbon sources of 15 g L~! glucose is completely consumed, meaning
the end of the cultivation and production process. Exponential growth of H. elongata AectC
is preserved until the whole substrate is exhausted, thus indicating a robust mutant for the

batch process scale-up.
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A closer view on the v-NADA concentration and associated bacterial growth (ODggg), in
comparison to the lab-scale cultivation, is given in Figure 4.6c. Here again, the final process
data are shown in Table 4.1. Compared to the 1.0 M cultivation in the lab-scale, a lower final
ODgoo of 16.240.4 and with this a reduced growth rate of 0.24 h™! are achieved. However,
the final 7-NADA concentration slightly rises to 1.5140.10 g L=!. Both effects condition the
increased v-NADA amount per biomass and the increased space-time yield, representing a
successful scale-up of the cultivation process to pilot-scale. These findings path the way for
further process advancement to industrially relevant volumes and other operating conditions.
In general, up-sizing a cultivation process is not a fast-forward procedure, but every strain and
production process requires different approaches [165]. Literature is repleted with established

scale-up strategies [166, 167]. The scale-up of the cultivation of H. elongata AectC was
performed according to a constant aeration level in the reactor. Further, a step-wise scaling
of the processes from lab- to pilot- to plant-scale is crucial to maintain process performance
[167]. Hewitt & Nienow [168] cite a couple of examples, showing that larger volumes of

the process often result in less yield and Enfors et al. [169] conclude that this results from
the cells, reacting to the less constant conditions in bigger sized reactors. However, the
scale-up of the cultivation of H. elongata AectC shows that the used bacteria strain to
produce v-NADA relatively straightforward copes with altered environmental conditions in

the pilot-scale. Thus, a further expansion of the batch process is considered likely.

In addition to a large scale, the industrial ectoine production with H. elongata benefits from
two further process strategies — bacterial milking and the use of a leaky-mutant [2]. The

"bacterial milking” procedure exploits the response of H. elongata to osmotic down-shocking

I ectoine can be harvested per

— ejection of the intracellular solute content. Here, 155 mg g~
process cycle [26]. Sauer & Galinski [26] further describe the evidence of v~-NADA among the
excreted solutes, thus making the ”bacterial milking” strategy a prospective, future process
idea. In contrast, the leaky-mutant is an H. elongata strain with a modification in the
TeaABC transporter genes [16]. This mutant not only excrete but also overproduce ectoine
and further decouples biomass amount and solute yield in the process [2, 14]. Yet, this

leakiness or even an overexpression has not been described for v-NADA.

In summary, the cultivation of H. elongata AectC in a batch process worked out reproducible
and scalable in both, lab- and pilot-scale. Since with higher salinity in the process a higher ~-
NADA concentration and space-time yield was achieved, the cultivation condition with 1.0 M
was chosen for the scale-up. A comparable product concentration and yields were gained in
the pilot-process showing the robustness of the used bacterial strain and the applicability in

a biotechnological production process.
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Since the produced material of the pilot-scale process is further used in downstream process
steps and their evaluation (section 4.3), cells from the 50 L cultivation were separated from

supernatant with a disk separator (described in subsection 3.2.2), disrupted with osmotic

shock and freeze-thaw and stored in 2 L aliquots for further use.

Table 4.2: Balance of the processing of the cultivation suspension after glucose was exhausted. Cells
were harvested in a disc separator and cell disruption was performed with an osmotic
shock by adding ddH5O. This suspension was stored at -20 °C in aliquots for further use.

Process step Chefore Cafter Viefore Vafter Mbefore mgye,  VCF CF Yield Recovery Purity
gL' [gL7] (L] (L] (g] gl ] ] (%] (%] (%]

Cell separation - 14.0+0.6 50 3.6 - 50.242.0 13.9 9.23+0.7  66.5+4.8 -

Cell disruption 14.0+0.6  2.5+0.3 3.6 20 50.24£2.0 76.1+6.4 0.2 0.3£0.0  151.4414.0 - 13.2£0.8

4.3 Filtration cascade

The filtration cascade, comprising a micro-, ultra- and nanofiltration step, follows the up-
stream cultivation, cell separation and cell disruption discussed in section 4.2. Microfiltration
(MF) is performed as very first downstream process step to clarify the cultivation broth from
cell debris and remaining particles. Subsequent ultrafiltration (UF) retains proteins and other
dissolved molecules, whereas in nanofiltration (NF) the small molecule can be concentrated,
however several ions are able to pass the membrane. Thus, a desalting is conceivable when

the NF membrane retains v-NADA while it is permeable for Nat and C1~ ions.

4.3.1 Membrane and parameter screening

Developing a potent filtration cascade for the purification and concentration of v-NADA from

H.elongata AectC cultivation (see subsection 4.2.3) starts with a membrane and parameter

screening for commercially available MF-, UF-, and NF flatsheet membranes. The specifica-
tion of the membranes, provided by the supplier, are given in Table 3.9. The focus of the MF
and UF membrane screening is placed on separating v-NADA from cell debris and macro-
molecular contaminants, e.g., proteins, DNA. Here a high permeation (see Equation 2.7) of
~v-NADA is desired. In contrast, the main goal of the NF' is the concentration of the target
with a high rejection of 7-NADA (see Equation 2.8) and a high permeation of NaCl to achieve
desalting.
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Microfiltration membrane Ultrafiltration membrane Nanofiltration membrane

10pm

(a) Synder V0.2 new. (b) Synder MQ50 new. (c) Desal/GE DL new.

Figure 4.8: Scanning electron microscopy (SEM) pictures of the selected filtration mem-
branes before using. Irradiation was performed with a 10 kV electron beam.

Figure 4.8 images the membrane surfaces of the selected, unused MF, UF and NF membranes
with scanning electron microscopy (SEM). Consistent with the classification of the mem-

branes dependent on the pore size and MWCO, described in subsection 2.3.1 and illustrated

in Figure 2.4, the coarsely porous surface of the Synder V0.2 MF membrane stands out
(see Figure 4.8a). The pore diameters of UF and NF membranes shown in Figure 4.8b and
Figure 4.8c cannot be resolved. However, Figure 4.8 nicely visualizes both the decreasing
pore sizes of the membranes and, with this, the varying pressure demand to overcome the
resistance of the membranes. The following screening for MF, UF and NF membranes is
performed with a feed flow rate (Qr) of 10 L h™! and 60 L h~! each, however with different
applied transmembrane pressure (Aprjs) suitable for the respective filtration mode (see

Table 3.11). Figure 4.9 exemplarily shows the online recorded process parameter of the

conditions screening of the Desal/Ge DL NF membrane so that the experimental setup is
illustrated. Appys and Qp were set to their respective constant values for 20 min equilibration
time. After the 20 min period, Qp was considered constant, permeate samples were taken,
and the following conditions were adjusted. According to Hartinger et al. [120] filtration
performance is not affected when Aprys is altered in ascending order, hence the two Qr

conditions were first performed at the lower Aprys and then at the higher Apray.

As described in subsection 3.2.4, the screening was performed with a complex, for UF and
NF preconditioned, feed composition from 50 L cultivation of H. elongataAectC (subsec-
tion 4.2.3). Thus, the permeation and rejection behavior of the components considered in

each case, namely v-NADA, proteins, and NaCl, cannot be evaluated independently. In

addition, the membrane material could play a role.
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Figure 4.9: Recorded parameter during membrane screening, exemplary for NF membrane
Desal/GE DL. Transmembrane pressure (Apry), conductivity in permeate,
feed flux (Qp) and permeate flux (Qp)are recorded online during filtration.

Microfiltration

The primary purpose of microfiltration (MF') is to separate undissolvable substances and,
with this, clear the suspension for downstream process steps [170]. The main goal is to
remove the target molecule of the biotechnological process from the producing cells [49],

or lysed cell debris [55], and contaminants in micrometer size [171]. The screening of the

five MF membranes, namely Synder FR, Nadir MP005, Pall Supor 200, Synder V0.2 and
Pall Supor 450, is performed at 35 °C and with varying Aprys and Qp conditions listed
in Table 3.11. Since the MF filtration step proceeds downstream of the cultivation, lysed
fermentation broth from the 50 L cultivation described in subsection 4.2.3 was used as feed
in the MF membrane screening. For each Aprys and Qr combination, permeate samples
were taken and the v-NADA, protein and NaCl concentration was quantified according to

subsection 3.2.6. The permeat flow (Qp) is recorded online.

Figure 4.10a and Figure 4.10b show the permeation (Equation 2.7) of v~-NADA and proteins

under the tested parameter conditions, respectively. Bar charts for the respective membranes
are arranged with increasing pore size. Since the pore sizes of the membranes are indicated to
be much greater than the molecular weight of v~-NADA (160.17 g mol~!), a high permeation
under all tested conditions were expected. As can be seen in Figure 4.10a, no significant
difference between the membranes is visible, and neither pressure (Aprys) nor feed flux (Qr)
affect the permeation of v-NADA. In contrast, the protein permeation shown in Figure 4.10b

differs between the tested membranes. An increased permeability for proteins is expected
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Figure 4.10: Microfiltration membrane screening; v-NADA (a) and protein (b) perme-
ation, tested for 5 different membranes, namely Synder FR, Nadir MP0O05,
Pall Supor 200, Synder V0.2 and Pall Supor 450 shown with increasing cutoff
from left to right. Transmembrane pressure (Appjs) and feed flux (Qp) were
set to 2 and 3 bar and 10 and 60 L h™", respectively.

with increasing pore size. The Pall Supor 450 membrane with the biggest pore size of
0.45 pm indeed showed the best permeability for proteins at a Appas of 2 bar; however,
the same permeability is reached with the Synder FR membrane with the smallest pore size
of 850 kDa. The best protein separation was obtained with Synder V0.2 at 2 bar, yet, with
increasing Aprys to 3 bar, the protein permeability of this membrane is nearly doubled.
The other membranes stay unaffected of both, Qr and Appys. The different responses to
changes in the operating conditions and the different protein permeability, independent of the
membranes’ pore size, might originate from the different materials specified by the suppliers
(see Table 3.9). The same is observed by Hashino et al. [172] in filtration experiments with
BSA. Here, not the pore size but the hydrophobicity of the membrane material has the most
pronounced effect on the permeation and fouling in the process. Both Synder membranes are
manufactured from polyvinylidene fluoride (PVDF), while the three others are composed of
polyethersulfone (PES) (Table 3.9). These polymeric materials are among the most commonly
used in MF processes across many research areas [49, 171] due to their mechanical and thermal
stability. Yet, PVDF membranes generally have a more hydrophobic character than PES
material, which might explain the low protein permeation with the Synder V0.2 membrane.
Here, a high interaction of proteins in the lysate with the hydrophobic PVDF membrane
is expected, which could hinder the permeation [172, 173]. Yet, this effect would also be
expected for the Synder FR membrane, also made from PVDF, which does not apply. In
the experiments shown here, the membrane performance is assessed by the permeation of

~v-NADA and proteins. Yet, bacteria and cell debris are present in the lysate, indirectly
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influencing the permeation. Bacterial adhesion on the filter membranes also increases with
increasing membrane hydrophobicity [174, 175]. Saeki et al. [174] further shows that even
the occurring fouling layer differs in structure, dependent on the membrane material - hard
and thin on PVDF and rough and thick on PES. Also, the surface quality and pore shape
are relevant for the fouling behavior, and the process performance of the membrane [176,
177]. As shown in Dizge et al. [176], the initial drop of permeate flux in a membrane process
is more distinct with larger pore size and rougher surfaces. MF' contaminants can more
easily penetrate larger pores and cause pore blocking than in smaller pores where particles
are excluded. However, fouling due to concentration polarization was described as more
pronounced with membranes with smaller pores. This might explain the higher permeability
of proteins observed for the Synder FR membrane, although having the smallest pore size.
Here, less pore blocking can be expected, and thus, less retention of biomolecules takes place.
Ho & Zydney [177] showed that the membrane’s pore structure - interconnected or straight -
triggers protein fouling. This might also be the reason why the permeate flux Qp, shown in
Figure A.10a, does not correlate with the pore size of the tested membranes. Qp increases
with increasing Qr when the lower Appas of 2 bar is applied. The cake formation might
be reduced here due to higher feed flux [178]. The resulting increased shear forces minimize
the cake formation and height and promote a better Qp. Also, the effect of concentration
polarization on the permeate flux decreases with increasing Qr [179]. When the higher Apzys
of 3 bar is applied, Qr does not have a pronounced effect on Qp. Here, the higher pressure
might compact the deposits, and thus, the removal is limited. All in all, not all occurring
effects can be satisfactorily explained. However, this is the motivation for using the complex
broth from fermentation rather than a model solution for the membrane screening. With a
model solution, it would never be possible to observe all the occurring effects of the various
molecules, which may reinforce or cancel each other out, but are the key deciding factors for

the process design.

The membrane performance and suitability for the purification of 7-NADA were ranked
according to the weight-sum method for multi-objective optimization [180-183] as described in
section 3.2.4. The observed parameters are weight in descending order: v-NADA permeation,
Qp, protein permeation, and NaCl permeation. Thus, the MF membrane Synder V0.2 was
identified as the best-performing membrane for the initial filtration step of the purification
process of v~-NADA. This membrane was further used in an optimization step (detailed data
shown in [184]). Here, an optimal temperature of 45 °C, Aprys of 3 bar and Qp of 10 L h™!

were identified and applied in the long-term cascade process described in subsection 4.3.2.
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Ultrafiltration

After the clarification with a MF step, ultrafiltration (UF) is performed to separate undesired
proteins from the feed stream while v-NADA remains in the permeate. Here, the previous
screening is performed with three UF membranes, Synder ST10, Synder MQ50 and Synder
LY100 (Table 3.9) and the conditions listed in Table 3.11. While in the above described

MF screening lysed cultivation broth (see subsection 4.2.3) was used, here the solution was

previously ultracentrifuged to settle and separate non-soluble contaminants, especially cell
debris, and to mimic MF permeate. The supernatant was used as a feed solution in the UF

membrane screening (see section 3.2.4).

12 I Synder ST 10 kDa [] Synder MQ 50 kDa 1.2 I Synder ST 10 kDa [] Synder MQ 50 kDa
““T'N Synder LY 100 kDa ““T'N Synder LY 100 kDa
C10} C 10}
< N
a £
[]
<08 5o8f
L S
c
Sos6 S06f
© ©
o) o
£04 Eoaf
g g
0.0 0.0
2 bar 2 bar 8 bar 8 bar 2 bar 2 bar 8 bar 8 bar
10 L/h 60 L/h 10 L/h 60 L/h 10 L/h 60 L/h 10 L/h 60 L/h
(a) v-NADA permeation. (b) Protein permeation.

Figure 4.11: Ultrafiltration membrane screening; v-NADA (a) and protein (b) permeation
tested for three different membranes, namely Synder ST10, Synder MQ50 and
Synder LY100 shown with increasing cutoff from left to right. Transmem-
brane pressure (Apras) and feed flux (Qp) were set to 2 and 8 bar and 10
and 60 L h—', respectively at a constant temperature of 35 °C.

Figure 4.11 shows the permeation of v-NADA (a) and proteins (b) under screening conditions
of 10 and 60 L h~! and Aprys of 2 and 8 bar at a constant temperature of 35 °C.

As shown in Figure 4.11a, the observed permeation of v~-NADA does not considerably differ
with different membranes. Yet, the best average-permeation of v-NADA is achieved with the
Synder MQ50 membrane under the low-pressure conditions of 2 bar. v-NADA permeation
is not affected by Qp; however, a slight drop of the permeation performance is observed
with increased Apprps. This is particularly true for the permeation of proteins, shown in
Figure 4.11b, when the Synder LY100 membrane is screened. Similar behavior is reported
by Bhattacharya et al. [50]; increasing Aprps results in higher retention of sugars due to
the more compact and more impermeable fouling layer. However, also the inverse effect is
reported [185]. As described for y~NADA, the permeation of the charged components in the
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feed, proteins, and salt (see Figure 4.11b, Figure A.9b) differs only slightly with different

membranes and process conditions. However, both observed impurities follow the same trend
within the applied process conditions - best desired separation with Synder MQ50, followed by
Synder LY100 and last Synder ST10. This is contrary to the observation of v~NADA. Here,
the rejection follows the reverse order when a Qr of 10 L h™! is applied, meaning the best
desired permeation with the Synder MQ membrane. The observed membrane performance
cannot be explained by different material properties, as in the case of MF, since all three
membranes tested are composed of the same material, namely PES, and are purchased from

the same supplier (see Table 3.9). Yet, as already described in subsection 2.3.1, charged

and uncharged molecules behave differently in filtration processes. -NADA, an amino
acid derivative, is a zwitterionic molecule [100] with a neutral net-charge at physiological
conditions of the fermentation (see Table 3.8), typical for compatible solutes [14]. Thus,
it’s permeability seems mainly dependent on the steric hindrance of the membrane. This is
also true for proteins, due to their molecular size, yet also charge might play a role. This is
supported by the similar permeation of NaCl (Figure A.9b), which should not be hindered by
the membrane. As described in Rohani & Zydney [75], salt disturbs the charged interaction
of proteins and the membrane. Further, the effective size of the protein differs with ionic
strength - the lower the ion concentration, the larger the effective protein size [73]. Thus,
even without a charge interaction, protein permeation is affected by NaCl, which cause the
permeability of the membranes independent of the MWCO.

The permeate flux (Qp), shown in Figure A.10b, depends mostly on the MWCO of the tested
membranes and additionally increases with increasing Aprys. This effect is more pronounced
the smaller the MWCO of the tested membranes. In general membrane processes, a higher
Aprys results in an increased Qp. Yet, in complex solutions containing organic material, the
transport of foulants to the membrane increases. With this fouling due to gel layer formation,
adsorption and pore blocking, and concentration polarization becomes the dominating effects
in the filtration process [186]. Thus,the initial Qp increases with increasing Aprys, however
the fouling tendency also increases [185, 187, 188]. Since the above-described screening for
UF membranes is performed with a complex supernatant of H. elongata AectC cultivation

(see subsection 4.2.3) these fouling effects most likely have an influence.

As already described for the MF screening, the most suitable UF membrane for the purifica-
tion of 7-NADA was selected according to the weight-sum method for multi objective opti-
mization [180-183]. Thus, Synder MQ50 and the operation conditions of 10 L h=! and 2 bar

were identified and used in further longterm and cascade experiments (see subsection 4.3.2).
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Nanofiltration

For the nanofiltration (NF) step, seven membranes were initially screened based on their
~v-NADA rejection and desalting ability. Here, a Appjs of 10 and 40 bar and a Qp of 10 and
60 L h=! were tested at a constant temperature of 35 °C. In Figure 4.12 v-NADA (a) and
NaCl (b) rejection are shown for the tested membranes at the respective parameter conditions
(listed in Table 3.11).
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Figure 4.12: Nanofiltration membrane screening; v-NADA and NaCl rejection tested for 7
different membranes, namely Desal/GE DK, Desal/GE DL, Nitto Dairy NF,
DOW NF, DOW NF270, Synder NFW, Trisep XN45 shown with increasing
MWCO from left to right. Screening parameters transmembrane pressure
(Apras) and feed flux (Qr) were set to 10 and 40 bar and 10 and 60 L h—!,
respectively.

It is generally known that in NF' the rejection of uncharged, (organic) molecules is primarily
dependent on the steric hindrance of the MWCO of the respective membrane [52, 54]. Also the
polarity of the compound plays a role since a dipole character promotes a better orientation
towards the charged membrane surface and with this, an increased permeation ability [78].
The screening results shown in Figure 4.12 fit well with the described separation effects. The
v-NADA rejection, shown in Figure 4.12a, appears to be MWCO dependent. Bar charts,
representing the tested membranes, are presented in ascending order, suggesting a lower
rejection with higher MWCO. v~-NADA and in general most compatible solutes are known to
be both, uncharged but have a zwitterionic character, however, in this screening a charged
surface for all tested membrane is assumed and thus, polarity effects can be neglected. Same as
for 7-NADA, the protein rejection decreases with increasing pore size (see Figure A.9c). Here,
a sieving effect depending on the pore size is assumed to be dominant. Regarding the rejection
of NaCl in Figure 4.12b, a completely different picture emerges. Although having a moderate
MWCO, compared to the other NF membranes, the highest rejection of NaCl is achieved

73



4 Results and Discussion 4.3 Filtration cascade

with Nitto Dairy NF and DOW NF. As expected, the lowest rejection is obtained with the
membranes having the highest MWCO. In contrast to the rejection of uncharged solutes, the
ion rejection in NF' can be explained by Donnan exclusion — electrostatic interaction between
the membrane and the solute dominate the separation and thus affect the permeation [52, 54,
189]. Multivalent ions are retained much better than monovalent ions and further, rejection
decreases with increasing ion concentration in the feed stream [48, 52]. Thus, the specific
membrane characteristic of the tested membranes, and not the pore size, mainly influences
the retention of NaCl, however with increasing pore size, the dominant effect changes.

In case of Desal/GE DK, Desal/GE DL, Nitto Dairy NF, DOW NF and DOW NF270,
neither the applied Aprys nor Qp affect the concentration of v-NADA in the retentate.
However for the membranes with the biggest MWCO, Synder NFW and Trisep XN45, a
slight pressure dependence is observable. In contrast to the effects in the v~-NADA retention,
all membranes show an increased rejection with increased Apras, however stay unaffected
by Qp. As explained in Melin & Rautenbach [48], the convective transport through the
membrane increases in contrast to the diffusive transport with increasing pressure, thus the
rejection of salt increases. Lai & Nguyen [190] observed a contrary effect when processing
fish sauce. Here NaCl rejection decreases with increasing Apras, however it is explained
by the higher permeate flux and thus a promoted electromigration through the membrane.
Yet, as shown in Figure A.10c, Qp is not positively influenced by Aprys. Only Desal/GE
DK and Nitto Dairy NF show a slight dependence on Apras - a higher pressure results in
a reduced permeate flux. Due to the comparatively high pressure in NF, Qp is in the same
range as for UF and MF . Surprisingly, the three membranes with the smallest MWCO
show the highest Qp when a Appjps of 10 bar is applied. This might result from fouling,
since in the described screening, a complex mixture from cultivation with various species
of organic contaminants was used. Guo et al. [191] showed that macro-molecular foulants
such as proteins and polysaccharides as well as small molecules trigger organic fouling in
NF processes. A higher MWCO of the membrane and with this a bigger pore size promotes
penetration of molecules and support internal membrane fouling . With increased Apras, Qp
of the screened membranes converge. With increased pressure, the fouling is also supported
for the membranes with smaller pore size and thus, Qp converges. In the NF membrane
screening of Boussu et al. [192], a higher Qp is traced back to the membrane characteristics
— Desal membranes are described to be more hydrophilic and thus prevent intense fouling.
Also in the screening described in this section, the Desal membranes are the ones with the
highest Qp and further the most stable Qp was obtained with Desal/GE DL under the tested

condition.
This Desal/GE DL membrane was finally selected, again based on the weight-sum method

for multi objective optimization [180-183]. With this membrane, the process conditions of

10 bar and 10 L h~! showed the best filtration performance. For the ranking following
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resulting parameter were taken into account in descending order: v-NADA rejection, NaCl

and protein permeation, Qp.

The performed and above described membrane and parameter screening for the purification
of 7-NADA demonstrated clearly, that an initial screening is crucial for an efficient final
filtration process. The individual membrane behavior, the membrane material [187, 192,
193], hydrodynamic conditions [187, 188, 194] and the composition of the feed stream [188,
191, 192, 195, 196] influence the whole process due to their responsibility on concentration
polarization, gel layer formation, sieving effects, charge effects and fouling like adsorption,
cake building and pore blocking. In addition, these fouling and separation effects cannot be
traced back to only one parameter, but also arise from combinations of these and further
affecting each other [191, 197, 198]. This is supported by the fact, that nearly every fouling
effect is described for every filtration size. Thus, a prediction only narrows the membranes and
conditions and membranes to be tested, making a screening indispensable. In the following
subsection 4.3.2 the chosen membranes Synder V0.2, Synder MQ50 and Desal/GE DL were

used in the cascade process consisting of successive MF, UF and NF, respectively.

4.3.2 Purification of N~vy-acetyl-L-2,4-diaminobutyric acid from cultivation
with a filtration cascade

The filtration cascade, consisting of successively performed microfiltration (MF), ultrafiltra-
tion (UF), and nanofiltration (NF), follows the up-stream cultivation process in the 50 L

reactor with 1.0 M NaCl (see subsection 4.2.3). The prior screening of the membranes for

the three steps in subsection 4.3.1 resulted in the following membranes: Synder V0.2 for MF,
Synder MQ50 for UF and Desal/GE DL for NF. For each step the lower Qr of 10 L h™!
was chosen with a Appys of 3 bar, 2 bar and 10 bar for MF, UF and NF, respectively (see
Table 3.12). The cascade starts with processing the cultivation broth after cell separation
and disruption (see subsection 4.2.3 and Table 4.2) with a MF cross-flow step. The permeate

was collected and fed downstream in UF. Again, the UF permeate was collected for the

subsequent NF, where v-NADA was finally concentrated in the retentate.

Fach filtration step was monitored over the whole process time, which is presented in
Figure 4.13, Figure 4.14 and Figure 4.15 for MF, UF and NF, respectively. Temperature,

Aprar, QrF and Qp were recorded online, while permeate samples were analyzed periodically

according to subsection 3.2.6 to get first, a snapshot of the current permeation behavior and

second, a deeper insight into the long-term performance of the membranes and the respective

filtration step.
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Figure 4.13: First longterm MF process for the purification of y-NADA with the previously
screened Synder V0.2 membrane and with 3 bar and 10 L h™' for Aprus
and Qp, respectively (see subsection 4.3.1). permeate samples were taken
periodically over the process and v-NADA, protein and NaCl content was
analyzed as described in subsection 3.2.6. Temperature, Aprys, QF and Qp
were recorded online.

In each filtration step, Qr and Aprys were set to a value of 10 L h™! and the respective
pressure and thus remain constant over the processing time. The temperature was set to
45 °C in MF and 35 °C in UF and NF; however, it was beyond control. After a sharp
rise at the beginning of the process due to transport delay in the tubing, in both MF
and UF y-NADA and NaCl concentration in the permeate stay constant over time (see
Figure 4.13 and Figure 4.14) in the range of the respective feed concentration (see Table 4.3)

meaning a complete permeation of these feed components. In MF also, the permeating

protein concentration remains constant over time, significantly differing from the initial feed
concentration of 3.34£0.7 g L~!. Here, the protein was effectively retained and separated
from the target stream with a remaining protein concentration of 1.04£0.1 g L~! in the
final permeate suspension (see Table 4.3). This protein separation is nicely visualized in
Figure A.11; feed and concentrate sample shows a dense protein band, whereas, in the
permeate, the protein concentration is too low to be resolved. Comparing these results

with the screening in subsection 4.3.1 and Figure 4.10b, an even higher protein rejection and,

thus, a better purification of the process stream was obtained. Due to the accumulation of
the retained foulants on the MF membrane surface, membrane fouling and concentration

polarization occur likely, and thus, Qp decreases with ongoing process [191].
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Table 4.3: v-NADA, protein and NaCl concentration in the inset feed stream and the permeate and
concentrate after respective filtration step.

Process stream Microfiltration Ultrafiltration Nanofiltration

Cy—NADA  CProtein CNaCl Cy—-NADA CProtein CNaCl Cy—-NADA  CProtein CNaCl

gL' [gL'] M}  [gL7'] [gL7'] [M] [gL7'] [gL7'] [M]
Feed 2.540.3  3.3+0.7 02401 24401 1.240.0 02+0.0 1.840.0 1.4£0.0 0.2+0.0
Permeate 27401 1.0£0.1 0.2£0.1 24400 1.840.1 0.2+0.1 1.0£0.0 1.3£0.0 0.1£0.0
Concentrate 2.3£0.5  47+13 02£0.1 26+0.0 1.9£0.1 0.3£0.0 158+1.0 4.8+0.2 0.240.1

The same applies to the UF process in Figure 4.14. The set values temperature, Aprys
and Qp stay constant over the whole process time of 32 h, while Qp decreases to around
8 Lm~2 h~! due to membrane fouling. As mentioned above, 7-NADA and NaCl concentration
stay constant in the permeate samples (see Figure 4.14). Applied to both feed, permeate
and concentrate concentration do not differ significantly after the UF step (see Table 4.3),
meaning an unhindered permeation of these species. This is in good agreement with first, the
expected results due to the MWCO of the Synder MQ50 membrane and second, the results

from the membrane screening described in subsection 4.3.1. In the long-term experiment,

an even higher permeation for both species was obtained. In contrast to the screening in

subsection 4.3.1, in the long-term experiment, the MF step was performed upstream of the

UF. As described above, in the MF process, colloids and approximately 70 % of the protein
content were retained and thus, drastically lowering the fouling content for the UF step. A
higher foulant concentration has a negative impact on the fouling behavior of the membrane
(188, 199, 200], thus explaining the lower permeation of the solutes in the screening.

Regarding the protein content, the situation appears different. Throughout the process, the
protein concentration, shown in Figure 4.14, increases to 2.24-0.0 ¢ L™! in the last examined
permeate sample. Thus, the final cpyoein in permeate and concentrate after the UF step are
comparable with a concentration of 1.840.1 g L™! and 1.940.1 g L™, respectively, which

indicates that no protein is rejected. This is inconsistent with the findings in subsection 4.3.1

— here, a protein permeation of only 27.14+2.1 % under the chosen conditions was evaluated.
The concentration in the initial feed of 1.24:0.0 g L~! also does not fit the comparatively
high permeate and concentrate values, and thus, the mass balance does not work out. Yet,
the conclusions from the SDS-gel in Figure A.11 are better aligned with the expected results.
While the protein concentration in feed and permeate of UF' is below the resolution limit,
protein bands are visible in the concentrate, meaning a rejection of protein in UF indeed.
The discrepancies might originate from several reasons: firstly, the BCA-assay is not the
most accurate quantification method [201]. Since cppotein in permeate and concentrate in

Table 4.3 and the protein amount visualized in Figure A.11 differ, the BCA-assay as used
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Figure 4.14: Longterm UF process for the purification of v~-NADA with the previously
screened Synder MQ50 membrane and with 2 bar and 10 L h™! for Apras
and Qp, respectively (see subsection 4.3.1). permeate samples were taken
periodically over the process and v-NADA, protein and NaCl content was
analyzed as described in subsection 3.2.6. Temperature, Aprys, QF and Qp
were recorded online.

quantification method might be prone to errors when using complex solutions. Second,
the detected protein concentration in the permeate might result from small peptides which
can pass the membrane’s MWCO of 50 kDa, react in the assay [202, 203] but cannot be
resolved in the gel. As already described, the UF membrane screening was performed with
the supernatant of ultracentrifuged, lysed cell suspension (see section 3.2.4) and not with
permeate from previous MF. The feed composition in UF screening consists of 3.1 g L~!
v-NADA, 3.0 g L=! protein and 0.1 M NaCl, which differs from the feed content in the
longterm experiment (see Table 4.3), in particular for v-NADA and the protein amount.
The protein concentration might be more effectively reduced with the applied MF than with
ultracentrifugation. This alters the retention property of the downstream UF membrane and

explains the discrepancies between subsection 4.3.1 and the long-term experiment.

Going on in the process with the NF step shown in Figure 4.15, the set parameters temper-
ature, Aprys and Qp remain stable at their respective values of 35 °C, 10 bar and 10 L h—.
Yet, at around 22.7 h the recorded signals of Apras and Qr become noisy. Additionally,
the concentration of v~NADA and protein in the permeate change at the end of the process.
In the first hours, the constant v-NADA concentration in the permeate fits the rejection

values in the membrane screening (see Figure 4.12a). However, at some point in the process,
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the concentration in the permeate rises (see Figure 4.15). The same trend is observed
for the protein concentration in the permeate. The NaCl concentration stays constant at
around 0.2 M in the permeate samples throughout the process. This is also the measured
concentration in the initial feed sample (see Table 4.3). Thus NaCl permeates unimpeded

through the membrane. As already seen for MF and UF, Qp falls with the ongoing process.
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Figure 4.15: Longterm NF' process for the purification of v~-NADA with the previously
screened Desal/GE DL membrane and with 10 bar and 10 L h=! for Apras
and Qp, respectively (see subsection 4.3.1). permeate samples were taken
periodically over the process and v-NADA, protein and NaCl content was
analyzed as described in subsection 3.2.6. Temperature, Apry, QF and Qp
were recorded online.

As already mentioned above, the noisy signals of Aprys and QF may indicate damage or
even breakthrough of the membrane at approx. 22.7 h due to the sustained loading. Since
both protein and v-NADA were concentrated before, the high concentration in the permeate
samples compared to the feed (see Table 4.3) at 32 h is explainable. This could also explain
the relatively high v~-NADA concentration in the total permeate (see Table 4.3) compared to
expected values according to the NF membrane screening in Figure 4.12a. Nevertheless, a
final v-NADA concentration of 15.84:1.0 g L' is reached in the concentrate. As already seen
for the protein content in the UF step, the expected amount of permeated protein based on

the screening in subsection 4.3.1 does not match with the obtained protein in the long-term

experiment shown in Table 4.3. However, the untypical high concentration in the permeate
could be explained by the perceived problems in operation at the end of the process. But

again, the protein concentration in all process streams — feed, permeate and concentrate
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— does not fit the mass balance. Considering the SDS-gel in Figure A.11, cpyotein in the
concentrate (Table 4.3) does not match with the very light protein band.

Table 4.4: Balance of filtration cascade, for the target molecule v-NADA, consisting of serial MF,
UF and NF step. Cascade was performed with the respective membranes and conditions
from the screening in subsection 4.3.1. permeate of the prior step was used as feed in UF
and NF. Disrupted and stored suspension from the cultivation (subsection 4.2.3) was used
as feed in MF.

Process step  Cpefore Cafter Viefore  Vafter Mpefore  Mgprer  VCF CF Yield Recovery  Purity
L] [gL7'] [ (L] [g] [g] ] [ (%] (%] (%]
Microfiltration  2.5£0.3  2.7£0.1 5.2 3.6 13.2£0.3 9.5£0.1 1.5  1.5+0.2 72.4+£2.0  72.0£2.0 15.841.7
Ultrafiltration  2.44+0.1  2.440.0 3.5 3.3 8.4+0.1 7.9+0.0 1.1  1.0+£0.0 93.8£0.6  93.24+0.6 13.1+0.9
Nanofiltration  1.84+0.0 15.8+1.0 34 0.2 6.1+0.0 3.24£0.9 16.6 8.84+0.6 52.8416.3 24.0£16.4 44.84+16.3
Total 2.5+0.3 15.841.0 5.2 0.2 13.2+0.3 3.2£09 25.8 6.2+£0.9 242475 11.0+7.5  44.8416.3

Having previously considered each filtration step individually, the balance of the whole
filtration cascade to purify v-NADA from saline cultivation broth is shown in Table 4.4.
Here, the v-NADA concentration (c¢) and mass (m) before and after the respective step,
the processed volume (V), the volume concentration factor (VCF), the concentration factor
(CF), yield, recovery and purity of 7-NADA are presented for each filtration step and the
total cascade. As already described, cpefore and cqpier in feed and permeate of MFEF and
UF stayed in the same concentration range, since y-NADA permeates constantly unhindered
(see Figure 4.13 and Figure 4.14). In NF 4-NADA was finally concentrated to c,fer of
15.841.0 g L=! with a purity of 44.8416.3 %. Overall, 5.2 L of lysed cell suspension from
cultivation (see subsection 4.2.3) was processed and concentrated to a final V, ster of 0.2 L after
NF. Of the original myc e of 13.240.3 g v-NADA, my s, of 3.2£0.9 g could be recovered,
meaning a yield of 24.24+7.5 %. Most of the target was lost in MF and NF steps with a yield
of 72.442.0 % and 52.8+16.3 %, respectively. In UF, a yield 93.8+0.6 % was obtained in the
process. Since in both MF and UF v-NADA permeates without rejection, the operation mode

of filtration, namely cross-flow filtration (Figure 2.5b), is the main reason for the loss of the
target during filtration. Cross-flow filtration has the advantages of a better process control
[54], yet a tangential flow creates disadvantages. Some feed volume has to be preserved, and

some target is lost. An alternative to cross-flow could be dead-end filtration (see Figure 2.5a),

which is more detailed described in subsection 2.3.1. Here, the complete feed volume passes

the membrane while a dense filter cake is formed with an ongoing process [54]. Thus, no
volume loss occurs; however, the filter cake formation limits Qp and makes the filtration step
at some point uneconomic.

In the NF step, the reduced yield may result from the increased permeation at the end of the
process (see Figure 4.15). If the retention of the target would have maintained at the constant

level of approx. 0.5 g L™! and best at the level shown in Figure 4.12a in subsection 4.3.1, the

yield would increase significantly. Due to the dead volume of the filtration plant (Cube80-VA)
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in both permeate and concentrate, recovery and yield differ - when regarding the concentrate
in NF, less than half of the theoretical yield can be recovered (see Table 4.4).

In summary, the obtained results from the screening in subsection 4.3.1 could be mostly

applied to the long-term cascade process of subsequent MF, UF, and NF. However, fouling
in filtration processes occurs in mainly two steps (reviewed in [204]); thus, differences in

short- and long-term performance were expected. Here, Wang & Tang [187] showed that
the initial, sharp drop of Qp results from the interaction and thus adsorption of foulants
and the membrane surface; the long-term behavior of Qp results from the interaction of the
accumulated cake layer and remaining contaminants in the feed stream. Baker [205] even
defines a usual Qp in UF after the first drop - 50 L m~2 h™2. The slow decrease in Qp
results from secondary fouling. Both effects are dependent on the feed composition. This
reveals the benefits of the cascade filtration process; each upstream step minimizes the foulant
content in the next feed stream and lowers the fouling tendency. This positive effect is, for
example, shown by Alves et al. [206] for the purification of xylitol and Lai & Nguyen [190]
for the processing of fish sauce. Further, membranes’ lifetime depends on the overall loading
during the filtration process[207]. In the MF process (see Figure 4.13), a high concentration of
undissolved, lysed cell particles and other organic macro- and small molecules from cultivation

(see subsection 4.2.3) are present in the feed stream, which likely exceed the holding capacity

of the membrane. Thus, this process step was performed three times, which is the main
reason for the reduced yield in MF compared to UF (see Table 4.4). The intense loading
due to the long process time might also be the case of the disturbances in the NF step
(Figure 4.15). The more permeate volume is processed, the higher the fouling resistance
[191], and thus the exceeded capacity cause the observed inconsistencies. Although this was
assumed to be the main reason for the insufficient rejection and recovery of v-NADA in NF,
a further optimization for the used Desal/Ge DL membrane was performed and is discussed

in the next subsection 4.3.3.

An aspect, which has not been discussed here so far, is the potential behavior of v~NADA in
water and its effect on proteins during filtration. For the related compatible solutes ectoine
and hydroxyectoine, the formation of a defined hydration shell in water is described [21, 140].
Zeman et al. [23] further shows that the water structure, arranged around the solutes, is
stabilized with increasing concentration. Yet, it is also reported that salt can compensate
for the water-forming effect of ectoine due to its contrary impact on the water structure [20,

208]. Especially during NF (Figure 4.15), the concentration ratios of y~NADA with water
and salt changes during the separation process. An increasing v-NADA concentration and
a reduction of NaCl related to the compatible solute in the concentrate might, in theory,
increase the arranging of structured water molecules and, thus, the filtration resistance. This

effect would be beneficial for the retention of v~NADA in the concentrate, yet it would slow

81



4 Results and Discussion 4.3 Filtration cascade

down Qp and decrease the efficiency of the process. These effects cannot be clarified based on
the data shown here, although they might become relevant when a larger volume is processed.
Here, a higher concentration and desalination of v~NADA would be reached, and thus, effects

might become more dominant.

4.3.3 Optimization

After identifying the Desal/GE DL membrane in the nanofiltration screening (see sec-
tion 4.3.1) a more extensive optimization was performed. Since no effect of the feed flow
rate was detected in the screening, this parameter was set constant to 10 L h™'. The
temperature (T) and the transmembrane pressure (Aprps) were varied from 25 to 45 °C

and 5 to 40 bar, respectively, while the respective other was kept constant.
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Figure 4.16: Permeate flux dependent on T (a) and Apras (b). Cross-flow nanofiltration
was performed with the Desal/GE DL flat sheet membrane with a filtration
area of 0.0085 m? and a feed flow rate of 10 L h~!. Permeate flux J was
measured online via conductivity in the Cube80-VA system from SIMA-tec.

Figure 4.16 shows the resulting permeate flux Qp dependent on both, the temperature
(Figure 4.16a) and the transmembrane pressure (Figure 4.16b). Both, a higher temperature
and a higher pressure have a positive effect on Qp. While Qp increases linear with increasing
T, the impact of Aprys appears asymptotic to a maximum. However, the steeper rise of Qp
clarifies, that the effect of increasing Appys is more dominant than the effect of increasing T.
A higher applied transmembrane pressure compacts the membrane, which might result in a
more effective permeate flux through the pores [209]. Ménttéri et al. [210] support the effect
of T on Qp. Further, Bandini & Morelli [211] and Goulas et al. [209] consider it unlikely

that the pore size is affected by swelling through temperature effects. Supporting this, Tsuru
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et al. [212] explains the temperature effect for the filtration of neutral solutes as follows:
firstly, an increased temperature results in a reduced viscosity of the solvent and thus, in a
reduced membrane resistance. Secondly, water molecules adsorb to the membrane and pore
surface, restricting the available effective pore diameter. With increasing the temperature
the amount of adsorbed water molecules is reduced. Thus the effective pore size expands and
the permeate flux rises. Finally, the energy barrier generated by the pore wall friction can
be overcome more easily due to an increased thermal energy of the water molecules. Also
Goulas et al. [209] and Schmidt et al. [63] transferred these effects to their observation during

nanofiltration of sugar molecules.

Figure 4.17 completes the data described above with the dependencies of the rejection R;, the
fractionation purity AR; and the quotient of the flux QJg from temperature T and pressure
changes Apryr. The constant values are 35 °C and 10 bar when screening the respective
other. Further temperature and transmembrane pressure settings are shown in Figure A.14
and Figure A.15. Ryapa remains constant around 100 % rejection with both, increasing T
(see Figure 4.17a) and Aprys (see Figure 4.17b). Regarding the impurities, same is true for
the protein content. The rejection is not as effective as for y-NADA, however still a rejection
of 80 % is measured. In contrast, Ry,o; decreases slightly with increasing T and increases
from 0.3 to 0.6 with increasing Apras from 5 to 40 bar. Different transport mechanism
might be the reason for the divergent dependencies - convective transport is reported to be
dependent on Apryy, while diffusive transport is independent of Apzys [209, 213]. Further,
Roy & Warsinger [65] show in a model an decreased Ryqc; with increasing temperature
and explains it with changes in the membrane structure, and the solvent behavior. The
lower Ryqor and Rprotein and the higher Ryapa, the more effective is the desalting and
purification of 7-NADA in the nanofiltration process. This effect is further illustrated with the
fractionation purity AR; in Figure 4.17c and Figure 4.17d, which is defined in Equation 4.3.

ARz = RNADA_RImpurity H (43)

AR; is higher for NaCl than for the protein impurities over the whole temperature range,
meaning a better separation of the salt from v-NADA in the nanofiltration process. This
agrees with the high permeation of NaCl in contrast to the respective lower protein perme-

ation, already discussed in the screening in subsection 4.3.1 and the NF step in the cascade

process in subsection 4.3.2. As already seen in Figure 4.17a, R; does not differ much with

increasing temperature, thus also AR; is hardly affected (see Figure 4.17¢). Same constant

behaviour is seen for ARpyotein With varying Aprys. However with increasing Aprys to a
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maximum of 40 bar, ARy, is reduced by one third (see Figure 4.17d), originating from the
effect of Apryr on Ryacr discussed above.

The fractionation efficiency QJ; unites statements about both, quality and efficiency of the
process, since the permeability of the respective compound as well as the permeate flux are

considered, respectively (see Equation 4.4).

Qi = H (4

JNADA

In Figure 4.17¢ and Figure 4.17f the effect of temperature T and pressure Appys on Q.J; are

show, respectively. While QJ; of both, protein and NaCl impurities, constantly decreases
with increasing T, it has a local optimum at 10 bar when considering Appps. Same is true for
QJ; at 25 °C, however at 45 °C, the maximum shifts to higher Aprys (compare Figure A.15a
and Figure A.15b). Further, Figure A.14 shows a flattening of the temperature dependency
with increasing Appay.

As is it also described in Schmidt et al. [63] it is hard to define an optimum since increased tem-

perature and pressure positively affect the process efficiency (Figure 4.16a and Figure 4.16b)

but reduce the separation between the target v-NADA and the impurities NaCl and proteins
(see Figure 4.17). The best permeate flux is achieved with the highest T and the highest
Aprar; in contrast the best purification and desalting of v~-NADA were achieved at low
pressure conditions and at a room temperature of 25 °C. Since one of the major drawback

in the cascade process in subsection 4.3.2 was the v-NADA yield of the NF step probably

due to fouling at the end of the process, a suggestion for a better process would focus on
an reduction of fouling and increased separation of the feed components. Fouling is reduced
with lower Aprps, which would perfectly match with the better separation of 7-NADA and
contaminants. Since it was shown, that T did not have a very decisive impact on the rejection
R; and the fractionation purity AR;, this parameter could be increased to have the positive
effect in Qp.

Nevertheless, the cascade process in subsection 4.3.2 resulted in a final -NADA concentration
of 15.841.0 g L™, In the following section section 4.4, the crystallization of v~-NADA will be

discussed. Here, conditions are examined model solutions, yet, crystallization is also applied

downstream of the performed filtration cascade to obtain v-NADA with a high purity.
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Figure 4.17: Impact of the temperature T and the transmembrane pressure Apzj,s on the
rejection R; of 7-NADA, proteins and NaCl, the fractionation purity AR;
and the ratio of the permeate fluxes of NADA and the impurities - protein
and NaCl. The respective constant values were set to Apyy = 10 bar and
T = 35 °C. The nanofiltration membrane Desal/GE DL was used with a
feed flow rate of 10 L h™!. Results of the remaining setups are shown in
Figure A.15 and Figure A.14 for constant pressure and constant temperature,
respectively. 85
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4.4 Crystallization of Nvy-acetyl-L-2,4-diaminobutyric acid

4.4.1 Solvent identification

The choice of the right solvent in which crystallization of the respective substance should
take place is crucial for cooling and antisolvent crystallization. As in detail described in

subsection 2.4.1, both crystallization methods require a solvent in which firstly, crystallization

of the respective substance can in general take place and secondly, fits to the process

conditions to promise a high target purity and yield.

The first step is the identification of the solvent or solvent pair for cooling and antisolvent
crystallization, respectively. Hosokawa et al. [122] name a list of 15 solvents, commonly
used for the crystallization of small molecules such as v-NADA. First of all, to narrow the
experimental effort, a model-based pre-screening was performed to examine the solubility of
~v-NADA in the respective solvents in a temperature range up to 80 °C (see Figure 4.18a). On
the basis of quantum chemical calculations, the here used Conductor-like Screening Model
for Real Solvents (COSMO-RS) [214-216] simulates the thermodynamic characteristics of
the used solvents and the target species v~NADA. Also the maximum solubility in solvent
mixtures of water with either acetonitrile, methanol (MeOH), ethanol (EtOH) or propanol
at 25 °C was simulated (see Figure 4.18b).
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Figure 4.18: Temperature dependent (a) and solvent concentration dependent (b) solubil-
ity of NADA in different solvents, simulated with COSMO-RS.
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Figure 4.18a shows the solubility of 7-NADA, obtained with the COSMO-RS modeling
[215-217], for the examined solvents and temperatures, arranged with decreasing relative
polarity. Firstly, a temperature dependence of the solubility of v“~NADA in the different
solvents is visible, however differently pronounced. Secondly, the solvents with the highest
relative polarity, water, glycerol, MeOH, EtOH and acidic acid, are among the solvents with
the best solubility for 7-NADA. However, acetonitrile (ACN), dimethyl sulfoxide (DMSO)
and dimethylformamid (DMF), solvents with only a moderate relative polarity, show a even
higher solubilisation potential than MeOH and EtOH. In hexane and cyclohexan, the less
polar solvents, 7-NADA is nearly insoluble. In the simulation, the polarity of the solvent
appears to have an impact on the solubility, however does not allow a clear assignment and
prediction.

In antisolvent crystallization, the target molecule, which is dissolved in a appropriate solvents,
is solidified by adding a second solvent (antisolvent) with very poor solubility for the molecule
but a good miscibility with the first solvent [218]. Figure 4.18b shows the simulative results of
the solubility of 7-NADA in step-wise solvent fractions of ACN, MeOH, EtOH and propanol.
Since the solubility of 7-NADA in the pure solvents (see Figure 4.18a) was poor at 25 °C, the
decrease with increasing solvent fraction was expected. Adding EtOH and propanol show a
sigmoidal effect on the solubility with increasing fraction, while adding ACN results first in
a rise and then, at approximately 0.3, in a steep fall. Increasing the methanol concentration
has the lowest effect on the solubility, with MeOH, being the solvent of the four tested with

the comparatively highest solubility of 7-NADA.

The simulative pre-screening was performed to pre-select the most promising solvents and
thus, narrow the experimental effort. The solubility of v-NADA was experimentally studied
in the solvents showing the best solubility in the COSMO-RS simulative screening (see
Figure 4.18a): water, MeOH, EtOH and acetic acid. Glycerol was excluded, since the
high viscosity limits good processing and purification. Since in the process, y~NADA is
biotechnological produced with H. elongata AectC in high saline medium (see section 4.2),
the solubility was also examined in 1 M NaCl. The solubility of v~NADA in aqueous solvent
mixtures is in detail described later in subsection 4.4.3.

Figure 4.19 shows the temperature-dependent solubility of 7~NADA in the tested solvents.
In water, 1 M NaCl and EtOH the solubility rises with increasing temperature. In MeOH the
solubility decreases with increasing temperature, while in acetic acid, the solubility remains
temperature-independent. In pure ACN, v~NADA was not soluble at all, independent of the
applied temperature. In general, the solubility of most substances increases with increasing
temperature. This results from the definition of the enthalpy of solution. If the dissolution
reaction has a positive Gibbs free energy, is endothermic, the solubility increases with in-

creasing temperature and vice versa. Romero & Oviedo [219] present a comparable solubility
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Figure 4.19: Experimentally determined temperature-dependent solubility of 7—NADA
in different solvents. y~NADA was dissolved over night at the respective
temperature condition to saturation.

behavior for an y—aminobutyric acid in water with increasing temperature. Comparing
the solubility results from the COSMO-RS model and the experimentally measured ones,
the trend in general agrees - the solubility is highest in water and reduced in solvents like
EtOH and MeOH. Yet, the solubility data in the simulation were largely overestimated (see
Figure 4.18a and Figure 4.19). A high solubility of compatible solutes in H,O is characteristic

for this molecule class [132]. However, compared with related molecules, the solubility of v—
NADA in water is comparatively low - 96.44+1.9 g L= at 20 °C. Held et al. [220] describes
a significant higher solubility of ectoine and hydroxyectoine with 6.5 M and 7.2 M at 25 °C,

respectively. Yet, as can be seen in Table 4.1 in subsection 4.2.2, the maximum solubility

exceeds the required solute concentration for the cultivation and growth in 0.5 M NaCl
and 1.0 M NaCl by a multiple, not limiting the application of the H. elongata strain. The
effect of temperature on the solubility of v~NADA is especially high in EtOH. Here the
theoretical yield when performing cooling crystallization from 50 °C to 20 °C is approximately
81 %, while using H,O as crystallization solvent the yield is 22 %. However, H,O tends
to be the more appropriate solvent for the cooling crystallization of 7»~NADA, since the
whole biotechnological production and purification is performed in aqueous conditions (see

section 4.2 and section 4.3). Further, the amount of required solvent is reduced with higher

solubility and, in more or less all DSP steps, a higher initial start concentration results in a
better process yield. Also for ectoine different crystallization processes are described. Onraedt

et al. [221] shows the crystallization of ectoine in EtOH after concentrating and drying, while

in Sauer & Galinski [26] the crystallization is performed in H,O right after a chromatography

step. In the industrial production of ectoine, crystallization is used as final purification step

2.
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Comparing the solubility results from the COSMO-RS model and the experimentally mea-
sured ones, the trend in general agrees - the solubility is highest in water and reduced
in solvents like EtOH and MeOH. Yet, the solubility data in the simulation were largely
overestimated: for example 505.3 ¢ L™! in H,O at 50 °C compared to 129.440.5 g L~! at
the same conditions in the experiment (see Figure 4.18a and Figure 4.19). For carboxylic
acids Schroder et al. [222] describes an overestimation with COSMO-RS as well, yet less

pronounced. In the experiments, v-NADA was not soluble in ACN and less soluble in MeOH
than in EtOH, which not coincides with the model data. Discrepancies might originate from
several factors: the calculation requires the input of the compound structure, which might
not be accurate enough to simulate the solubility of the zwitterionic character of yv—NADA.
Further, the thermodynamic changes of the solvent behavior due to temperature changes
influence the theoretical calculation more dominant than in experiments. Thirdly, for the
calculation the hydrolyzed ectoine material (see Table 3.13) was used, which does not only
consists of v~NADA, but also of impurities. Thus, solubility of pure v—NADA might be
slightly higher; however checking the solubility with impurities illustrates better the process
conditions. Nevertheless, the COSMO-RS simulation model clearly gave an idea which
solvents might be suitable for the crystallization of v~NADA, yet for detail investigations
the experimental determination of the solubility was crucial. An alternative to COSMO-RS
simulation might be PC-SAFT which was for example used by Ruether & Sadowski [223] to
model the solubility of standard drugs in solvents and respective mixtures. Also Held et al.

220] used this method to determine the solubility of ectoine and hydroxyectoine in water.

Of all tested solvents, H,O was chosen as most suitable solvent for the cooling crystallization
of v~NADA. Firstly, H,O is cheap, easily accessible, environmentally harmless and thus, easily
disposable. Secondly, the concentration of v~NADA in H,O is temperature dependent; the
key aspect for using the solvent in cooling crystallization. Cooling a saturated solution from
50 °C to 20 °C would result in a theoretical yield of 25.54+1.5 %, according to the solubility
results in Figure 4.19. Thirdly, the biotechnological production of y~NADA is performed in
aqueous environment. As shown in Figure 4.19, the effect of 1 M NaCl on the maximum
solubility of v—NADA is negligible. Further, processing of the intracellular target with cell
separation, disruption (see subsection 4.2.3) and filtration (seesubsection 4.3.2) reduced the
NaCl concentration after NF' to 0.2 M (see Table 4.3). Thus, HyO represents the process

conditions very well and can be used in the following, ideal crystallization experiments to

develop a potent crystallization process for y-NADA.
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4.4.2 Cooling Crystallization

In the previous screening, discussed in subsection 4.4.1, H,O was identified as suitable solvent
for the cooling crystallization. To demonstrate not only the ability of v~NADA to crystallize,
but also to show a simultaneous purification, hydrolyzed ectoine material, kindly provided
by bitop AG (see Table 3.13), was used as substrate and saturated model solution. As
described in [224], this material consists of 49.242.5 wt% v NADA, 17.54+4.5 wt% a~NADA,
2.64+0.2 wt% ectoine and 30.8+1.1 wt% NaCl. Unless otherwise described, the hydrolyzed
material was dissolved at 50 °C overnight to maximum saturation in H,O. Supernatant was
subsequently cooled down to 20 °C under stirring conditions of 300 rpm to crystallize the
desired target yv~NADA.
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150 Supernatant after crystallization [] T 50
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(a) Standard batch cooling crystal- (b) Cooling crystallization with recycled, saturated
lization. crystallization solution.

Figure 4.20: Cooling crystallization of v~ NADA in H,O. Saturated solution was cooled
down from 50 °C to 20 °C at a constant impeller speed of 300 rpm. For
standard batch cooling crystallization (a) hydrolyzed ectoine material was
saturated over night in H,O. During recycled batch cooling crystallization (b)
remaining supernatant after crystallization was resaturated with hydrolyzed
ectoine material over night.

As shown in Figure 4.20a, the saturated solution of hydrolyzed ectoine material at 50 °C in
the standard batch cooling crystallization consist of 50.2+3.1 % v~NADA which corresponds
to a concentration of 118.2+4.1 g L~!'. NaCl, with a concentration of 1.24-0.1 M made up the
majority of the impurities and matching the cultivation condition described in section 4.2.
Since the solubility of y~NADA noticeably decreases with decreasing temperature (see Fig-
ure 4.19 in subsection 4.4.1) the dissolved fraction of the target molecule in the supernatant
is reduced to 40.94+2.6 % when cooling down the solution to 20 °C and let crystallization
occur for 21 h. The obtained v~ NADA crystals had a purity of 97.840.32 % and the yield of
the cooling crystallization step was calculated to 47.942.56 %. As described in Martin et al.
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[100], the obtained v~ NADA crystals from a standard batch cooling crystallization result in a
needle- to rod shape and are shown in Figure 4.21a. They occur relatively uniform in length
and thickness and do not cluster.

The above described yield mainly results from the temperature dependent solubility behavior
of the target, however several methods can be applied to increase the overall process yield:
cooling to lower temperature, seeding and a continuous setup. A continuous process was
tested with successively performed batch cooling crystallization steps, while resaturating the
recycled supernatant from the upstream crystallization with hydrolyzed ectoine material. As
in the first crystallization step (Figure 4.20a) mainly v~NADA crystallized, the resaturation
of the remaining supernatant resulted in a reduced amount of v~NADA in the saturated
crystallization solution of crystallization cycle 2 (see Figure 4.20b). The vacant solvent
molecules dissolve the provided substrate with the same distribution as in the first saturation
step. Since, the supernatant after crystallization is already enriched with impurities, the total
percentage amount of y~NADA decreases. The saturated solution consist of 30.843.0 % ~—
NADA at a concentration of 88.04+4.1 g L~!. The crystallization step did not significantly
reduce the amount of v~NADA in the supernatant and also the resaturation for the third
crystallization cycle did not change the percentage of the molecule in solution. The yield
was decreased to 21.6+15.1 % and 19.8+4.4 % in crystallization cycle 2 and 3, respectively.
Yet, the decrease in purity makes it clear that the obtained crystals consist more and more
of impurities, mainly NaCl (24.8+20.1 % and 41.344.6 % in cycle 2 and 3, respectively).
Darmali et al. [225] reviews the impact of low and high impurity content in the crystal
purity in continuous systems. In conclusion, the cooling crystallization of v~NADA from a
saturated model solution containing hydrolyzed ectoine material in H,O worked very well.
After only one process step, v~NADA was 97.84+0.32 % pure. Here, the NaCl conditions
(1.2+0.1 M) were even higher than in the cultivation (see section 4.2) or after processing
in the upstream filtration (see section 4.3). Enriching the recycled supernatant with new
substrate and again performing a cooling crystallization significantly reduced both, yield and
purity of the obtained crystals. This means for the process a continuous crystallization is
feasible, yet with some drawbacks, especially regarding yield and purity. If the process stream
after filtration already has a good purity, several continuous crystallization cycles could be

presumably performed without sacrificing yield and purity.

Impurities in general did not disturb the batch crystallization of yv~NADA. As it is shown
in Figure 4.21b, crystals of v~NADA are formed even in complex fermentation supernatant

after separation of the cells (see subsection 4.2.2), enriched with hydrolyzed ectoine material.

The crystals occur in the same needle to rod shape as in Figure 4.21a, however smaller in
size. Amongst other, the nucleation rate in general is dependent on the impurity content
[226], as it is for example shown by Rauls et al. [227]. Here, the nucleation rate increases

when the impurity content exceeds a certain level, thus more but smaller crystals occur. The
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(a) Coohng crystalhzatlon of v~NADA (b) Cooling crystalhzatmn of v~ NADA
in H,O. in fermentation supernatant.

Figure 4.21: 7~NADA crystals from cooling crystallization in H,O (a) and fermentation
supernatant after cell separation, described in subsection 4.2.2 (b). Saturated
hydrolyzed ectoine material was cooled down from 50 to 20 °C at 300 rpm
stirring in a mL-reactor system.

obtained yield remains comparable to the crystallization in H,O, yet it is difficult to make
a clear statement about the purity. HPLC analysis show some signals at 280 nm, indicating
protein or DNA inclusion in or deposits on the crystals. The smaller crystals and with this
the denser solid content complicates the washing step, thus, the organic impurity content
in the crystals might originate from the poorer washing conditions. The effect of impurities
on the species involved in crystallization and the crystallization itself is diverse: changes
in solubility and supersaturation conditions [227, 228], variation of solvent characteristics,
influencing nucleation [228, 229], crystal growth rates [230] and support side specific growth
and with this varied product morphology, polymorphism [231, 232] and crystal size [227].

A widely used method to achieve both, a faster and also a more effective crystallization of
the target molecule. Figure 4.22 shows the kinetics of the cooling crystallization process of
7-NADA, with different amount of seeding material. Erdemir et al. [92] recommends 0.1 - 1.0
% seed amount as seed slurry to prevent oiling-out and best control nucleation, yet examples of
more than 10 % seeding amount are reported [233]. As can be seen in Figure 4.22, the seeding
content was tested in the recommended range, however seeds were added in dry form. The
positive effect of the seeding crystals on the kinetics of the crystallization process is obvious.
The steep decline of supernatant concentration maps the crystallization of yv~-NADA. This
decrease occur much faster, the more seeds are used. As can be seen in Figure 4.21 and
is reported in Martin et al. [100], v~NADA crystallizes in needle-shape. Here, the growth
relevant surface of the crystals (tips of the needles) is low, thus more seeding material is in
general required [234]. Yet, especially the kinetic of the crystallization without any seeding

material stands out, since the begin of crystallization is shifted to much higher process times.
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Figure 4.22: Kinetic of the cooling crystallization process of v~NADA in H,O represented
by the supernatant concentration over the process time. Seeding material
consisting of 7-NADA crystals was used in different amount. Saturated
solution was cooled down from 50 to 20 °C and 300 rpm stirring.

Crystallization is in general hard to control. This is reflected in the data, since from approx.
4 h, supernatant concentration occurs bumpy and data from different seeding amount merges.
After 7 h, the equilibrium concentration is reached under mainly every seeding condition,
meaning the end of the crystallization process. Only the crystallization without seeding
material clearly requires longer process times, in this case over night. Decision on a seeding
condition might be a trade-off between control of the crystallization process, efficiency and
amount of probably expensive seeding material. Yet, the needle-shaped crystals of v~NADA
in general require more seeding amount [234] and the experiment in Figure 4.22 shows the

fastes crystallization with the highest seeding content of 1.47 %, seeding in this range is

recommended for the cooling crystallization of v-NADA.

In general, triggering the kinetic of the crystallization is crucial since longer process times
limit the efficiency of the process. In a lab-scale reactor system (OptiMax 1001 Synthesis
workstation, Mettler Toledo Inc) the effect of varied cooling rates (Figure 4.23a) and varied
impeller speed (mixing conditions, Figure 4.23b) on the crystallization kinetic were tested.
The focused beam reflectance measurement (FBMR) probe (Mettler Toledo Inc.) tracks
the particle formation in the crystallization process. Additionally, performing cooling crys-
tallization of v~NADA in a 500 mL reactor, validates the general scale-up ability of the

crystallization process.

Figure 4.23 shows the tracked crystallization of y~NADA in the reactor scale. As shown in
Figure 4.23a the cooling rate might affect the kinetic of yv~NADA crystallization, however no
clear statement can be made about an existing trend. While with a cooling rate of 10 K min™!

the visible crystallization starts after approximately 2 h, the longest initiating time is observed
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Figure 4.23: Cooling crystallization of v~NADA in H,O in 500 mL reactor system (Op-
tiMaz 1001 Synthesis workstation, Mettler Toledo Inc). Saturated solution
was cooled down from 50 °C to 20 °C with different cooling rates at a constant
impeller speed of 300 rpm (a) and with different varying impeller speed and
constant cooling rate of 10 K min~! (b).

with a cooling rate of 1 K min~!, approximately 5 h. When cooling the solution down with
0.1 K min~!, the crystallization starts in between. As already discussed above, control of a
crystallization could be challenging. This becomes clear with the time range of several hours
in which the y~NADA crystallization starts in Figure 4.23a. As no clear trend is visible, it
could be assumed that the cooling rate does not affect the v~NADA cooling crystallization,
yet the effect results more from less control of the nucleation in the reactor. Further, it is more
likely, that cooling rates affect the morphology of the product, however not discussed in detail
here. Yet, shown in Figure A.16, the observed morphology of the crystals do not change with
different cooling rates. In contrast, changing the impeller speed operation from a constant
speed of 300 rpm to an alternating sequence of 1000 rpm to 300 rpm significantly shifts the

crystallization start (defined by an increase of the FBMR counts) to a earlier process time (see
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Figure 4.23b). As mixing is intensified with a faster impeller speed, shear forces increase and
with this present crystals were crushed. Thus, available surface for ongoing crystallization
increases. Further, the nucleation rate could be triggered due to a changed mixing intensity
profile [234]. Comparing the cooling crystallization in the reactor in Figure 4.23 with the
small scale cooling crystallization shown in Figure 4.22 a comparable crystallization process
is observed. Not only do the kinetic of the unseeded small scale crystallization process in
Figure 4.22 is comparable to the up-scaled version with 10 K min~! (Figure 4.23a, but the
needle-shaped crystal morphology, shown in Figure A.16 are also similar (see Figure 4.21).
Thus, a scale-up of the cooling crystallization process of v~INADA is feasible. A better control
of the system can definitely achieved with for example seeding. The alternating changes in
stirring speed can further increase efficiency of the process, however attention should be paid
to the final size of the crystals. This affects downstream process steps, however needle-shaped
crystals in general have the drawback of being a more difficult initial situation for e.g. washing
and filtration [234].

4.4.3 Solvent Crystallization

As shown in Figure 4.19 the required concentration of 7-NADA to perform cooling crys-
tallization in aqueous solutions is very high compared to the reachable concentration of
15.8 + 1.0 g L1 after NF filtration (see Table 4.4 in subsection 4.3.2). The required saturated
concentration at 50 °C is 123.7 4 1.7 ¢ L™ for cooling crystallization in H,O. This means a

7.8 fold higher concentration after NF' as was reached, which is hardly possible with the used
filtration set-up. Thus, also antisolvent crystallization was examined, which is advantageous
regarding the mandatory concentration after NF' and further can be performed at room

temperature meaning no additional energy input.

Antisolvent crystallization in model solutions

As it was discussed in subsection 4.4.1, the pure solvents ethanol (EtOH) and methanol
(MeOH) showed a very poor solubility for 7~NADA in both, simulation (Figure 4.18a)
and experiments (Figure 4.19). Assuming that y~NADA is in general very low soluble in

polar solvent, a third potential antisolvent isopropanol (2-propanol) was included in the
examination of the antisolvent crystallization. Figure 4.24 shows the maximum solubility of ~-
NADA in increasing fractions of the antisolvents EtOH (Figure 4.24a), MeOH (Figure 4.24b)
and 2-propanol (Figure 4.24c) at 25 °C. Further the supernatant concentration when batch-

wise increasing the amount of solvent is shown for each solvent fraction, starting with
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a saturated 7-NADA concentration in H,O at 25 °C. The supersaturation according to

Equation 2.13 is shown over the solvent fraction.
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Figure 4.24: Maximum solubility, supernatant concentration after step-wise increasing
the solvent fraction and nascent supersaturation of v-NADA at 25 °C in
different solvent concentration using EtOH (a), MeOH (b) and 2-propanol
(¢). Maximum solubility was fitted with a cubic spline fit (1000 iteration) to
calculate supersaturation.

The maximum solubility of v-NADA decreases with increasing solvent fraction, valid for all
tested solvents. Here, a steep drop of solubility is observed at lower solvent concentration,
while the effect weakens with increasing solvent amount. In contrast, the supernatant
concentration when step-wise raising the solvent fraction follows a more sigmoidal behavior.
Thus, in a solvent concentration range from around 0.1 to 0.4, the supernatant concentration
exceeds the maximum solubility of the respective fraction. Here, a supersaturation greater
than 1 is generated and thus, nucleation and further crystallization can occur. This behavior
is important since the addition of antisolvent alone dilutes the saturated solution, thus the
maximum solubility of the component in solution should fall below the dilution concentration
to initiate a stable nucleation [235]. The behavior of v-NADA in the solvents EtOH and
2-propanol and the respective aqueous mixtures is very similar (compare Figure 4.24a and
Figure 4.24c). Here, the growing challenge of process control with increasing solvent fraction
becomes visible by the magnifying error deviation in the supersaturation. The behavior of
the target in the MeOH system generally occurs less controllable (Figure 4.24b). Standard
deviation of both, supernatant concentration when stepwise adding MeOH and the super-
saturation are high. This might result from the solvent handling, however a less controllable
system complicates the whole process. Yet, crystallization of v~NADA is proofed in all
examined solvents by the occurring solid material. The resulting crystals, shown exemplarily
for EtOH in Figure 4.25, have a needle-shaped appearance and look more branched with

increasing EtOH concentration (compare Figure 4.25a and Figure 4.25b). The same shape is
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also described for the cooling crystallization of v~NADA in subsection 4.4.2 and in Martin et

al. [100], yet the branched morphology might indicated polymorphism with increasing solvent

concentration (twinning reviewed in [99, 236, 237].

(a) EtOH fraction of 0.4. (b) EtOH fraction of 0.9.

Figure 4.25: Microscope pictures of v-NADA crystals after EtOH anti-solvent crystalliza-
tion at 40 % (a) and 90 % EtOH concentration (b). 1000x magnification.

As shown in Figure 4.24, supersaturation and crystallization can be performed with the
three tested solvents. EtOH was chosen as most promising solvent. Firstly, a clear division
between the maximum solubility and supernatant concentration is shown (see Figure 4.24a)
which enables crystallization. Secondly, EtOH is generally available, cheap and less harmful
if swallowed. The previous antisolvent crystallization experiments in Figure 4.24 were per-
formed with an initial, maximum saturated y-NADA solution in H,O at 25 °C. Yet, after NF
filtration a concentration of 15.8 + 1.0 g L=! 4~NADA was obtained (see subsection 4.3.2).

Thus, crystallization was performed with EtOH as antisolvent and with the undersaturated

starting conditions in a comparable range of the process: 15.340.2 g L™! v~ NADA and
0.16+0.02 M NaCl.

Figure 4.26 shows the obtained saturation of 7~NADA and NaCl (scatter plot) and the
supernatant concentration of the small molecule (line-symbol plot) when step-wise adding
EtOH. Until an EtOH fraction of 0.55 the y—NADA concentration in the supernatant
decreases almost linear with increasing EtOH volume just describing the dilution effect. In the
same context, the saturation level of v~NADA remains at the factor 1. At a solvent fraction
of 0.6, a drop of the saturation to a saturation of approximately 0.4 along with a drop of
the supernatant concentration was observed. With further increasing the EtOH volume, the
saturation was reduced to 0.1440.01, meaning a theoretical yield of 86 % at an EtOH fraction
of 0.9. The saturation of a 0.16 M NaCl solution in H,O increases slightly with increasing
EtOH fractions meaning no loss in the supernatant due to solidification. A future idea of the
process is an extracellular production of v~NADA with an H. elongata mutant. v~NADA

would be excreted to the surrounding medium with 1 M NaCl. As shown in subsection 4.3.2,
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Figure 4.26: Antisolvent crystallization with EtOH of v~NADA and NaCl in H,O at 25 °C,
starting in a concentration range adapted to the process concentration shown
in subsection 4.3.2: 15.34+0.1 g L=! 4~ NADA and 0.164+0.02 M NaCl. ~-
NADA and NaCl crystallization was performed independent of each other.

~v—NADA concentration in the retentate of the NF process was concentrated, but the NaCl
concentration stays constant. Thus, to prove the applicability of the crystallization process
also for the potential future conditions, a starting concentration of 1 M NaCl was validated,
resulting in nearly the same solubility behavior as with 0.16 M, however a slight decrease
in the saturation at a EtOH fractions of 0.9 was observed (see Figure A.17). The results
shown in Figure 4.26 clearly demonstrate firstly, the successful implementation of antisolvent
crystallization with EtOH for the crystallization of v~NADA from the concentrated solution

after NF (see subsection 4.3.2). Secondly, the simultaneous purification from the saline

environment was shown, since both applied initial NaCl concentration (see Figure 4.26 and
Figure A.17) stay in solution with increasing EtOH. It should be noted, however, that both,
v-NADA and NaCl experiment were performed independent of each other in HyO. Solution
from the process contain a mixture of both, v~NADA and NaCl, as well as other organic
impurities like small proteins and peptides, which could disturb the crystallization of vy—
NADA.

Antisolvent crystallization of v~-INADA from processed NF concentrate

The previously validated antisolvent crystallization with EtOH was subsequently performed

with the NF concentrate produced from H. elongata AectC cultivation (subsection 4.2.3)

and downstream filtration ( subsection 4.3.2). As can be seen in Figure A.18, neither step-

wise adding the solvent (see Figure A.18a and Figure A.18b), nor seeding (Figure A.18c) or

changing the antisolvent to 2-propanol (Figure A.18d) resulted in a successful crystallization
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of v~NADA. In none of the experiments the supernatant concentration of v~NADA falls

below the dilution concentration and thus, stays in solution.

The described process, consisting of the cultivation of H. elongata AectC in 1 M NaCl
and the filtration cascade, was performed a second time to obtain new NF concentrate.
After cultivation, the MF starts with a feed volume of 1.25 L. which resulted in 99 mL. NF'
concentrate containing 3.1540.05 g L~' v~ NADA. The reduced concentration compared to
the NF' concentrate in Table 4.4 was caused by the lower volume which was available in
this process. Since in NF, also protein is retained, here the obtained protein concentration

of 0.240.1 g L' is also lower compared to subsection 4.3.2. The NaCl concentration of

0.15+0.03 M is in a comparable range due to the unhindered permeation of NaCl, which was
shown in the NF process. To start with equivalent concentration conditions the concentrate
after NF was lyophilized and subsequently adjusted with H,O to the required concentration

range. As already described in subsection 4.3.2 the dead volume of the filtration system

Cube 80VA is high for the concentrate loop. Thus, the same above described procedure to
adjust the concentration was performed for recycled concentrate. Here, the recycled solution
contains 4.4740.05 g L~! 4+ NADA and 2.2640.35 g L' protein. NaCl was not quantified,

however, as shown in subsection 4.3.2, NaCl concentration does not change significantly over

the process. Thus, same amount as in the concentrate can be assumed.
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Figure 4.27: Triplicates of antisolvent crystallization of v~NADA after NF at 25 °C,
described in subsection 4.3.2. EtOH was used as antisolvent with an initial 45
% solvent step to exclude organic impurities and further step-wise increasing
the EtOH concentration to maximum of 0.85.

Figure 4.27a shows the antisolvent crystallization of yv~NADA from the adjusted NF con-
centrate. The initial solvent step to an EtOH fraction of 0.45 already reduces the v-NADA

concentration below the dilution line, indication a successful crystallization. At the highest
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EtOH percentage, 1.1441.05 g L~! remain in the solution and resulting in a theoretical yield
of 60.84+36.1 %. The remaining v~ NADA concentration is in very good agreement with the
solubility data shown in Figure 4.24a; 1.194-0.11 g L~! stay in the supernatant when step-wise
adding the antisolvent to the pure v~NADA solution. Similar behavior was observed with
the recycled NF' concentrate, shown in Figure 4.27b. At a EtOH fraction of 0.85 a slightly
reduced, theoretical yield of 52.24+27.3 % was achieved.

Downstream of the antisolvent crystallization, a cooling crystallization of the solution con-
taining an EtOH fraction of 0.85 was performed. Starting from 25 °C, the solution was cooled
down to 4 °C and stirred over night. In Table 4.5 amount of obtained v~NADA crystals is

shown.

Table 4.5: Comparison of obtained amount of v~NADA crystals from antisolvent and cooling crystal-
lization in NF concentrate. Theoretical mass refers to the calculated amount of v~-NADA
in the supernatant at the EtOH fraction of 0.45 and 0.85 to described the theoretical
yielded mass of v~NADA crystals. * theoretical yielded mass of concentrate 1 was excluded
from calculation

Sample Weight crystals  Yield Yield Purity Theoretical yielded
related to mass v-NADA
0.45 EtOH after antisolvent crystallization

[mg] [7%] (%] [%0]

Concentrate 1 27.29 29.4 72.79 89.6 -35.72

Concentrate 2 27.99 294 68.85 98.6 22.71

Concentrate 3 12.31 12.9 35.37 95.1 19.56

Total 22.53+8.86 23.94£9.5 59.01£20.56 94.44+4.6 21.23+2.23*

After cooling crystallization an average of 22.534+8.86 mg 7—NADA crystals was obtained
in the three experiments. Regarding the theoretical yielded mass of v—NADA, which is
calculated from the amount of v~NADA in the supernatant at an EtOH fraction of 0.85 and
0.45, 21.2342.23 mg could be obtained directly after antisolvent crystallization. Thus, the
additional cooling crystallization did not significantly improve the yielded amount of crystals,
which was 23.949.5 %. Nevertheless, obtained crystals showed a high purity of 94.4+4.6 %,

comparable with the purities from crystallization in model solutions in subsection 4.4.2. The

reduced yield might results from the set-up of the antisolvent experiment. After the initial step
adding EtOH to a fraction of 0.45, precipitate was discarded, assuming that only proteins
and organic contaminants are removed. The assumption was made based on the findings
in Figure 4.26, here v~ NADA crystallization did not occur until a solvent fraction of 0.55.
Further, unsuccessful antisolvent crystallization of NF' concentrate in Figure A.18 supported
the hypothesis, that until a certain EtOH concentration, no crystallization of v—~NADA occur.
Yet, as shown in Figure 4.27a at an EtOH fraction of 0.45, the v~NADA concentration in

the supernatant fell far below the dilution line, indicating an already started crystallization.
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Calculating the yield based on the amount of »~NADA in the supernatant at an EtOH
fraction of 0.45, 52.114+23.67 % were achieved. In conclusion, approximately 60 % of the
initial v~NADA after NF' got lost due to the set-up failure, however this step made the high
achieved purity possible. In summary, 67.6 mg y-NADA crystals were obtained from 90 mL
NF concentrate, however 99 mL were obtained after the NF' step. Thus, 74.4 mg v-NADA
crystals could be obtained as expected from 99 mL NF concentrate, originating from initial
2.75 L of cell broth from the cultivation of H. elongata AectC. Thus, in total, 27.1 mg L~*
~-NADA with a purity of 94.44+4.6 % were gained after the whole downstream process.

The significant difference in the starting conditions for the antisolvent crystallization shown
in Figure A.18 and Figure 4.27 is the difference in purity (compare Table 4.4 and Table A.1).
While NF concentrate, originating from 50 L cultivation (subsection 4.2.3) was 44.84+16.3 %
pure, the purity of NF concentrate of the process described above was 20.6+5.3 %. The

reduced purity did not result from a less performing filtration process, but from the lower
volume which was concentrated. Since NaCl permeates nearly unhindered in the NF' process,
thus stays constant in the concentrate, the purity depends on the final reachable v~-NADA
concentration, which is less, the less volume is processed. Yet, purity might be a reason
while the antisolvent crystallization was successful for only one of the conditions. As already
discussed in subsection 4.4.2, impurities shape the crystallization process [227] and in this
case, since the final v~ NADA purity is high, enhance process performance [230, 238]. A second
reason for the discrepancies in successful antisolvent crystallization might be the starting
concentration of 7~ NADA. The crystallization described here starts with 19.54+1.4 g L~!
7-NADA, while after NF from 50 L cultivation a concentration of 15.8 + 1.0 g L' (see

Table 4.4) was reached. For crystallization a critical saturation is key to initiate nucleation.

Thus, the slightly higher concentration could tip the scales in favor of a successful antisolvent
crystallization run. A better process control could be achieved with seeding, simultaneously
overcoming the drawback of reduced concentration since the metastable zone of nucleation
can be influenced [239].

Summed up, antisolvent crystallization and in detail antisolvent crystallization with EtOH
was proofed suitable for 7~-NADA purification, from both ideal aqueous solutions (Figure 4.24
Figure 4.26) and biotechnologically produced NF' concentrate (Figure 4.27). From NF
concentrate, 67.6 mg crystalline v~ NADA with a purity of 94.44+4.6 % was obtained, which
corresponds to a yield of 23.949.5 %. It became clear, that the upstream process step of
filtration shapes and affects the crystallization process, yet a better process control could be
reached with, for example, seeding. Since in the process set-up, an initial antisolvent step
to an EtOH fraction of 0.45 was performed, the yield could be drastically increased with a

smaller starting step. The total process will be in detail more discussed at the following.
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4.5 Downstream process for Nv-acetyl-L-2,4-diaminobutyric

acid

In the previous sections, the potential of the product y~NADA (section 4.1), the cultivation
of the producer strain H. elongata AectC (section 4.2) and the downstream processing with a
filtration cascade (section 4.3) and a subsequent crystallization (section 4.4) was demonstrated
and discussed. Here, the whole process will be discussed, thus not focusing on the preliminary

examinations.

H20 EtOH

fll—‘ v v v l

L) ==L

Figure 4.28: Production and purification process for v~NADA from saline fermentation of
Halomonas elongata AectC. Cultivation, filtration and crystallization are in
detail discussed in section 4.2, section 4.3 and section 4.4.

Figure 4.28 shows the whole performed production and purification process of the compatible
solute v~NADA from cultivation of H. elongata AectC in MM63 medium with 1 M NaCl.
The H. elongata strain, lacking of ectoine synthase (Figure 2.1) was cultivated in a batch
process. Up to now, v-NADA is produced intracellular [159], as also H. elongata wildtype
produces the native compound ectoine intracellular. In industrial production of ectoine a
leaky mutant is used, which excludes ectoine in the surrounding medium and thus ectoine
yield is not dependent on the obtained cell dry weight [2]. Yet, for v~NADA production, cells

were separated via centrifugation and with a disc separator for lab-scale (see subsection 4.2.2)

and pilot-scale cultivation (see subsection 4.2.3), respectively. Cell disruption was performed
with osmotic shock by adding H,O and additional freeze-thaw [118] to release the intracellular

small molecule. A filtration cascade consisting of a microfiltration (MF), ultrafiltration

(UF) and nanofiltration (NF) was performed downstream in cross-flow mode and the NF
concentrate was used in an antisolvent crystallization step. Here, EtOH was step-wise added
to solubilize v~NADA. An additional cooling step resulted in v~NADA crystals with a purity
of 94.4+4.6 %.
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The yield of the respective DSP steps are given in Table 4.2, Table 4.4 and Table 4.5. Since the

filtration process (subsection 4.3.2) was not performed with the whole volume from cultivation

(subsection 4.2.3 and final crystallization was performed with a newly processed cultivation

broth (subsection 4.4.3) a whole balance can only calculated theoretically. After cultivation of
H. elongata AectC a mass of 75.64+4.5 g 7—NADA was obtained. As the total filtration cascade
and the crystallization step result in a yield of 24.243.53 % and 25.5£1.9 %, respectively, a
theoretical final mass of v—NADA crystals of 3.240.3 g could be calculated. This results in a
overall process yield of 4.0+£1.7 %. The low total yield results mainly from three drawbacks.

Firstly, the set-up of the filtration plant which has a very high dead-volume compared to
the membrane size. Secondly, the membrane size defines the maximum load and thus limits

the processable feed volume. As is discussed in subsection 4.3.2 and is especially shown for

NF in Figure 4.15, the breakthrough of the membrane reduced the yield of the NF step
to 52.8+16.3 % (see Table 4.4). A larger membrane size thus would improve both, the
total processable volume and the processable volume per time, simultaneously making the
process more economic. Thirdly, as already described in section 4.4.3, loss in antisolvent
crystallization results from the initial solvent step to a fraction of 0.45. Here, organic
impurities, yet also v-NADA, solidifies, meaning a loss of 179 mg of y~NADA. Adapting
the antisolvent crystallization with this knowledge, a much higher, maximum yield of above
86 % could be obtained in the crystallization step and with this, the overall process yield
increases to 14.3+1.6 %. However, the high purity of over 94 % was probably just possible,
due to this initial step which separated remaining organic impurities.

As a further measure, UF step could be omit. Table 4.4 shows that with performing UF

no significant increase in purity was obtained, yet, as discussed in subsection 4.3.2, also the

limits of the protein analysis could be a reason for the missing effect. However, less process

steps in DSP always increase overall yield and financial expense.

As already mentioned, ectoine in large scale is produced with both, a leaky mutant and
the "bacterial milking” procedure [2]. As described in Sauer & Galinski [26], the "bacterial
milking” results in 155 mg g;jl . ectoine yield per process cycle. As osmotic shock works for
the release of v~NADA from the cells, the ”"bacterial milking” procedure is very likely also
applicable for the H. elongata AectC strain and with a final yY~NADA concentration in a batch
of 50 L of 0.35£0.02 g gZ};DW (Table 4.1 in subsection 4.2.2), the described yield for ectoine
[26] could theoretically be exceeded. Onraedt et al. [221] also showed a bacterial milking idea

for ectoine from Brevibacterium epidermis with first H,O and additional extraction cycles

with EtOH. To separate NaCl and ectoine, cooling crystallization in EtOH was performed
in repetitive cycles and a total process yield of 55%. Yet, the same observation of decreasing
crystallization efficiency due to increasing impurity content was made as described for ~—

NADA cooling crystallization in HyO in subsection 4.4.2. Ectoine extraction with aqueous

biphasic system from Halomonas salina is described by Wan et al. [240] and Ng et al. [241]
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with poly(propylene) glycol and ionic liquids, respectively. Here, ectoine was also previously
released from cells with osmotic shock. Both system are reported to gain high yields and
purities. Chen et al. [242] describes a DSP, which has more similarities to the current project
than those previously described and also the initial volume after cultivation is comparable to
that of yv~-NADA in subsection 4.2.3. Here [242], a filtration and desalination step is performed

as initial purification step after acidification for cell lysis. Ectoine is further purified with

chromatography, extraction and refining steps and the final yield and purity are described as
43 % yield and 95 %, respectively. Here, some steps require relative intense heating procedures

and thus energy consumption might be very high.
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Compatible solutes, produced by halophilic microorganisms, have a high potential in the
cosmetic and medical market. One of the most successful ones, biotechnologically produced
in tons per year with the producer strain Halomonas elongata, is ectoine [2]. The precursor
molecule Ny-acetyl-L-2,4-diaminobutyric acid (7-NADA) did not gain much attention yet.
However, in vivo and in vitro, its stabilizing characteristics are already described [27, 41,
42]. Recently, Ahmadi et al. [1] proved the applicability of the molecule to be polymerized
and act as drug delivery systems in dermal treatments, making the molecule more valuable
and opening up a market. As demand for the compound requires the supply, here, the
development and validation of both, a production process of v-NADA with a genetically

modified H. elongata strain (H. elongata AectC) and a downstream process (DSP) is shown.

Summary

First, however, the potential of v~NADA as a protein stabilizer was demonstrated. Compared
to the established compatible solutes ectoine, hydroxyectoine, and trehalose, v-NADA showed
the best thermal stabilization of BSA and streptavidin, two out of three tested proteins,
in every tested NaCl concentration. The third protein, amylase, was nearly unaffected by
the presence of ectoine, hydroxyectoine, and 7-NADA, yet with trehalose, the stabilizing
effect was significant, thus assuming a different stabilization cause. Overall, the potential of
~v-NADA as a stabilization additive was demonstrated, underlining the need for a potential
production and purification process. The producer strain H. elongata AectC, kindly provided
by Bundesanstalt fiir Materialforschung und -priifung (BAM), is lacking ectoine synthase
and thus accumulating 7-NADA as final, metabolic compatible solute [159]. The organism’s
required, intracellular compatible solute concentration depends on the surrounding salinity.
Thus, the effect of NaCl in the cultivation process was examined using 0.5 M and 1.0 M in
the cultivation medium. The final concentration of v-NADA increased almost linear with
increasing salt concentration, resulting in 0.6240.03 g L=! and 1.3040.18 g L=! in 0.5 M and
1.0 M NaCl, respectively. Related to the process time, which was 15.740.9 h and 22.540.3 h,
the space time yield increases from 0.0440.00 to 0.06+0.01 g L= h=!. This economic factor
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was the basis for deciding the higher salt content in the scaled-up process. Here, the up-
scale to 50 L was performed with constant aeration and high salt media. The growth rate
and process time remained constant compared to the lab-scale. Although, final ODggg was
reduced, the final v-NADA concentration increases to 1.5140.10 g L™ and with this the
space time yield increases to 0.074£0.00 g L=! h~1.

As initial DSP step, a filtration cascade with a microfiltration (MF), ultrafiltration (UF),
and nanofiltration (NF') should be implemented. First, a membrane and parameter screening
identified the most suitable membrane, fitting transmembrane pressure (Aprys) and feed
flow rate (Qp) for the respective filtration size. The decision was made based on the
permeation/rejection of v~-NADA and the impurities NaCl and proteins and the permeate
flow rate (Qp). Also, the cleanability and reusability of the membranes were considered. For
MF the Synder V0.2 membrane with a Aprys of 3 bar and a Qr of 10 L h™!, for UF the
Synder MQ50 with a Apras of 2 bar and a Qp of 10 L h™! and for NF the Desal/GE DL
membrane with a Apzys of 10 bar and a Qr of 10 L h™! were finally chosen. Yet, for MF
and NF, an optimization was performed, screening a broader range of Aprys, also including
temperature (7T) - 25°C, 35°C and 45°C. As Qr did not show a relevant effect on the filtration
performance, it was set constant to 10 L h=!. For MF, a higher T of 45°C was chosen after
optimization for the long-term and cascade process; for NF, a clear statement cannot be
made, since a higher T and higher Appys positively affects Qp, however, a lower T and lower
Aprar shows a better separation of species and less fouling. The finally screened parameters

and membranes for the cascade process are summarized in Table 5.1.

Table 5.1: Summary of filtration parameters in the longterm and cascade process to purify and
concentrate the process stream and separate v-NADA.

Filtration step Membrane type Qp [L h™!] Apry [bar] T [°C]

MF Synder V0.2 10 3 45°C
UF Synder MQ50 10 2 35°C
NF Desal/GE DL 10 10 35°C

The cascade process started with a MF and a feed volume of, in total, 5.2 L, yet fouling was
very pronounced, and thus, three filtration rounds had to be performed to process the total
volume. The permeate was collected and used as feed in UF. Here, the long-term filtration
process ran stable over the whole process time with an excellent yield of nearly 94 %. Again,
collected permeate was used as feed in the downstream NF. v-NADA was finally concentrated
and desalinated since NaCl permeates unhindered. However, NF showed that the maximum
load of a flat sheet membrane is limited, as a breakthrough was observed at the end of the
process. Yet, a final concentration of v-NADA of 15.841.0 g L~ was obtained, which was

the starting condition for the subsequent antisolvent crystallization.
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Suitable solvents for both cooling and antisolvent crystallization were initially screened to
design a potent crystallization process. Here, H,O combined a temperature-dependent
solubility and the fact that v-NADA is biotechnologically produced and processed in an
aqueous medium. Thus, H,O was chosen as a suitable solvent for cooling crystallization. As
the solubility of v-NADA was high in H,O and low in EtOH, changes with increasing EtOH
fractions and performed well in crystallization-pretests, EtOH was selected as antisolvent
to crystallize v-NADA from the aqueous surrounding. Cooling crystallization, under the
conditions of cooling from 50°C to 20°C and 300 rpm constant stirring, was performed with
model solutions consisting of saturated v-NADA and several foreign species: ectoine, a—
NADA and NaCl. Here, a purity of 97.8+0.32 % and a yield of nearly 48 % was reached,
yet when performing in a continuous set-up, process efficiency significantly decreases to
lower purities and yield. Seeding and increasing shear forces with changing impeller speed
fastens the crystallization kinetics. However, cooling crystallization at this point was not
applicable for the process stream from NF), as the concentration was too low. Thus, antisolvent
crystallization with EtOH was performed. Here, pretests with saturated v-NADA solutions
showed a good crystallization behavior when decreasing the concentration to the process
conditions. The crystallization of -NADA from NF concentrate and an additional cooling
crystallization to 4°C resulted in 67.6 mg crystals with a purity of 94.44+4.6. Yet, as a large
proportion of 7-NADA was accidentally lost in the first solvent fraction step, the yield was
reduced to 24 %. The overall process yield was theoretically calculated to 4.0+1.7 %. The
significant drawbacks were identified as the loss in the crystallization step and the set-up
of the filtration plant, as here, a high dead volume was accepted. Nevertheless, a proof of
concept for the DSP of v-NADA from H. elongata AectC was demonstrated, which overcomes
more energy intense process steps like electrodialysis or extraction. In the following, potential

next steps are discussed.

Outlook

Regarding the shown production and purification process of v-NADA | future attention should
be paid to improving process yield and efficiency. The process yield generally depends on the
initial concentration and overall amount of the target in the process. Thus, the cultivation
and production process for v-NADA should be improved. As 7-NADA is intracellularly
produced by H. elongata AectC, the 'bacterial milking’ procedure, where the solute is washed-
out in regular passages with osmotic down-shocking [2, 26], could improve space-time-yield.
After each cycle, the enriched supernatant is collected, and cells are reused in the next
producing cycle. Another process improvement would be a fed-batch cultivation (compare

subsection 2.2.1). Here, side products due to a high initial glucose concentration would

be reduced, and the substrate would be directed to the solute production. Additionally,
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an overall higher cell content and, with this, a higher target concentration could be easily
obtained. Further, the feeding strategy in fed-batch cultivation could take advantage of
the salt dependence of v~-NADA production. The initial batch could start with a NaCl
concentration at the maximum growth rate for maximum cell amount. The subsequent feeding
could increase NaCl in the cultivation by feeding both substrate and NaCl, thus increasing
target production. This would be comparable to bioprocesses, where protein expression is
controlled by an operon and can be induced with a specific agent. Further, if a leaky-mutant
for v~-NADA could be designed, the production of the target is independent of the biomass
content, resulting in a higher product concentration [2]. Further, NaCl in the system could
be reduced as no intracellular solute limit is reached, and thus growth rate increases, which
is advantageous regarding the efficiency of the process. The cultivation of H elongata AectC
could be more sustainable when taking advantage of the high salt concentration required.
With this, the requirements for sterility are very low, and open, continuous, non-sterile
processes might be possible. Further, the use of waste or sea water instead of defined medium
compositions would develop the process in the right, more economical, and ecological direction
7. 8]

If a potential leaky strain would be used in cultivation, the MF step could be directly
integrated into the cultivation process and separate the enriched supernatant from the
cells without needing a cell separation step such as centrifugation. Here, the high NaCl
conditions, which the halophilic strain requires, almost exclude the risk of contamination on
the membrane system. This application would also be possible when performing the 'bacterial
milking’ procedure, but the advantage of less contamination risk no longer exists. In general,
the filtration cascade and the obtained yields could more or less easily be improved by scaling
the membrane size to a more preparative scale. This would increase the permeate flux Qp,
increase the maximum load the membrane can tolerate, and thirdly, losses due to dead volume
could be reduced with another setup. Another idea to decrease the dead volume, at least
in MF, would be changing from cross-flow to dead-end mode. Here, the drawbacks of an
increasing filter cake and with this decreasing QQp have to be taken into account, yet the
whole process volume after cell lysis would be yielded in the permeate [243]. However, above
a specific process volume, the relative dead volume becomes negligibly small, which in turn
would make a cross-flow setup advantageous. As UF did not show relevant improvement of
the purity of v~-NADA it would be worth checking if skipping the UF step and performing
NF directly after cell debris separation in MF would show the same process performance.
FEconomizing a process step, in general, increases yield and efficiency of a DSP.

The yield of a cooling crystallization process is typically dependent on the temperature
dependence of the molecule in the solvent - the steeper the solubility curve, the higher the
theoretical yield. Yet, a high solubility is also advantageous as less solvent is needed for
saturation. Since y-NADA is produced in aqueous conditions, choosing H,O as solvent is

obvious. However, the efficiency of the process could be increased with faster nucleation and
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crystallization kinetics, e.g., more focus on seeding and parameter settings in the process.
Another setup and a scale-up for the antisolvent crystallization, which was finally performed
as the final process step in the biotechnological production of v~-NADA, would round off the
process. Antisolvent crystallization was yet only performed in lab-scale of 5 mL; a scale-up
would bring the idea closer to industrial conditions. Further, the crystallization of v~-NADA
has been performed only in a batch-setup. However, adapting the process to a continuous
workflow would benefit from fewer batch-to-batch variations and better control. Here, the
process setup could be adjusted to, for example, a plug-flow setup [108, 244] (compare

subsection 2.4.3) - various strategies are conceivable: Alvarez & Myerson [108] demonstrated

better control of the crystal size of the amino acid L-glutamic acid with a customized PFR
for antisolvent crystallization, but also a PFR setup with several temperature sections, as
modeled by Kwon et al. [107], could be an option. The obtained y-NADA crystals also
require more examination, yet needle-shaped morphology and crystal structure were shown
in Martin et al. [100]. However, relevant process characteristics like crystal size distribution
(CSD), metastable zone width (MSZW), and thermodynamic examinations have not been
considered yet. All could contribute to gaining more quality control over the crystallization
process and shaping the final solids to suitable morphology.

Finally, the application range of 7-NADA should be further investigated. The potential of
7-NADA to stabilize several proteins was shown here. Ahmadi et al. [1] opened up another
field and demonstrated that polymerized v-NADA can act as drug delivery system for dermal
treatment. Several other applications are possible, as the potential and application of other

molecules of this class are shown and reviewed various times.
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-

Concentration of solute

(a) Batch reactor.

Figure A.1: Schema of operation modes for crystallization.

R

Time/Stages

(b) CSTR/MSMPR.

Concentration of solute

(c) PFR.

While in the standard

batch reactor (a), a batch process happens, continuous stirred-tank reactor
(CSTR)/mixed suspension mixed product removal (MSMPR) and plug-flow
PF) reactors are used for a continuous process. Adapted from Hu [109]

Table A.1: Balance of filtration cascade, for the target molecule v-NADA, consisting of serial MF,
UF and NF step. Cascade was performed with the respective membranes and conditions
from the screening in subsection 4.3.1. permeate of the prior step was used as feed in UF
and NF. Filtration was performed with the broth from H. elongata AectC cultivation in
MM63 medium with 1 M NaCl (data not shown).

Process step  Cpefore Cafter Viefore Vafter Miefore Mafrer VCF CF Yield Recovery Purity
gL' [gL7'] [L] (L] (g] lg] [l ] (%] (%] (%]
Microfiltration  2.3+£0.0  2.54+0.1 1.2 0.8 2.7£0.0 2.0+£0.1 1.5 1.1+0.0 75.243.8 74.9+1.1 13.0+1.1
Ultrafiltration ~ 1.84£0.0  2.14+0.3 0.8 0.6 1.440.0 1.3+0.2 1.3  1.240.1 94.5+18.1  80.8+0.0  10.1£5.2
Nanofiltration ~ 1.54£0.0  3.36+0.0 0.6 0.1 1.0+£0.0 0.3£0.0 64  2.240.0 724446 34.240.5 20.6+£5.3
Total 2.3+£0.0 3.36+0.0 1.2 0.1 2.740.0 0.3+£0.0 11.9 1.5+40.0 26.14+1.7  12.3+0.2 20.6+5.3
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Figure A.2: Three dimensional orientation of v~NADA molecules in the crystal lattice.
Atoms are assigned as followed: carbon (C) as black, hydrogen (H) as white,
oxygen (O) as red, and nitrogen (N) as blue. Adapted from [100].
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Figure A.3: Percentage difference in thermal unfolding temperature AT, between stabi-
lized protein with the compatible solutes ectoine (a), hydroxyectoine (b) and
v-NADA (c¢) and native protein stability in a NaCl range of 0 - 1.0 M. All
experiments were performed in 10 mM potassium phosphate buffer pH 7.6
with 0.5 ¢ L~! protein and 0.5 M compatible solute.
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Figure A.4: Unfolding temperatures of 0.5 g L~' BSA with 0.5 M of various compatible
solutes at 0, 0.1, 0.5 an 1 M sodium chloride in 10 mM potassium phosphate

buffer pH 7.6.
20 2.0
A[] H. elongata AectC A
0f H. elongata AectC c38
ﬁ ~—
15 | 415 4
(o]
c
A R
i s
Sl 110 E
£ 10 . 10§
© 5
[&]
A S
5| {05 <
Z

8
4 16 18 20 22
Process time, h

Figure A.5: Cultivation of H. elongata AectC and H. elongata AectC ¢38 in MM63
medium, supplemented with 15 g L=! glucose and 1 M NaCl. Cultivation was
performed as described in subsection 4.2.2 in 1.5 L. working volume. Scatter
plot and bar charts represent ODgog and 7-NADA concentration, respectively
for the respective H. elongata mutant.
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Figure A.6: Mass loss and heat flow per biomass data from thermal gravimetric analysis
(TGA) for the calculation of OD-AFDW correlation (Figure A.7 and Fig-
ure 4.5) of H. elongata AectC (a) and H. elongata AectC 38 (b) cultivation
in MM63 minimal medium with 1 M NaCl. Increasing sample ODggq is shown
in increasing grey scale.
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Figure A.7: Correlation of the optical density ODggo and the ash free dry weight AFDW
of Halomonas elongata AectC ¢38, cultivated in MM63 minimal medium with
1 M NaCl.
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(a) 038 in exponential phase. (b) 038 in stationary phase.

Figure A.8: H. elongata AectC 038 in both, exponential and stationary phase grown in LB
complex medium with 1 M NaCl. Microscope pictures were taken in phase-
contrast mode, 40x magnification and additional 2.5x optovar magnification
(Azio Observer 7, Carl Zeiss Microscopy Deutschland GmbH, Oberkochen,
Germany).
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Figure A.9: Rejection and permeation of NaCl and protein in the membrane screening
under the respective conditions for the different filtration pore size; microfil-
tration(a), ultrafiltration (b) and nanofiltration (c)
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Figure A.10: Permeat flux during the screening of microfiltration (a), ultrafiltration (b)
and nanofiltration (¢) membranes at the respective TMP and Qp conditions.
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Figure A.11: SDS-page of filtration cascade process showing the protein content in the
respective feed (F), permeate (P) and concentrate (C) samples.
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Figure A.12: Second longterm MF process for the purification of v-NADA with the pre-

viously screened Synder V0.2 membrane and with 3 bar and 10 L h—! for
Apry and Qp, respectively (see subsection 4.3.1). Permeate samples were
taken periodically over the process and v-NADA, protein and NaCl content
was analyzed as described in subsection 3.2.6. Temperature, Aprys, QF and
Qp were recorded online.
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Figure A.13: Third longterm MF process for the purification of 7-NADA with the pre-
viously screened Synder V0.2 membrane and with 3 bar and 10 L h—! for
Apry and Qp, respectively (see subsection 4.3.1). Permeate samples were
taken periodically over the process and v-NADA, protein and NaCl content
was analyzed as described in subsection 3.2.6. Temperature, Aprys, QF and
Qp were recorded online.
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(d) Aptm = 40 bar.

Figure A.14: Impact of the temperature on the rejection R;, the fractionation purity ARg
and the ratio of the permeat fluxes of NADA and the impurities - protein

(QJprotein) and NaCl (QJnaci) at 5 bar (a), 20 bar (b), 30 bar (c¢) and
40 bar (d) transmembrane pressure Aptm.
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Figure A.15: Impact of the transmembrane pressure on the rejection R;, the fractionation
purity ARg and the ratio of the permeat fluxes of NADA and the impurities
- protein (QJprotein) and NaCl (QJyaci) at 25 °C (a) and 45 °C (b).

152



A Appendix

(a) 0.1 K min~

(b) 1 K min—

(c) 10 K min~!

Figure A.16: Selection of inline microscopy picture (particle vision and measurement,
PVM; Mettler Toledo Inc.) of the v~NADA crystallization process in a
500 mL reactor system (OptiMazx 1001 Synthesis workstation, Mettler Toledo
Inc). Crystallization was performed in H,O with cooling a saturated solution
of hydrolyzed ectoine material from 50 to 20 °C with different cooling rates
of 0.1 K min™! (a), 1 K min™! (b) and 10 K min~! (c). Stirring was set
constant to 300 rpm.
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Figure A.17: Saturation of NaCl in H,O with increasing EtOH fractions.
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(a) Standard antisolvent crystallization.
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(c) Crystallization with seeding.
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(d) Crystallization with isopropanol.

Figure A.18: Antisolvent crystallization of NADA from fermentation after nanofiltration.
EtOH was used as antisolvent with an initial 45 % solvent step to exclude

organic impurities.
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