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Abstract 
In the past, several methods have been developed to improve the application of the biocatalysts, 
such as immobilizing enzymes on support materials to ensure reusability, improve stability, 
and maintain their activity. Furthermore, the use of non-aqueous media and genetic engineering 
has been applied to further enhance the enzyme performance with respect to stability, activity 
and selectivity. However, the evaluation of additional or synergistic process parameters is still 
part of research with the aim of enabling the application of enzymes in chemical synthesis. 
Recently, the application and effect of high hydrostatic pressure (HHP) to enzymatic catalyzed 
reactions is becoming increasingly important. This thesis explored the synergistic potential of 
combining common and innovative methods to improve enzyme performance with superior 
stabilization and enzyme activity, thereby contributing to the development of more efficient 
biocatalysts. 
In order to investigate the effect of HHP on three different enzymes, a reactor concept was 
designed first. A continuously operated packed bed reactor (PBR) was selected to fulfill the 
requirement for continuous operation as part of process intensification and to enable quick and 
easy adjustment of process parameters. An appropriate immobilization method was developed 
for two selected lipases to ensure their application in a packed bed reactor (PBR) with the 
highest loading of the enzyme immobilizates possible. In particular, mechanical stability during 
continuous reactor operation under ambient and high hydrostatic pressure conditions and the 
leaching of enzymes from the carrier were investigated. After the establishment of the HHP 
reactor system, the influence of HHP on the enzyme performance including enzyme stability, 
activity, selectivity and kinetic parameters was investigated representing the core of the thesis.  
Three industrially relevant enzymes, Candida rugosa lipase (CRL) and Candida antarctica 
lipase B (CalB) from enzyme class 3 (EC 3), as well as Ruegeria pomeroyi polyphosphate 
kinase (PPK) of EC 2 were chosen to investigate the impact of HHP of up to 1200 bar. This 
investigation aims to determine the intra- and inter-enzyme-class-specific effects of HHP on 
the enzyme properties. 
Particularly, the lipase-catalyzed transesterification reaction was used for a detailed study of 
the effect of HHP, as it allowed the investigation of both stability and activity changes, as well 
as changes in selectivity. This was of great interest as regio- as well as enantioselectivity 
differentiates enzymes from chemical catalysts. Additionally, the investigation included the 
effect of HHP on the kinetic parameters and characteristics of CRL. The resulting kinetic 
parameters vmax, KM,vin, KM,PP and Ki,vin were adapted to the experimental data using Michaelis-
Menten type kinetics at ambient and high pressure. 
HHP was investigated as a synergistic and possible process intensification parameter for the 
cofactor regeneration process catalyzed by the industrially relevant PPK. The applicability of 
the enzyme immobilizates and their performance in a continuously operated reactor system 
were studied and compared with results obtained in a discontinuously operated stirred tank 
reactor (STR). 



 

 

 

II 

Therefore, the objective of this work was to conceptualize and investigate the operability of a 
continuously operated high pressure reactor system. The influence of HHP on different classes 
of enzymes was investigated as a complementary process parameter in the conceptualized 
reactor system. 



 

III 

Kurzzusammenfassung 

Verschiedene Methoden zur Verbesserung von Biokatalysatoren, wie die Immobilisierung von 
Enzymen auf Trägermaterialien, wurden entwickelt, um die Wiederverwendbarkeit zu 
gewährleisten und die Stabilität sowie die Aktivität zu verbessern. Darüber hinaus werden 
nichtwässrige Medien und Gentechnik eingesetzt, um die Leistung von Enzymen in Bezug auf 
Stabilität, Aktivität und Selektivität zusätzlich zu verbessern. Heute gewinnt die Anwendung 
von hohem hydrostatischem Druck auf biologische Reaktionen als zusätzlicher 
Prozessparameter in verschiedenen Bereichen der Biotechnologie zunehmend an Bedeutung. In 
dieser Arbeit wurde das synergetische Potenzial der Kombination dieser Methoden zur 
Verbesserung der Enzymleistung untersucht, um eine höhere Stabilität und Enzymaktivität zu 
erreichen und so zur Entwicklung effizienterer Biokatalysatoren beizutragen. 
Um den Einfluss des hydrostatischen Drucks auf drei ausgewählte Enzyme – zwei Lipasen und 
eine Kinase – untersuchen zu können, musste zunächst ein geeigneter Reaktortyp entwickelt 
werden. Um kontinuierlichen Betrieb zu gewährleisten wurde ein Festbettreaktor (engl. packed 
bed reactor; PBR) ausgewählt, der eine schnelle und einfache Anpassung der Prozessparameter 
ermöglicht. Anschließend wurden die ausgewählten Enzyme immobilisiert, um ihre 
Verwendung im PBR zu ermöglichen. Um eine möglichst hohe Beladung der 
Enzymimmobilisate zu erreichen, wurde eine geeignete Immobilisierungsmethode für die beiden 
ausgewählten Lipasen evaluiert. Um sicherzustellen, dass die Immobilisate für den Einsatz im 
kontinuierlichen Reaktor geeignet waren, mussten verschiedene Parameter und Effekte 
untersucht werden. Insbesondere galt es, die mechanische Stabilität der Immobilisate während 
des Reaktorbetriebs zu gewährleisten und ein Verlust der Enzyme vom Träger auszuschließen. 
Nach dem Aufbau des Hochdruckreaktorsystems, der Charakterisierung der 
Enzymimmobilisate und der Sicherstellung ihrer Verwendbarkeit wurde die zentrale 
Forschungsfrage dieser Arbeit umgesetzt: die Untersuchung des Einflusses des hohen 
hydrostatischen Drucks auf die enzymatische Leistungsfähigkeit. Dazu wurde der Einfluss des 
hohen hydrostatischen Drucks auf alle wichtigen Eigenschaften der Enzyme, wie Stabilität, 
Aktivität und Selektivität, untersucht und die kinetischen Parameter ermittelt. 
Drei Enzyme von industrieller Bedeutung wurden ausgewählt, um zu untersuchen, wie die 
Anwendung von HHP bis zu 1200 bar diese Eigenschaften innerhalb einer Enzymklasse und 
für verschiedene Enzymklassen beeinflusst: die Lipasen Candida rugosa Lipase (CRL) und 
Candida antarctica Lipase B (CalB) aus der Enzymklasse 3 sowie die Ruegeria pomeroyi 
Polyphosphat Kinase (PPK) aus der Enzymklasse 2. 
Die Lipase-katalysierte Umesterungsreaktion war für die detaillierte Untersuchung des 
Druckeinflusses von besonderem Interesse, da neben dem Einfluss auf Stabilität und Aktivität 
der Enzyme auch die Änderung der Selektivität untersucht werden konnte. Die Selektivität ist 
eine der herausragendsten Eigenschaften von Enzymen gegenüber chemischen Katalysatoren 
und muss daher besonders berücksichtigt werden. Der Einfluss des Drucks auf die kinetischen 
Parameter der CRL wurde zusätzlich untersucht, Die resultierenden kinetischen Parameter 
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vmax, KM,vin, KM,PP und Ki,vin wurden mit Hilfe der Michaelis-Menten-Kinetik bei Umgebungsdruck 
und hohem Druck an die experimentellen Daten angepasst, um den Einfluss auf die kinetischen 
Eigenschaften von CRL zu bestimmen. 
Der hydrostatische Druck wurde darüber hinaus auch als möglicher 
Prozessintensivierungsparameter für die industriell relevante PPK und deren katalysierte 
Cofaktorregeneration untersucht. Die Eignung des Enzymimmobilisats und die 
Durchführbarkeit der Reaktion im kontinuierlich betriebenen Reaktorsystem wurden 
untersucht und mit den Ergebnissen aus dem diskontinuierlich betriebenen Satzreaktor 
verglichen.  
Das Ziel dieser Arbeit war es, ein kontinuierlich betriebenes Hochdruckreaktorsystem zu 
konzipieren und auf seine Funktionsfähigkeit hin zu untersuchen. Darüber hinaus wurde der 
Einfluss von HHP auf verschiedene Enzymklassen als ergänzender Prozessparameter für 
verschiedene Enzyme in dem konzipierten Reaktorsystem untersucht. 
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1. Introduction 

Biocatalysts are often used as an alternative to chemical catalysts in a wide range of reactions 
and processes. The use of biocatalysts, such as enzymes, instead of chemical catalysts, offers 
several advantages. They possess high activity at typically milder reaction conditions, which 
leads to reduced energy costs in many applications. Furthermore, enzymes are mainly reaction, 
substrate and regiospecific as well as enantioselective. However, a major drawback is their 
sensitivity to harsh reaction conditions such as high temperature, extreme pH, and aggressive 
chemicals.1–3  
In the past, several methods have been developed to improve biocatalysts, including 
immobilization of enzymes in or on support materials to ensure biocatalyst reusability or to 
improve enzyme stability and activity. The same results can be obtained by using non-aqueous 
media or by genetic modification of the enzyme 2. In particular, the operation of enzyme-
catalyzed reactions in organic solvents provides the opportunity to perform biotransformations 
other than those naturally catalyzed by enzymes. This greatly expands the application range 
of enzymes in industry.4–6 Generally, the operation mode, in which a reaction is carried out, 
should also be considered. Thus, the choice of a suitable reactor can have a significant influence 
on the efficiency of the process.7–10 While most biocatalytic reactions are still performed in 
batch reactors, transferring them to continuous flow reactors can make the processes more 
productive, more sustainable, and easier to control 9. Furthermore, replacing batch processes 
with continuous processes represents an additional factor contributing to the implementation 
of effective biotransformations and is the key to process intensification 7–9.  
 
In recent years, a new method and its impact on biological systems has been increasingly 
studied in various fields of biotechnology: the application of high pressure to biological 
reactions 1,2. High pressure is used in many areas of the food industry, but also has a wide range 
of potential applications in pharmaceutical and chemical industry 2,11,12. In 2009, Eisenmenger 
et al. described the use of high pressure to increase the stability and/or activity of 25 different 
enzymes 2. A varying degree of influence on enzyme stability and/or enzyme activity has been 
observed, although this is also dependent on other experimental parameters, including 
temperature and reaction medium. Therefore, in addition to the specific investigation of the 
influence of high pressure on immobilized enzymes, a more detailed consideration of the 
influence of the solvent, especially of organic phases, is required.2,13 Overall, the combination 
of the previously described methods to stabilize and enhance the activity of enzymes will lead 
to further improvement of biocatalysts 14. 
 
This work was funded by the German Federal Ministry of Education and Research (BMBF) 
due to its relevance for various industrial sectors and was part of the strategic alliance "prot 
P.S.I.". The thesis with the project number 031B0723 was carried out in close cooperation with 
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the industrial partner GALAB Laboratories GmbH. One of the reaction systems investigated 
is used by this company. 
 
Previous investigations of the effect of HHP on enzymes have focused mainly on lipase-
catalyzed reactions, which is reasonable since lipases are the most relevant enzymes in 
industry.13–20 To further understand the influence of HHP on enzyme systems, it is necessary 
to investigate different enzymes from different enzyme classes in a comparable manner.2,13,14 
Therefore, inter and intra enzyme class specific HHP effects were investigated. Two enzyme 
class 3 lipases, which naturally catalyze the hydrolysis of fats while catalyzing many other 
reactions in unconventional reaction media, and the enzyme class 2 transferase PPK, which 
regenerates cofactors, were selected.21–23  
First, the transesterification reaction of vinyl acetate with (R)/(S)-1-Phenyl-2-propanol to 
(R)/(S)-1-Phenyl-2-propanyl acetate and acetaldehyde catalyzed by immobilized lipases 
Candida rugosa lipase and immobilized Candida antarctica lipase B under ambient and HHP 
was studied (Figure 1). Transesterification reactions are of interest for the production of 
biodiesel, flavoring and fragrance substances, and many more renewable chemicals.20,24,25  

 
Figure 1: Transesterification by Candida rugosa lipase and Candida antarctica lipase B. 

Second, the reaction kinetics and the impact of HHP on immobilized polyphosphate kinase 
from Ruegeria pomeroyi is comprehensively investigated for a cytidine-5’-diphosphate (CDP) 
phosphorylation to the cofactor cytidine-5’-triphosphate (CTP) (Figure 2). Due to high costs 
and inhibition phenomena resulting from the stoichiometric use of cofactors, cofactor-
dependent biocatalysis can be challenging.26,27 Thus, an efficient and cost-reduced cofactor 
regeneration process could have multiple applications in industrially relevant processes 26–29. 

 
Figure 2: CDP phosphorylation by Ruegeria pomeroyi polyphosphate kinase. 
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In this thesis, the influence of HHP up to 1,200 bar on enzyme activity, stability, and selectivity 
is investigated. Therefore, a continuous high pressure reactor was conceptualized to provide a 
suitable set-up to analyze the influence of HHP on enzymes. A detailed study of the 
immobilizates was carried out to determine the immobilization process and their suitability for 
use in the continuous hydrostatic high pressure reactor. Furthermore, this continuous high 
pressure reactor set-up provides the possibility to analyze the kinetics of immobilized enzymes 
in an accelerated and simplified manner. Therefore, the influence of HHP on kinetic parameters 
was investigated as well. Overall, this study should contribute to a better understanding of the 
influence of HHP on enzyme properties and establish HHP as a complementary process 
parameter in various biocatalytical reactions. 

1.1. Improvement of Enzymatic Catalyzed Reactions 

A variety of approaches are available to further enhance the potential of enzymatic catalysis 
for industrial applications. These include immobilization, the use of organic solvents, or 
performing the reaction under high pressure. All these methods can affect the stability, activity, 
and selectivity of enzymes.2 In the following section, these methods will be explained and recent 
developments in these areas will be discussed. 

1.1.1. Immobilization of Enzymes 

Immobilization of enzymes is described as "physical delineation or localization of enzymes in a 
confined space while maintaining catalytic activity" 30. This method is used to increase 
productivity (ratio of the amount of the product to the amount of catalyst used) and conversion 
(the amount of substance converted in relation to the initial amount of substance at the start 
of the reaction) as well as reusability of biocatalysts 31. It can significantly improve the economic 
efficiency of the biocatalysts used: on the one hand, the enzymes can be used more frequently, 
and on the other hand, costs for separating the enzymes from the product are reduced 3,32. 
There are different methods to immobilize biocatalysts: attaching of enzymes on a support 
which can be covalent or noncovalent by, e.g., adsorption, furthermore, enclosing the enzymes 
in a polymer, a membrane or encapsulation of the enzymes. In addition, enzymes can be 
covalently cross-linked to each other. The choice of immobilization method depends on the 
intended application of the enzymes.31,33 With regard to process intensification, immobilization 
can enable the use of continuously operated reactors since the immobilizates are retained in 
the reactor and therefore meet the requirements of industrial applications 34. 
Immobilization can change the kinetic parameters, activity (velocity at which the substrate is 
converted), and stability of the enzymes. On the one hand, the immobilization matrix used 
and the associated change in the microenvironment have a major influence on this.33 However, 
immobilization can also lead to a reduction in the activity of the enzyme, usually due to steric 
hindrances, such as restriction of dynamics or blockage of the active site as well as changes in 
surface hydrophobicity or charge. On the other hand, usually the enzyme stability at high 
temperatures is positively affected.33 Generally, the reasons for stabilization are to protect the 
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enzyme from interaction with molecules, to prevent promotion by shear stress and to increase 
the rigidity of the enzyme structure to reduce conformational change 35. 
Therefore, in addition to the choice of the right biocatalyst, the choice of a suitable 
immobilization method is of great importance for the optimal performance of a 
biotransformation 31,33. 
Detailed immobilization techniques as well as their benefits and drawbacks are discussed in 
detail in Jaeger et al. in 2018 and Sharma in 2012 3,36. 
 
Description of the Immobilization Characteristics 

Various parameters can be used to assess the efficiency of enzyme immobilization. These 
parameters indicate the effectiveness of enzyme immobilization and the performance to be 
expected. The definition of these parameters and their calculation is done according to Liese 
et al. in 2018.3 Among others, the immobilization yield (Yimmo), the activity yield (YEA) as well 
as the carrier-specific activity (EA) of the enzyme for different carrier materials, immobilization 
durations and experimental temperatures are calculated to describe the performance of the 
immobilization process.  
 
The Yimmo [%] provides information on the amount of the enzyme that is successfully 
immobilized on the carrier. The amount of immobilized enzyme (mimmo [mg]) is related to the 
mass of enzyme in the solution at the beginning of the immobilization (msolution [mg]) It is 
calculated using the following Equation 1-1. 
 

Yimmo= 
mimmo
msolution

·100 1-1 

 
The activity yield YEA [%] describes how much activity the enzyme retains during 
immobilization. To calculate this parameter, the activity of the immobilized enzyme 
(EAimmo [U·mgenzyme

-1]) is related to the activity of the enzymes before immobilization 
(EAfree [U·mgenzyme

-1]) 
 

YEA= 
EAimmo
EAfree

·100 1-2 

 
In addition, the EA [U·mgcarrier

-1] is considered. This parameter is used to describe the catalytic 
performance of the immobilizate. The activity of the immobilizate multiplied by the mass of 
immobilized enzyme (menzyme,immo [mg]) in relation to the amount of carrier (mcarrier [g]) is referred 
to as carrier-specific activity. 

EA= 
EAimmo· menzym, immo

mcarrier
 1-3 
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1.1.2. Biocatalysis in Unconventional Media 

In the last decades, the use of organic solvents, mainly n-hexane, has been extensively studied 
in biotechnology. It has been found that the choice of solvent and the resulting different 
polarities, in addition to changing the reaction conditions, has an impact on the activity and 

the stability of the enzymes.2,5,6 
The use of enzymes in their natural aqueous reaction media can limit the opportunities for 
industrial bioconversions, particularly for the production of specialty chemicals and polymers. 
Many of these compounds are insoluble in water. Moreover, water can cause undesirable side 
reactions or even degrade the organic reagents used.4 Furthermore, enzymes are able to catalyze 
reactions other than those they catalyze in water. In particular, lipases catalyze 
transesterification, aminolysis and thiotransesterification in anhydrous solvents 4,37. The 
products of these reactions, fine chemicals, flavors and fragrances, are of great commercial 
interest, which illustrates the large industrial potential of lipases 6,38. In addition, product 
recovery in aqueous systems may be more difficult than in organic solvents. The use of 
unconventional and unnatural reaction media is a promising way to improve enzyme 
performance. For example, the technological utility of enzymes can be significantly increased 
by using organic solvents instead of aqueous reaction media, since the use of the former changes 
the properties of the enzymes.4,5 Conversely, the use of organic solvents can reduce the enzyme 
activity in organic solvents. Enzymes lose some of their flexibility as a certain number of water 
molecules are essential on the enzyme surface to provide the necessary conformational mobility 
and catalytic activity. This effect can be avoided or even reversed by adding small amounts 
(<1 vol.-%) of water.4,39 The effect of the amount of water in an organic solvent on the enzyme 
activity is related to the water activity (aw), as it denotes the amount of available water for 
the reaction system. 40,41 This amount of water in the organic solvent has an influence on the 
hydration shell of the enzyme and this influencing the enzyme activity. 39,40,42 The effect of 
water on the enzyme activity strongly depends on the type of organic solvent and the group of 
enzyme 4,39,40. 
However, the direct effect of the solvent on the activity is not systematic and cannot be 
accurately predicted 3. Several cases of improved enzyme stability in non-aqueous media against 
thermal inactivation have been reported in literature, again related to the water content in the 
organic solvent. Nevertheless, the half-life of the enzyme decreases if the water content is too 
high.4,43,44 The choice of solvent influences the selectivity of the enzyme, and since selectivity is 
an important objective in the application of biocatalytic processes, the use of organic solvents 
could be a key to optimization. When using anhydrous organic solvent, the selectivity of an 
enzyme can be affected in several ways. A change in substrate-, stereo-, regio-, and 
chemoselectivity is possible depending on the organic solvent or solvent mixture.3,4,44  
In addition to the advantages described, there are also disadvantages related to the use of 
organic solvents. Mutagenicity, teratogenicity, carcinogenicity and/or reprotoxicity may be 
associated with many of these solvents. Furthermore, these organic solvents are manly petrol 
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based and therefore not environmentally sustainable 45. As a consequence, a wise selection and 
efficient use of organic solvents is necessary.46 
In order to comprehensively optimize a process, it is therefore essential to study the influence 
of the solvent on the enzymatic catalysis and to combine these results with other strategies to 
increase enzyme activity and stability in order to achieve the best possible biotransformation 
with the highest yield over the longest period of time.2 

1.1.3. Biological Systems Under High Hydrostatic Pressure 

The influence of high pressure on biological systems, including proteins, enzymes, prokaryotic, 
eukaryotic and tissue cells, has been the subject of increasing research over the past years 1,2,11,47. 
To investigate this influence, different types of high pressure are used. The pressure can be 
generated by compressed gas, supercritical carbon dioxide, or hydrostatic pressure. In this 
study, the effects of hydrostatic pressure on activity, stability and enantioselectivity are 
examined.2 
Over the past decades, the high hydrostatic pressure technology has gained considerable 
attention in the food industry. As a non-thermal food pasteurization method, HHP offers 
several benefits, including the ability to inactivate microorganisms while preserving the 
nutritional components of food.2,47 While this part of the industry focuses on the deactivation 
of unwanted microorganisms or enzymes, scientists in the 1980s began to investigate the 
beneficial influence of hydrostatic pressure on enzymatically catalyzed reactions 2,47,48. In 
general, the effect of hydrostatic pressure on enzymes can be divided into two phenomena: 
first, the influence on activity and second, the influence on stability.2 
 
Changes in Enzyme Activity by High Pressure 

Biological systems are exposed to pressures of up to 1,100 bar in nature (deep sea, Mariana 
Trench) and up to 6000 bar in industrial processes, especially in the food industry 2,46,47. Studies 
on enzymes showed that high pressure above 10,000 bar leads to the denaturation of enzymes, 
as the primary structure of enzymes is stable only up to this pressure, while the secondary 
structure is already irreversible denatured at pressures over 4,000 bar. At pressures below 
2,000 bar, in most cases only the tertiary and quaternary structure of the enzyme changes. 
These structural changes of the enzymes can have significant influence on the activity of the 
enzyme 16,51,52. 
In addition to direct changes of pressure on the structure of enzymes, any changes in the 
surrounding medium, solvent, or substrate, will also affect the structure of the enzyme or the 
chemical reaction. These changes include a change in pH, density or viscosity. 2,53 The reaction 
mechanism can be influenced by high pressure as well. Based on Le Chatelier´s principle, the 
yield of some enzymatic reactions may be elevated directly by increasing the pressure, if the 
systems volume change due to the reaction is negative. Due to the pressure application, the 
thermodynamic equilibrium of a chemical reaction with negative reaction volume decreases, as 
the reaction is shifted to the side of the products and the yield is thus increased.1,47,52 
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For enzymatically catalyzed reactions, the pressure dependence of the equilibrium can be 
described by the Eyring equation. The activation volume ∆𝑉! [cm-3·mol-1] represents the total 
molar volume change between the ground states and the activated states and describes the 
dependence of the reaction rate on the pressure.2 Using the Eyring equation, the pressure 
dependence of the reaction rate can be estimated, where p [bar] is the pressure, r [µmol·min-1] 
the reaction rate, R [J·mol-1·K-1] is the ideal gas constant and T [K] the temperature. 2 
 

(
𝜕 ln r
𝜕p )

T
=	-	

∆V≠

RT  1-4 

 
Nevertheless, the Eyring equation can only be considered as an approximation for the 
description of the pressure dependence of biocatalytic reactions, because in contrast to chemical 
catalysis, the physical meaning of ∆𝑉! in biocatalysis is less precisely described.2,47 
Furthermore, the substrate specificity of an enzyme can be altered if the conversion of a 
substrate leads to a product with a smaller volume 1,2. However, this behavior cannot provide 
information about the enantioselectivity of the enzymes 54,55. 
 
Stabilizing Effect of High Pressure 

In addition to changes in enzyme activity, pressure can also alter the stability of enzymes. The 
processes by which HHP stabilizes enzymes are not yet fully understood. Intramolecular 
interactions, hydration of charged groups, disruption of bound water, and stabilization of 
hydrogen bonds may all play a role in the pressure effects on intra- and intermolecular 
interactions within enzymes.2 
Pressure is suitable for studying changes in protein structures because the comparatively low 
energy input (kJ per mole) has no effect on covalent bonds − in contrast to the thermally 
induced unfolding of proteins, where more than 102 kJ per mole are introduced into the 
system.1 Therefore, this method can be used to study changes in non-covalent bonds such as 
hydrogen bonding, change in hydration, or spacing of unbound atoms. Another difference in 
the structural change of proteins, e.g., enzymes, due to pressure compared to temperature is 
that the enzyme undergoes a different structural change than in the case of a temperature-
induced system change.1 At pressures below 2,000 bar, only intermolecular distances and the 
conformation of the enzymes (tertiary and quaternary) are changed, but not the covalent 
bonds 54. However, if the change in enzyme structure is too great, the enzyme denatures; this 
can be caused by temperature or pressure. Figure 3 shows an example of the pressure and 
temperature range in which an enzyme is present in its native state (inside the circle). 
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Figure 3: Schematic representation of native (inside the circle) and denatured (outside the circle) regions of an 
enzyme in the pressure/temperature diagram modified according to Winter et al. 2007 and Mishra et al. (2014) 54,56. 

Figure 3 shows a p,T-stability diagram of an enzyme, where inside the circle the enzyme is in 
its native state and active. Outside of the circle the enzyme is unfolded and therefore inactive. 
It is shown that, as with increasing temperature, there is an upper limit for the pressure above 
which enzymes denature. It can be seen in the figure; the effect of heat denaturation can be 
compensated by increasing hydrostatic pressures as indicated in the grey colored region. The 
shape and position of this specific circle depend on the individual enzyme, therefore different 
enzymes can exhibit a different stability behavior depending on pressure and temperature. The 
native enzyme state at high hydrostatic pressures can be maintained by reducing the 
temperature. Most studies have focused on hydrolases classified as EC 3, which includes 
lipases.2 The optimal pressure range in which increased stability and activity of the enzymes 
could be observed was 2,000 – 3,000 bar for most lipases 2,13,14,16. Pressure-induced activity 
increases of up to 840 % in organic solvents have also been described in literature for other 
hydrolases.2 If the reaction rate of an enzymatic reaction is limited by the thermosensitivity of 
the enzyme, pressure-induced thermostability may overcome this thermosensitivity. During the 
initial stages of thermal inactivation, an enzyme might lose essential water molecules, leading 
to structural misfolding. High pressure can impede this process due to its positive effect on the 
hydration of both charged and non-polar groups. Effectively, the application of HHP 
strengthens the enzyme hydration shell and promotes the hydration of the enzyme.1,57,58 The 
increased substrate turnover at higher temperatures can thus realize optimized reaction 
conditions 1,54. Pressure-induced temperature stability has been demonstrated in literature for 
several enzymes classes, including amylases, lipases, and polymerases 2,59. 
Therefore, in addition to pressure, immobilization of the enzymes and the use of organic 
solvents can have a positive influence on stability, activity and enantioselectivity. The aim of 
this thesis is to investigate these influencing factors and their interaction, particularly the effect 
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of hydrostatic pressure on enzymes, in order to determine optimized reaction conditions for the 
investigated biotransformations. 

1.2. Modes of Reactor Operation  

In biotechnology, most experiments performed under HHP are carried out in a batch process. 
The substrate is first added to the free enzymes in suspension and the reactor is then 
pressurized. After a certain reaction time, the reactor is depressurized and the reaction mixture 
is analyzed.2,60 Discontinuously operated STR offer a high flexibility in operation and a scale-
up of processes is enabled comparatively easy. In contrast, the mixing efficiency in STR is 
limited, which can lead to mass transfer limitation.61 Furthermore, the production rate may be 
low and product quality can vary from batch to batch 62.  
In recent years, the replacement of batch processes with continuous processes has been an 
additional factor contributing to the implementation of sustainable transformations and is 
considered as a key to process intensification.7–9 A continuously operated reactor is operated as 
follows: The substrates are continuously pumped into a reactor at a fixed flow rate where the 
chemical reaction takes place as the flow passes through the reactor. To maintain a constant 
volume level and working volume, an equal quantity of reactor content compared to the inlet 
flow is discarded at the reactor outlet.63 The continuously operated reactor can be realized as 
a packed bed reactor, also known as fixed bed reactor, a membrane reactor, a wall-coated 
reactor, or a flow coil reactor. In a PBR, the biocatalyst is fixed on a carrier material by 
immobilization and therefore retained inside the reactor as the substrate solution flows through 
the reactor.9  
PBRs can be operated under HHP, with pressurization achieved by high pressure pumps and 
back-pressure devices located downstream of the enzyme-containing reactor.64 At the outlet, 
the product stream leaves the reactor and the packed bed or the biocatalyst itself inside the 
reactor remains unchanged 3,9. Thereby, purification of the product is simplified, since no 
biocatalyst has to be removed from the final product 9,65. Continuous operated flow reactors 
offer numerous advantages, including enhanced mass and heat transfer, better mixing 
performance, higher space-time yield, easier control of pressure and temperature compared to 
batch processes, resulting in significant process intensification 7–9,64. As a consequence of the 
resulting concentration profile of substrate and product, undesirable side or subsequent 
reactions of the product can be suppressed 66,67. The concentrations of the product and reactants 
are constant at steady-state, which can simplify the downstream processes 68.  
To overcome inhibition phenomena, e.g., regeneration of cofactors, operating in a continuous 
reactor is advantageous, especially for large scale industrial applications. In particular, if a 
follow up reaction of the product occurs, the continuous flow reactor with a packed bed should 
be selected, as the highest product concentration is reached only at the end of the reactor.3 
The continuously operated process can be easily optimized by fine-tuning of parameters such 
as flow rate, pressure, and temperature. This also contributes to facilitating the scale-up of 
flow processes compared to batch processes.7,9,65,69 Thus, the establishment of more flexible 
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continuously operated reactors and the use of immobilized enzymes can contribute to the 
development of advanced enzymatically catalyzed reactions on an industrial scale and the 
possibility of conducting experiments under HHP 7,10,27,70. The immobilization of enzymes 
enables conducting experiments continuously under high pressure, as they are present in a fixed 
bed in the PBR 68. 

1.3. Enzyme Kinetics 

The investigation of enzyme kinetics describes the manner and rate at which an enzyme 
converts one or more substrates into one or more products 3,71. This rate is defined as reaction 
rate r or reaction velocity v, which is affected by several parameters. These parameters include 
biocatalyst type, temperature, pressure, concentration of product and substrate.71 However, a 
reaction is always limited by the chemical equilibrium dictated by the thermodynamics of the 
chemical reaction. By definition a catalyst increases the reaction rate without being consumed, 
but it cannot change the thermodynamic equilibrium of the reaction. This equilibrium will 
change when a change in concentration, temperature or pressure occurs. This shift to a altered 
equilibrium is known as the Le Chatelier's principle.3  
The determined enzyme kinetics and the corresponding kinetic parameters represent the basis 
for the design of suitable reactors and processes and their estimation is of upmost importance 
for the determination of achievable yields and the establishment of an economic process 3,71. A 
detailed description about enzyme kinetics is given by Bisswanger (2000) and Jaeger, Liese, 
and Syldatk (2018) 3,72. 
Since kinetic constants are important parameters for characterizing and describing the 
performance of enzymes, the influence of HHP on them is investigated in this thesis. A detailed 
explanation of the kinetic model chosen to describe the enzyme kinetics in this thesis is given 
in 1.3.1, and a description of how to calculate the kinetic parameters using this model is given 
in 1.3.2.  

1.3.1. Michaelis-Menten Theory 

Several models have been established for the mathematical description of enzyme kinetics. The 
most widely used model is based on the Michaelis-Menten theory, first described by Michaelis 
and Menten (1913) 3,73. The mathematic background and the detailed derivation is given by 
Bisswanger (2000) and Jaeger, Liese, and Syldatk (2018) 3,72. 
 
Assuming steady-state conditions, the mechanism consists of two steps: the building of the 
enzymes-substrate complex (ES) out of the substrate (S) and the free enzyme (E). The steady-
state condition describes that the formation and decomposition of the enzyme-substrate 
complex occurs at the same rate.72 The enzyme-substrate complex is stabilized by the enzyme, 
which leads to a decisive reduction of the necessary activation energy. The substrate is 
converted to the product (P) resulting in the enzyme-product complex (EP). The second step 
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of the mechanism is the dissociation of the product and the free enzyme.3,74 This is given in the 
following Equation 1-5. 

 1-5 

 
The equation can be simplified by the assumptions that the back reaction from EP to ES is 
neglectable and that the formation of the enzyme-product complex from enzyme and product 
can be omitted because of low product concentration, resulting in Equation 1-6.72  
 

 1-6 

 
Assuming further simplifications, including that the rate-limiting step is the dissociation of the 
ES complex, the following equation can be derived for the reaction rate 75. The details of the 
simplifications and assumptions are described in detail in Bisswanger et al. in 2000 72. In 
Equation 1-7 v [µmol·min-1] is the reaction rate depending on the substrate concentration 
cS [mmol·L-1], maximum reaction rate vmax [U·mg-1] and the Michaelis-Menten constant 
KM [mmol·L-1] 72. 
 

v	=
vmax·cS
KM	+	cS

 1-7 

 
The Michaelis-Menten constant KM, expresses the affinity of the enzyme to the substrate. It 
indicates the specific substrate concentration at which half of the maximum activity is reached, 
given in Equation 1-8. 
 

KM	=
vmax
2  1-8 

 
The equation can be altered to describe the chosen model reaction. Since all selected model 
reactions in this thesis have two substrates, the equation must be extended by one term. This 
equation is called double substrate-Michaelis-Menten kinetics, assuming that both substrates 
binding at the same active center of the enzyme.3  
The transesterification reaction of vinyl acetate (vin) with (R/S)-1-Phenyl-2-propanol (PP) to 
(R/S)-1-Phenyl-2-propanyl acetate (PPA) and acetaldehyde was investigated. In this thesis 
the transesterification reaction is catalyzed by two enzymes CRL and CalB. The Michaelis-
Menten equation of the transesterification reaction is given in Equation 1-9. 
 

 
1-9 

 

E+S ES EP E+P

E+S ES E+P

v= vmax ·
cPP

KM,PP	+	cPP
·

cvin

KM,vin	+	cvin
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The exact mechanism of this reaction is not known. For simplicity, Michaelis-Menten is used 
without mechanistic information. Nevertheless, since both substrates bind to one active site of 
the enzyme, there is only one reaction specific maximum reaction rate vmax, whereas each 
substrate has a Michaelis-Menten constant KM. This results in KM,PP for the 1-Phenyl-2-
propanol and KM,vin for 1-Phenyl-2-propanyl acetate.  
 
The phosphorylation of CDP with polyphosphate (polyP) to CTP is catalyzed by 
polyphosphate kinase 2-3 from Ruegeria pomeroyi. Since there are two substrates binding to 
the active site of the enzyme, the double substrate-Michaelis-Menten kinetics is also applied 
for this reaction, and the corresponding equation is given in Equation 1-10. 
 

v= vmax ·
cCDP

KM,CDP	+	cCDP
·

cpolyP

KM,polyP	+	cpolyP
 1-10 

 

The reaction rate v is depending on the maximum reaction rate vmax and the KM values of CDP 
and PP and on the concentration of the substrates.  
 
Enzyme Inhibition 

The reaction rate of an enzyme-catalyzed reaction can be reduced by a substance which is 
called inhibitor. These are molecules that, e.g., bind to the active site of the enzyme and block 
it from catalyzing a reaction.36 Two main mechanisms are distinguished: a reversible and an 
irreversible reaction. 
For the reversible inhibition a molecule binds to the enzyme or the enzyme-substrate complex. 
The inhibitor can be a product or the substrate of the catalyzed reaction. In the case of an 
irreversible inhibition, the inhibitor is usually a reactive molecule that irreversibly binds to the 
enzyme and causes its inactivation.3 The inhibitors can be organic chemicals, inorganic metals 
or biosynthetic compounds besides product or substrate 36: 
 
The reversible inhibition can be divided into three types: competitive, uncompetitive, and non-
competitive inhibition. These differ in the way they interact with the enzyme or enzyme-
substrate complex. The change in kinetic parameters is also different for each type of inhibition.  
Inhibition phenomena and how to deal with them have been described in considerable detail 
by Sharma in 2012.36 
All enzymes studied in this thesis showing an inhibition by one of their substrates. The 
Michaelis-Menten equation must therefore be modified according to the three different 
inhibition types to take this inhibition phenomenon into account. The dissociation constant 
KI [mmol·L-1] describes the affinity between enzyme and inhibitor, which is vinyl acetate for 
the transesterification reaction and polyphosphate for the CDP phosphorylation.  
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The Michaelis-Menten equations with uncompetitive, non-competitive and competitive 
inhibition by vinyl acetate are given in Equation 1-11, 1-12 and 1-13, respectively. 
 

v	= vmax ·
cPP

KM,PP	+	cPP
·

cvin

KM,vin	+	cvin·(1	+	 cvin
KI,vin

)
 1-11 

v	= vmax ·
cPP

KM,PP	+	cPP
·

cvin

(KM,vin	+	cvin)·(1	+	 cvin
KI,vin

)
 1-12 

v	= vmax ·
cPP

KM,PP	+	cPP
·

cvin

KM,vin	·(1	+	 cvin
KI,vin

)+	cvin
 1-13 

 
The Michaelis-Menten equation with uncompetitive, non-competitive and competitive 
inhibition by polyphosphate is given in Equation 1-14, 1-15 and 1-16, respectively. 
 

v	= vmax ·
cCDP

KM,CDP	+	cCDP
·

cpolyP

KM,polyP	+	cpolyP·(1	+	
cpolyP

KI,polyP
)
 1-14 

v	= vmax ·
cCDP

KM,CDP	+	cCDP
·

cpolyP

(KM,polyP	+	cpolyP)·(1	+	
cpolyP

KI,polyP
)
 1-15 

v	= vmax ·
cCDP

KM,CDP	+	cCDP
·

cpolyP

KM,polyP	·(1	+	
cpolyP

KI,polyP
)+	cpolyP

 1-16 

 

There are several methods for obtaining kinetic parameters of enzyme-catalyzed reactions. 
Kinetic parameters cannot be measured directly but must be determined via the reaction rate 
equation, which is based on a specific kinetic model. Generally, changes in the concentration 
of at least one reactant are measured as a function of time.  
One method is to measure the initial rate of the reaction. The initial rate is the rate of the 
reaction when the substrate concentration is relatively high and a maximum substrate 
conversion of 10 % is reached. This means that the back reaction becomes negligible and the 
reaction rate depends only on the forward reaction.3 Another way to determine enzyme kinetics 
is to analyze the progression curve, where the time course of a biochemical reaction is 
analyzed.74 
These measurements provide kinetic constants while using kinetic models such as Michaelis-
Menten kinetic to determine the Michaelis-Menten constant KM and maximum reaction rate 
vmax 72: 

1.3.2. Kinetic Parameter Estimation  

Kinetic parameters are determined based on the Michaelis-Menten theory (see 1.3.1), which is 
extensively described in literature as in Jaeger et al. (2018) and Sharma (2012) 3,36: 
As kinetic parameters are not measurable directly, they need to be estimated using a kinetic 
model.3 Initial rate experiments are performed measuring the reaction rate at low substrate 
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conversion, below 10 % of the equilibrium concentration.3 This data is used to determine the 
kinetic parameters by model parameter adaption in MATLAB using a nonlinear regression 
method (nlinfit function, MATLAB 2019a) 76. The kinetic parameters, i.e., KM, vmax, KI are 
fitted to process data and three different models which differ in the type of inhibition, i.e., 
competitive, non-competitive, and uncompetitive, are applied 75. The kinetic model parameters 
are estimated using an iterative least squares estimation 3,36,75. 
The root mean square deviation (RMSD [mmol·L-1/U·mg-1]) is determined in order to decide 
which kinetic model and which type of inhibition represents the experimental data best. The 
RMSD is calculated according to Equation 1-17 and describes the difference between the values 
predicted by the kinetic model xs,I [mmol·L-1/U·mg-1] and measured values 
xm,I [mmol·L- 1/U·mg-1] divided by the number of data points n [-]. 
 

RMSD=-
	∑ 	/xs,i	-	xm,i0

 2 m 
i=1

n  1-17 

 
The data of the kinetic constants and the corresponding confidence interval with respect to the 
inhibition types and the 95 % confidence interval indicating the variation of an estimated 
particular model parameter and the location of the true model parameter for a chosen 
confidence level are calculated. The mathematical script is given in 8.7.77 

1.4. Cofactor Regeneration  

A huge variety of cofactors such as nucleoside triphosphates (NTPs) can be found in almost 
every element of cellular life, the most common NTP being adenosine triphosphate 23,26,27,78–81. 
Also in industry, the demand for biologically catalyzed reactions, which are often dependent 
on cofactors, is increasing 26,82. However, the cost of stoichiometric amounts of cofactors and 
their potential to inhibit enzymes at high concentrations are challenging 26,27. Therefore, there 
is an interest for stable cofactor regeneration systems to make enzymatically-catalyzed 
reactions industrially competitive 7,23,26–29,83,84. Although different ways of cofactor regeneration 
have been studied, i.e., chemical, microbial, photochemical, and electrochemical, an enzymatic 
way to regenerate NTPs could be the most promising.26,27 In addition to higher selectivity, the 
compatibility of the substrates, intermediates, and products of other reaction steps with the 
reaction system is a key factor 26,27,79.  
One way to overcome the issue of enzyme inhibition by high cofactor concentration is to use 
polyphosphate kinases (PPKs) which use inexpensive and stable polyphosphate salts as 
phosphate donors to enzymatically regenerate NTPs 23,27,79,85,86. 
Polyphosphate kinases can be classified into two groups, PPK1, which can synthesize 
polyphosphate reversibly, and PPK2 which catalyzes the phosphorylation of nucleotides using 
polyP as phosphate donor. PPK2-3 from Ruegeria pomeroyi further belongs to subfamily I, 
which accepts dinucleotides as substrate.79,83,87,88 A detailed review from 2021 about the division 
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of PPKs into classes and subclasses is presented by Tavanti et al. 83. PPKs are capable to 
regenerate adenosine 5’-triphosphate, uridine 5’-triphosphate or cytidine 5′-triphosphate from 
the corresponding diphosphorylated nucleotides 23,29,79,89,90. 
The combination of polyphosphate as a cheap inorganic phosphate donor and the flexible, 
versatile enzymes is promising and has great potential for integration into a wide range of 
industrial processes 23,26,29,79,84,91. To be successfully applied, the enzyme needs to be further 
characterized, including a detailed description of the kinetics of PPKs 23,79. Optimization in 
terms of activity and stability is needed to develop a suitable cofactor regeneration system that 
could be transferred to large-scale production applications 7. 
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2. Aim of the Thesis 

The aim of this thesis is to evaluate the application of high hydrostatic pressure on 
enzymatically catalyzed reactions as a new parameter in reaction optimization in order to make 
biocatalysis more competitive with chemically catalyzed reactions. The application of HHP will 
be investigated both individually and in combination with other process intensification methods 
such as enzyme immobilization, continuous process operation, and the use of organic 
solvents. 1 –3 All of these methods have a significant impact on the efficiency of the catalyzed 
process. Therefore, their influence on the overall process must be studied in detail. 7–10,14. 
The immobilization of enzymes is one major step to enable the application of a biologically 
catalyzed reaction in a continuously operated reactor. A detailed study of the immobilizates 
will be conducted to determine their suitability for the application in the continuous high 
pressure reactor as well as the adsorption of substrate and product on the immobilization 
material and the resulting activity of the enzymes after immobilization. In addition, the 
mechanical characterization under HHP will be carried out.  
A continuous HHP reactor will be conceptualized to provide a stable biocatalytic reaction 
system and an effective method to analyze the influence of hydrostatic pressure on enzymes. 
In addition, this continuous HHP reactor enables the fast analysis of immobilized enzymes 
kinetics as a function of various flow rates and substrate concentrations. The HHP set-up will 
be characterized in terms of mass transfer limitation and mean residence time to ensure the 
set-up of non-limiting process conditions and the achievement of an optimal reactor operation.  
Three enzymes of industrial importance, two lipases (EC 3) and one polyphosphate kinase 
(EC 2), are selected to investigate the influence of the application of HHP up to 1,200 bar on 
different classes of enzymes. 
In addition to the industrial application of lipases, cofactor regeneration is another important 
field of biocatalysis to make enzymatically catalyzed reactions more industrially competitive. 
The dependence of certain industrially relevant enzymes on cofactors is one of the major 
drawbacks for the application of enzymes in the industry. Since there is an increasing need for 
stable cofactor regeneration systems and the stoichiometric use of cofactors is not economically 
and potentially leads to inhibition phenomena, a cofactor regeneration reaction will be 
investigated under HHP.23,26,83 The results obtained will then be used to systematically 
investigate enzyme and enzyme class-specific characteristics, such as changes in 
thermostability, activity, and enantioselectivity as a result of HHP application.2 Furthermore, 
understanding the pressure-induced changes in kinetic parameters is crucial for further and 
comprehensive process intensification of biotechnological processes.  
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3. Materials & Methods 

In the following section, all materials used, and their manufacturers are listed. In addition, all 
methods used to investigate the effects of HHP on enzymes together with all primary 
experimental methods are listed here. Some experiments are carried out at the Institute of 
Technical Biocatalysis (TU Hamburg) as well as at GALAB Laboratories GmbH (GALAB). 
The experiments to investigate the PPK are carried out at the project's cooperation partner 
GALAB, while the experiments to investigate the CRL and the CalB are carried out at TU 
Hamburg. 

3.1. Chemicals 

Cytidine-5’-monophosphate disodium salt (CMP), cytidine-5’-diphosphate disodium salt and 
cytidine-5’-triphosphate triphosphate disodium salt were bought from Biosynth Carbosynth 
(Compton, United Kingdom).  
All other chemicals were purchased form Carl Roth (Karlsruhe, Germany), Merck KGaA 
(Darmstadt, Germany) or Sigma-Aldrich Chemie GmbH (Munich, Germany) and are 
analytical grade or higher, if not mentioned differently. 1-Phenyl-2-propanyl acetate was 
purchased from abcr GmbH (Karlsruhe, Germany). Candida rugosa lipase and Candida 
antarctica lipase B were provided by c-LEcta GmbH (Leipzig, Germany). Both were 
recombinant expressed in Pichia pastoris. CRL is lyophilized whereas CalB is in solution. 
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3.2. Devices  

The devices used are summarized with details of their manufacturer. The devices used at the 
TU Hamburg are given in Table 1 and the devices used at GALAB are given in Table 2. 
 
Table 1: List of devices used with their corresponding manufacturer used at TU Hamburg. 

Device Name/Description Manufacturer 

Pipettes Research®, Reference®  
10, 100, 1000, 5000 µL  

Eppendorf Research®, Eppendorf 
SE, Germany 

Gas chromatograph 7890B Agilent Technologies, Santa Clara, 
USA 

Gas chromatograph column  CP-ChiraSil-DEX CB 
25 m x 0.25mm x 0.25µm 

Agilent Technologies, Santa Clara, 
USA 

Magnetic stirrer IKA Plate RCT Digital IKA-Werke, Staufen im Breisgau, 
Germany 

Laboratory balance MC1 Laboratory LC 2200 P Sartorius AG, Göttingen, Germany 
Plate reader Infinite® M200 pro TECAN, Männedorf, Switzerland 
Microplate 96 well plate Greiner Bio-One GmbH, 

Frickenhausen, Germany 
Vortex mixer  Vortex-Genie 2 Scientific Industries Inc., New 

York, USA 
Enzyme carrier ECR 1090, ECR 1030 Purolite, King of Prussia, USA 
Fused silica tubing TNFS800010 ID: 25 µm VICI Jour, Schenkon, Switzerland 
Back-pressure regulator JR-BPR3 VICI Jour, Schenkon, Switzerland 
Stainless steel capillaries SUS COIL PIPE; 0.1 mm x 4 m Shimadzu Corporation, Kyōto, 

Japan 
UHPLC column 30 x 3 mm, 50 x 3 mm, empty ISERA GmbH, Düren, Germany 
UHPLC oven CTO-40C Shimadzu Corporation, Kyōto, 

Japan 
UHPLC pump LC-40D X3  Shimadzu Corporation, Kyōto, 

Japan 
tube roller - Ortho Diagnostic Systems, West-

Germany 
overhead shaker - Ismatec S. A., Zürich 
shaking plate Certomat R B. Braun Melsungen AG, West-

Germany 
Desiccator 8211 Glaswerk Wertheim, Germany 
Cellulose round filter 12 – 15 µm Carl Roth GmbH, Karlsruhe, 

Germany 
Molecular sieve 4A  
Scanning electron microscope Leo Gemini 1530 Zeiss, Oberkochen, Germany 
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Table 2: List of devices used with their corresponding manufacturer used at GALAB. 

Device Name/Description Manufacturer 

Pipettes Research®, Reference®  
10, 100, 1000, 5000 µL  

Eppendorf Research®, Eppendorf 
SE, Germany 

Water bath 5B JULABO GmbH, Seelbach, 
Germany 

UHPLC pump ACQUITY – Binary Solvent 
Manager 

Waters Corporation, Milford, USA 

UHPLC column 30 x 3 mm empty ISERA GmbH, Düren, Germany 
UHPLC oven ACQUITY- column Manager Waters Corporation, Milford, USA 
HPLC HPLC 1100 with VWD detector Agilent, Santa Clara, USA 
HPLC column Exsil 300 C18 column Exmere Ltd, Carnforth, UK 
UHPLC column 30 x 3 mm, 50 x 3 mm, empty ISERA GmbH, Düren, Germany 
Vortex mixer  Vortex-Genie 2 Scientific Industries Inc., New 

York, USA 
Enzyme carrier ECR8209M Purolite, King of Prussia, USA 
Centrifuge MiniStar silverline VWR, Radnor, USA 
Back-pressure regulator JR-BPR3 VICI Jour, Schenkon, Switzerland 
Stainless steel capillaries SUS COIL PIPE; 0.1 mm*4 m Shimadzu Corporation, Kyōto, 

Japan 
Membrane pump Membrane pump ME 2C NT Vacuubrand GmbH & Co. KG, 

Wertheim, Germany 
Bottle topper filter Nalgene™ Thermo Fisher Scientific, Wirral, 

Germany 
Membrane filters membrane filters 3 µm Sartorius AG, Göttingen, Germany 
Ultracentrifuge units Vivaspin™10 kDa Cut-off Sartorius AG, Göttingen, Germany 
Sample mixer MXIC1 sample mixer Dynal Biotech Ltd, Bromborough, 

UK 

 

3.3. Buffers 

In this thesis, different buffers based on deionized water (DI water) are used. Furthermore, all 
aqueous solutions are prepared using DI water. 
 
Immobilization Buffer for Lipases 

100.0 mmol·L-1 sodium phosphate (Na3PO4) buffer at pH 7 is used for immobilization of CRL 
and CalB. The buffer is prepared according to Table 3. The pH is adjusted using sodium 
hydroxide (NaOH) or hydrochloric acid (HCl) if needed.  
  



 

 

 

20 

Table 3: Immobilization buffer for Lipases. 

Component Amount 

Na2HPO4·7H2O 4.04 g 

NaH2PO4·H2O 0.68 g 

H2O ad 200 mL 

 
Immobilization Buffer for Polyphosphate Kinase 

For immobilization of PPK a 20.0 mmol·L-1 Na3PO4 buffer at pH 7.4 is used. The buffer is 
prepared according to Table 4. The pH is adjusted using NaOH or HCl if needed.  
 
Table 4: Immobilization buffer for PPK. 

Component Amount 

Na2HPO4·7H2O 0.14 g 

NaH2PO4·H2O 0.80 g 

H2O ad 200 mL 

 
Buffer for Free Polyphosphate Kinase 

For free PPK a 50.0 mmol·L-1 Na3PO4 buffer at pH 7.4 is used. The buffer is prepared 
according to Table 5. The pH is adjusted using NaOH or HCl if needed.  
 
Table 5: Buffer for free PPK. 

Component Amount 

Na2HPO4·7H2O 0.14 g 

NaH2PO4·H2O 0.80 g 

Imidazole 150 mmol·L-1 

NaCl 300 mmol·L-1 

H2O ad 200 mL 
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Reaction System Buffer for Immobilized Polyphosphate Kinase 

The reaction system buffer contains 50.0 mmol·L-1 Na3PO4 and 30.0 mmol·L-1 MgCl2. The 
pH is set to 7.4 using 5 M NaOH. Depending on the performed experiment, the solution 
contains CDP or polyP in varying concentration. The buffer is prepared according to Table 6. 
 
Table 6: Reaction system buffer for immobilized PPK. 

Component Concentration [mmol·L-1] 

Na3PO4 50.0 

MgCl2 30.0 

CDP 0.0-85.0 

polyP 0.0-800.0 

 
High Pressure Liquid Chromatography Buffer  

The mobile phase for the High Pressure Liquid Chromatography (HPLC) contains 80 % 
20.0 mmol·L-1 tetrabutylammonium bromide in 20.0 mmol·L-1 potassium phosphate buffer at 
pH 7 and 20 % acetonitrile. The pH is adjusted using NaOH or HCl if needed. The buffer is 
prepared according to Table 7. 
 
Table 7: HPLC buffer for the phosphorylation catalyzed by PPK. 

Component Concentration [mmol·L-1] 

Aqueous solution (80 %) 

Tetrabutylammonium bromide 20.0 

Potassium phosphate buffer 20.0 

Acetonitrile (20 %) 
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3.4. Analytics 

The following section discusses the analytical methods which are used and their 
implementation. 

3.4.1. Gas Chromatography 

All substrates and products from the transesterification reaction are analyzed using gas 
chromatography (GC) with flame ionization detector. To separate the enantiomers of substrate 
and product, a chiral column with an inner diameter of 0.25 mm and a length of 25 m is 
required, specifications given in Table 1. To be able to analyze a large concentration range as 
precisely as possible, two different concentration ranges are calibrated, one from 0.1 to 
5.0 mmol·L-1 and the other one from 1.0 to 200.0 mmol·L-1. The inlet temperature is set to 
250 °C and 1 µL respectively 0.5 µL of sample are injected. For the lower concentration range 
the split is set to 1:60 while it is 1:400 for the calibration range from 1 to 200.0 mmol·L-1. The 
following conditions are the same for both calibration ranges. Hydrogen with a flowrate of 
2 mL·min-1 is used as carrier gas. The oven temperature is set to 105 °C for 15 min. Typical 
resulting retention times are tS-PPA = 11.6 min, tS-PP = 12.6 min, tR-PP = 13.1 min and 
tR- PPA = 13.7 min. The resulting chromatograms and the calibration are shown in the Appendix 
8.1. 

3.4.2. High Pressure Liquid Chromatography 

Samples from the phosphorylation of CDP are analyzed by HPLC using a C18 column, 
specifications given in Table 2. To prevent precipitation of salts in the HPLC column, samples 
are prepared prior to analysis. For this, 100 µL sample are mixed for 5 seconds with 50 µL 
isopropanol using a vortex mixer. The samples are then centrifuged for 1 minute. 25 �L of the 
supernatant are diluted with 975 �L water and then transferred to HPLC-vials. The mobile 
phase containing 80 vol.-% 20.0 mmol·L-1 tetrabutylammonium bromide in 20.0 mmol·L-1 
potassium phosphate buffer at pH 7 and 20 vol.-% acetonitrile is heated to 40 °C. The flow 
rate is set to 0.8 mL·min-1 and the detector wavelength to 272 nm. Typical resulting retention 
times are tCMP = 3.4 min, tCDP = 4.7 min and tCTP = 5.6 min. The resulting chromatograms and 
the calibration are shown in the Appendix 8.2. 

3.4.3. Bradford Assay 

To determine enzyme concentration of various solutions, the enzyme loading of the 
immobilizate, and to track the immobilization process, the free enzyme concentration is 
measured using the Bradford assay, which is performed according to T. Zor and Z. Selinger 
(1996) 92. 200 µL of Bradford solution are mixed with 50 µL of sample and are incubated for 
5 min at 25 °C in the plate reader and are shaken at 432 rpm. The standard protein bovine 
serum albumin (BSA) is used for calibration. The specifications are given in Table 1. A 
calibration is generated using eight different BSA concentrations from 0 to 200 µL·mL-1. The 
adsorption at a wavelength of 595 nm and 405 nm is measured and the ratio of the two values 
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is plotted against the concentration, as is shown in Figure 4. The concentration of experimental 
samples is calculated using the linearized calibration values. Samples are diluted 1:10 and 1:20 
with DI water prior to measurement to obtain absorbance in the calibrated range. 

 
Figure 4: Calibration of the protein concentration of BSA determined according to T. Zor and Z. Selinger (1996)92. 

3.4.4. para-Nitrophenol Assay  

The standard activity assay for hydrolases with para-nitrophenol acetate (pNPA) as substrate 
is applied in this thesis 93. The hydrolytically cleaved product para-nitrophenol (pNP) exhibits 
optical activity at a wavelength of 405 nm. In order to use the activity test for the measurement 
of free lipase and immobilized lipase, the extinction coefficient (ε [L·µmol-1·cm-1]) is 
determined first. It is calculated using the Lambert-Beer law according to Equation 3-1. This 
law states that the absorbance (Ex [-]) and the concentration of the optically active molecule 
pNP are proportional to each other. Therefore, the concentration of the product 
(c [mmol·mL- 1]) can be determined by measuring the absorbance using the width of the 
cuvette (w [cm]).93 
 

Ex = ε·w·c 3-1 
 
To determine ε, a dilution series is prepared first. For this purpose, a 2.0 mmol·L-1 stock 
solution of pNP is diluted with deionized water in micro reaction vessel covering a concentration 
range from 10 to 1000 µmol·L-1, as is shown in Figure 5. 
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Figure 5: Determination of the extinction coefficient of pNP. 

According to Equation. 3-1, the extinction coefficient ε is determined to be 
3.04 L·µmol-1·cm-1. A 10.0 mmol·L-1 pNPA solution is prepared for the activity assay. For 
this purpose, 0.018 g pNPA are dissolved in 10.0 mL dimethyl sulfoxide (DMSO). The activity 
assay is performed differently depending on the state of the lipase (free or immobilized). Due 
to an error in plate reader method, all measurements are performed at a wavelength of 435 nm 
instead of 405 nm as planned. However, since all samples are subsequently measured at this 
wavelength, there is no systematical error within the measurement series.  
 
Free Lipase Activity Assay 

Using the para-nitrophenol assay described previously, the activity of free lipase is determined. 
For this purpose, Na3PO4 buffer at pH 6.7 is diluted 1:100 and 900 µL of the solution are added 
to micro reaction tubes. This is followed by the addition of 100 µL of 10 mol·L-1 pNPA in 
DMSO. Subsequently, 10 µL of free lipase, which was previously diluted 1:10 with DI water, 
are pipetted into the micro reaction vials. The tubes are sealed and shaken briefly by hand. To 
determine the activity, triplets of 100 µL each are taken and are transferred to a microplate. 
The change in absorbance is measured for one minute using the microplate reader at a 
wavelength of 435 nm. The activity is calculated from the absorbance data obtained using the 
previously determined extinction coefficient. 
 
Immobilized Lipase Activity Assay 

For the activity assay of immobilized lipase, 0.01 g of dried immobilized lipase is weighed into 
GC vials. 1900 µL of 1:100 diluted Na3PO4 buffer at pH 6.7 and 100 µL of 10.0 mol·L-1 pNPA 
acetate are added to the immobilizate and vortexed for 10 seconds. Samples are taken at 0, 1, 
2, 3, 4, and 5 min and the absorbance is measured using the plate reader at a wavelength of 
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435 nm. These measurements are performed in triplicates. The activity is calculated from the 
absorbance data obtained using the previously determined extinction coefficient. 

3.5. Evaluation of Errors 

Errors that occur during experiments can be divided into two groups: statistic and systematic 
errors. Systematic errors are based on uncertainties in the experimental values due to 
uncertainties in the calibration of the instrument used to measure the values. These 
uncertainties are quantified by performing an additional calibration in an independent 
experiment. For example, a chemical standard with known concentration is measured in the 
GC used. 94 This has not been carried out in this thesis.  
The statistical error results from the limited accuracy of a measurement. It can be derived from 
the measurement equipment, the measured quantities, and the operator. The standard 
deviation of a series of independent measurements can be used to evaluate and reduce the 
estimated statistical error. Although a reduction of the statistical error is important, the 
systematic error is not affected. 94,95  
To reduce the statistical errors in this thesis, repetitive measurements of values, e.g., substrate 
and product concentrations, as well as the evaluation of the measurement methods were 
applied. Measurement errors can accumulate if several values are measured and used to 
calculate subsequent values with them. A common method to assess and acknowledge the single 
error of an individual experimental value is to calculate the propagation of uncertainty. In 
general, the propagation of uncertainty can be formulated as Equation 3-2, where y is the 
function to calculated value, uy is the uncertainty of the calculated function, u1,2,… denotes the 
standard deviation of the different values to calculate the function y. 94–96  
 

uy=-(
∂y
∂x1

∙u1)
2

+ (
∂y
∂x2

∙u2)
2

+... 3-2 

 
Furthermore, the analytical methods were validated by determining the uncertainty of the 
measurements. In addition, to calibrate the analytical instrument, a sample was measured 
multiple times, and the standard deviation was calculated. Figure 6 gives the values of the 
individual measurements for the GC analytics, as well as the mean value with standard 
deviation.  
 



 

 

 

26 

 
Figure 6: Determination of the uncertainty of the GC analysis.  

The standard deviation of the measurement is determined to be 0.4 mmol·L-1 for the GC 
analysis, resulting in a relative error of 0.8 %. Reasons for the deviations between the individual 
measurements from each other are variations in the inserted amount of sample, changes in the 
carrier gas, as well as possible fluctuations in the temperature profile of the analytical device.97 
The other analytical methods were also evaluated in analogously procedures, which is given in 
Table 8.  
 
Table 8: Determination of the uncertainty of the analytical devices.  

Device Measurement range 
Value for error 

calculation 
Determined 

error absolute 
Determined 
error relative 

GC  0.01-5.0 mmol·L-1 0.03 mmol·L-1 0.002 mmol·L-1 5.0 % 

GC  1.0-200.0 mmol·L-1 50.0 mmol·L-1 0.4 mmol·L-1 0.8 % 

HPLC 0.01-2 mmol·L-1 1 mmol·L-1 0.01 mmol·L-1 0.5 % 

Plate reader 0.0-200 µg·mL-1 10 µg·mL-1 0.3 µg·mL-1 2.7 % 

Balance 0.001-220 g - 0.1 mg  max. 2 % 

 
Deviations between different samples of the same preparation could be explained by 
measurement or handling errors. To overcome this phenomenon and to reduce the statistical 
errors, multiple samples were analyzed, and the standard deviation was calculated analogous 
to the example of GC analytics. 
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3.6. Characterization of Enzyme Immobilizates 

The enzymes are immobilized for use in the continuous HHP reactor. The lipases are 
immobilized adsorptively, whereas the PPK is immobilized covalently. The absorption behavior 
of the substrate and product on the carriers, as well as the swelling behavior in the organic 
solvent, are investigated. Furthermore, the mechanical stability and the surface properties of 
the particles are examined.  

3.6.1. Adsorption Experiments 

Adsorption experiments are performed to ensure that neither the substrate nor the product is 
adsorbed onto the immobilization supports. Two different carriers from Purolite namely 
ECR 1090 (macroporous styrene) and ECR 1030 (divinylbenzene/methacrylate) are tested. 
The particle size of both resins is specified between 300-710 µm, while the pore diameter differs 
from 900-1100 Å for ECR 1090 to 200-300 Å for ECR 1030. The carriers are indicated as 
mechanically stable and suitable for use in organic solvents by the manufacturer.  
An amount of 0.05 g carrier is weighed into a 1.5 mL screw neck vial and 1 mL of a 1, 10 or 
100.0 mmol·L-1 solution containing either PP or PPA is added. All different variations are 
conducted in duplicates for 100.0 mmol·L-1 and in quintuplicate for 1.0 mmol·L-1 and 
10.0 mmol·L-1. For negative control three additional vails are filled with the same solutions 
but without carrier. The vails are incubated for 7 days on a heating shaker with 1000 rpm at 
35 °C. After incubation, 100 µL of sample are analyzed using GC method described in 3.4.1. 

3.6.2. Immobilization Procedure  

The immobilization procedure for the three different enzymes used is described in the following 
paragraph. While the immobilization procedure was previously optimized, the immobilization 
process for the CRL and CalB is investigated in the scope of this thesis. 
The immobilization is performed using different devices: tube roller (TR), overhead shaker 
(OS), shaking plate (SP) which are displayed in Figure 7. 
 

 
Figure 7: Immobilization set-ups: tube roller, overhead shaker, shaking plate (left to right). 

The sample tubes are placed between the rollers of the tube roller, which move the contents of 
the tubes evenly by rotating and tilting them at the same time. This creates a radial as well 
as an axial movement. In the overhead shaker immobilization set-up, the sample tubes are 
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attached to a circularly rotating plate. The contents of the tubes undergo a radial movement. 
The shaker plate generates an orbital movement and therefore an axial mixing of the sample 
tubes. The sample tubes are fixed in a holder. The plate is set to 100 rpm. 
 
The immobilization of the two lipases CalB and CRL are performed according to the 
instructions of Purolite 98. All modifications and additional information along with the 
procedure are given below. 

3.6.2.1. Candida antarctica Lipase B 

Investigation of Immobilization Performance 

All experiments for immobilization performance screening are carried out with an 
immobilization buffer at pH 6.7. For immobilization 1.75 g of wet carrier which is equal to 
0.5 g dry carrier are added into a 15 mL falcon tube together with 4 mL immobilization buffer. 
The falcon tube is carefully shaken. Afterwards, the washing buffer is discarded using a 5 mL 
pasteur pipette without removing the carrier particles. 1 mL enzyme solution and 3 mL buffer 
solution are added to the washed carriers and carefully shaken. The first sample is taken 
immediately. Subsequently, the sample tubes are fixed in the respective experimental set-ups 
(tube roller, overhead shaker, shaking plate). The temperature of the investigation was 4, 20 
and 40 °C. Samples are taken at 0, 0.5, 1, 2, 4, and 6 respectively 24 hours. 50 µL of the sample 
are taken into the micro reaction vessel and diluted with 450 µL of DI water. The enzyme 
concentration of the supernatant is determined using the Bradford assay as described in 3.4.3. 
The immobilization was terminated after 24 h and immobilizates are dried for further use. For 
this purpose, the immobilizates are first filtered to separate the remaining enzyme solution. 
Subsequent rinsing with 4 mL of buffer solution removed any residual free enzyme. The wet 
immobilizates collected on the filter are then dried in two steps. First, the filters are placed 
upside down on weighing boats and are stored in the refrigerator at 7 °C for 3 to 4 days. After 
the filter paper had dried completely and the immobilized particles had been detached from it, 
the immobilizates are placed in a desiccator containing silica at 50 mbar to adsorb the 
remaining moisture at 4 °C. After 2-3 days, the immobilizates are removed and the dried 
immobilizates are stored in micro reaction vessels at 7 °C.  
 
Immobilization for High Hydrostatic Pressure Experiments 

All immobilizates used to investigate the influence of HHP on enzyme performance are prepared 
using immobilization buffer at pH 7. Therefore 8.77 g of wet carrier are added into a 50 mL 
falcon tube with 10 mL immobilization buffer. The falcon tube is carefully shaken. Afterwards 
the supernatant washing buffer is removed using a 5 mL pasteur pipette. 5 mL of buffer and 
5 mL of CalB solution are added to the enzyme carriers placed on the TR at 25 °C for 3 h. 
Samples are taken at 0, 0.5, 1, 2, and 3 h. 25 µL of the sample are transferred into the micro 
reaction vessel and diluted with 975 µL of DI water. The enzyme concentration of the 
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supernatant is determined using the Bradford assay as described in 3.4.3. The immobilization 
was terminated after 3 h and immobilizates are dried for further use. The detailed method for 
washing and subsequent drying of the immobilizates of CalB is described in the previously 
paragraph. Table 32 in the Appendix 8.4 gives the number of the immobilization procedure in 
accelerating number and the method used for immobilization with the resulting enzyme loading 
and the immobilization yield.  

3.6.2.2. Candida rugosa Lipase 

Investigation of Immobilization Performance 

All experiments for immobilization performance screening are carried out with an 
immobilization buffer at pH 6.7. Therefore 0.5 g of wet carrier are added into a 15 mL falcon 
tube and 2 mL of 200.0 mmol·L-1 Na3PO4 immobilization buffer is added. The falcon tube is 
carefully shaken. Afterwards the washing buffer is removed using a 5 mL Pasteur pipette, 
without removing any carrier particles. 0.01 g CRL and 2 mL of 200.0 mmol·L-1 Na3PO4 
immobilization buffer are added to the enzyme carriers placed on the tube roller, overhead 
shaker or shaking plate at 4 and 20 °C for 24 h. A sample of the enzyme solution is taken 
immediately to determine the initial CRL concentration. Samples are taken at 1 h, 2 h, 4 h, 
6 h, and 24 h. 50 µL of the sample are taken into the micro reaction vessel and diluted with 
950 µL of DI water. The enzyme concentration of the supernatant is determined using the 
Bradford assay according to 3.4.3 Bradford Assay. The immobilization was terminated after 
24 h and immobilizates are dried for further use as previously described for CalB.  
 
Immobilization for High Hydrostatic Pressure Experiments 

All immobilizates used to investigate the influence of HHP on enzyme performance are prepared 
using immobilization buffer at pH 7. Therefore 8.77 g of wet carrier are added into a 50 mL 
falcon tube and 10 mL immobilization buffer are added. The falcon tube is carefully shaken. 
Afterwards the washing buffer is removed using a 5 mL Pasteur pipette, without removing any 
carrier particles. 0.1 g CRL and 10 mL of immobilization buffer are added to the enzyme 
carriers and placed on the tube roller at room temperature 25 °C for 3 h. Samples are taken at 
0, 0.5, 1, 2, and 3 h. 25 µL of the sample are taken into the micro reaction vessel and diluted 
with 975 µL of DI water. The enzyme concentration of the supernatant is determined using 
the Bradford assay according to 3.4.3 Bradford Assay. The immobilization was terminated 
after 3 h and immobilizates are dried for further use as previously described for CalB. Table 
31 in the Appendix 8.3 gives the number of the immobilization procedure in accelerating 
number and the method used for immobilization with the resulting enzyme loading and the 
immobilization yield. 
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3.6.2.3. Polyphosphate Kinase from Ruegeria pomeroyi  

The production and the immobilization of PPK is done within the framework of the cooperation 
with GALAB Laboratories GmbH (Hamburg) in the project „UfIB: Bioprozesse unter Druck 
in neuen Anwendungsfeldern – BioproDruck“. 
Polyphosphate kinase from Ruegeria pomeroyi is recombinantly expressed in Escherichia coli 
BL21(DE3)_pET22b_rpppk2-3, which has already been described by 
Gottschalk et al. (2021) 29. 
PPK is provided immobilized on Purolite carriers ECR8209M. A maximum enzyme load of 
86.4 mgPPK·gcarrier

-1 is achieved. All specific activity data is given in relation to the mass of 
enzyme (U·mgPPK

-1). The immobilization method for this enzyme has already been described 
by Reich et al. (2022) 99.  

3.6.3. Influence of Water Content of the Solvent on the Enzyme Activity  

Specific activity of CalB and CRL depending on the water content of the solvent is measured. 
Therefore 0.1 g of immobilized CRL (immobilization batch TR 6) and CalB (immobilization 
batch TR 7) is weighed into 1.5 mL HPLC vails. A 10.0 mmol·L-1 PP and 2712.5 mmol·L-1 
vinyl acetate in heptane solution is dehydrated using a molecular sieve. 1 mL substrate solution 
containing 0,1,2,4,8, 9, and 10 µL DI water is added to the lipase and is incubated for 1 h at 
35 °C on the thermo shaker at 500 rpm. The experiments are performed in triplicates.  
The specific activity of the CRL and CalB in the STR in batch mode is calculated according 
to Equation 3-3 where ∆c [mmol·mL-1] is the converted substrate PP; t [min] is the time, and 
mCRL [mg] the mass of immobilized enzyme. 
 

specific activity =
∆c
t

mCRL 
 3-3 

3.6.4. Investigation of the Storage Stability of Lipase Immobilizates 

The storage stability of CRL and CalB is investigated to ensure the usage of the immobilizate 
over a longer time. After drying, the immobilizates are stored at 7 °C in the refrigerator. 0.1 g 
of immobilized CRL and CalB is weighed into 1.5 mL HPLC vails. 1 mL substrate solution 
containing 10.0 mmol·L-1 PP and 2712.5 mmol·L-1 vinyl acetate in heptane solution is added. 
The lipases are incubated for 1 h at 35 °C on the thermo shaker at 500 rpm. The experiments 
are performed after 1, 6, 19, 36, 78, and 100 days of storage for TR 21 (CRL) and TR 22 
(CalB) as well as day 19, 36, 78, 100 for TR 19 (CalB). The experiments are performed in 
triplicates and activity is calculated according to Equation 3-3.  
The storage stability values at day 78 and 100 are measured with the other GC and the 
corresponding calibration.  
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3.6.5. Investigation of Mechanical Stability of Carriers 

Mechanical stability is another important characteristic of the enzyme carrier. Scanning 
electron microscopy (SEM) images are taken from the particles to investigate change of the 
particles and the particle surface after different treatments, e.g., immobilization, usage in the 
continuously operated high pressure reactor, etc. The differently treated particles are given in 
Table 9. 
 
Table 9: Differently treated particles for carrier stability experiments. 

Particles number Treatment Enzyme 

1 Untreated ECR 1090 - 

2 Immobilized CRL 

3 Immobilized CalB 

4 1 h thermo shaker experiment, 1000 rmp CRL 

5 Usage in the continuously operated high 
pressure reactor, 3 h, ambient pressure 

CRL 

6 Usage in the continuously operated high 
pressure reactor, 3 h, 800 bar 

CRL 

7 Usage in the continuously operated high 
pressure reactor, 3 h, ambient pressure 

CalB 

8 Usage in the continuously operated high 
pressure reactor, 3 h, 800 bar 

CalB 

 
SEM images are taken with the Leo Gemini 1530 with an acceleration voltage of 2 kV and a 
magnification of 52-times, the specifications are given in Table 1. The particles are first coated 
with 50 nm gold in argon atmosphere.  

3.6.6. Investigation of Enzyme Leaching from the Carriers 

To determine enzyme leaching from the carrier, 200 mL of 10.0 mmol·L-1 PP and 
434.0 mmol·L-1 vinyl acetate solution is pumped through a 3 x 30 mm column filled with 0.1 g 
immobilizate (TR 21) at 35 °C with a flow rate of 1 mL·min-1. The solution is collected in a 
250 mL bottle. Samples are taken at 0, 3, 5, 16, and 73 days. The conversion of the substrate 
is determined via GC.  

3.7. Investigations in Stirred Tank Reactor in Batch Operation Mode 

Prior to the investigation of the CRL and the PPK in the continuous high hydrostatic pressure 
system, experiments will be conducted in a batch STR to provide a better classification of the 
reactor performance. The thermodynamically maximum possible turnover, i.e., state of 
equilibrium, is determined to set the limits for the kinetic studies. 
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The kinetic parameters of CRL are investigated in the STR for comparison with the kinetic 
parameters that are determined in the PBR. 

3.7.1. Stirred Tank Reactor Experiments with Candida rugosa Lipase 

Experiments in STR in batch mode for kinetic investigations and long-time experiments are 
carried out in a 25 mL tempered glass reactor with three ports, which is schematically shown 
in Figure 8. 

 
Figure 8: Scheme of the discontinuously operated stirred tank reactor.  

The external heating is set to 35 °C. Two ports are sealed with rubber septa. An overhead 
magnetic stirrer with a magnetic stirring bar is installed. The 10 mL reaction solution is 
preheated to 35 °C as well. An amount of 0.1 g of the immobilized CRL is added to the vessel 
through a port using a funnel. Subsequently, the preheated reaction solution is added, and the 
port is sealed with a rubber septum afterwards. A sample of 250 µL is taken using a syringe 
through the septum. The reaction is started when the stirrer is set to 250 rpm. This procedure 
is used for all STR experiments carried out in the STR in batch operation mode. 
The conversion X of PP is calculated according to Equation 3-4, where nt=0 [mol] denotes the 
initial amount of substrate and nt [mol] denotes the substrate amount at the sampling time 
t [min].  
 

X	=	
nt=0	-	nt

nt=0
 3-4 

 

3.7.1.1. Thermodynamic Equilibrium of the Transesterification Reaction 

To investigate the thermodynamic equilibrium, immobilized CRL of the batch TR 21 is used. 
The reaction solution contains 10.0 mmol·L-1 PP and 864.0 mmol·L-1 vinyl acetate in heptane. 
Samples are taken at 0, 2, 5, 10, 30, 60, and 180 min. The specific activity of CRL is calculated 
using Equation 3-3. 

3.7.1.2. Investigation of Enzyme Kinetics 

To investigate the kinetics of the CRL in the STR, substrate solutions with different PP and 
vinyl acetate concentrations are prepared. To investigate the influence of PP on specific activity 
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of CRL, the substrate solution contains 1356.3 mmol·L-1 vinyl acetate and 5.0 mmol·L-1 to 
100.0 mmol·L-1 PP in heptane. In the second part of the investigation the influence of vinyl 
acetate on specific activity of CRL the substrate solution contains 60.0 mmol·L-1 PP and 
108.0 mmol·L-1 to 5424.0 mmol·L-1 vinyl acetate in heptane. Samples are taken at 0, 5, 10, 
15, 20, 25, and 30 min. Immobilized CRL of the batch TR 11 is used. The activity is calculated 
according to Equation 3-3. 

3.7.1.3. Investigation of the Kinetic Parameters 

Kinetic parameters are determined based on the Michaelis-Menten theory, as explained in 1.3.2 
and additionally extensively described in literature by Jaeger et al. (2018) and 
Sharma (2012) 3,100. 
The parameters of the kinetic model are determined by model parameter adaption with 
MATLAB using a nonlinear regression method and iterative least-squares estimation (nlinfit 
function, MATLAB 2019a) 76. The parameters are fitted to the process data, in particular the 
estimated activity, and three different models which differ in the type of inhibition by the 
inhibiting substrate, i.e., competitive, uncompetitive, non-competitive 75. The MATLAB script 
used is given in 8.7. 
In order to make a decision about the validity of the description of the measured values by the 
model, the RMSD is used, as described in Equation 1-17 
 
By immobilizing the enzyme, changes in activity, specificity or selectivity are possible. These 
changes result from direct changes in the enzyme structure as well as from changes induced by 
the immobilization (changes in diffusion in the carrier pores, etc.). Therefore, our studies do 
not determine the real kinetic parameters of the native enzyme, but the apparent ones modified 
by the effects of immobilization such as surface polarity or diffusion limitation. 35,101  

3.7.2. Investigations in Stirred Tank Reactor in Batch Operation Mode with 

Ruegeria pomeroyi Polyphosphate Kinase 

Prior to the investigation of the PPK in the continuous high hydrostatic pressure system, 
experiments are carried out in the STR in batch mode. 
To compare the application of PPK cofactor regeneration of CTP in different operation modes, 
the process is performed in a stirred tank reactor and in a continuously operated PBR. The 
thermodynamically maximum possible turnover, i.e., state of equilibrium, is determined to set 
the limits for the kinetic studies. 
The substrate solution for STR contains 44.0 mmol·L-1 CDP, 30.0 mmol·L-1 MgCl2, 
44.0 mmol·L-1 polyP in a 50.0 mmol·L-1 Na3PO4 buffer at pH 7.4. These reaction conditions 
were previously determined to be optimal within the predetermined range in 4.6.3 Investigation 
of Ruegeria pomeroyi Polyphosphate Kinase Kinetic Parameters in the Packed Bed Reactor.  
The STR experiments are performed in a 25 mL thermo vessel at 40 °C, which is schematically 
shown in Figure 8. The reaction volume of 10 mL is preheated to 40 °C and mixed with 0.16 g 
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of immobilizate using an overhead magnetic stirrer at 250 rpm. 200 µL samples are taken at 0, 
1, 3, 5, 10, and 60 min as well as at 24 h and 72 h.  
The specific activity of the PPK in the STR is calculated according to Equation 3-5 where 
ΔcCTP [µmol·L-1] is the formed product CTP, t [min] is the time, and mPPK [mg] the mass of 
immobilized enzyme. Since degradation of CDP to CMP was observed, the activity was 
calculated by product formation. Moreover, no side product formation was observed, thus the 
selectivity of the biotransformation is one, and the product concentration can be used to 
calculate the activity. 
 

specific activity =
∆𝑐$%&

mPPK·t  3-5 

 

3.8. Continuous High Hydrostatic Pressure System 

The investigation of the effect of HHP on enzyme behavior for different reaction systems is the 
core objective of this thesis. Therefore, a continuous high hydrostatic pressure system is 
conceptualized. The continuous high hydrostatic pressure system is first built at the TU 
Hamburg. As part of the thesis is carried out in close collaboration with GALAB Laboratories 
GmbH, a second system is built to investigate the effect of hydrostatic pressure on PPK. Both 
set-ups consist of different components from different suppliers, namely Shimadzu and Waters, 
and will be described in the following.  
The need for a highly flexible system is met by designing the reactor with three main 
components: An Ultra High Pressure Liquid Chromatography (UHPLC) pump, a high pressure 
vessel, and a pressure generation unit. The UHPLC pump can provide a precise flow rate with 
a wide pressure range up to 1,200 bar. For the high pressure vessel, a stainless steel UHPLC 
column is used into which the immobilized enzymes are loaded. The pressure generation unit 
(PU) is composed of a back-pressure regulator and restriction capillaries. 

3.8.1. Continuous High Hydrostatic Pressure System at TU Hamburg 

The concept of the high hydrostatic pressure reactor is shown in Figure 9, all specifications are 
given in Table 1. The solutions are mixed in the low-pressure mixing chamber inside the binary 
piston UHPLC pump. The high pressure vessel (dimensions are application-dependent) is 
placed into an oven and heated to 35-65 °C. The PU, which is installed after the reactor, 
consists of a BPR, stainless steel capillaries (ID: 100 µm). and fused silica tubing (ID: 25 µm). 
The BPR provides a pressure from 1-300 bar relative to atmospheric pressure. To achieve 
higher pressures up to 1,200 bar, stainless steel capillaries with varying length from 1 to 8 m 
or fused silica tubing with varying length from 0.1 to 0.3 m have been installed beforehand. 
The resulting back pressure is regulated by the length of the capillaries. The longer a capillary 
is and the smaller its inner diameter, the greater the pressure generated. Samples are taken at 
the outlet of the BPR in a non-pressurized environment at ambient pressure. An additional 
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cooling coil is installed at the outlet if the experiment is performed at higher temperatures 
above 45 °C. It consists of a stainless steel coil that is placed in an ice bath. 

 
 
Figure 9: Scheme of the continuously operated high hydrostatic pressure set-up at TU Hamburg with temperature 
control (TC), temperature transmitter (TT), pressure transmitter (PT) and pressure indicator (PI) along with the 
pressure unit consisting of BPR, stainless steel capillaries and fused silica tubing. 

The specific activity of the CRL and CalB in the PBR is calculated according to Equation 3-6 
where ΔcPP [µmol L-1] is the converted substrate PP, V̇ [L min-1] is the flow rate and 
mCRL/CalB [mg] the mass of immobilized enzyme (CRL or CalB).  
 

specific activity =
∆𝑐&&·V̇

mCRL/CalB  3-6 

 

3.8.2. Continuous High Hydrostatic Pressure System at GALAB 

The highly flexible high hydrostatic pressure system at GALAB is designed out of three main 
components: a UHPLC pump, a high pressure vessel, and a pressure generation unit; all 
specifications are given in Table 2. 
The concept of the high hydrostatic pressure reactor is shown in Figure 10. The bottles 
containing, e.g., the substrate solution, are preheated in a water bath to 40 °C. The solutions 
are mixed in the high pressure mixing chamber inside the binary piston of the UHPLC-pump, 
which provides a precise flow rate with a wide pressure range up to 800 bar. The high pressure 
reactor, a 30 x 3 mm empty UHPLC-column, into which the immobilized enzymes are filled, 
is placed into an oven and heated to 40 °C. The pressure building unit, which is installed 
behind the reactor, consists of a back-pressure regulator and stainless-steel capillaries. The 
back-pressure regulator provides a pressure from 1-300 bar relative to atmospheric pressure. 
To achieve higher pressures up to 800 bar, stainless steel capillaries (0.005 ’’) with varying 
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length from 1 to 8 m are installed according to the necessary pressure. The length of the 
capillaries is used to regulate the resulting back pressure. The longer a capillary is, the greater 
the pressure generated. Samples are taken at the outlet of the BPR in a non-pressurized 
environment at ambient pressure.  

 
Figure 10: Scheme of the continuously operated high hydrostatic pressure set-up at GALAB with temperature 
control (TC), temperature transmitter (TT), pressure transmitter (PT) and pressure indicator (PI) along with the 
pressure unit consisting of BPR, stainless steel capillaries and fused silica tubing. 

The specific activity of the PPK in the PBR is calculated according to Equation 3-7 where 
ΔcCTP [µmol·L-1] is the formed product CTP; 𝑉̇ [L min-1] is the flow rate and mPPK [mg] the 
mass of immobilized enzyme. 

 

specific activity =
∆𝑐$%&·V̇
mPPK  3-7 

3.8.3. Residence Time Experiments  

Residence time experiments are performed to ensure that the reaction is in the steady-state 
conditions. The steady-state condition indicates that no change in concentration occurs over 
time. Different experiments are performed for the different continuous high hydrostatic 
pressure systems.  
 
Continuous High Hydrostatic Pressure System at TU Hamburg 

An empty 30 x 3 mm UHPLC column is used as high hydrostatic pressure reactor, where 
0.063 g immobilizate are filled in. The reactor is flushed with 1 ml·min-1 solvent 
(2712.5 mmol·L-1 vinyl acetate in heptane solution) for 5 min. Subsequently the reactor is 
removed, and the pump is flushed with substrate solution containing 10.0 mmol·L-1 PP for 
3 min. As tracer a substrate solution containing 10.0 mmol·L-1 PP is used. The reactor is 
reinstalled and a step signal (step change from pure solvent to a 10.0 mmol·L-1 substrate 
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solution) is applied to the reactor to determine the mean residence time (𝑡)̅ depending on the 
flow rate. The time interval and duration of sampling depended on the flow rate and are shown 
in Table 10. For all flow rates 8 samples are collected with a volume of 250 µL each. The 
experiment is performed in duplicates. 
 
Table 10: Residence time experiments continuously operated high hydrostatic pressure set-up at TU Hamburg. 

Flow rate [ml·min-1] Sampling duration [s] Sample interval [s] 

0.25 480 60 
0.5 240 30 

1 120 15 
1.5 80 10 

 
The concentration of the substrate in the sample is determined by GC analysis. The F-curve 
of the initial concentration is calculated using Equation 3-8. The F-curve [-] describes the 
cumulative residence time distribution function, where c0 [mmol·mL-1] denotes the tracer 
concentration in the feed and c(t) [mmol·mL-1] the concentration at sampling time t [min]. 
 

F	=	
c(t)
c0

 3-8 

 
The mean residence time 𝑡 ̅[min] can be obtained from the following Equation 3-9, where t [min] 
is the sampling time 102. 
 

t	̅=4(1-Fi)·Δti
i

 3-9 

 

Continuous High Hydrostatic Pressure System at GALAB 

An empty 30 x 3 mm UHPLC column is used as high hydrostatic pressure reactor, where 
0.174 g wet immobilizate are filled in. The reactor is flushed with 1 ml·min-1 reaction system 
buffer of PPK containing neither CDP nor polyP for 5 min. Subsequently the reactor is 
removed, and the pump is flushed with substrate solution containing 44.0 mmol·L-1 CDP for 
2 min. As tracer a substrate solution containing 44.0 mmol·L-1 CDP is used. The reactor is 
reinstalled and a step signal (step change from pure solvent to a 10.0 mmol·L-1substrate 
solution) is applied to the reactor to determine the mean residence time depending on the flow 
rate. The time interval and duration of sampling depended on the flow rate and are given in 
Table 10. For all flow rates 6 to 8 samples are collected with a volume of 250 µL each. The 
experiment is performed six times for each flow rate. 
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Table 11: Residence time experiments continuously operated high hydrostatic pressure set-up at GALAB. 

Flow rate [ml·min-1] Sampling duration [s] Sample interval [s] 

0.5 180 30 
0.75 150 20 

1 120 15 
1.25 90 12 
1.5 60 10 

 
The concentration of substrate in the sample is determined by HPLC analysis. The F-curve of 
the initial concentration and the mean residence time is calculated using Equation 3-8 and 
Equation 3-9, respectively. 102 

3.8.4. Investigation of Mass Transfer Limitation 

To investigate a potential mass transfer limitation the continuous high hydrostatic pressure 
system at TU Hamburg and GALAB are used. Different investigations for the two stet-ups 
were performed to determine mass transfer limitation.  
 
Continuous High Hydrostatic Pressure System at TU Hamburg 

A mass transfer limitation in the system is investigated for flow rates from 0.25 to 1.5 ml·min-1. 
The same reactor bed is used for all experiments, and the volume of the empty reactor is 
212 µL. The same number of 9 hydrodynamic residence times up to the sampling point is 
realized for all experiments with different flow rates by different experiment durations. The 
hydrodynamic residence time τ [min-1] was calculated according to Equation 3-10, where 
VR [mL] is the volume of the empty reactor and V̇ [L min-1] the flow rate. 
 

τ =
VR

V̇
 3-10 

The sample is taken according to Table 12. The activity of CRL is calculated according to 
Equation 3-6.  
Table 12: Mass transfer limitation experiments CRL. 

Flow rate [ml·min-1] Time point of sampling [s] 

0.25 480 
0.5 240 

1 120 
1.5 80 

 
Continuous High Hydrostatic Pressure System at GALAB 

A mass transfer limitation in the system is investigated for flow rates from 0.5 to 1.5 ml·min-1. 

The same reactor bed is used for all experiments, and the volume of the empty reactor is 
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212 µL. To ensure, that the reactor is in steady-state conditions 7-9 hydrodynamic residence 

times are waited before the sampling point. The hydrodynamic residence time τ was calculated 

according to Equation 3-10, The sample is taken according to Table 13. The activity of PPK 

is calculated according to Equation 3-7. 
Table 13: Mass transfer limitation experiments PPK. 

Flow rate [ml·min-1] Time point of sampling [s] 

0.5 180 
0.75 150 

1 120 
1.25 90 
1.5 60 

 

3.9. Continuous Flow Biocatalysis 

The continuous flow biocatalysis paragraph describes the experiments which are performed in 
the conceptualized Continuous High Hydrostatic Pressure System which is described in 3.8 
“Continuous High Hydrostatic Pressure System”. The experiments to investigate the kinetic 
parameters of PPK and the influence of high hydrostatic pressure on the PPK are performed 
using the High Hydrostatic Pressure System at GALAB which is described in 3.8.2. The 
experiments to investigate the kinetic parameters of CRL and CalB and the influence of high 
hydrostatic pressure on CRL and CalB are performed using the High Hydrostatic Pressure 
System at TU Hamburg which is described in 3.8.1.  
 

3.9.1. Candida rugosa Lipase in Continuously Operated Packed Bed 

Reactor 

The following paragraph describes the experiments using CRL in the High Hydrostatic Pressure 
System at TU Hamburg. First, the stability of the CRL under ambient and high pressure is 
investigated, followed by the investigation of the influence of hydrostatic pressure on the 
activity, selectivity, and kinetic parameters of CRL. All experiments are carried out at 35 °C. 

3.9.1.1. Investigation of Process Stability of Candida rugosa Lipase 

The stability experiments are performed to assess the process stability of CRL and to validate 
that the performance of the CRL for HHP or kinetic measurements is consistent over the 
experiment time. A 30 x 3 mm UHPLC column is used as high hydrostatic pressure reactor 
and filled with 0.055 g immobilizate (TR 21). The reactor is flushed with 1 ml·min-1 heptane 
containing 864.0 mmol·L-1 vinyl acetate for 5 min. Subsequently, a flow rate of 0.5 mL·min-1 
with a PP concentration of 60.0 mmol·L-1 PP in heptane containing 864.0 mmol·L-1 vinyl 
acetate is adjusted. Samples of 250 µL each are taken for 2 h.  
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The stability of CRL is determined at 1 bar and 800 bar. The deactivation constant kd [min-1] 
is calculated from the experimental results between 40 min and 120 min experimental time 
using Equation 3-11, where t [min] is time of sampling, cE [mg·mL-1] is the enzyme 
concentration and cE,0 [mg·mL-1] is the initial enzyme concentration.  
 

cE	=	cE,0·e-kd·t 3-11 
 
The half-life t1/2 [min-1] is calculated using Equation 3-12. The experiment is performed in 
triplicates with a new reactor being filled each time.  
 

t1/2	=	
ln(2)
kd 

 3-12 

 

3.9.1.2. High Hydrostatic Pressure Experiment  

The influence of HHP on CLR activity and selectivity is investigated. Therefore, a 50 x 3 mm 
UHPLC column is used as high hydrostatic pressure reactor and filled with 0.1 g immobilizate 
(TR 13). The reactor is flushed with 0.35 mL·min-1 of substrate solution containing 
10.0 mmol·L-1 PP and 864.0 mmol·L-1 vinyl acetate in heptane for 60 min. Subsequently, a 
flow rate of 0.35 mL·min-1 with a PP concentration of 10.0 mmol·L-1 in heptane containing 
864.0 mmol·L-1 vinyl acetate is adjusted at the desired pressure and held for 15 min. 
The specific activity of CRL is first determined at ambient pressure and then the hydrostatic 
pressure is increased to 100 bar. Samples are collected and the pressure is subsequently reduced 
to ambient pressure followed by an increase to the next higher pressure. Subsequently, the 
same procedure is used for all pressure levels. Three samples of each 250 µL are taken at each 
pressure level, which are 100, 200, 400, 600, 800, 1000, and 1,200 bar.  
 
To investigate the effect of hydrostatic pressure on the selectivity of CRL on the 
transesterification reaction, the enantiomeric excess (ee [-]) is determined since both the 
product and the substrate are enantiomers. ee is the excess of one enantiomer present relative 
to the total amount of both enantiomers. The enantiomeric excess of the product eeP and is 
calculated according to Equation 3-13, where n(R)-P [mol] denotes the R enantiomer of the 
product and n(R)-S [mol] denotes the R enantiomer of the substrate.3 
 

eeP	=	
n(R)-P	-	n(S)-P
n(R)-P	+	n(S)-P

 3-13 

 
To describe the selectivity of the enzyme, the enantioselectivity (E [-]) is calculated. This 
describes the ratio of the reaction rate constants of the two enantiomers to each other. A 
detailed description of the dependency of the enantiomeric excess and the conversion is 
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described by Liese et al. (2013) and Jaeger et al. (2024) 40,103.The E of the product, which is 
independent of the conversion X [%], is calculated according to Equation 3-14.3 
 

E	=	
ln[1	-	X·(	1+	eeP)]
ln[1	-	X·(1	-	eeP)]

 3-14 

 

3.9.1.3. Kinetic Experiment in the Continuous High Hydrostatic Pressure 

Reactor 

The kinetic of CRL and the kinetic parameters are investigated at ambient pressure (1 bar) 
and 800 bar. 
A 30 x 3 mm UHPLC column is used as high hydrostatic pressure reactor and is filled with 
0.06 g immobilizate (TR 21). The reactor is flushed with 1 ml·min-1 solvent of substrate 
solution containing 10.0 mmol·L-1 PP and 864.0 mmol·L-1 vinyl acetate in heptane for 5 min. 
Subsequently, the flow rate is increased to 1.5 ml·min-1 for 20 min. The pressure is set to 
800 bar if the experiment is performed under high pressure and held for 15 min. If the 
experiment is carried out at ambient pressure, the ambient pressure is kept for 15 min as well. 
The different substrate concentrations for the investigation of the kinetic parameters of CRL 
are provided using the mixing chamber of the pump. Two solutions A and B are prepared in 
heptane according to Table 14 and Table 15.  
 
Table 14: Investigation of the influence of PP on the activity of CRL. 

 solution A [mmol·L-1] solution B [mmol·L-1] 

PP 100.0 0.0 
vinyl acetate 864.0 864.0 

 
Table 15: Investigation of the influence of vinyl acetate on the activity of CRL. 

 

 
  

 solution A [mmol·L-1] solution B [mmol·L-1] 

PP 60.0 60.0 
vinyl acetate 3255.0 0.0 
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Both solutions are connected to the UHPLC input A and B. By varying the composition of the 
pumped liquid, the concentration of PP or vinyl acetate is changed from 100 % to 0.5 % and 
from 100 % to 1 %, respectively. Three samples are taken after 2 min of equilibration. 
Afterwards, the composition of the two substrates is changed from 0.5 % to 100 % (PP) and 
from 1 % to 100 % (vinyl acetate), respectively in accelerating order. In total 6 samples are 
taken for each substrate composition. The experiment is performed three times for each 
substrate with a new reactor filled for each experiment. The specific activity of the CRL in the 
PBR is calculated according to Equation 3-6. The kinetic parameters are investigated according 
to 3.7.1.3. 

3.9.2. Candida antarctica Lipase B in Continuously Operated Packed Bed 

Reactor 

The following paragraph describes the experiments using CalB in the High Hydrostatic 
Pressure System at TU Hamburg.  

3.9.2.1. Investigation of Process Stability of Candida antarctica Lipase B 

The stability experiment is performed to assess the process stability of the enzyme and to 
characterize the reactor operation. These experiments validate that the performance of the 
CalB is constantly consistent over the experiment time. A 50 x 3 mm UHPLC column is used 
as high hydrostatic pressure reactor and filled with 0.1 g immobilizate (TR 12). The reactor is 
flushed with 1 ml·min-1 heptane containing 864.0 mmol·L-1 vinyl acetate for 5 min. A flow 
rate of 0.5 mL·min-1 with a PP concentration of 10.0 mmol·L-1 PP in heptane containing 
864.0 mmol·L-1 vinyl acetate is adjusted. Samples of 250 µL each are taken for 5 h. The 
temperature of the experiment is set to 35 °C. 

3.9.2.2. High Hydrostatic Pressure Experiment 

To determine the influence of HHP on the specific activity of CalB, a 50 x 3 mm UHPLC 
column is used as high hydrostatic pressure reactor and is filled with 0.1 g immobilizate of the 
immobilization batch TR 15, TR 17, and TR 18.The overview of used immobilization batches 
to investigate the activity in dependency on pressure and temperature is given in 8.5. The 
reactor is flushed with 0.5 mL·min-1 of substrate solution containing 10.0 mmol·L-1 PP and 
864.0 mmol·L-1 vinyl acetate in heptane for 90 min. In each experiment, the influence of two 
pressures on the activity and the selectivity of CalB are investigated. The pressure to be 
investigated is applied and held for 45 min. The pressure is reduced to 1 bar and held for 
45 min before it is increased to the second pressure to be investigated. The pressure levels to 
be investigated are 400 and 600 bar as well as 800 and 1,200 bar. Each experiment is performed 
at 35 °C, 45 °C, 55 °C, and 65 °C. The experiments are performed in duplicates.  
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To investigate the effect of pressure on the selectivity of CRL on the transesterification 
reaction, the enantiomeric excess is calculated since both the product and the substrate are 
enantiomers. The ee of the product is calculated according to Equation 3-13.  
 
For a description of the selectivity of the enzyme, the enantioselectivity E is calculated. The E 
of the product is calculated according to Equation 3-13.  

3.9.3. Ruegeria pomeroyi Polyphosphate Kinase in Continuously Operated 

Packed Bed Reactor 

For the determination of the kinetic parameter of the PPK a substrate conversion below 10 % 
of the thermodynamic equilibrium is required 3. In order to achieve this low level of conversion 
in the PBR, the amount of enzymes has to be kept at a low value. In order to use the same 
reactor and to obtain a similar reactor bed, the carrier with immobilized enzyme was mixed 
with unloaded carriers, i.e. 25 % carrier with immobilized enzyme mixed with 75 % unloaded 
carriers. In the following, the mixture is denoted as carrier load of “25/75”. A carrier load of 
“50/50” is selected for pressure experiments and stability investigation. In both cases, the 
reactor is filled with wet immobilizate using a funnel. Subsequently, the reactor is purged with 
air to remove excess liquid and to determine the mass of the carriers inside the reactor. For 
short-term storage (< 1 week), the reactor is filled with 50.0 mmol·L-1 Na3PO4 buffer at 
pH 7.4. 

3.9.3.1. Investigation of Process Stability of Ruegeria pomeroyi 

Polyphosphate Kinase 

For the stability investigation, the 30 x 3 mm stainless steel column is filled with 
0.17 immobilized PPK (carrier load of “50/50”, described in 3.9.3) and installed in the oven at 
40 °C. The substrate solution contains 25.0 mmol·L-1 CDP, 30.0 mmol·L-1 MgCl2, 
44.0 mmol·L-1 polyP in a 50.0 mmol·L-1 Na3PO4 buffer at pH 7.4. The flow rate is adjusted 
to 0.5 mL·min-1. Samples are taken over a period of 5 h. The deactivation constant kd is 
calculated from the experimental results using Equation 3-11. The half-life is calculated using 
Equation 3-12. The experiment is performed in triplicates with a new packed bed reactor 
prepared each time.  

3.9.3.2. High Hydrostatic Pressure Experiment 

Pressure experiments are carried out at 100, 200, 400, 600, and 800 bar in ascending order. To 
avoid a pressure-induced systematic error reference, experiments are carried out at 1 bar at the 
beginning, after 400 bar and at the end of the experiment. To apply the desired pressure to 
the system, a BPR and stainless steel capillaries are used as described in 3.8.2 “Continuous 
High Hydrostatic Pressure System at GALAB”. The reactor filled with 0.16 g immobilizate 
(carrier load of “50/50”, as described in 3.9.3) is installed in the 40 °C tempered oven. The 
substrate solution contains 30.0 mmol·L-1 CDP, 44.0 mmol·L-1 polyP, and 30.0 mmol·L-1 
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MgCl2 and is prepared in 50.0 mmol·L-1 Na3PO4 buffer. The pH is set to 7.4 using 5 mol·L-1 
NaOH. The flow rate is set to 1 mL·min-1. A 250 µL sample is taken after 4, 6, 8, and 10 min 
on each pressure level. The activity is calculated according to Equation 3-7. The experiments 
are performed in triplicates. 

3.9.3.3. Investigation of PPK Kinetics 

Kinetic measurements are performed in the continuously operated reactor filled with 0.16 g of 
carrier (carrier load of “25/75”, as described in 3.9.3). Different substrate concentrations are 
provided using the described reactor set-up in 3.8.2.  
Two solutions A and B are prepared in 50.0 mmol·L-1 Na3PO4 buffer according to Table 16 
and Table 17 with 30.0 mmol·L-1 MgCl2 in both solutions. The pH is set to 7.4 using 
5 mol·L- 1 NaOH.  
 
Table 16: Investigation of the influence of CDP on the activity of polyphosphate kinase. 

 
 

 

Table 17: Investigation of the influence of polyP on the activity of polyphosphate kinase. 

 
 
 
 

Both solutions are connected to the input A and B of the UHPLC pump and placed in a 40 °C 
preheated water bath. By varying the composition of the pumped liquid, the concentration of 
CDP, respectively of polyP, is changed from 100 % to 0.1 %. The flow rate is set to 
1.5 mL·min-1. Two samples are taken after equilibration time of 2 min. The specific activity 
of the PPK in the PBR is calculated according to Equation 3-7. The kinetic parameters are 
determined according to 3.7.1.3. 

3.9.3.4. Comparison Between Different Reactor Operation Modes 

To compare the application of the phosphorylation catalyzed by PPK in different reactor 
configurations, the process is operated in a stirred tank reactor and in a continuously operated 
PBR. The substrate solutions for experiment contains 44.0 mmol·L-1 CDP, 30.0 mmol·L-1 
MgCl2, 44.0 mmol·L-1 polyP in a 50.0 mmol·L-1 Na3PO4 buffer at pH 7.4. These reaction 
conditions were previously determined to be optimal in the predetermined range.  
The PBR experiments are performed using 0.12 g immobilizate (carrier load of “50/50”, as 
described in 3.9.3) in a 30 x 3 mm reactor at 40 °C. The flow rate is varied from 0.15 to 

 solution A [mmol·L-1] solution B [mmol·L-1] 

CDP  85.0 0.0 
polyP  44.0 44.0 

 solution A [mmol·L-1] solution B [mmol·L-1] 

CDP  85.0 85.0 
polyP  800.0 0.0 
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3 mL·min-1. After 10 min of equilibration 3 samples (200 µL each) are taken. The activity is 
calculated using Equation 3-7. The batch mode STR experiments are described in 3.7.2.  
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4. Results 

The following paragraph describes all results of this thesis, starting with the characterization 
of the immobilizates, including adsorption experiments, investigation of leaching from the 
carrier and the characterization of the immobilization procedures. The results of the 
transesterification and phosphorylation in the stirred tank reactor are then discussed. In the 
main part, the results of the enzymatic catalyzed reactions in the continuously operated PBR 
are shown. In addition to the process stability, data on the influence of HHP on the activity, 
stability and selectivity of the enzymes are presented. 

4.1. Characterization of Enzyme Immobilizates 

The results of the immobilization experiments and the preliminary tests on the suitability of 
the enzyme supports are presented in the following section. To ensure that the lipase 
immobilizates are suitable for the application in a high pressure reactor, preliminary tests are 
performed. The absorption behavior of the substrate and product on the carriers as well as the 
swelling behavior in the organic solvent are investigated. A detailed study of the immobilizates 
was conducted to determine their applicability for use in the continuous high pressure reactor 
as well as their mechanical behavior under HHP and their resulting activity after 
immobilization.  

4.1.1. Adsorption Experiments 

Two carrier materials, Purolite ECR 1090 and ECR 1030, were tested for immobilization of 
CRL and CalB. Adsorption experiments were performed to test the suitability of the carrier 
materials for 7 d to ensure that the adsorption equilibrium had been reached. Three substrate 
(R-PP and S-PP) and product (R-PPA and S-PPA) concentrations, ranging from 1 to 
100.0 mmol·L-1, were selected as these concentrations were used in subsequent experiments. 
The results are presented in the following Table 18.  
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Table 18: Adsorption experiments with a concentration of 1.0-100.0 mmol·L-1 of PPA and PP. 
Reaction conditions: T = 20°C; VPP/PPA = 1 mL; cPP/PPA = 1.0-100.0 mmol·L-1; mcarrier = 0.05 g; ECR 1030; 
ECR 1090; t = 7d. 
Carrier Adsorption in % 
Substance S-PPA R-PPA S-PP R-PP 

 Concentration: 1.0 mmol·L-1of PPA and PP 
ECR 1090 1.8 ± 2.1 0.3 ± 2.2 7.5 ± 4.2 7.0 ± 4.2 
ECR 1030 6.8 ± 6.7 2.0 ± 1.4 9.8 ± 3.9 9.5 ± 4.0 
 Concentration: 10.0 mmol·L-1of PPA and PP 
ECR 1090 1.0 ± 0.5 0.9 ± 0.6 2.6 ± 1.0 2.4 ± 1.1 
ECR 1030 2.7 ± 0.7 2.4 ± 0.8 5.1 ± 0.5 5.6 ± 0.5 
 Concentration: 100.0 mmol·L-1of PPA and PP 
ECR 1090 2.2 ± 1.0 1.8 ± 1.1 1.4 ± 1.3 1.1 ± 1.4 
ECR 1030 0.5 ± 1.3 0.6 ± 1.3 4.7 ± 0.5 4.5 ± 0.5 

 
The investigation revealed that at a starting concentration of 1.0 mmol·L-1, 7.5 ± 4.2 % for 
S-PP and 7.0 ± 4.2 % for R-PP were adsorbed on the ECR 1090 carrier after 7 d of incubation. 
The products PPA adsorption on the ECR 1090 carrier was 1.8 ± 2.1 % and 0.3 ± 2.2 %, 
respectively.  
At a substrate and product concentration of 10 mmol·L-1, the adsorption for the products was 
less than 1 % and for the substrates 2.6 ± 1.0 % and 2.4 ± 1.1 %, respectively.  
At a substrate and product concentration of 100.0 mmol·L-1, the adsorption for the products 
was 2.6 ± 1.0 % and 1.8 ± 1.1 %, respectively, and for the substrates 1.4 ± 1.3 % and 
1.1 ± 1.4 %, respectively. 
The adsorption of the substrates on the ECR 1030 support after 7 days was 9.8 ± 3.9 % and 
9.5 ± 4.0 %, respectively, at a concentration of 1.0 mmol·L-1. The products adsorption on the 
carrier was 6.8 ± 6.7 % and 2.0 ± 1.4 %, respectively. 
At a concentration of the substrate and product of 10.0 mmol·L-1, the percent adsorption for 
the products was 2.7 ± 0.7 % and 2.4 ± 0.8 %, respectively, and for the substrates it was 
5.1 ± 0.5 % and 5.6 ± 0.5 %, respectively. At a concentration of the substrate and the product 
of 100.0 mmol·L-1, the percent adsorption for the products was less than 1 % and for the 
substrates was 4.7 ± 0.5 % and 4.5 ± 0.5 %, respectively. 
 
The experiment showed that the substrate adsorption was higher than product adsorption 
regardless of concentration. The percent adsorption of product and substrate was greater on 
the ECR 1030 support material than on the ECR 1090 support material at concentrations of 
1 mmol·L-1 and 10 mmol·L-1, respectively. At a product and substrate concentration of 
100 mmol·L-1, the adsorption of the product on the carrier ECR 1090 was 2.2 ± 1.0 % and 
1.8 ± 1.1 % and therefore greater than on the carrier ECR 1030.  
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The different carriers are distinguished by the material they are made of. ECR 1090 is made 
from macroporous styrene and ECR 1030 consist of a mixture of divinylbenzene and 
methacrylate. Methacrylate is one of the most used immobilization material, but is reported 
that substrate and product adsorption can occur especially for aromatic compounds. 104,105 
Therefore, the carrier material ECR 1090 was selected for further experiments. Since the 
adsorption of both the substrate and the product in a process was not desired, this is an 
important property of the enzyme carrier. 105 In addition, the handling of ECR 1090 was easier 
since the particles are less electrostatic than ECR 1030.  

4.1.2. Characterization of Immobilization Procedure 

The following section discusses the characterization of immobilization method for CRL and 
CalB. 

4.1.2.1. Candida antarctica Lipase B 

The influence of different external parameters on the immobilization process were investigated. 
First, the influence of temperature on immobilization was examined, followed by the influence 
of the immobilization method. 
 
To investigate the influence of temperature on the immobilization process of CalB on 
ECR 1090, experiments were carried out at 4 °C, 22 °C, and 40 °C using the same 
immobilization method. Since the tube roller immobilization method is commonly used, this 
method was used first. For better comparability, the measured enzyme concentration of the 
immobilization solution was related to the initial protein concentration of the immobilization 
solution c/c0. Figure 11 shows the influence of temperature on the immobilization method TR. 
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Figure 11: Influence of the temperature on the immobilization rate. 
Reaction conditions: T = 4 - 40 °C; immobilization method: TR; VCalB = 1 mL; Vbuffer = 3 mL; 
cbuffer = 400.0 mmol·L-1; pH = 6,7; mcarrier ECR 1090 = 1.75 g. 

At the beginning of the immobilization (t= 0 h) and a temperature of 4 °C an enzyme 
concentration in the immobilization solution of 1679.7 ± 250.0 µg·mL-1 was measured. After 
30 min, the enzyme concentration in the immobilization solution decreased to 
1043.1 ± 314.7 µg·mL-1 and the ratio of the initial concentration to the current concentration 
was 0.6 ± 0.2. At the end of the experiment, after 4 h, c/c0 was 0.08 ± 0.02. 

The same progression of the enzyme concentration was observed for the immobilization 
experiments at 22 °C and 40 °C. The initial protein concentration at 22 °C was 
2540.8 ± 252.6 µg·mL-1. After two hours, the ratio of the initial concentration to the current 
concentration was 0.03 ± 0.01. At the end of the experiment, the concentration in the 
immobilization solution was 49.1 ± 18.4 µg·mL-1and a c/c0 of 0.01 ± 0.001 was determined.  
At the beginning, the protein concentration at was 1236.7 ± 634.9 µg·mL-1 at 40 °C. After 
one hour, the concentration decreased to 151.9 ± 25.4 µg·mL-1and c/c0 was 0.12 ± 0.01. At 
the end of the experiment, after 6 h, the concentration was 47.0 ± 32.1 µg·mL-1and a c/c0 of 
0.04 ± 0.03 was determined. 
 
The enzyme concentrations in the immobilization solution decreased regardless of the 
experimental temperature of the TR immobilization method. This decrease in enzyme 
concentration is indicated as adsorptive immobilization on the enzyme carrier 3. At all 
temperatures, the greatest decrease in c/c0 ratio was observed during the first hour of 
immobilization.  
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At the beginning of the experiment, the entire surface is available for adsorption and no 
enzymes are bound to the support material. Since adsorption is an equilibrium process, a 
concentration equilibrium for the adsorbent is reached over time.106 If the immobilizing solution 
has a high enzyme concentration, as in this case, more enzyme will be immobilized on the 
support compared to a lower enzyme concentration 107. After 2 h, the protein concentrations in 
the immobilization solutions at 22 °C and 40 °C were constant, whereas at 4 °C, the enzyme 
concentration in the immobilization solution reached equilibrium after 4 h.  
Since the terminal enzyme concentration of the immobilization solutions was approximately 
the same at all temperatures, it can be assumed that temperature influence on immobilization 
yield can be neglected in the selected temperature range for experiments that are carried out 
over 4. This phenomenon was already described by Siódmiak et al. in 2023 for CalB. The 
immobilization of CalB was performed at 4 °C to 37 °C. The relative activity value was above 
90 %, independent of the experimental temperature.108 This was confirmed by Dobreva in 1987 
for an enzyme preparation with milk clotting activity at 25 °C and 4 °C 109. Nevertheless, it is 
necessary to investigate the influence of the immobilization process, since external factors such 
as temperature, pH or the polarity of the solvent can have a significant influence on the success 
of immobilization 110. 
In addition, the influence of the immobilization method on the success of the immobilization 
has also been studied. The variation of the immobilization set-ups for a temperature 22 °C and 
TR, SP and OS is shown in Figure 12. 
 

 
Figure 12: Influence of the immobilization method on the immobilization rate. 
Reaction conditions: T = 22 °C; immobilization method: TR, SP, OS; VCalB = 1 mL; Vbuffer = 3 mL; 
cbuffer = 400.0 mmol·L-1; pH = 6,7; mcarrier ECR 1090 = 1.75 g. 
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The initial enzyme concentration in the immobilization solution of the TR experiment was 
2540.8 ± 252.6 µg·mL-1. After one hour, the ratio of the initial concentration to the actual 
concentration c/c0 was 0.07 ± 0.02. After 4 hours, c/c0 was 0.03 ± 0.01 and the enzyme 
concentration was 63.4 µg·mL-1. After 24 hours, the concentration in the immobilization 
solution was 49.1 µg·mL-1 and the c/c0 ratio was 0.02 ± 0.01. 

The initial enzyme concentration of the OS experiment was 1701.6 ± 335.5 µg·mL-1. After 
half an hour, c/c0 was 0.27 ± 0.12 and the concentration was 459.1 ± 174.5 µg·mL-1. After 
two hours, the ratio of the initial concentration to the actual concentration was 0.03 ± 0.01. 
At the end of the experiment, the concentration in the immobilization solution was 
102.7 ± 24.0 µg·mL-1 and the ratio of c/c0 was 0.06 ± 0.02. 
The initial protein concentration of the SP experiment at 0 hours was 1615.8 ± 321.1 µg·mL- 1. 
After 4 h of the experiment, the ratio of the initial concentration to the actual concentration 
was 0.17 ± 0.08. After 24 hours, the concentration in the immobilization solution was 
40.3 µg·mL-1 and the ratio c/c0 was 0.03 ± 0.01.  
Figure 12 shows that the enzyme concentrations of the immobilization solutions of the TR and 
SP experiment decreased over time. Between 0 and 30 min, the protein concentration of the 
SP method decreased less than the protein concentration of the immobilization solutions of the 
TR and OS experiments. After 2 hours, the protein concentration in the immobilization 
solution of the TR experiment was constant. The enzyme concentration of the experiment 
using the SP decreased until the end of the experiment. In addition, Figure 12 shows that the 
protein concentration of the immobilization solution of the experiment using the OS decreased 
between 0 and 4 hours (0.028 [-]), then slightly increased again until the end of the experiment 
(0.060 [-]). At the end of the experiment, after 24 hours, 2 % to 3 % of the initial amount of 
enzymes was still in solution. 
It can be concluded that the progression of the measured to initial enzyme concentration ratio 
differ for the selected immobilization methods. This could be related to the different types of 
movement depending on the immobilization method. The overhead shaker moves the 
immobilization solution radially, the shaking plate moves the immobilization solution axially, 
while the tube roller moves the solution both, radially and axially. Due to the limited mobility 
of the support materials and the exclusively axial or radial movement, the solution is mixed 
less effectively and thus less enzyme can be adsorbed on the support material 107. The combined 
direction of movement of the tube roller mixes the immobilizing solution more uniformly and 
ensures constant mixing. This results in more frequent contact between the enzyme and the 
carrier material compared to a purely axial movement. Thus the protein concentration in the 
immobilization solution decreases more quickly.111,112 Furthermore, the tube roller in contrast 
to the other set-ups provides a more uniform distribution. This circumstance explains in 
addition why the protein concentration of the shaking plate experiment decreases less rapidly 
than the concentrations of the immobilization solutions of the TR and OS experiments. These 
differences in immobilization conditions have a significant impact on the immobilization 
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efficiency and should be taken into account when aiming for a low a ratio between measured 
and initial enzyme concentration 113. 
 
All other combinations of temperature and immobilization set-up variations are summarized 
in Table 19. The performance of each immobilization method was investigated for the 
selected temperatures.  
TR at 22 °C was selected as the most effective method for the immobilization of CalB in terms 
of the highest immobilization yield of 98.1 ± 0.8 %. The activity test was exemplarily described 
for this combination of parameters. 
 
Investigation of Immobilizate Activity 

The specific activity of CalB immobilized on ECR 1090 at 22 °C on the TR was 
1339.8 ± 16.8 U·gcarrier

-1 with an activity yield of 419.6 ± 5.3 %.  
Table 19 presents all immobilization yields and activity data from the experiments with 
different combinations of parameters.   
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Table 19: Immobilization experiment of CalB at different temperatures and set-ups. 
Reaction conditions: T = 4 - 40 °C; immobilization method: TR, SP, TR; VCalB = 1 mL; Vbuffer = 3 mL; 
cbuffer = 400.0 mmol·L-1; pH = 6,7; mcarrier ECR 1090 = 1.75 g. 

Immobilization 
set-up 

Temperature [°C] Immobilization 
yield [%] 

Activity yield [%] Carrier-specific 
activity [U·gcarrier-1] 

tube roller 

4 
 

22 
 

40 

92.4 ± 1.5 
 

98.1 ± 0.8 
 

93.8 ± 3.3 

540.4 ± 20.3 
 

419.6 ± 5.3 
 

1133.2 ± 8.8 

1075.0 ± 40.5 
 

1339.8 ± 16.8 
 

1326.3 ± 10.3 

overhead shaker 

4 
 

22 
 

40 

88.8 ± 4.3 
 

94.0 ± 1.9 
 

95.8 ± 2.1 

751.5 ± 18.1 
 

578.6 ± 22.9 
 

712.1 ± 8.3 

1193.7 ± 28.8 
 

1184.2 ± 46.9 
 

1520.5 ± 17.8 

shaking plate 

4 
 

22 
 

40 

78.5 ± 3.9 
 

97.5 ± 1.2 
 

98.2 ± 1.1 

273.9 ± 14.1 
 

423.1 ± 11.0 
 

873.5 ± 5.7 

485.8 ± 25.0 
 

1305.3 ± 33.8 
 

1917.4 ± 12.5 

 
A comparison of the reaction parameters of the TR immobilization method shows that the 
maximum immobilization yield and carrier-specific activity, but also the lowest activity yield, 
was achieved at 22 °C. The activity yield provides information on how much activity the 
enzyme retains upon immobilization. Despite the comparatively low value of 419.6 ± 5.3 %, 
this value was above 100 %. An activity yield of 100 % means that the enzyme does not lose 
any activity over the immobilization process. Furthermore, an activity yield of above 100 % 
means that the specific activity of CalB was increased by immobilization compared to the 
unimmobilized form in all experiments. Lipases are activated at interphases, which takes place 
through immobilization. 114,115 This was previously described by Mateo et al. in 2007 as so called 
“hyperactivation” 35. Mateo et al. stated that the active center of lipases that are adsorptively 
immobilized on hydrophobic supports is more often the opened form, which causes the increased 
activity 35. The relatively low specific activity compared to the high immobilization yield can 
be explained by the process of adsorption. During adsorption, a monomolecular enzyme layer 
is initially formed, i.e., the surface of the carrier material is initially completely covered by 
enzyme. This is followed by the formation of further, multi-molecular layers, resulting in a 
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higher overall loading of the carrier material. These multiple layered enzyme cause steric 
hindering themselves as well as conformation changes of the enzyme, leading to loss of the 
enzyme activity.107,108,112 
The highest immobilization performance is achieved at 22 °C for the TR method, this 
combination of immobilization method and process temperature is used for all subsequent 
immobilizations of CalB.  
 
Immobilization of CalB for High Hydrostatic Pressure Experiments 

Since the highest immobilization performance is achieved at 22 °C for the TR, this method is 
used for all subsequent immobilizations at the 5 g carrier scale for PBR applications. As an 
example, the 22 st immobilization of CalB with the tube roller is plotted in Figure 13. The 
resulting immobilized enzymes are further named TR22. 
 

  
Figure 13: Immobilization of CalB. Enzyme concentration over time of the immobilization batch TR 22. 
Reaction conditions: T = 20 °C; immobilization method: TR; VCalB = 5 mL; Vbuffer = 5 mL; 
cbuffer = 100.0 mmol·L- 1; pH = 7; mcarrier; ECR 1090 = 8.77 g. 

The enzyme concentration in the supernatant of the immobilization process TR 22 was initially 
3346.8 ± 209.5 µg·mL-1 and decreased to 1049.3 ± 71.1 µg·mL-1 after 0.5 h and 3 h of 
immobilization the enzyme concentration of the supernatant further declined to 
591.6 ± 5.0 µg·mL-1 and 582.4 ± 29.6 µg·mL-1, respectively. This data was used to calculate 
the immobilization yield of 82.6 % and an enzyme loading of the carrier of 11.1 mgCalB·gcarrier.  

The immobilization yield and enzyme loading of the carriers of all other immobilizations 
performed in this thesis are given in the supplementary information in Table 32. 
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4.1.2.2. Candida rugosa Lipase 

The optimal immobilization method for CRL was also investigated using the TR, OS, and SP 
set-ups. In addition, the temperature of the immobilization process was varied from 4 °C and 
20 °C. The experimental results are shown in Figure 14. The actual concentration of the 
supernatant is plotted related to the initial concentration of the enzyme solution at the 
beginning of the immobilization.  

 
 
Figure 14: Immobilization experiments of CRL at 20 and 4 °C. Progression of c/c0 of the different immobilization 
methods over time. 
Reaction conditions: T = 4 – 20 °C; immobilization method: TR; mCRL = 0.01 g; Vbuffer = 2 mL; 
cbuffer = 100.0 mmol·L-1; pH = 7; mcarrier; ECR 1090 = 0.5 g. 

The initial CRL concentration in the immobilization solution of the TR experiments at 20 °C 
and 4 °C was 315.8 µg·mL-1 (n = 1) and 342.7 µg·mL-1 (n = 1). After 2 h and 4 h the CRL 
concentration was 161.7 ± 17.7 µg·mL-1

 at 20 °C and 315.4 ± 2.8 µg·mL-1 at 4 °C, 
respectively. The CRL concentration after 24 h of immobilization was 120.7 ± 7.6 µg·mL-1 at 
20 °C and 238.4 ± 11.1 µg·mL-1 at 4 °C.  

The initial CRL concentration in the immobilization solution of the OS experiments at 20 °C 
and 4 °C was 299.5 ± 12.7 µg·mL-1 and 342.7 µg·mL-1 (n = 1). After 4 h the CRL 
concentration was 231.3 ± 8.1 µg·mL-1

 and 325.6 ± 10.0 µg·mL-1. The CRL Concentration 
after 24 h of immobilization was 174.1 ± 22.5 µg·mL-1

 at 20 °C and 305.9 ± 14.5 µg·mL-1 at 
4 °C.  

The initial CRL concentration in the immobilization solution of the PS experiment at 20 °C 
was 299.5 ± 12.7 µg·mL-1. After 4 h of immobilization the CRL concentration declined to 
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279.3 ± 5.6 µg·mL-1. The CRL concentration after 24 h of immobilization was 
180.5 ± 6.8 µg·mL-1. 

The CRL concentration in the supernatant of the immobilization solution decreased over 24 h 
in all experiments. The decrease in enzyme concentration in the supernatant suggests that the 
CRL was adsorptively immobilized 3. For a better comparison, the immobilization yields as 
well as the enzyme loading of the supports are summarized in Table 20.  

Table 20: Immobilization experiment for CRL at different temperatures and set-ups. 

 Immobilization 
yield [%] 

Enzyme load 
[µgenzyme·gcarrier

-1] 

tube roller 20 °C 61.0 ± 2.4 770.3 ± 30.2 
tube roller 4 °C 29.2 ± 3.2 400.8 ± 44.5 
overhead shaker 20 °C 44.3 ± 7.0 522.7 ± 87.5 
overhead shaker 4 °C  8.3 ± 4.2 113.8 ± 57.9 
Plate Shaker 20 °C 39.8 ± 1.7 468.8 ± 35.1 

 
The immobilization yield for immobilizations performed with the tube roller was 61.0 ± 2.4 % 
(experiment temperature 20 °C) and 29.2 ± 3.2 % (experiment temperature 4 °C) with an 
enzyme load on the carrier of 770.3 ± 30.2 µgenzyme·gcarrier

-1 and 400.8 ± 44.5 µgenzyme·gcarrier
-1. 

The immobilization yield for immobilizations performed with the overhead shaker was 
44.3 ± 7.0 % (experiment temperature 20 °C) and 8.3 ± 4.2 % (experiment temperature 4 °C) 
with an enzyme load on the carrier of 522.7 ± 87.5 µgenzyme·gcarrier

-1 and 
113.8 ± 57.9 µgenzyme·gcarrier

-1. The immobilization of CRL with the Plate Shaker yielded an 
immobilization yield 39.8 ± 1.7 % while an enzyme load on the carrier of 
468.8 ± 35.1 µgenzyme·gcarrier

-1 was achieved. 
 
The influence of temperature on the immobilization process was investigated for the TR and 
the OS. For both immobilization set-ups the immobilization yield is higher when the 
temperature during the process is set to 20 °C compared to 4 °C. The temperature dependence 
of the immobilization process was confirmed by the results of Guisan (2006), who described 
that the success of immobilization can be significantly affected by external factors such as 
temperature 110. The highest achieved immobilization yield was 61.0 ± 2.4 % using the TR and 
performing the immobilization at 20 °C. Therefore, this combination of immobilization method 
and process temperature is used for all subsequent immobilizations of CRL.  
 
  



 
 

 57 

Immobilization of CRL for High Hydrostatic Pressure Experiments 

Since the highest immobilization performance is achieved at 20 °C for the TR, this method is 
used for all subsequent immobilizations at the 5 g carrier scale for PBR applications. 
Exemplarily, immobilization 21 with the tube roller (TR 21) is shown in Figure 15. 

  
Figure 15: Immobilization of CRL. Enzyme concentration over time of the immobilization batch TR 21. 
Reaction conditions: T = 20 °C; immobilization method: TR; Vbuffer = 10 mL; cbuffer = 100.0 mmol·L-1; pH = 7; 
mCRL = 0.1 g; mcarrier; ECR 1090 = 8.77 g. 

The enzyme concentration in the supernatant of the immobilization solution TR 21 was 
initially 2776.9 ± 413.1 µg·mL-1 and decreased to 1060.2 ± 191.9 µg·mL-1 at 0.5 h and 3 h of 
immobilization, the enzyme concentration of the supernatant was 689.0 ± 62.7 µg·mL-1 and 
684.6 ± 10.9 µg·mL-1, respectively. This data was used to calculate the immobilization yield 
of 75.4 % and an enzyme loading of the carrier of 8.4 mgCRL·gcarrier.  

The immobilization yield and enzyme loading of the carriers of all other immobilizations that 
were performed in this thesis are given in the supplementary information in Table 31. 
The investigation focused on the specificities of the immobilization process for two different 
enzymes, CalB and CRL. Various variables, including temperature and immobilization 
techniques, were examined. Notably, the tube roller method at room temperature proved to be 
the most effective approach, in terms of enzyme loading on the carrier, allowing for uniform 
immobilization. 

4.1.3. Influence of Water Content of the Solvent on the Enzyme Activity 

The amount of water in organic solvents can influence the activity of an enzyme. On the one 
hand, enzymes are losing parts of their flexibility since essential water molecules are needed on 
the enzyme surface to ensure the necessary conformational mobility and catalytic activity.39,116 
This effect can be avoided or even reversed by adding small amounts of water.4 Nevertheless, 
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on the other hand, these rigidity of enzymes in almost water free solvents can be beneficial. As 
a result of the absence of water, various crystalline enzymes retain their native structure and 
thus their catalytic activity even in anhydrous organic solvents.4,39 Therefore, the dependency 
of the specific activity of immobilized CRL and CalB on the water content of the organic 
solvent was determined. The solubility of water in heptane is extremely low with 3 µL·mL-1 
at 20°C and slightly increasing at higher temperatures 117,118. The solubility of water in vinyl 
acetate is 1 µL·mL-1 at 20°C.119 However, the solubility of water in mixtures of organic solutions 
may differ from that of pure substances and is additionally influenced by the temperature of 
the mixture.46,120 The organic solvents were previously desaturated using a molecular sieve and 
a certain amount of waste was added. The water/heptane-vinyl acetate mixture was 
monophasic for all combinations. 
The specific activity of immobilized CalB was measured in relation to the water content of the 
solvent heptane and the results are given in Figure 16. 

 
Figure 16: Specific activity of immobilized CalB as a function of water content of the reaction system. 
Reaction conditions: T = 35 °C; Vreaction = 1 mL; solvent: heptane; cPP = 10.0 mmol·L-1; cvin = 2712.5 mmol·L-1; 
Vwater = 0-8 µL; mTR17 = 0.01 g; ECR 1090; mCalB = 0.3017 mg; t = 1 h; 500 rpm; n = 3. 

The activity of CalB in a water free solvent was determined to be 0.1 U·mg-1. At a water 
content of 1 µL·mL-1 and 2 µL·mL-1 a catalytic activity of 0.06 and 0.07 U·mg-1 was 
determined. At the highest water content of 10 µL the lowest specific activity of CalB 
0.03 U·mg-1 was measured. Therefore, the activity of CalB decreased with increasing water 
content. 
Since the influence of water content is also reported for CRL, the specific activity of 
immobilized CRL was measured in relation to the water content of the solvent heptane. The 
results are shown in Figure 17. 
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Figure 17: Specific activity of immobilized CRL as a function of water content of the reaction system. 
Reaction conditions: T = 35 °C; Vreaction = 1 mL; solvent: heptane; cPP = 10.0 mmol·L-1; cvin = 2712.5 mmol·L-1; 
Vwater = 0-8 µL; mTR16 = 0.01 g; ECR 1090; mCRL = 0.0196 mg; t = 1 h; 500 rpm; n = 3. 

The activity of CRL in a water free solvent was determined to be 2.5 U·mg-1. The activity of 
CRL at a water content of 1 µL·mL-1 and 2 µL·mL-1 was 2.5 and 2.1 U·mg-1. At the highest 
water content of 8 µL·mL-1 the lowest activity of CRL was determined to be 1.4 U·mg-1. As 
shown for CalB, the catalytic activity of CRL decreased with increasing water content. 
 
The activity of CalB decreased by one third with increasing water content from 
0 to 10 µL·mL-1. Furthermore, the activity of CRL decreased as well when the water content 
of the solvent was increased. A 58 % decrease in activity was observed for a water content 
increase from 0 to 8 µL·mL-1. However, there is a necessary amount of water molecules on the 
surface of enzymes to ensure catalytic activity, which depends on the enzyme and the used 
solvent 4,75. Herbst et al. (2014) investigated the effect of water content in hexane for the same 
CRL reaction system. It was shown that the activity of CRL increased with increasing water 
content of up to 6 µL·mL-1 of the solvent. Nevertheless, at a water content higher than 
6 µL·mL-1 the CRL activity slightly decreased.43 Whereas Bornscheuer et al. found that the 
activity of lipases from other origin in organic solvents decreases with increasing water 
content 121. 
Although the data indicates that a lower water content leads to higher activity of both lipases, 
a solvent completely saturated with water was used for further experiments. When using the 
solvents in the continuously operated PBR, it is not possible to use an anhydrous solvent 
because the solution bottles are open for pressure equalization. However, the use of the solvent 
saturated with water ensures that the water content of the solvent can be kept constant for all 
experiments.  
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4.1.4. Investigation of the Storage Stability of Lipase Immobilizates 

The CRL and CalB immobilizates are stored at 7 °C in the refrigerator after drying. To ensure 
that all experiments can be carried out with the same batch of immobilized enzymes and that 
the specific activity is comparable in all experiments, the activity of immobilized CRL and 
CalB was measured over 100 days after finishing the drying process, as described in 3.6.4. The 
specific activity of CRL as a function of storage time was measured and the results are given 
in Figure 18. 

 
Figure 18: Storage Stability of CRL. Change in specific activity of CRL over storage time. 
Reaction conditions: Tstorage = 4 °C; T = 35 °C; Vreaction = 1 mL; solvent: heptane; cPP = 10.0 mmol·L-1; 
cvin = 2712.5 mmol·L-1; mTR21 = 0.01 g; ECR 1090; mCRL = 0.0837mg; t = 1 h; 500 rpm; n = 3. 

After 24 h the activity of CRL was determined to be 15.3 ± 0.7 U·mg-1. The activity of CRL 
at day 19 and 36 was 14.1 ± 0.7 U·mg-1and 15.6 ± 0.7 U·mg-1, respectively. At day 78 and 
100 the specific activity of CRL increased to 18.6 ± 0.6 U·mg-1 and 18.8 ± 0.7 U·mg-1, 
respectively. 
 
The specific activity of CalB as a function of time was measured and the results are given in 
Figure 19. 
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Figure 19: Storage Stability of CalB. Change in specific activity of CalB over storage time. 
Reaction conditions: Tstorage = 4 °C; T = 35 °C; Vreaction = 1 mL; solvent: heptane; cPP = 10.0 mmol·L-1; 
cvin = 2712.5 mmol·L-1; mTR19/TR22 = 0.01 g; ECR 1090; mCalB = 0.211 / 0.158 mg; t = 1 h; 500 rpm; n = 3. 

At the first day of the investigation the activity of CalB (TR 22) was determined to be 
0.7 ± 0.04 U·mg-1. The activity of CalB at day 19 and 100 was 0.7 ± 0.01 U·mg-1and 
0.7 ± 0.07 U·mg-1, respectively. 
The change of specific activity over time was investigated for a different immobilization batch 
as well. The activity of the immobilization batch TR 19 of day 19 and 100 was 
0.4 ± 0.01 U·mg-1 and 0.5 ± 0.04 U·mg-1, respectively. 
 
A decrease in stability could not be detected within 100 storage days. The slight fluctuations 
in activity could be related to measurement or handling errors. Furthermore, the activity 
experiment on day 78 and 100 was performed with another GC and therefore with a new 
calibration for substrate and product, which explains the different activity values. Aghaei et 
al. (2021) investigated the storage stability of immobilized CRL on epoxy-activated cloisite 
30B at 4 °C. After 30 days, the relative activity of the immobilized biocatalyst had fallen to 
87.3 % with respect to the initial activity.122 Siódmiak et al. determined a residual activity of 
89.9 % after 7 days of storage at 4 °C, while no decrease in activity was detected for CalB 108. 
The results presented suggest that all CRL and CalB immobilizates can be used over a long 
period of time without deactivation. 

4.1.5. Investigation of Mechanical Stability of Carriers 

The mechanical stability of the enzyme carrier was investigated to ensure their suitability for 
application in the different reactors as well as in organic solvents and under high hydrostatic 
pressure. To investigate the change of the immobilizate and their surface, SEM images were 
taken from the particles after different treatments, e.g., untreated carrier, carriers after 
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immobilization or after the usage in the continuously operated high pressure reactor. The exact 
treatment for each particle batch is shown in Table 9. SEM images of the differently treated 
enzymes carriers are shown in Figure 20. 
 

 
Figure 20: SEM images of immobilizate particle Purolite ECR 1090 with different treatments. 1. Untreated 
ECR 1090; 2. CRL immobilizate; 3. CalB immobilizate; 4. CRL immobilizate 1 h thermo shaker experiment, 
1000 rmp; 5. CRL Immobilizate 3 h in HHP reactor at ambient pressure; 6. CRL Immobilizate 3 h in HHP reactor 
at 800 bar; 7. CalB Immobilizate 3 h in HHP reactor at ambient pressure; 8. CalB Immobilizate 3 h in HHP reactor 
at 800 bar. 

Figure 20-1 shows an untreated and dried particle. It can be seen that the untreated particles 
already have small cracks or an uneven surface. Figure 20-2 and Figure 20-3 show the particles 
after immobilization with CRL and CalB, respectively. Compared to Figure 20-1, larger cracks 
are visible in the surface of the particle with immobilized CRL in Figure 20-2 but are intact 
and have an intact round shape. In Figure 20-3, the immobilization with CalB has caused 
cracks in the carrier and partially destroyed the particles. Figure 20-4 shows the CRL 
immobilizates after being used for 1 h on the thermo shaker at 1000 rpm. The particles have 
larger cracks and are partially broken. Figure 20-5 and Figure 20-6 show the immobilized 
particles (CRL) after being used in organic solvent in the continuously operated high 
hydrostatic pressure reactor, as described in 3.9.1.2. The particles in Figure 20-5 were used for 
an experiment at ambient pressure, whereas the particles in Figure 20-6 were used for an 
experiment at 800 bar. The particles have more cracks than in Figure 20-2, and some surface 
destruction has occurred. These damages are smaller compared to the particles in Figure 20-4 
after use in the thermos shaker for 1 . Furthermore, no difference can be found between Figure 
20-5 and Figure 20-6. Figure 20-7 and Figure 20-8a show the immobilized particles (CalB) 
after being used in the continuously operated high hydrostatic pressure reactor. The particles 
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in Figure 20-7 were used for an experiment at ambient pressure, whereas the particles in Figure 
20-8a were used for an experiment at 800 bar. It can be seen that most of the particles have a 
more damaged surface than the particles in in Figure 20-3. Furthermore, no difference can be 
found between Figure 20-7 and Figure 20-8a. Figure 20-8b shows the particles from the reactor 
bed of the test performed at 800 bar. The particles stuck together. In order to obtain a single 
particle for the recording, they had to be carefully removed from the solid bed. The particles 
in the fixed bed have cracks in the surface and that they are partially destroyed, but the 
majority of the particles are present as intact spherical particles. SEM imaging showed that 
the immobilization already caused cracks (CRL) or destruction of the particles (CalB) when 
the enzymes were immobilized. Partial destruction of the particles can be observed, especially 
during immobilization of CalB. This can possibly be explained by the deposition of salts or 
glycerol from the enzyme solution on the particles 105. Particles (CRL) were destroyed by 
thermo shaker application, even though an overhead magentic stirrer was used 123. This means 
that the mechanical stress caused by the stirrer is greater than that caused by the use of a 
continuous reactor. Furthermore, no difference can be found between Figure 20-5 and Figure 
20-6, and respectively Figure 20-7 and Figure 20-8 which concludes that the influence of HHP 
on the particles is less severe than by other treatments.  
The particles are therefore suitable for utilization in a continuously operated high pressure 
reactor from the point of view of mechanical stability. This is essential for the use of 
biocatalysts in stable processes and their reusability.124 Since the mechanical stability of the 
carrier was confirmed, further investigations were carried out to test their suitability for the 
catalytic performance and stability of the enzymes. 

4.1.6. Investigation of Enzyme Leaching from the Carriers 

The effluent of a continuously operated high hydrostatic pressure reactor with a packed bed 
with immobilized CRL was collected in a bottle. As it was not possible to determine the enzyme 
concentration in the effluent, the leaching of the enzyme from the packed bed was determined 
by measuring the conversion of the PP over time in the collected solution. The results are given 
in Figure 21. 
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Figure 21: Leaching of CRL from enzyme carrier. Conversion of PP over time. 
Reaction conditions: Tstorage = 20 °C; Vreaction = 250 mL; solvent: heptane; cPP = 50.0 mmol·L-1; 
cvin = 434.0 mmol·L-1; mTR21 = 0.01 g; ECR 1090; mCRL = 0.0837mg; n = 3. 

The conversion of PP was 13.0 % at the beginning of the investigation. With increasing time, 
the conversion decreased to 12.9 % at day 5 and further increased at day 16 and at day 73 to 
13.1 % and 13.8 %, respectively. Overall, the conversion increased by 0.8 % within 73 days. 
Since the conversion increased only slightly, it can be assumed that no enzyme leached from 
the carrier. The increase in conversion could be explained by measurement or handling errors.  

4.1.7. Summary Characterization of Enzyme Immobilizates 

In this section, the immobilization of the enzymes and tests on the suitability of the enzyme 
carriers were investigated. The carrier material ECR 1090 was found to be suitable for 
immobilization and mechanically stable under high hydrostatic pressure conditions. For CRL 
and CalB, a suitable immobilization method was identified that could be also transferred to a 
larger scale. In addition, the storage stability of the immobilizates was confirmed and no 
leaching of enzymes from the carrier material was observed. Therefore, the enzyme 
immobilizates are suitable for the use in a continuously operated high hydrostatic pressure 
reactor. 
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4.2. Enzyme Characterization in the Stirred Tank Reactor in Batch 

Operation Mode 

Prior to investigations of the CRL and the PPK in the continuous high hydrostatic pressure 
reactor system, experiments were carried out in batch mode. The efficiency of the synthesis 
essentially depends on the choice of a suitable reactor type for enzymatic reactions.3 Although 
the replacement of batch processes with continuous processes has begun in the field of 
biocatalysis, the simplest way to perform an enzymatic catalyzed reaction is still the 
discontinuously operated stirred tank reactor.7–9  
The thermodynamic maximum possible turnover, i.e., state of equilibrium, was determined to 
set the limits for the kinetic studies. The specific activity of CRL and PPK was investigated 
in STR as well as in PBR for later comparison. The kinetic parameters of CRL in the STR 
were compared with those from the PBR experiments. 

4.2.1. Candida rugosa Lipase Application in the Stirred Tank Reactor 

Experiments to determine the specific activity and the kinetic parameters in a discontinuously 
operated stirred tank reactor were carried out in a thermo vessel at 30 °C, given in 3.7.1. The 
state of equilibrium was investigated, giving the limits for investigating the kinetic parameters 
in the STR. 

4.2.1.1. Investigation of the Thermodynamic Equilibrium of the 

Transesterification Reaction 

The reaction was carried out starting with the substrate PP and vinyl acetate. Immobilized 
CRL was used, and the reaction process was monitored by means of continuous sampling 
according to 3.7.1.1. The conversion of PP over time is shown in Figure 22.  
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Figure 22: Thermodynamic equilibrium of the transesterification in the STR. Conversion of PP over time. 
Reaction conditions: T = 35 °C; Vreaction = 10 mL; solvent: heptane; cPP = 10.0 mmol·L-1; cvin = 864.0 mmol·L-1; 
mTR21 = 0.1 g; mCRL = 0.0837 mg; ECR 1090; 250 rpm; n = 1. 

The conversion of PP at 2 min was 12.1 % and increased from 87.9 % after 60 min to 100.0 % 
after 180 min. Products of the reaction were PPA and vinyl alcohol. Unless stabilized, vinyl 
alcohol is immediately isomerized to its tautomer acetaldehyde.125 A back reaction is thus 
completely avoided and therefore the reaction is irreversible.116,126 
Since the thermodynamic equilibrium of the transesterification reaction starting from PP and 
vinyl acetate showed 100.0 % conversion of PP, the kinetic experiments can be performed with 
a maximal conversion of the substrate of 10.0 %. These 10.0 % of conversion are equal to 
10.0 % of the maximal conversion. In the range of substrate conversion from 0.0 % to 10.0 %, 
the activity of the enzyme is assumed to be approximately linear according to the Michaelis–
Menten theory.3 

4.2.1.2. Investigation of the Kinetic Parameters of Candida rugosa Lipase in 

the Discontinuously Operated Stirred Tank Reactor 

For investigation of the kinetics, the dependence of the activity of CRL on the PP and vinyl 
acetate concentration in relation to the mass of enzyme (U·mgPPK

-1) was determind. The 
specific activity of the CRL was calculated using Equation 3-3. The specific activity of CRL as 
a function of PP and vinyl acetate is given in Figure 23.  
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Figure 23: Investigation of kinetic parameters of CRL in STR. Reaction rates were measured during the first 20 
minutes of the investigation. 
Reaction conditions: T = 35 °C; Vreaction = 10 mL; solvent: heptane; cPP = 0.0 – 100.0 mmol·L-1; 
cvin = 0.0 – 5425.0 mmol·L-1; mTR11= 0.1 g; ECR 1090; mCRL = 0.0098 g; mCRL = 0.0098 mg; t = 1 h; 250 rpm; 
n = 3.  

The specific activity of CRL at a constant concentration of vinyl acetate of 1356.3 mmol·L-1 
and a PP concentration of 5.0 mmol·L-1 and 40.0 mmol·L-1 was 5.5 U·mg-1 and 13.4 U·mg- 1, 
respectively. At a concentration of 60.0 mmol·L-1 and 100.0 mmol·L-1 the specific activity 
was 16.9 U·mg-1 and 16.7 U·mg-1, respectively. 
At a constant concentration of PP of 100.0 mmol·L-1 and a vinyl acetate concentration of 
108.0 mmol·L-1 the specific activity of CRL was 4.2 U·mg-1, respectively. At a concentration 
of vinyl acetate of 542.5 mmol·L-1 the highest specific activity of 10.7 U·mg-1 was measured. 
At concentrations higher than that, the specific activity of CRL decreased to 10.5 U·mg-1 at 
1085.0 mmol·L-1 and further to 2.6 U·mg-1 at 5425.0 mmol·L-1.  
Optimal substrate concentrations in this set-up and under the given reaction conditions were 
determined to be PP concentration of 100.0 mmol·L-1 and a vinyl acetate concentration of 
864.0 mmol·L-1 resulting in a CRL activity of 26.6 U·mg-1. The influence of high pressure on 
the CRL activity and the stability of CRLs were further investigated under these optimal 
substrate concentrations. The decrease in activity at higher substrate concentrations of vinyl 
acetate indicated a substrate inhibition 100. The substrate inhibition of CRL by vinyl acetate 
was previously described by Palocci et al. (2008) 127. 
 
To characterize the CRL, the kinetic parameters were determined. Based on the evaluated 
activity data as a function of PP and vinyl acetate, substrate inhibition by vinyl acetate was 
determined. Kinetic parameters were determined by using three equations based on the 
Michaelis-Menten theory to describe the enzyme activity in dependency of the substrate 
concentration and type of inhibition. These equations describe competitive, uncompetitive and 
non-competitive inhibition by vinyl acetate and, in addition, the affinity of the enzyme to the 
substrate (KM-value, Michaelis-Menten constant) and the maximum reaction rate (vmax) were 
taken into concideration.3,75,100 The measured activity values were used to determine the kinetic 
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parameters KM,PP, KM,vin, vmax and KI, vin by using the nlinfit algorithm in MATLAB, see 3.7.1.3. 
The data is given in Table 21.  
 
Table 21: Kinetic parameters of the transesterification reaction by CRL in a stirred tank reactor. 

 Uncompetitive inhibition competitive  
inhibition 

noncompetitive  
inhibition 

 calculated 95 % 
confidence 
interval 

calculated 95 % 
confidence 
interval 

calculated 95 % 
confidence 
interval 

vmax [U·mg-1] 88.1 �± 122.3 114.4 �± 9.7·109 118.6 �± 1.3·106 

KM,PP [mmol·L-1] 17.6 �± 6.8 15.7 �± 12.5 17.2 �± 6.8 

KM,vin [mmol·L-1] 742.4 �± 1512.4 239.1 �± 2.0·1010 771.6 �± 8.5·106 

KI,vin [mmol·L-1] 900.3 �±1 582.5 51.9 �± 9.6·108 771.6 �± 8.5·106 

RMSD 
[U·mg-1] 

 PP  2.6  2.3  2.5  

 vin 2.2  7.2  2.5  

 
The data of the kinetic constants and the corresponding confidence interval with regard to the 
inhibition types are given in Table 21. The 95 % confidence interval indicates the variation of 
an estimated particular model parameter and the location of the true model parameter for a 
chosen uncertainty level. The 95 % confidence interval for vmax was determined to be 
88.1 ± 122.3 U·mg-1 for uncompetitive, 114.4 ± 9.7·109U·mg-1 for non-competitive and 
118.6 ± 1.3·106 U·mg-1 for competitive inhibition. The kinetic parameters describe the 
dependence of the activity of CRL on vinyl acetate KM,vin and KI,vin are 742.4 mmol·L-1 and 
900.3 mmol·L-1 for uncompetitive, 239.1 mmol·L-1 and 51.9 mmol·L-1 for non-competitive 
and 771.6 mmol·L-1 and 771.6 mmol·L-1 for competitive inhibition, respectively. As the 
experiments were carried out in a STR, the number of concentration variations was limited, 
resulting in relatively wide confidence intervals as for example with vmax (88.1 ± 122.3 U·mg-1). 
In addition, the deviation of the individual experiments was partly large for an accurate 
prediction of kinetic parameters. 
Zhao et al. (2015) investigated a specific activity of immobilized CRL of 2.37 U·g-1 for the 
same transesterification reaction in hexane, which is one decade lower than the determined 
activity in this study 14. Nevertheless, it was mentioned that due to covalent immobilization, 
the enzyme loses the majority of its activity while the activity stays the same or is even 
enhanced when lipases are adoptively immobilized 14,35,128. Pencreac’h et. Al (2001) investigated 
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a specific activity of CRL in heptane of 53 U·g-1 for a hydrolysis 129. However, since the activity 
of lipase is strongly dependent on the properties if the reaction solution, the water content of 
the solvent, the temperature and the reaction to be catalyzed, and the specific activity values 
are within a comparable range 116. 
In order to obtain a prediction about the accuracy of the model’s description of the measured 
data, the RMSD was used. The RMSD describes the difference between the measured data and 
predicted values of the model. RMSD data is given in Table 29. The deviation of the predicted 
from the measured values for the PP-dependent activity of CRL was 2.6 U·mg-1 for 
uncompetitive inhibition, 2.3 U·mg-1 for uncompetitive inhibition, and 2.5 U·mg-1 for non-
competitive inhibition. The RMSD was 2.2 U·mg-1 for uncompetitive, 7.2 U·mg-1 for 
competitive inhibition, and 2.5 U·mg-1 for non-competitive inhibition for the vinyl acetate-
dependent activity.  
The confidence interval for the predicted kinetic parameters for uncompetitive inhibition gave 
the lowest values compared to the other types of inhibition (see Table 29). Since the lowest 
RMSD was determined for uncompetitive inhibition additionally, this inhibition type was 
selected for the following investigations The model parameters for uncompetitive inhibition 
were determined by using Equation 1-11. Nevertheless, this is only an assumption and the real 
mechanism of the type of inhibition cannot be conclusively determined with these calculations.  

Optimal substrate concentrations based on the kinetic parameter investigation which resulted 
in the highest specific activity of CRL were 742.4 mmol·L-1 vinyl acetate and a PP 
concentration of 100.0 mmol·L-1. In particular, if inhibition by one of the substrates occurs, 
also known as substrate surplus inhibition, the choice of the right reactor type is important. 
To keep the substrate concentration in a suitable range, the reaction should be carried out in 
a CSTR (continuously stirred tank reactor) or a fed batch reactor. In these reactor types the 
concentration of the inhibitor can be kept low.3 

Since the focus of this research was to study the influence of HHP on the performance of 
enzymes, the reactor not only had to fulfill the best possible configuration for substrate 
inhibition, but also the requirements for high pressure.  
 
Although a large number of studies on enzymes have been performed under high pressure in 
batch processes and the technical implementation is comparatively simple, not all effects on 
the enzymes could be studied sufficiently well. The enzymes are often added to the substrate 
under ambient pressure and then pressurized, after which the pressure is released for a certain 
time and the sample is removed.2,60 Therefore, depending on the type of the enzyme, it is not 
possible to measure the initial reaction rate to determine the kinetic data; the enzyme catalyzes 
the reaction too quickly. A more viable option is to use a continuously operated reactor packed 
bed reactor.9 By using a pressure build-up unit and a suitable pump, every point in the reaction 
process can be targeted and the desired pressure can be set-up fast. Sampling takes place in 
the range of ambient pressure (see 3.8). The immobilized enzymes are firmly enclosed in the 



 

 

 

70 

PBR and retained by frits. Therefore, no reaction takes place in the range of the ambient 
pressure. The replacement of batch processes with continuous processes has been an additional 
factor that contributed to the implementation of sustainable transformations and is the key to 
process intensification 7–9. Therefore, it is more appropriate to study the effects of HHP in a 
continuously operated process. Subsequently, another enzyme, PPK, was also investigated in 
the STR to determine whether its application in the continuous PBR would also be reasonable. 

4.2.2. Ruegeria pomeroyi Polyphosphate Kinase Application in Stirred 

Tank Reactor 

The application of immobilized enzymes can be carried out in several different reactors. 
Particular attention was paid to the comparison between a discontinuously operated STR and 
a continuously operated PBR, as explained in the introduction. The cofactor regeneration of 
CTP catalyzed by PPK was performed in a 10 mL thermo vessel to investigate the 
thermodynamic equilibrium and the specific activity of PPK in batch mode. The reaction 
process was monitored by means of continuous sampling according to 3.7.2. The conversion of 
CDP in the STR over time is shown in Figure 24.  
 

 
Figure 24: Thermodynamic equilibrium of the phosphorylation reaction in STR. 
Reaction conditions: T= 40 °C; Vreaction= 10 mL; solvent: Na3PO4 buffer; cbuffer = 50.0 mmol·L-1; pH = 7.4; 
cpolyP = 44.0 mmol·L-1; cCDP = 30.0 mmol·L-1; cMgCl2 = 30.0 mmol·L-1; mimmobilizate = 0.1 g; mPPK = 0.0415 mg; 
250 rpm; n = 1. 

The conversion of CDP at 3 min was 11.7 % and increased to 61.6 % after 60 min and further 
to 88.3 % after 24 h.  
As the thermodynamic equilibrium of the phosphorylation reaction starting form CDP and 
polyP was 88.0 % CDP conversion, the kinetic experiments can be performed with a maximal 
conversion of 8.8 %, which represents 10.0% of the total conversion. In the range of 0.0 % to 
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8.8 % substrate conversion the activity of the enzyme is assumed to be almost linear according 
to the Michaelis–Menten theory.3 
 
The specific activity of PPK was determined using Equation 3-5. The initial reaction rate, 
which is equivalent with the specific activity of PPK, was calculated after 3 min of reaction 
time with 0.87 U·mg-1.  

4.2.3. Summary Enzyme Characterization in the Stirred Tank Reactor in 

Batch Operation Mode 

Prior to the continuous high hydrostatic pressure reactor experiments, the reactions catalyzed 
by CRL and PPK were investigated in a STR in batch operation mode to determine the 
synthesis efficiency and influence of the substrate concentrations on the specific enzyme 
activity.  
Both reaction systems, the transesterification catalyzed by CRL and the phosphorylation by 
PPK, were successfully conducted in the discontinuously operated STR. The transesterification 
reaction reached a 100 % conversion equilibrium, making it possible to perform kinetic 
experiments with up to 10 % substrate conversion as the enzyme activity is still linear. For 
CRL, optimal reaction conditions in the STR were determined to be 100.0 mmol·L-1 PP and 
864.0 mmol·L-1 vinyl acetate. A specific activity of 26.6 U·mg-1 was measured. Uncompetitive 
inhibition by vinyl acetate provided the best fit to the kinetic data.  
The phosphorylation reaction catalyzed by PPK reached 88 % conversion equilibrium with an 
initial reaction rate of 0.87 U·mg-1 at 8.8 % substrate conversion. 
These results guide the design of the continuous high hydrostatic pressure reactor experiments, 
highlighting the importance of optimal substrate concentrations and determination of 
inhibition effects for enzymatic efficiency. 
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4.3. Characterization of the High Hydrostatic Pressure Set-up  

The following section discusses the characterization of the high hydrostatic pressure set-up. 
This characterization is of utmost importance as it discusses possible phenomena that can occur 
in a continuously operated packed bed reactor. 

4.3.1. Establishment of Steady-State Conditions in the Packed Bed Reactor 

In order to ensure steady-state conditions when the reaction in the continuously operated 
packed bed reactor is investigated, the activity of CRL was determined in the first 120 min of 
the experiment. The hydrodynamic residence time was determined to 0.87 ± 0.01 min at a flow 
rate of 0.5 mL·min-1. The CRL activity of six individual experiments, each with a newly loaded 
reactor bed, is plotted against time in Figure 25. 
 

 
Figure 25: Establishment of steady-state conditions of PBR filled with CRL immobilizate at ambient pressure. 
Reaction conditions: T = 35 °C; V̇ =0.5 ml·min-1; solvent: heptane; cPP = 10 mmol·L-1; cvin = 864.0 mmol·L-1; 
reactor dimensions: 30 x 3 mm; 𝑡 ̅= 0.87 ± 0.01 min; mTR21 = 0.1 g; ECR 1090; mCRL = 0.0837 mg; t = 100 min; 
n = 3. 

The specific the activity of CRL was 3.4 ± 0.2 U·mg-1 at 2 min and increased to 
5.3 ± 0.1 U·mg-1 after 10 min of reactor operation. At 20 min and 80 min the activity was 
4.6 ± 0.1 U·mg-1 and 3.8 ± 0.1 U·mg-1, respectively.  
In each experiment, CRL activity increased during the first 10 min of reactor operation. 
Subsequently, the activity decreased. This phenomenon is not due to insufficient mixing of the 
reactor, as the mean residence time is 0.87 min which is equal to 11 residence times. The 
increase in activity up to 10 min of the experiment could be explained by a flow induced 
compression of the packed bed. The decrease of the CRL activity could be explained by the 



 
 

 73 

subsequent formation of channeling in the reactor bed, swelling of the particles or denaturation 
of the enzyme.3,130,131 In particular, the declining course of activity over time can be explained 
by the deactivation of the CRL 3. 

4.3.2. Residence Time Experiments in Packed Bed Reactor 

Residence time experiments were performed to ensure that the reaction was in steady-state 
conditions. A step signal was applied and the concentration of the tracer, which was in both 
cases the substrate of the reaction was measured at the reactor outlet. Different experiments 
were performed for the different continuous high hydrostatic pressure systems.  
 
Continuous High Hydrostatic Pressure System at TU Hamburg 

The F-curve of the experiments, which represents the sum curve of the residence time 
distribution, is plotted in Figure 26. 

 
Figure 26: Determination of the mean residence time. Sum curve of the residence time distributions from two 
experiments F-curve. 
Reaction conditions: T = 35 °C; V̇ = 0.25-1.5 ml·min-1; solvent: heptane; cPP = 10.0 mmol·L-1; 
cvin = 864.0 mmol·L-1; reactor dimensions: 30 x 3 mm; mTR21 = 0.0627 g; ECR 1090; t = 80 – 480 s; n = 2. 

The mean residence time was calculated according to Equation 3-9 and is given in Table 22.  
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Table 22: Mean residence time as a function of the flow rate of the continuous high hydrostatic pressure system at 
TU Hamburg.  

Flow rate [ml·min-1] mean residence time [min] 

0.25 1.75 ± 0.02 
0.5 0.87 ± 0.01 
1.0 0.40 ± 0.01 
1.5 0.38 ± 0.01 

 
The mean residence time at a flow rate of 1.0 mL·min-1 was 0.40 min while 𝑡̅ was 0.38 min at 
a flow rate of 1.5 mL·min-1. The flow rate of the substrate at the experiments to determine 
the kinetic parameters was 1.5 mL·min-1; the waiting time was chosen to be 2 min which is 
5 – fold the mean residence time. To determine the effects of HHP on the enzyme activity, a 
flow rate of 1 mL·min-1 was selected. To provide more time to reach the steady-state condition, 
while the time for the experiment was kept as short as possible to avoid enzyme denaturation 
during the experiment, the first sample was taken after 5 min which, is equal to 12 mean 
residence times.  
Continuous High Hydrostatic Pressure System at GALAB 

The calculated residence time is plotted against the flow rates in Figure 27, the mean residence 
time is given in Table 23.  

 
Figure 27: Determination of the mean residence time in dependency of the flow rate. 
Reaction conditions: T = 40 °C; V̇ = 0.25-1.5 ml·min-1; solvent: Na3PO4 buffer; cbuffer = 50.0 mmol·L-1; pH = 7.4; 
cpolyP = 44.0 mmol·L-1; cCDP = 30.0 mmol·L-1; cMgCl2 = 30.0 mmol·L-1; mimmobilizate = 0.1742 g; reactor 
dimensions: 30 x 3 mm; t = 60 – 180 s; n = 6. 

The mean residence time at a flow rate of 0.5 mL·min-1 was 0.48 min while 𝑡̅ was 0.19 min at 
a flow rate of 1.5 mL·min-1. The flow rate of the substrate feed in the experiments to determine 
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the kinetic parameters was 1.5 mL·min-1; the waiting time was chosen to be 2 min which is 
10-fold the mean residence time. For determining the effects of HHP on the enzyme activity, 
a flow rate of 1 mL·min-1 was selected. The first sample was taken after 4 min which is equal 
to 15 mean residence times. Since the mean residence time was determine using the F-curve, 
interactions between the immobilization carrier and the tracer could not be quantified which 
might have affected these results. 
 
Table 23: Mean residence time in dependency of the flow rate of the continuous high hydrostatic pressure system 
at GALAB. 

Flow rate [ml·min-1] mean residence time [min] 

0.5 0.48 ± 0.03 

0.75 0.30 ± 0.02 

1 0.25 ± 0.02 

1.25 0.20 ± 0.02 

1.5 0.19 ± 0.01 
 

4.3.3. Investigation of Mass Transfer Limitation in Packed Bed Reactor 

A potential mass transfer limitation is one of the most important parameters to be studied in 
the process of setting up a continuously operated RBR. Therefore, different flow rates and the 
resulting enzyme activity were calculated to identify this potential limitation. The investigation 
of the mass transfer limitation was performed for both high hydrostatic pressure systems.  
 
Continuous High Hydrostatic Pressure System at TU Hamburg 

The activity of CRL in dependency of the flow rate, as well as the mean residence time, at the 
continuous high hydrostatic pressure system at TU Hamburg is given in Figure 28.  
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Figure 28: Determination of Mass transfer limitation in PBR with immobilized CRL. Activity and mean residence 
time as a function of the flow rate. 
Reaction conditions: T = 35 °C; V̇ = 0.25-1.5 ml·min-1; solvent: heptane; cPP = 10.0 mmol·L-1; 
cvin = 864.0 mmol·L-1; reactor dimensions: 30 x 3 mm; mTR21 = 0.0627 g; ECR 1090; t = 80 - 480 s; n = 2.  

The activity of the CRL was determined to be 2.5 ± 0.03 U·mg-1 for increasing flow rates 
from 0.5 to 1.5 mL·min-1. The activity of CRL at a flow rate of 0.25 mL·min-1 is 
2.1 ± 0.04 U·mg-1. Since the activity of CRL at a flow rate above 0.25 mL·min-1 was higher, 
a mass transfer limitation was assumed at flow rates lower than 0.5 mL·min-1.131 As the 
experiments to determine the kinetic parameters, as described in 3.9.1.3, and the pressure 
experiment, as described in 3.9.1.2, were carried out at a flow rate of 1.5 mL·min-1 and 
1.0 mL·min-1 respectively, it was assumed that lower mass transfer limitation occurred at 
these flow rates. 
 
Continuous High Hydrostatic Pressure System at GALAB 

The activity of PPK as a function of the flow rate is given in Figure 29. The activity of the 
PPK was determined to be 0.8 ± 0.1 U·mg-1 for increasing flow rates from 0.5 to 
3.0 mL·min- 1. The activity of PPK at a flow rate of 0.15 mL·min-1 was 0.6°U·mg-1.  
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Figure 29: Determination of mass transfer limitation in PBR with immobilized PPK. Activity as a function of the 
flow rate. 
Reaction conditions: T = 40 °C; V̇ = 0.15-1.5 ml·min-1; solvent: Na3PO4 buffer; cbuffer = 50.0 mmol·L-1; pH = 7.4; 
cpolyP = 44.0 mmol·L-1; cCDP = 30.0 mmol·L-1; cMgCl2 = 30.0 mmol·L-1; mimmobilizate = 0.166 g; mPPK = 0.0415 g 
reactor dimensions: 30 x 3 mm; t = 60 - 180 s; n = 3. 

As the activity of PPK at a flow rate above 0.5 mL·min-1 was higher than the activity at 
lower flow rates, a higher mass transfer limitation, which is potentially external, was assumed 
at flow rates lower than 0.15 mL·min-1.131 Since the experiments to determine the kinetic 
parameters and the pressure experiment, as described in 3.9.1.3 and 3.9.1.2, are performed at 
a flow rate of 1.5 mL·min-1 and 1.0 mL·min-1 respectively, it was assumed that lower mass 
transfer limitation occurs at these flow rates. To further compare the activity of the PPK in 
different reaction modes, the activity was calculated for the batch mode. The activity of the 
PPK was determined to be 0.8 ± 0.1 U·mg-1 for flow rates from 0.5 to 3.0 mL·min-1. 

4.3.4. Summary Characterization of the High Hydrostatic Pressure Set-up  

The high hydrostatic pressure set-ups at TU Hamburg by Shimadzu and at GALAB by Waters 
were characterized to ensure the suitability of the set-ups to investigate the influence of high 
hydrostatic pressure on the enzyme performance. When immobilized CRL was applied in the 
HHP reactor, a time dependent establishment of the steady-state conditions was observed. To 
ensure steady-state conditions in the continuously operated packed bed reactor, the system 
was flushed for at least 10 min before investigating effects in the HHP system. Nevertheless, a 
similar phenomenon was not investigated for the immobilized PPK in the HHP set-up at 
GALAB. As these enzymes, carriers and solvents are different, the effect observed for 
immobilized CRL was only specific for this combination of reaction set-up and conditions.  
The mean residence time in the reactor set-ups was carried out analogously for both set-ups. 
At a flow rate of 1 mL·min-1, the mean residence time was 0.40 min for the TU Hamburg set-
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up, while it was 0.25 min for the GALAB set-up. These differences were due to different types 
of pumps installed and different void volumes of solvent in the capillaries to and from the 
reactors. 
Based on the results, the high hydrostatic pressure set-ups at TU Hamburg by Shimadzu and 
at GALAB by Waters were both found to be suitable for the investigation of the influence of 
high hydrostatic pressure on the enzyme performance.  
 

4.4. Characterization of Candida rugosa Lipase in Continuously Operated 

Packed Bed Reactor 

The following section describes the experiments using CRL in the High Hydrostatic Pressure 
System at TU Hamburg. First, the stability of the CRL was investigated under ambient and 
HHP followed by the investigation of the influence of HHP on the activity, and selectivity of 
CRL. In addition, the enzyme kinetics of CRL were studied at ambient and elevated pressure 
of 800 bar.  

4.4.1. Stability Experiments Under High Hydrostatic Pressure 

Experiments were performed to assess the process stability of the enzyme and to characterize 
the reactor operation for different hydrostatic pressure conditions. These experiments validate 
that the performance of the CRL for pressure or kinetic measurements is consistent over the 
time of the experiment. The immobilized CRL was kept in the continuously operated PBR for 
2 h. The results of the activity change over time are shown in Figure 30.  
 

 
Figure 30: Investigation of CRL Stability at 1 bar and 800 bar. Specific activity of CRL over time. 
Reaction conditions: T = 35 °C; V̇ = 0.5 ml·min-1; solvent: heptane; cPP = 60.0 mmol·L-1; cvin = 864.0 mmol·L-1; 
reactor dimensions: 30 x 3 mm; 𝑡̅ = 0.87 ± 0.01 min; mTR21 = 0.0533 g; ECR 1090; mCRL = 0.446 mg; n = 3. 
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In all experiments, the activity decreased slightly over time. The deactivation constant kd was 
calculated from the experimental results. The data is given in Table 24. 
 
Table 24: Deactivation constant and mean half-life of immobilized CRL at 1 and 800 bar. 

 1 bar 800 bar 
experiment 
number 

1 2 3 1 2 3 

kd [min-1] 1.2·10-03 1.8·10-03 9.0·10-04 2.8·10-04 1.1·10-03 3.7·10-04 
t1/2 [min] 600.8 395.7 764.1 2496.2 657.6 1857.5 

 
The decrease of enzyme activity over time can be explained by different phenomena. Thermal 
deactivation may be one explanation for a decrease in enzyme activity over time. A decrease 
of enzyme activity as a result of enzyme leaching from the carrier is in this application unlikely, 
as it was determined that no enzyme leaching was occurring as described in 4.1.6 131. The 
experiment was performed with six different packed columns, therefore the specific activity of 
the CRL varied. This could be due to the error-prone loading of the packed bed in terms of 
the amount of immobilizate and the structure of the bed 131. Despite the relatively large error 
of the experiment, the mean half-life at 800 bar is increased compared to the mean half-life at 
1 bar.  
Nevertheless, the mean half-life at 1 bar and 35 °C was approximately 5 times longer than the 
longest experiment performed of 120 min described in 3.9.1.3. With consideration of the loss of 
activity during the experiment, the duration of the experiment was acceptable even though the 
stability of the enzyme cannot be verified as high (t1/2 ≥ 50 - 100 days).132 
 
Literature references support these results. Hei and Clark (1994) showed an increase in half-
life for hydrogenases from different origins by increasing the pressure from 1 to 507 bar 49. At 
80 bar and 60 °C, Lozano et al. investigated an enhanced half-life for CalB 133. Marie-Olive et 
al. (2000) showed that the half-life of Saccharomyces cerevisiae invertase increased when 
pressures up to 2,000 bar were applied at 60 °C. Depending on the enzyme type and source, 
the hydrostatic pressure range that protects the enzyme from thermal inactivation varied.134 
Further examples were described by Eisenmenger et al. (2009)2. 

4.4.2. Dependence of Activity and Selectivity on Pressure 

Among other aspects, the investigation of the influence of HHP on the performance of CRL 
was the main focus of this thesis. Enzyme performance is characterized by both activity and 
selectivity, so the influence of HHP on both parameters was investigated. 
 
The specific activity of CRL in the PBR was determined using Equation 3-6. Since the 
experiment was performed with up to three different packed columns, the specific activity of 
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the CRL varied. This could be due to the error-prone loading of the packed bed in terms of 
the amount of immobilizate and the structure of the bed 131. Figure 31 shows the relative 
activity of CRL with increasing hydrostatic pressure.  
 

 
Figure 31: Investigation of the pressure induced increase of CRL activity. Relative activity as a function of pressure. 
Reaction conditions: T = 35 °C; V̇ = 0.35 ml·min-1; solvent: heptane; cPP = 10.0 mmol·L-1; 
cvin = 2712.5 mmol·L- 1; p = 1-1,200 bar; reactor dimensions: 50 x 3 mm; mTR13 = 0.1 g; ECR 1090; 
mCRL = 0.120 mg; n = 1-3. 

All presented values are related to the activity of CRL at ambient pressure for each series of 
measurements. In relation to the activity of CRL at 1 bar, the activity was increased by 
9.2 ± 4.6 % at 200 bar, 14.4 ± 5.4 % at 400 bar and 24.7 ± 9.9 % at 800 bar. A hydrostatic 
pressure of 1,200 bar resulted in the highest activity increase of 42.8 ± 8.8 %.  
HHP can improve enzyme activities by altering the enzyme structure and changing the physical 
properties of both the substrate and the solvent 2,135–138. Different enzymes show a maximum of 
activity enhancement at different pressure levels and it is reported that that the activity 
remains constant or decreases at a certain pressure 2,13,137–139. Eisenmenger et al. (2009) described 
the effect of pressure on lipases from various organisms. Eight different lipases showed a 
pressure induced activity enhancement at pressures between 80 and 3500 bar.2 Herbst et al. 
(2014) found that the increase of pressure from 500 to 2,000 bar led to an increase in the 
activity of CRL, dependent on the reaction temperature. At 35 °C the increase of activity 
between 1 and 500 bar was 170 % when water (1 µL·mL-1) was added to the organic solvent.43 
Furthermore, Chen et al. (2016) investigated the effect of HHP on a transesterification reaction 
catalyzed by CRL. An activating effect was found below 3,000 bar resulting in an activity 
increase of 90 %. At pressures higher than 4,000 bar, the activity of CRL was reduced compared 
to the activity at ambient pressure. In addition, Chen et al. (2016) pointed out that the activity 
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and the effect of HHP on the activity of CRL strictly depends on the solvent in which the 
reaction was performed.15  
 
Enantioselectivity is an essential advantage of enzymes over chemical catalysts and therefore 
an elementary parameter in the characterization of an enzyme. Therefore, the enantiomeric 
selectivity of the CRL was another important parameter to investigate.  
As the conversion of the measurement at different pressures is not the same, the enantiomeric 
excess ee is not directly comparable. The enantioselectivity E or E-value is used as a decision 
criterion on the selectivity of the CRL as it is independent of the conversion, it is calculated 
according to Equation 3-14. This criterion can be used since the reaction is irreversible, as 
described in 4.2.1.1. The E-value of the transesterification catalyzed by CRL is plotted in 
Figure 32.  
 

 
Figure 32: Investigation of pressure induced change of CRL enantioselectivity. E-value of product over pressure. 
Reaction conditions: T = 35 °C; V̇ = 0.35 ml·min-1; solvent: heptane; cPP = 10.0 mmol·L-1; 
cvin = 2712.5 mmol·L- 1; p = 1-1,200 bar; reactor dimensions: 50 x 3 mm; mTR13 = 0.1 g; ECR 1090; 
mCRL = 0.120 mg; n = 1-3. 

The E-value of the reaction was 1.2 ± 0.1 at ambient pressure. At 400 bar and 1,000 bar the 
value was 1.2 ± 0.02 and 1.2 ± 0.02, respectively. An E-value of maximum 1.5 is not 
industrially relevant since only reactions with an enantioselectivity of over 35 are interesting 
for industrial production processes.3 Furthermore, the HHP does not change the 
enantioselectivity of the enzyme of the transesterification. Herbst et al. (2014) found that the 
increase of pressure from 500 to 2,000 bar led to an increase in the enantioselectivity of CRL 
dependent on the reaction solvent. Below 500 bar a decrease in enantioselectivity was observed. 
Although an increase in enantioselectivity was detected for all tested solvents, hexane, 



 

 

 

82 

tetrahydrofuran, and a mixture of both, it was different for each solvent, which leads to the 
assumption that the solvent has an influence on the enantioselectivity as well 43,140. Kahlow et 
al. (2001) described a pressure-dependent enantioselectivity of CRL on the transesterification 
of menthol. CRLs enantioselectivity decreased from an E-value of 55 at 1 bar to an E-value of 
9 at 100 bar 141. Furthermore, Zhao et al. (2015) investigated that the enantiomeric selectivity 
depends on the water content of the solvent and the level of pressure 14. Even at ambient 
pressure, the choice of solvent has an influence on the enantioselectivity of the corresponding 
enzyme reaction 3. 
Overall CRL is known to be not enantioselective, which was first described by Kazlauskas et 
al. (1991) especially for acyclic substrates like the PP used 126,142,143. The crystal structure of the 
CRL shows a relatively large active center, which leads to low enantioselective for aliphatic 
substrates 144. 

4.4.3. Investigation of the Kinetic Parameters of Candida rugosa Lipase in 

Packed Bed Reactor 

For the investigation of the kinetic parameters, the dependence of the specific activity of CRL 
on the PP and vinyl acetate concentration in relation to the mass of enzyme (U·mgPPK

-1) was 
measured at ambient and high pressure (800 bar) and given in Figure 33. The activity of the 
CRL was calculated using Equation 3-6.  
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A. ambient pressure B. ambient pressure 

  
C. 800 bar D. 800 bar 

  
Figure 33: Investigation of kinetic parameters of CRL in PBR at ambient (A,B) and high hydrostatic pressure of 
800 bar (C, D). Specific activity over substrate concentration. 
Reaction conditions: T = 35 °C; V̇ = 1.5 ml·min-1; solvent: heptane; A/C: cPP = 0.0 – 100.0 mmol·L-1; 
cvin = 864.0 mmol·L-1; B/D: cPP = 60.0 mmol·L-1; cvin = 0.0 – 5425.0 mmol·L-1; mTR21 = 0.0533 g; ECR 1090; 
mCRL = 0.446 mg; tsampling = 2 min; 250 rpm; p = 1-800 bar; reactor dimensions: 30 x 3 mm; 𝑡 ̅= 0.38 ± 0.01 min; 
n = 3.  

Figure 33 A and B show the results of the investigation of the kinetics CRL at ambient pressure. 
Figure 33 C and D show the results of the investigation at 800 bar. In Figure 33 A the activity 
in relation to the PP concentration is shown. The activity of CRL increased with increasing 
substrate concentration up to 4.3 U·mg-1 at a PP concentration of 20.0 mmol·L-1. At higher 
PP concentrations the specific activity remained constant for 50.0, 60.0 and 80.0 mmol·L-1 
with 5.6 U·mg-1 5.7 U·mg-1 5.4 U·mg-1. In Figure 33 B the activity in relation of the vinyl 
acetate concentration is depicted. The activity of the CRL increased with increasing substrate 
concentration up to 6.8 U·mg-1 at a vinyl acetate concentration of 1082.4 mmol·L-1. At higher 
vinyl acetate concentration, the activity decreased to 6.2 U·mg-1 and 4.7 U·mg-1 at 
2592.6 mmol·L-1 and 5185.3 mmol·L-1, respectively.  
Figure 33 C shows the activity in relation to the PP concentration at 800 bar. The activity of 
CRL increased with increasing substrate concentration up to 6.5 U·mg-1 at a PP concentration 
of 20.0 mmol·L-1. At higher PP concentrations the specific activity remained nearly constant 
for 50.0 and 80.0 mmol·L-1 with 8.6 U·mg-1 and 8.8 U·mg-1, respectively. Figure 33 D shows 
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the activity in relation of the vinyl acetate concentration at 800 bar. The activity of the CRL 
increased with increasing substrate concentration up to 7.7 U·mg-1 at a vinyl acetate 
concentration of 1296.3 mmol·L-1. At higher vinyl acetate concentrations, the activity 
decreased to 7.6 U·mg-1 and 6.0 U·mg-1 at 2592.6 mmol·L-1 and 5185.3 mmol·L-1, 
respectively. These results lead to the assumption that the CRL is inhibited by the substrate 
vinyl acetate at concentrations higher than 391.0 mmol·L-1 and 1020.7 mmol·L-1, at 1 bar 
and 800 bar, respectively, if uncompetitive inhibition is assumed. This confirms the results 
from 4.2.1.2 where the kinetics of CRL in the STR were determined. A substrate inhibition of 
CRL by vinyl acetate was described by Palocci et al. (2008) and Zhong et al. (2013) 127,145. 
 
To further characterize the CRL, the kinetic parameters were determined. The parameters 
were fitted to the three inhibition types to take into account the substrate inhibition by vinyl 
acetate. Based on the evaluated activity data as a function of PP and vinyl acetate, a substrate 
inhibition by vinyl acetate was determined. The kinetic parameters were determined as 
previously described for the transesterification reaction operated in the STR, as described in 
3.7.1.3. The data of the kinetic constants and the corresponding confidence interval regarding 
the inhibition types are given in Table 25 at ambient pressure and in Table 26 at 800 bar. 
 
Table 25: Estimated model parameters according to the type of inhibition with RMSD for CRL at ambient pressure. 

 uncompetitive inhibition competitive inhibition noncompetitive inhibition 

 calculated 95 % 
confidence 
interval  

calculated 95 % 
confidence 
interval  

calculated 95 % 
confidence 
interval  

vmax [U·mg-1] 11.6 �± 3.9 10.2 �± 2.6·107 12.5 ± 5.7 

KM,PP [mmol·L-1] 13.8 �± 7.1 11.9 �± 11.3 13.8 ± 7.1 

KM,vin [mmol·L-1] 391.0 �± 320.2 131.8 �± 3.4·108 420.5 �± 395.5 

KI,vin [mmol·L-1] 5999.7 �± 4556.1 323.0 �± 2.0·109 5579.2 �± 4913.2 

RMSD 
[U·mg-1] 

 PP  1.5  1.0  1.5  

 vin 1.2  3.1  1.2  
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Table 26: Estimated model parameters according to the type of inhibition with RMSD for CRL at 800 bar. 

 uncompetitive inhibition competitive  
inhibition 

noncompetitive  
inhibition 

 calculated 95 % 
confidence 
interval  

calculated 95 % 
confidence 
interval  

calculated 95 % 
confidence 
interval  

vmax [U·mg-1] 25.2 �± 18.2 30.5 �± 2.2·108 42.1 �± 2.1·105 

KM,PP [mmol·L-1] 14.1 �± 7.7 11.1 �± 14.0 13.9 �± 7.8 

KM,vin [mmol·L-1] 1020.7 �± 1203.5 391.5 �± 2.8·109 1500.7 �± 7.4·106 

KI,vin [mmol·L-1] 2242.1 �± 2439.0 179.8 �± 6.2·108 1501.0 �± 7.4·106 

RMSD 
[U·mg-1] 

 PP  1.9  3.8  2.0  

 vin 2.0  4.3  1.9  

 
Due to the large confidence interval at ambient pressure and 800 bar, competitive inhibition 
can be excluded. Furthermore, the large confidence interval of the noncompetitive imbibition 
type at 800 bar led to the exclusion of this type of inhibition for the transesterification reaction. 
Reasonable values for the 95 % confidence interval were predicted for the uncompetitive 
inhibition type. Together with the predictions of the kinetic parameters in the discontinuously 
operated STR, it was assumed that the uncompetitive inhibition type is the most reasonable 
description of the reaction system. 
The calculated value and the 95 % confidence interval for vmax for uncompetitive inhibition at 
ambient pressure was determined to be 11.6 ± 3.9 U·mg-1 and 25.2 ± 18.2 U·mg-1 at 800 bar. 
For KM,PP a value of 13.8 ± 7.1 mmol·L-1 was predicted at ambient pressure and 
14.1 ± 7.8 mmol·L-1 at 800 bar. The kinetic parameters KM,vin and KI,vin describe the 
dependence of the activity and inhibition of CRL from vinyl acetate. KM,vin and KI,vin were 
determined to 391.0 mmol·L-1 and 5999.7 mmol·L-1 at ambient pressure as well as 
1020.7 mmol·L-1 and 2242.1 mmol·L-1 at 800 bar, respectively.  
In order to obtain a prediction about the accuracy of the model’s description of the measured 
data, the RMSD was used, as described in 4.2.1.2. A RMSD value of 1.5 U·mg-1 (PP) and 
1.2 U·mg-1 (vinyl acetate) was calculated for ambient pressure and 1.9 U·mg-1 (PP) and 
2.0 U·mg-1 (vinyl acetate) at 800 bar for uncompetitive inhibition. The complete data is listed 
in Table 25 and in Table 26.  
The RMSD is lowest for the uncompetitive inhibition type and the 95 % confidence interval is 
also lowest for the uncompetitive inhibition. Overall, the uncompetitive inhibition type 
provides the most conclusive data, and therefore this type of inhibition is assumed for CRL by 
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vinyl acetate. Additionally, this inhibition type was as well determined when the kinetic 
parameters were studied in batch operation mode in the STR, as described in 4.2.1.2. 
Furthermore, the substrate surplus inhibition which is determined for this reaction system by 
vinyl acetate is described by Jaeger et al. (2024) as a special case of the uncompetitive inhibition 
type.40 
 
The changes in the dependence of the specific activation of CRL on PP and vinyl acetate are 
shown in Figure 34 A and B.  
 
A B 

  
Figure 34: Investigation of the kinetic parameters of CRL in the PBR at ambient and high pressure. Specific activity 
over substrate concentration. 
Reaction conditions: T = 35 °C; V̇ = 1.5 ml·min-1; solvent: heptane; cPP = 0.0 - 100 mmol·L-1; 
cvin = 0.0 – 5425.0 mmol·L-1; mTR21 = 0.0533 g; mCRL = 0.446 mg; ECR 1090; tsampling = 2 min; 250 rpm; p = 1-
800 bar; reactor dimensions: 30 x 3 mm; 𝑡̅ = 0.38 ± 0.01 min; n = 3.  

The vmax increased by the factor 2.2 with increasing pressure from ambient to 800 bar which 
indicates enhanced specific activity of CRL, while the KM,PP value was unchanged. The KM 
indicates the affinity of enzyme to the substrate, therefore no change in the interaction between 
the enzyme and the substrate PP is expected 3. 
The KM-value of the second substrate vinyl acetate changed from 391.0 mmol·L-1 at ambient 
pressure to 1020.7 mmol·L-1 at 800 bar, which indicates that the affinity towards the substrate 
vinyl acetate decreased. To achieve the maximum reaction rate, a higher substrate 
concentration of vinyl acetate is required 75. The KI,vin-value decreased from 5999.7 mmol·L-1 
at ambient pressure to 2242.1 mmol·L-1 at HHP. The KI-value describes the equilibrium 
constant for the dissociation of the enzyme inhibitor complexes 100. This indicates that the 
inhibitor concentration is reduced by a factor of 2.6 therefore the increase of the pressure from 
1 bar to 800 bar leads to more severe substrate inhibition by vinyl acetate.  
 
Eisenmenger et al. (2010) investigated the CalB catalyzed synthesis of isoamyl acetate in 
hexane at pressures up to 2500 bar. A 10-fold increase of vmax when pressure was increased from 
1 bar to 2,000 bar was found. The KM-value at 40 °C increased by the factor 15 resulting in a 
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lower affinity to the substrate which is unfavorable for an enzymatic catalyzed reaction. At 
80 °C no effect on the KM-value was found.146 Knop et al. (2023) investigated the effect of high 
pressure up to 200 bar on a formate dehydrogenase. The KM-value of formate decreased with 
increasing pressure while the initial reaction rate of the reaction increased. 136 Chen et al. (2017) 
investigated the effect of high pressure on a Rhizopus chinensis lipase (RCL) catalyzing the 
hydrolysis of 4-nitrophenolpalmitate in an aqueous system. The KM-value decreased by 25.5 % 
and vmax increased by 24.4 % when pressure was increased from 1 bar to 2,000 bar. If pressure 
was increased further up to 4,000 bar, the KM-value increased while vmax decreased.147 The shift 
of the catalytic parameters of the RCL were related to the volume changes during the formation 
of the reaction transition state 148. It is known that enzyme performance can be modified by 
pressure-induced conformational changes 147.  
 
In the case of the substrate surplus inhibition described here, carrying out the enzymatic 
reaction in a continuously operated flow reactor is not advantageous, because the concentration 
of the inhibitor must be kept as low as possible and this is not practical to achieve maximum 
yield in this type of reactor.3 In the case of the investigated reaction carrying out the reaction 
in the PBR since vinyl acetate has a KI-value of 5999.7 mmol·L-1 at ambient pressure to 
2242.1 mmol·L-1 at 800 bar may be applicable. At ambient pressure a maximum specific 
activity of 6.4 U·mg-1 was achieved at a PP concentration of 100.0 mmol·L-1 and 
862.0 mmol·L-1 of vinyl acetate. At a pressure of 800 bar the maximum specific activity of 
CRL was 8.7 U·mg-1 at a PP concentration of 60.0 mmol·L-1 and 1526.9 mmol·L-1 of vinyl 
acetate. The transesterification reaction studied here is an equimolar reaction, i.e., one molecule 
of each substrate is used. In this case, the reaction is limited by the non-inhibiting substrate 
PP, as the maximum reaction rate is reached at lower concentrations than the concentration 
at which substrate inhibition occurs from the vinyl acetate. It is possible to work with a 
substrate excess of the inhibiting vinyl acetate of 8-fold at ambient pressure and 25-fold at 
800 bar. Nevertheless, even at this excess of vinyl acetate of 8 to 25-fold the inhibiting 
concentration of vinyl acetate of 5999.7 mmol·L-1 at ambient pressure to 2242.1 mmol·L-1 at 
high pressure is not reached.  
It can therefore be concluded that, for this particular case, the reaction can be taken out in 
the PBR, as this reactor concept allows the determination of the influence of HHP on the 
enzyme activity and selectivity of the CRL. 

4.4.4. Summary Characterization of Candida rugosa Lipase in Continuously 

Operated Packed Bed Reactor 

The application of the CRL in the continuously operated HHP reactor was investigated in 
terms of stability, activity, and enantioselectivity at ambient and elevated pressure of up to 
1,200 bar. Furthermore, the enzyme kinetics of CRL were studied at ambient and elevated 
hydrostatic pressure.  
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Despite the relatively large experimental error, the mean half-life at 800 bar was increased 
compared to the mean half-life at 1 bar. An increase of enzyme activity at 1,200 bar resulted 
in the highest activity increase of 42.8 ± 8.8 %. In contrast, no influence of HHP on the 
enantioselectivity of CRL could be determined. 
To further characterize the CRL, the kinetic parameters and the probable inhibition type were 
determined. CRL exhibit substrate inhibition by vinyl acetate at ambient and elevated 
pressures. The calculated value and the corresponding 95 % confidence interval for vmax were 
determined to be 11.6 ± 3.9 U·mg-1 at ambient pressure and 25.2 ± 18.2 U·mg-1 at 800 bar 
for the assumption of uncompetitive inhibition. For KM,PP a value of 13.8 ± 7.1 mmol·L-1 was 
calculated at ambient pressure and a value of 14.1 ± 7.8 mmol·L-1 at 800 bar. The kinetic 
parameters KM,vin and KI,vin, describing the dependence of the activity and inhibition of CRL 
from vinyl acetate, were determined to 391.0 mmol·L-1 and 5999.7 mmol·L-1 at ambient 
pressure as well as 1020.7 mmol·L-1 and 2242.1 mmol·L-1 at 800 bar, respectively.  
The vmax increased by the factor 2.2 with increasing pressure from ambient to 800 bar, which 
indicates an enhanced specific activity of CRL, while the KM,PP-value was unchanged. The KM 
indicates the affinity of enzyme to the substrate, therefore no change in the interaction between 
the enzyme and the substrate PP is to be expected 3. The KM-value of the second substrate 
vinyl acetate increased, indicating that the affinity towards the substrate vinyl acetate 
decreased. To achieve the maximum reaction rate, a higher substrate concentration of vinyl 
acetate is required 75. The KI,vin-value decreased from 5999.7 mmol·L-1 at ambient pressure to 
2242.1 mmol·L-1 at 800 bar. The KI-value describes the equilibrium constant for the 
dissociation of the enzyme inhibitor complexes 100. This indicates that the inhibitor 
concentration is reduced by a factor of 2.6, and therefore, the increase in the pressure from 
1 bar to 800 bar results in more severe substrate inhibition by vinyl acetate.  
Overall, these results indicate that performing an enzymatic reaction at different hydrostatic 
pressures can influence the kinetic parameters and might therefore be an interesting parameter 
to adjust the enzyme performance for a more successful application of enzymes in various 
industrial processes. 

4.5. Characterization of Candida antarctica Lipase B in the Continuously 

Operated Packed Bed Reactor 

The following section describes the experiments using CalB in the High Hydrostatic Pressure 
System at TU Hamburg. First, the stability of the CalB was investigated under ambient 
pressure followed by the investigation of the influence of hydrostatic pressure on the activity, 
and selectivity of CalB.  

4.5.1. Investigation of the Stability of Candida antarctica Lipase B  

The change in the specific activity of CalB over time was investigated to ensure that the 
biocatalyst was stable throughout the duration of the experiment and to determine the 
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influence of pressure on enzyme stability and activity. The activity of CalB is given as a 
function of time in Figure 35.  

 
Figure 35: Investigation of process stability of CalB. Specific activity over time. 
Reaction conditions: T = 35 °C; V̇ = 0.5 ml·min-1; solvent: heptane; cPP = 10.0 mmol·L-1; cvin = 864.0 mmol·L-1; 
reactor dimensions: 50 x 3 mm; mTR12 = 0.1701 g; ECR 1090; mCalB = 0.195 mg; t = 300 min; p = 1 bar; n = 1. 

As shown in Figure 35, the activity of CalB increased from 0.3 U·mg-1 at 5 min to 2.8 U·mg- 1 
at 30 min. and to 5.0 U·mg-1 after 90 min. Subsequently, the specific activity stayed nearly 
constant until the end of the experiment, up to 300 min. The mean residence time was 
determined to ensure that this phenomenon was not a result of, e.g., backmixing of the reactor 
content. A mean residence time of 1.04 min was calculated at a flow rate of 0.5 ml·min-1, as 
described in 3.8.3. The increase in activity until 90 min can activity could be explained by the 
subsequent formation of channeling in the reactor bed or swelling of the particles.3,130,131 A 
similar effect was investigated for immobilized CRL in the PBR, as described in 4.3.1. 
Thus, in the following experiments, a waiting period of 90 min was observed before the 
experiment was started.  
The results presented are consistent with former investigations. Immobilized CalB has been 
described as a temperature stable enzyme, e.g., it shows activity in the synthesis of acetic acid 
isopentyl ester in n-hexane at 100 °C 149. Whitaker et al. (1989) investigated the stability in 
the continuous acidolysis of soybean oil and lauric acid using immobilized CalB; a half-life of 
500 hours at 80 °C and over 2500 hours at 60 °C was measured 150. 

4.5.2. Investigation of the Activity in Dependence of Pressure and 

Temperature  

To investigate the influence of high pressure up to 1,200 bar on the activity of CalB, the 
influence of two HHP steps was studied per experiment. The first HHP stage was preceded by 
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90 min at 1 bar to achieve steady-state conditions as described in 4.5.1. After each HHP step, 
the pressure was reduced to 1 bar in order to get a comparative specific activity value for CalB. 
In addition to applying the HHP steps to 400, 600, 800 and 1,200 bar, the transesterification 
reaction was carried out at 35 °C, 45 °C, 55 °C, and 65 °C. An overview of the performed 
experiments is given in the appendix in Table 34.  
The activity was calculated using Equation 3-6. Figure 36 shows the activity of CalB at 
different HHP and temperatures.  

 
Figure 36: Investigation of the activity in dependence of pressure and temperature. Specific activity of CalB as a 
function of pressure in dependence of temperature. 
Reaction conditions: T = 35-65 °C; V̇ = 0.5 ml·min-1; solvent: heptane; cPP = 10.0 mmol·L-1; 
cvin = 864.0 mmol·L- 1; reactor dimensions: 50 x 3 mm; mTR15/TR18 = 0.15 g; ECR 1090; mCalB = 0.195/0.741 mg; 
p = 1 bar; n = 1-2. 

At 1 bar and 1,200 bar, the specific activity of CalB at 35 °C was 0.5 ± 0.02 U·mg-1 and 
0.7 ± 0.03 U·mg-1, respectively. With increasing temperature, the activity of CalB increased 
to 0.7 ± 0.01 U·mg-1 and 0.9 ± 0.02 U·mg-1 at 1 bar, respectively 1,200 bar at 55 °C. All data 
is given in Table 34 in the appendix. The results presented show that the specific activity of 
CalB increases with increasing temperature regardless of the pressure. This is in accordance to 
findings of Romero et al. (2005) who observed a linear increase in CalB activity in the 
temperature range from 30 °C to 65 °C for the production of isoamyl acetate in hexane 149. 
 
The activity data of the 45 °C experiment at 800 bar and 1,200 bar are excluded from Figure 
36 because these experiments were performed with a different batch of immobilizate. The 
immobilization batch used in the experiment at 45 °C and 800/1,200 bar was TR 18. The 
TR 18 immobilization batch had an immobilization loading of 6.0 mgCalB·gcarrier

-1, while TR 15 
batch had an immobilization loading of 17.4 mgCalB·gcarrier

-1. Thus, the immobilization batch 
TR 18 had an enzyme loading approximately 65.3 % lower than the batch TR 15. Nevertheless, 
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comparable activities could be measured with the immobilization batch TR 18. Thus, at 35 °C 
and 1 bar, an activity of 0.7 U·mg-1 (35 °C and 400/600 bar) was measured with TR 18 and 
an activity of 1.2 U·mg-1 (35 °C and 400/600 bar) with TR 15. Here, accumulation of the 
enzyme on the carrier surface in multiple layers could be a possible reason for the reduced 
specific activity, even though batch TR 15 provided a high loading of enzyme. Thus, a high 
density of enzyme occupancy on the carrier surface can lead to mutual restriction of the 
neighboring enzyme molecules. The associated steric hindrance with regard to substrate 
accessibility in the active site is reflected in a low specific activity.151 
To overcome this, the increase in activity in relation to the activity at 1 bar was calculated to 
compare the results with each other. The results are given in Table 27.  
 
Table 27: Increase in activity in relation to the activity at 1 bar in percent. Investigating of activity in dependency 
on pressure and temperature. 

Temperature Increase in activity in relation to the activity at 1 bar [%] 
[°C] 400 bar 600 bar 800 bar 1,200 bar 

35 18.8 ± 0.8 26.2 ± 4.2 28.9 ± 0.1 41.4 ± 1.3 
45 10.0 ± 0.3 18.2 ± 0.2 27.3 ± 0.8 42.3 ± 2.3 
55 11.7 ± 3.3 15.0 ± 3.0 19.2 ± 2.5 28.9 ± 0.6 
65 7.7 ± 0.1 10.7 ± 1.1 18.1 ± 2.9 27.5± 1.5 

 
The increase in activity was 41.4 ± 1.3 % from 1 to 1,200 bar at 35 °C, 42.3 ± 2.3 at 45 °C 
and 27.5 ± 1.5 % at 65 °C. Therefore, the activity of CalB increases with temperature as the 
HHP is elevated. The effect of pressure induced activation is higher at lower temperatures.  
 
Similar effects were investigated by Vilareal et al. (2007) for the temperature-induced pressure 
activation in an aqueous environment in the hydrolysis of naringin by naringinase. The initial 
reaction rates at 25 °C, 30 °C, 35 °C, and 40 °C were studied at 1600 bar and compared to the 
initial reaction rate at 1 bar and the corresponding temperature. The highest pressure 
activation was observed at 30 °C with an activity increase of 94 %. In contrast, an increase of 
25 %, 10 %, and 15 % was measured at 25 °C, 35 °C and 40 °C, respectively.152 Eisenmenger 
et al. (2009) investigated the combined effect of pressure and temperature on CalB activity in 
organic solvent as well. The activity of CalB was higher at higher temperatures for all pressures 
from 1 to 600 bar. The CalB activity increased by 110 % at ambient pressure when the 
temperature was increased from 40 to 80 °C, while the activity increased by 239 % at 3500 bar 
at the same temperature increase. 13 This higher increase in enzyme activity at higher 
temperatures and pressures was explained by a shift in the tertiary structure surrounding the 
active site allowing greater substrate interaction 153. Further examples of lipase activation by 
high pressure are given by Eisenmenger et al. (2009). The increase of CalB activity was 
described for different catalyzed reactions in variant solvents and by different methods of 
pressurization, namely HHP or the use of supercritical carbon dioxide.2 Romero et al. (2005) 
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investigated CalB activity in dependence on pressure in supercritical carbon dioxide. No effect 
of pressure between 80 and 300 bar on the activity of CalB was found. 149 The level of increase 
in the specific activity of CalB depends on all these parameters and therefore no general 
statement can be made about the specific influence of high pressure on the activity of CalB.  

4.5.3. Influence of Pressure on Selectivity 

In the following section, the enantioselectivity with respect to the formation of the R-
enantiomer of the product R-PPA of immobilized CalB under HHP is evaluated, as the 
enantioselectivity of the enzyme is the most valuable property, especially in industrial 
processes 154,155. The enantioselectivity E with respect to the R-enantiomer product at steady-
state is plotted in Figure 37 against the corresponding HHP levels. 

 
Figure 37: Investigation of the enantioselectivity of CalB in dependence of pressure and temperature.  
Reaction conditions: T = 45-65 °C; V̇ = 0.5 ml·min-1; solvent: heptane; cPP = 10.0 mmol·L-1; 
cvin = 864.0 mmol·L- 1; reactor dimensions: 50 x 3 mm; mTR15/TR18 = 0.15 g; ECR 1090; mCalB = 0.195/0.741 mg; 
p = 1 bar; n = 1-2. 

Due to the high deviation caused by handling errors with the samples before analysis, the data 
of the experiments carried out at 35 °C are excluded from this investigation. Furthermore, the 
data set measured at 45 °C and 800 bar and 1,200 bar are not included, because another batch 
of immobilizates was used for these experiments described in 4.5.2. 
The E-value of CalB at 45 °C and at ambient pressure was 26.8 ± 0.3, 21.7 ± 0.1 at 400 bar, 
and 18.4 ± 1.0 at 600 bar, respectively. At 65 °C the enantioselectivity was 20.8 ± 0.4 at 
ambient pressure, 16.7 ± 0.1 at 400 bar and 12.7 ± 0.9 at 1,200 bar, respectively. A pressure-
dependent decrease of the enantioselectivity with respect to the R - enantiomer of the product 
was observed. At 65 °C the enantioselectivity decreased by 39.0 % when the pressure was 
increased from ambient to 1,200 bar. For all three investigated temperatures the 
enantioselectivity decreased with increasing pressure. 
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CalB is known to be highly enantioselective, making this property one of the most important 
parameters of this biocatalyst 155,156. Nevertheless, CalB showed different E-values from 220 to 
278 for a transesterification using different substrates 156. This was described by Schönstein et 
al. (2013): The enantioselectivity was depending on the substrate and varied between an E-
value of 1 to over 200. In addition, the enantioselectivity varied between 45 and over 200 
depending on the solvent used. 157 In addition to the choice of the solvent, the water content 
also has an influence on the enantioselectivity of the corresponding enzyme reaction 3,155,157,158. 
Léonard-Nevers et al. (2009) investigated the effect of the water content of the reaction media 
on the enantioselectivity and the resulting hydration of the biocatalyst for an acylation 
catalyzed by CalB. The enantioselectivity decreased with increasing water content because of 
changes at the enzyme surface.155 Csajági et. al (2008) found no significant effect of pressures 
up to 120 bar on the selectivity on an acylation of racemic alcohols by CalB. Moreover, the 
enantioselectivity of CalB changed with temperature. While the E-value was 25 at 20 °C, it 
was reduced to 7 at 50 °C. 159 Ottosson et al. found no effect of pressure on the 
enantioselectivity of CalB in hexane at 214 bar compared to ambient pressure 158. Therefore, 
the selectivity of CalB depends on multiple factors and pressure is indicated as one of them.  
Since reactions with an enantioselectivity of over 35 are interesting for process development, 
the presented reaction with a maximal E-value of 26.8 at 45 °C can be considered as not 
industrially relevant 3. Nevertheless, the application showed that the process parameter 
pressure changed the enantioselectivity of the enzyme of the transesterification. Even though 
the enantioselectivity was further decreased, this might be an interesting application for a 
biocatalytic reaction in which the undesired product is formed in excess under ambient 
conditions.  

4.5.4. Summary Characterization of Candida antarctica Lipase B in the 

Continuously Operated Packed Bed Reactor 

The stability and activity of CalB were studied in a continuously operated packed bed reactor 
at ambient and elevated hydrostatic pressures up to 1,200 bar and temperatures ranging from 
35 °C to 65 °C.  
These results are consistent with previous studies showing that immobilized CalB remains 
stable at high temperatures up to 65 °C. 
The specific activity of CalB increased with temperature, independent of pressure. The activity 
of CalB at 35 °C increased from 0.5 ± 0.02 U·mg-1 at 1 bar to 0.7 ± 0.03 U·mg-1 at 1,200 bar. 
At 35 °C and 1,200 bar, the highest activity increase of 41.4 %, compared to the activity at 
1 bar, was observed. Higher temperatures showed similar results, with the highest increases 
observed at lower temperatures. 
These observations support previous studies showing that enzyme activity is dependent on 
both temperature and pressure, probably due to structural changes that enhance substrate 
interaction. 
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The enantioselectivity of CalB in the formation of the R-enantiomer of the product R-PPA 
under HHP was also evaluated, focusing on the practical value of this property in industrial 
processes. At 45 °C, the E-value decreased from 26.8 ± 0.3 at ambient pressure to 18.4 ± 1.0 
at 600 bar. At 65 °C it decreased from 20.8 ± 0.4 at ambient pressure to 12.7 ± 0.9 at 
1,200 bar. Thus, the enantioselectivity decreased consistently with increasing pressure. 
While the highest enantioselectivity observed (E-value of 26.8 at 45 °C) may not be industrially 
relevant, the study demonstrates that hydrostatic pressure and temperature can modulate 
enzyme selectivity as well as enzyme activity, which may be useful for processes where a change 
in the product ratio is advantageous under certain conditions. 

4.6. Characterization of Ruegeria pomeroyi Polyphosphate Kinase in the 

Continuously Operated Packed Bed Reactor 

In order to use PPK for cofactor regeneration in reaction cascades, a detailed study of the 
stability, the kinetics of the enzyme and the determination of kinetic parameters based on the 
Michaelis-Menten theory were investigated. These parameters were fitted to experimental data 
considering three different types of inhibition (competitive, uncompetitive and non-competitive 
inhibition) to describe substrate inhibition by polyP. Furthermore, the change in specific 
activity under HHP up to 800 bar was investigated and a comparison of different operation 
modes was carried out.  

4.6.1. Investigation of the Stability of Polyphosphate Kinase 

Experiments were performed to assess the process stability and performance consistency of the 
enzyme and to characterize the reactor operation itself. The PBR containing the immobilized 
PPK was continuously operated for 5 h. The results of the activity change over time are shown 
in Figure 3.  

 
Figure 38: Investigation of polyphosphate kinase stability. Activity of PPK as a function of time. 
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Reaction conditions: T = 40 °C; V̇ = 0.5 ml·min-1; solvent: Na3PO4 buffer; cbuffer = 50.0 mmol·L-1; pH = 7.4; 
cpolyP = 44.0 mmol·L-1; cCDP = 25.0 mmol·L-1; cMgCl2 = 30.0 mmol·L-1; mPPK = 6.80 mg(o), 6.58 mg(*), 7.11 mg(·); 
reactor dimensions: 30 x 3 mm; 𝑡̅ = 0.48 ± 0.03 min; n = 3. 

The PPK activity of the three individual experiments, each with new immobilizate, decreased 
over time in all experiments. The deactivation constant kd was calculated from the experimental 
results. The corresponding data is summarized in Table 28. 
 
Table 28: Determination of the deactivation constant and half-life of immobilized PPK. 

 experiment 1 experiment 2 experiment 3 

kd [h-1] 3.14·10-04 1.38·10-04 5.39·10-05 
t1/2 [h] 36.8 83.6 214.3 

 
The half-life of PPK was calculated according to the Equation 3.8.3. The experiments yielded 
an average half-life of 111.6 h. The decrease of enzymatic activity could be due to thermal 
deactivation, as the temperature of the experiment was 40 °C 3. However, it could also be a 
consequence of the leaching of enzymes from the carrier 3,100,131,160. The effect of activity loss of 
immobilized enzymes is comprehensively described in Liese and Hilterhaus (2012) 131. 
Nevertheless, the lowest measured half-life was 20-times longer than the longest experiment 
performed with 110 min described in 3.9.3.3. Taking into account the loss in activity during 
the experiment for the investigation of the PPK kinetics, the duration of the experiment was 
acceptable even though the stability of the enzyme could not be verified as high 
(t1/2 ≥ 50 - 100 days) 132. 

4.6.2. Activity Enhancement by High Pressure 

The exposure of PPK to HHP and the investigation of activity changes were the main aspects 
of this thesis. The specific activity of PPK was determined using Equation 3-7. The results of 
three experiments are given in Figure 6 A, each experiment labeled is with a different symbol. 
For each experiment, a new reactor bed was packed with approximate 0.17 g of carrier (carrier 
load of “50/50”, as described in 3.9.3), resulting in a different amount of enzyme for each run. 
The specific activity at a pressure of 1 bar was 0.5 U·mg-1 (o), 0.7 U·mg-1 (•) and 
0.5 U·mg-1 (+), at 200 bar 0.6 U·mg-1 (o), 0.7 U·mg-1 (•) and 0.5 U·mg-1 (+) and at 
600 bar 0.6 U·mg-1 (o), 0.8 U·mg-1 (•) and 0.6 U·mg-1 (+). For all these experiments the 
activity at ambient pressure was the lowest, while the activity of PPK at 600 bar, respectively 
800 bar for the third measurement (+), was the highest. The variations between the specific 
activity of the three packed reactor beds (o, •, +) could be due to the error-prone loading of 
the packed bed with regard to the amount of immobilizate and the structure of the bed.131 
 
A B 
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Figure 39: Investigation of polyphosphate kinase activity under pressure. A: Specific activity of PPK as a function 
of pressure. B: relative activity of PPK as a function of pressure. 
Reaction conditions: T = 40 °C; V̇ = 1.0 ml·min-1; solvent: Na3PO4 buffer; cbuffer = 50.0 mmol·L-1; pH = 7.4; 
cpolyP = 44.0 mmol·L-1; cCDP = 30.0 mmol·L-1; cMgCl2 = 30.0 mmol·L-1; mPPK = 8.07 mg (o), 7.18 mg (*), 
7.48 mg (+); reactor dimensions: 30 x 3 mm; 𝑡̅ = 0.25 ± 0.01 min; n = 3. 

Figure 39 B shows the relative activity of PPK related to the activity of PPK at ambient 
pressure. In relation to the activity of PPK at ambient pressure, the activity at ,200 bar was 
5.9 ± 1.8 % and at 400 bar 10.5 ± 1.2 %. A hydrostatic pressure increased to 600 bar and 
800 bar resulted in the highest increase in activity of 12.2 ± 2.1 % and 12.3 ± 0.9 %, which 
are about the same value. As conclusion it is possible to state that HHP can improve enzyme 
activities either by altering the enzyme structure, enzyme dynamics, or changing the physical 
properties of both the substrate and solvent. Pressure may affect all of these phenomena to 
varying degrees. However, with the methods used in this thesis, it is not possible to distinguish 
which of these phenomena, alone or in combination, is responsible for the increase in enzyme 
activity. 2,135–138,161,162. Different enzymes show a maximum of activity enhancement at different 
pressure levels. It is reported that the activity remains constant or decreases 2,13,137–139. The 
effect of pressure on the activity of a few transferases was studied; among others, γ-glutamyl 
transferase showed a 35 % increase of activity at 3,000 bar and a reduction of the activity over 
4,000 bar 135,163. 

4.6.3. Investigation of Ruegeria pomeroyi Polyphosphate Kinase Kinetic 

Parameters in the Packed Bed Reactor  

For the investigation of the kinetics, the dependence of the specific activity of PPK on the 
CDP and polyP concentration in relation to the mass of enzyme (U·mgPPK

-1) was measured. 
The specific activity was calculated using Equation 3-7. In Figure 40 the measured specific 
activity of PPK in relation to the CDP concentration is shown. Additionally, the predicted 
specific activities in dependency of the different inhibition types are given in Figure 40. For 
the uncompetitive and the non-competitive inhibition, the same specific activity values were 
predicted. Therefore, the data is not visible in the Figure 40 and Figure 41. 
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Figure 40: Investigation of kinetic parameters of PPK in PBR at ambient pressure. Specific activity over CDP 
concentration. 
Reaction conditions: T = 40 °C; V̇ = 1.5 ml·min-1; solvent: Na3PO4 buffer; cbuffer = 50.0 mmol·L-1; pH = 7.4; 
cpolyP = 44.0 mmol·L-1; cCDP = 1.0-85.0 mmol·L-1; cMgCl2 = 30.0 mmol·L-1; mPPK = 3.59 mg; reactor 
dimensions: 30 x 3 mm; 𝑡̅ = 0.19 ± 0.01 min; n = 6.  

The activity of PPK increased with increasing substrate concentration up to 0.9 ± 0.03 U·mg-1 
for a CDP concentration of 44.0 mmol·L-1. At higher CDP concentrations the specific activity 
remained nearly constant for 52.0, 67.0 and 84.0 mmol·L-1 with 0.8 ± 0.02 U·mg-1 

0.9 ± 0.1 U·mg-1 0.8 ± 0.1 U·mg-1. 
From the results presented, it can be concluded that a high CDP concentration up to 
84.0 mmol·L-1 had no inhibitory effect. However, Gottschalk et al. (2021) described substrate 
inhibition by other dinucleotides, adenosine diphosphate (ADP) and uridine diphosphate 
(UDP) for the same PPK, at concentrations higher than 15 mmol·L-1 and free enzyme 29. 
Furthermore, different specific activities of PPK were reported for different 
nucleotides 23,29,90,164,165. The structural difference between ADP, which is a purine nucleotide, 
and CDP and UDP, which are pyrimidine nucleotides, may be the reason for this. These effects 
are also described by Nahálka (2009) for Silicibacter pomeroyi PPKs 90. In addition, 
immobilized enzymes may show a different behavior compared to free enzymes with regard to 
inhibition of substrate, product, and other inhibitors 101,166,167. 
 
In Figure 41 the activity in relation to the polyP concentration is depicted.  



 

 

 

98 

 
Figure 41: Investigation of kinetic parameters of PPK in PBR at ambient pressure. Specific activity over polyP 
concentration. 
Reaction conditions: T= 40 °C; V̇ = 1.5 ml·min-1; solvent: Na3PO4 buffer; cbuffer = 50.0 mmol·L-1; pH= 7.4; 
cpolyP = 5-800 mmol·L-1; cCDP = 70 mmol·L-1; cMgCl2 = 30 mmol·L-1; mPPK = 3.59 mg; reactor 
dimensions: 30 x 3 mm; 𝑡̅ = 0.19 ± 0.01 min; n = 6. 

The activity of the PPK increased with increasing substrate concentration up to 
1.1 ± 0.01 U·mg-1 at a polyP concentration of 50.0 mmol·L-1. At higher polyP concentrations 
the activity decreased to 0.5 ± 0.01 U·mg-1 and 0.2 ± 0.03 U·mg-1 at 300.0 mmol·L-1 and 
800.0 mmol·L-1, respectively. These results lead to the assumption that the PPK is inhibited 
by the substrate polyP at concentrations higher than 50.0 mmol·L-1, which was previously 
described by Tavanti et al. (2021) as well 23,83. Moreover, Tavanti et al. (2021) found substrate 
inhibition from polyP for several PPKs from different organisms for concentrations higher than 
100 mmol·L-1 83. Suzuki et al. (2018) stated that polyP inhibition at concentrations higher 
than 25 mmol·L-1 for a PPK from Deinococcus proteolyticus is present 84. An inhibitory effect 
by polyP was also discovered for other polyphosphate kinases 80. Gottschalk et al. (2021) found 
no inhibition of the same PPK by polyP up to a concentration of 40 mmol·L-1 29. Compared 
to the results from previous studies by Gottschalk et al. (2021), the activity of PPK was 
comparatively low. The activity of PPK was reported to be 3.7 U·mg-1 for an ADP/polyP 
system and 14.8 U·mg-1 for an UDP/polyP system. Gottschalk et al. (2021) found the lowest 
activity for a CDP/polyP system, which is confirmed by the results of Achbergerová et al. in 
2014.29,87 The reaction conditions in these experiments differ from those in this thesis in terms 
of reaction buffer, salt concentration and substrate concentration. 

Nevertheless, to date, no specific activity data for immobilized PPK has been reported in the 
literature. Therefore, in this section, the activities of free PPK are compared with immobilized 
PPK, even though it is known that the immobilization of enzymes can lead to a change in both 
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activity and specificity.35,101 In addition, the experiments to investigate the kinetic parameters 
of the PPKs were carried out under different reaction conditions, such as temperature, pH or 
salt concentrations, which may have an influence on the kinetic parameters.168 

The activity of polyphosphate kinases is significantly influenced not only by the concentration 
of the polyP donor, but also by its chain length 23,81,84,86. It was reported that PPKs prefer 
longer chain polyPs and are inhibited by short chains of polyP, whereby the mechanism of 
polyP consumption has not yet been sufficiently described 23. Lelièvre et al. (2020) found that 
the activity of Deinococcus geothermalis PPK2-3 was higher at lower concentrations of long 
polyP chains with 25 or 45 phosphate residues 86. Similarly, Thermus thermophilus PPK has a 
preference for using long-chain polyP consisting of more than 25 phosphate residues 81. Most 
PPKs prefer polyphosphates with chain lengths from 10 to 100 residues 23,81,86,165. Since the mean 
length of polyP used in this experiment was 78 residues (see Appendix 0), an inhibition 
resulting from the length of the polyP is improbable. Therefore, this data is used to determine 
the kinetic parameters of the cofactor regeneration by PPK.  
 
Determination of the Kinetic Parameters of the PPK 

The kinetic parameters of PPK for the phosphorylation of CDP were fitted to experimental 
data using different equations based on the Michaelis-Menten theory to describe the substrate 
or product inhibition in a mechanistic suitable manner.  
 
Based on the evaluated specific activity data as a function of the CDP and polyP, substrate 
inhibition by polyP was determined. According to the Michaelis-Menten theory three equations 
describing the enzyme activity as a function of substrate concentrations and inhibitions were 
set-up. These equations describe competitive, uncompetitive and non-competitive inhibition by 
polyP.3,75,100 The measured activity values were used to determine the kinetic parameters KM,CDP, 
KM,polyP , vmax and KI,polyP by using nlinfit (MATLAB).  
The data of the kinetic constants and the corresponding confidence interval with regard to the 
inhibition types are given in Table 29. The value of vmax and its 95 % confidence interval was 
determined to 1.7 ± 0.4 U·mg-1 for uncompetitive, 1.8 ± 0.5 U·mg-1 for non-competitive and 
4.6 ± 21.3*109 U·mg-1 for competitive inhibition. The same value of 12.4 mmol·L-1 was 
predicted for KM,CDP for uncompetitive and non-competitive inhibition, while 5.2 mmol·L-1 was 
predicted for competitive inhibition. The kinetic parameters describing the dependence of the 
activity of PPK from polyP KM,polyP and KI,polyP were 9.4 mmol·L-1 and 163.0 mmol·L-1 for 
uncompetitive, 10.0 mmol·L-1 and 153.0 mmol·L-1 for non-competitive and 0.7 mmol·L-1 and 
0.1 mmol·L-1 for competitive inhibition, respectively. Compared to Gottschalk et al. (2021), 
vmax is comparatively low. The activity of PPK was 3.7 U·mg-1 for an ADP/polyP System and 
14.8 U·mg-1 for an UDP/polyP System. Nevertheless, it was mentioned that the lowest activity 
was found for a CDP/polyP system. The KM for ADP was determined to be 0.9 mmol·L-1 at 
Gottschalk et al. (2021) in contrast to 12.4 mmol·L-1 for CDP in this thesis.29 A low KM-value 
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indicates that a comparatively low substrate concentration is needed to reach the maximum 
reaction rate and therefore corresponds to a high affinity to the substrate 3. This implies that 
compared to Gottschalk et al. (2021) the PPK has a lower affinity to CDP than ADP 29. Similar 
results were found by Kuroda et al. (1997), who determined the lowest affinity (high KM value) 
of Escherichia coli PPK to CDP, while the affinity was the highest towards ADP 78. It should 
be noted that the polyphosphate kinase was not only of different origin, but also in a different 
physical form. While Gottschalk et al. (2021) and Kuroda et al. (1997) used free enzymes, the 
PPK used in this thesis was present in immobilized form 29,78. By immobilization, changes in 
activity, specificity, or selectivity are possible. These changes result from direct changes in the 
enzyme structure as well as from changes induced by the immobilization, e.g., changes in 
diffusion of substrate in the carrier pores.35,101 
 
Table 29: Estimated model parameters according to the type of inhibition with RMSD for PPK. 

 uncompetitive inhibition competitive  
inhibition 

noncompetitive  
inhibition 

 calculated 95 % 
confidence 
interval  

calculated 95 % 
confidence 
interval  

calculated 95 % 
confidence 
interval  

vmax [U mg-1] 1.7  ± 0.4  4.576  ± 21.3×109 1.8  ± 0.5  

KM,CDP [mmol·L-1] 12.4  ± 6.3  5.184  ± 11.7  12.4  ± 6.3  

KM,polyP [mmol·L-1] 9.4  ± 5.7   0.697   ± 3.24×109 10.0  ± 6.8  

KI,polyP [mmol·L-1] 163.0  ± 74.5   0.144   ± 137.9×106 153.0  ± 79.7  

RMSD 
[U·mg-1] 

CDP 0.2  0.4  0.2  

polyP 0.2  1.0  0.2  
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In order to obtain a prediction of the accuracy of the kinetic model’s description of the 
measured data, the RMSD was used. The data is given in Table 29. The deviation of the 
predicted from the measured values for the CDP-dependent activity of PPK was 0.4 for 
competitive inhibition and 0.2 for uncompetitive and non-competitive inhibition. The RMSD 
for uncompetitive and non-competitive inhibition for the polyP-dependent activity was 0.2. 
The estimated model parameters, which had an RMSD of 1.0, do not adequately describe the 
competitive inhibition.  
The confidence interval for the predicted kinetic parameters for uncompetitive inhibition gave 
the lowest values compared to the other types of inhibition as well as the lowest RMSD (see 
Table 29). In addition, the investigated substrate surplus inhibition by polyP is described by 
Jaeger et al. (2024) as a special case of the uncompetitive inhibition type.40 Thus, it is assumed 
that the inhibition by polyP is following an uncompetitive inhibition model. The model 
parameters for uncompetitive inhibition were determined by using Equation 1-14. Nevertheless, 
this is only an assumption and the real mechanism of the type of inhibition cannot be 
conclusively determined with these calculations. It has been shown that the conceptualized 
high hydrostatic pressure reactor set-up can be used for different types and classes of 
immobilized enzymes and a wide range of hydrostatic pressures, flow rates, and substrate 
concentrations.  

Furthermore, the simplified and user-friendly determination of kinetic parameters and activity 
as well as stability of the data were demonstrated. These findings could be used to further 
improve biocatalytical processes and support the design of new production processes. 

4.6.4. Summary Characterization of Ruegeria pomeroyi Polyphosphate 

Kinase in the Continuously Operated Packed Bed Reactor 

The investigation aimed to evaluate the stability and kinetic parameters of PPK for the 
potential regenerating of cofactors within reaction cascades. In addition, the effect of HHP on 
the enzyme activity was investigated. 
The process with immobilized PPK was operated in a continuously PBR for 5 hours. The 
enzyme activity decreased over time with an average half-life of 111.6 hours. HHP up to 800 bar 
improved the PPK activity, possibly by altering the enzyme structure, dynamics or 
substrate/solvent properties. Furthermore, the kinetic parameters of PPK as a function of CDP 
and polyP were determined to be 44 mmol·L-1 CDP and 50 mmol·L-1 polyP, with a maximal 
specific activity of 1.7 U·mg-1. Uncompetitive inhibition by polyP provided the best fit to the 
kinetic data and was assumed for further investigations.  
The enhancement of enzyme activity under HHP offers the potential for improved biocatalytic 
processes. The results support the development of more efficient biocatalytic systems and the 
design of new production processes that take advantage of the potential stability and enhanced 
activity of immobilized enzymes under HHP. 
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5. Comprehensive Discussion and Outlook 

The following section discusses the results of the work presented and gives an outlook on the 
potential of applying high pressure to biocatalytic reactions. The reactor design and the 
enzymes were studied intensively. First, the suitability of the enzyme immobilizates for the 
application in a continuous high hydrostatic pressure packed bed reactor and the reactor set-
up itself are highlighted. In particular, the obtained results for the different enzymes CRL, 
CalB and PPK are compared to illustrate the influence of hydrostatic pressure on the enzyme 
performance. Furthermore, the comparison of two reactor operation modes for the CRL and 
the PPK are presented and discussed. Conclusively, an outlook is given for further research on 
the influence of high pressure on enzymatically catalyzed reactions. 

5.1. Characterization of Enzyme Immobilizates and Reactor 

The choice of an enzyme carrier for immobilization depends on different properties. Although 
immobilization on solid supports is an established technique and a key technique in biocatalysis, 
offering enhanced stability and reusability, there are no defined guidelines for choosing the 
most suitable solid support for a specific application.105,123  
The selection of an appropriate solid support depends on several critical factors, including 
enzyme activity, stability, mechanical robustness, and susceptibility to substrate and product 
adsorption 3,105,123. The choice depends on the carrier-specific effects on enzyme activity and 
stability as well as other application-specific factors. This is particularly relevant when 
immobilized enzymes are used in a flow process under harsh reaction conditions, including high 
acidity or basicity, elevated temperatures and high concentrations of organic solvents, as well 
as the use of HHP.2,40,1693 However, the mechanical stability of the enzyme support, the 
physicochemical parameters such as the hydrophobicity of the carrier as well as the potential 
adsorption of product and substrate on the surface are decisive 33,105. Furthermore, an uniform 
shape of the carrier particles is important for application in continuously operated processes 
since the pressure drop in fixed-bed reactors increases with the width of the particle size 
distribution 123. 
In this thesis, various support materials were characterized in detail to determine their 
suitability for enzyme immobilization. The adsorption behavior of these materials was 
thoroughly evaluated, with the percentage of substrate and product adsorption playing a 
critical role in the selection of the support material. To ensure that there is no impact on the 
process, lower adsorption was considered more favorable.105 The carrier material ECR 1090 was 
selected, which showed an adsorption of the product PPA of 2.6 ± 1.0 % after 7 days of 
incubation, based on a 100.0 mmol·L-1 PPA solution.  
The investigation focused on the specificities of the immobilization process for two different 
enzymes, CalB and CRL. Various variables, including temperature and immobilization 
techniques, were examined. Notably, the tube roller method at room temperature proved to be 
the most effective approach, in terms of enzyme loading on the carrier, allowing for uniform 
immobilization. 
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Addressing the critical concern of enzyme leaching, which can undermine activity and lead to 
product contamination, no detectable leaching for CRL was determind.3,75,123 This finding 
further support the usability of the enzyme immobilizates. 
By investigating the effect of water content, this thesis showed that enzyme activity is closely 
related to the water content of the solvent. Both CalB and CRL showed decreasing activity 
with increasing water content in the solvent, emphasizing the importance of optimal water 
content for catalytic efficiency.4,75,121 Storage stability emerged as a positive outcome, with both 
CRL and CalB maintaining their activity over a 100-day storage. 
Mechanical stability, a key consideration for practical applications, was addressed by SEM 
imaging, which revealed particle damage during the immobilization procedure. However, the 
particles exhibited adequate mechanical stability for continuous operation and high pressure 
environments, which is a fundamental property for ensuring process robustness in biocatalytic 
applications. 
In conclusion, this thesis provides a comprehensive overview of various factors that influence 
enzyme immobilization on solid supports. It gives valuable insights into process optimization 
for specific applications and highlights the importance of parameters such as support material, 
immobilization methodology, and mechanical stability. Together, these findings contribute to 
the advancement of biocatalytic processes with improved stability and efficiency. However, the 
results indicate that the selection of immobilizates and their application is highly specific and 
further guidelines to improve process development and optimization could be useful.  
The selection of the right reactor set-up and its characterization is also crucial for a successful 
determination of the influence of high pressure on enzyme performance. 
In recent years, replacing batch processes with continuous processes has been an additional 
factor that contributes to the implementation of sustainable transformations and is the key to 
process intensification.7–9 Nevertheless, there are phenomena that need to be studied before a 
process can be carried out in continuously operated reactors. 
The immobilized CRL and CalB showed an equilibration phenomenon in the continuously 
operated PBR which is shown in Figure 42. 
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Figure 42: Establishment of steady-state conditions of PBR filled with CRL and CalB immobilizate at ambient 
pressure. 
Reaction conditions CalB: T = 35 °C; V̇ = 0.5 ml·min-1; solvent: heptane; cPP = 10.0 mmol·L-1; 
cvin = 864.0 mmol·L-1; reactor dimensions: 50 x 3 mm; mTR12 = 0.1701 g; ECR 1090; mCalB = 0.195 mg; 
t = 300 min; p = 1 bar; n = 1.  
Reaction conditions CRL: T = 35 °C; V̇ =0.5 ml·min-1; solvent: heptane; cPP = 10 mmol·L-1; cvin = 864.0 mmol·L-1; 
reactor dimensions: 30 x 3 mm; 𝑡 ̅= 0.87 ± 0.01 min; mTR21 = 0.1 g; ECR 1090; mCRL = 0.0837 mg; t = 100 min; 
n = 3. 

In each experimental approach, the CRL activity increased in the first 10 min of the experiment 
and then slightly decreased. The CalB showed an increase in the first 80 min, while no decrease 
of enzyme activity over the reaction progress was observed. This phenomenon is not due to 
insufficient mixing of the reactor, as the mean residence time is 0.87 min at a flow rate of 
0.5 mL·min-1 and thus corresponds to 11 mean residence times for experiments carried out 
with immobilized CRL. The increase of activity until 10 min for CRL immobilizates, 
respectively 80 min for CalB immobilizates of experiment, can be explained by the re-
orientation of the packed bed.3,130,131  
The mean residence time 𝑡̅ at a flow rate of 1.0 mL·min-1 in high pressure experiments was 
0.40 min while 𝑡 ̅is 0.38 min at a flow rate of 1.5 mL·min-1 in kinetic experiments. Appropriate 
steady-state residence times were determined so that the kinetic parameters of CRL were 
studied with 5 residence times before sampling. When investigating the influence of HHP, 
12 residence times were waited before sampling, while other authors have stated that three to 
four residence times are sufficient to reach steady-state.170,171 
Potential mass transfer limitation is one of the most important parameters to be 
investigated.3,131 Therefore, different flow rates and the resulting enzyme activity were 
calculated to identify this potential limitation. The activity of CRL at a flow rate higher than 
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0.25 mL·min-1 was higher than the activity at lower flow rates. Therefore, a mass transfer 
limitation was assumed at flow rates lower than 0.5 mL·min-1.131 Since the experiments to 
determine the kinetic parameters and pressure experiments are carried out at a flow rate of 
1.5 mL·min-1 and 1.0 mL·min-1 respectively, it was assumed that lower mass transfer 
limitation occurred at theses flow rates. 
The mean residence time of the CDP phosphorylation reactor system was characterized as well. 
A mean residence time 𝑡 ̅ of 0.25 ± 0.02 min at flow rate of 1.0 mL·min-1 in high pressure 
experiments and 0.19 ± 0.01 min at a flow rate of 1.5 mL·min-1 in kinetic experiments was 
determined, respectively. Similar to the investigation with CRL and CalB, appropriate steady-
state conditions were determined for experiments with PPK. For the kinetic experiments, no 
sampling was performed for 10 residence times. In addition, no sampling was performed for 
15 residence times to investigate the influence of HHP. 
The results of the characterization of the high hydrostatic continuously operated packed bed 
reactor and the results of the characterization of the enzyme immobilizates showed that the 
immobilizates of PPK, CalB and CRL were suitable for use in the conceptualized HHP reactor. 

5.2. Comparison of Discontinuously Operated Stirred Tank Reactor and 

Continuously Operated Packed Bed Reactor 

Immobilized enzymes can be applied in different types of reactors. In this thesis, particular 
attention was paid to the comparison of a discontinuously operated STR and the 
conceptualized continuously operated PBR, as explained in the introduction. 
The transesterification reaction catalyzed by CRL was initially performed in a 10 mL 
thermovessel in batch operation mode to determine possible substrate inhibition and optimal 
substrate concentrations for this set-up. A maximum conversion of PP of 100.0 % was achieved 
when carrying out the reaction in the STR. Therefore, kinetic experiments were performed 
with a maximal conversion of the substrate of 10.0 %. In the range of substrate conversion 
from 0.0 % to 10.0 %, the activity of the enzyme is assumed to be linear according to the 
Michaelis-Menten theory.3 Furthermore, an uncompetitive substrate inhibition by vinyl acetate 
resulting in an optimal PP concentration of 100.0 mmol·L-1 and 868.0 mmol·L-1 vinyl acetate 
with a maximum CRL activity of 11.3 U·mg-1 was determined. Even though many 
biotransformations are carried out in batch mode, not all effects on the enzymatic performance 
can be studied sufficiently due to the simplified technical realization 2,60. A viable option for 
studying further enzyme characteristics is the use of a continuously operated reactor, such as 
a packed bed reactor operated as plug flow reactor 9. Especially the investigation of the 
influence of HHP on the enzyme performance was subsequently investigated in this reactor 
configuration. 
For both reactor operation modes the kinetic parameters were estimated according to the 
Michaelis-Menten theory using a nonlinear regression method (nlinfit function, MATLAB 
2019a) 76. The uncompetitive inhibition by vinyl acetate was confirmed when the reaction was 
carried out in the PBR. The maximum reaction rate predicted by the model was 
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11.6 ± 3.9 U·mg-1 in comparison to 88.1 ± 122.3 U·mg-1 in STR, although the measured 
maximum reaction rates of 6.4 U·mg-1 in the PBR and 11.3 U·mg-1 in the STR were similar. 
The KM,PP value at ambient pressure in the PBR was 17.6 mmol·L-1 while it was 
13.8 mmol·L- 1 in the STR. One reason for the deviation in the predicted kinetic parameters 
is that different immobilization batches were used to investigate the enzyme kinetics for the 
different operation modes. Under ambient pressure, the maximum achievable specific activity 
was 6.4 U·mg-1 at a PP concentration of 100.0 mmol·L-1 and 862.1 mmol·L-1 of vinyl acetate. 
The optimal conditions investigated in the PBR were similar to the results from the STR, even 
if the kinetic parameters differed in some cases. The data is given in Table 30. 

Table 30: Estimated model parameters for uncompetitive inhibition with RMSD for CRL at ambient pressure 
investigated in stirred tank reactor and in PBR. 

 Stirred Tank Reactor Packed Bed Reactor 

 calculated 95 % 
confidence 
interval 

calculated 95 % 
confidence 
interval 

vmax [U·mg-1] 88.1 �± 122.3 11.6 ± 3.9 

KM,PP [mmol·L-1] 17.6 ± 6.8 13.8 ± 7.1 

KM,vin [mmol·L-1] 742.4 �± 1512.4 391.0 ± 320.2 

KI,vin [mmol·L-1] 900.3 �± 1582.5 5999.7 �± 4556.1 

RMSD  
PP 2.6  1.5  

vin 2.2  1.2  

 
A comparison of the enzyme performance is beneficial to determine the best reactor operation 
mode. Csajági et al. (2008) compared the enantioselectivities and productivities of different 
lipases in different reactor operating modes. While the enantioselectivities were not affected by 
the choice of operation mode, the productivities were improved when the process was applied 
in a continuous flow reactor instead of a discontinuously operated stirred tank reactor.159 In 
contrast, Liese et al. (2013) report that the optical purity of a product at the reactor outlet 
depends not only on the enantioselectivity of the catalyst, i.e. the kinetics, but also on the 
reactor configuration. The selectivity of the enzyme remains the same, but the reactor 
selectivity is different due to the varying backmixing in different reactor conmfigurations.103 
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Due to different hydrodynamic conditions, the determined kinetic parameters for the 
immobilized enzyme may vary in different reactor set-ups, especially when the reaction is 
carried out in discontinuously operated stirred tank reactors and continuously operated packed-
bed reactors 172. Furthermore, the determination of these kinetic parameters of immobilized 
enzymes in continuously operated packed-bed reactors can be affected by mass transfer 
limitation as well as by channeling in the reactor bed or swelling of the particles.3,130,131,172 The 
selection of the reactor type for the evaluation of the kinetic parameters is important for the 
development of an industrial process, because an insufficient determination of the kinetic 
parameters will cause challenges in scale-up. For the optimization of the reaction system, it is 
therefore advantageous to carry out the kinetic data in a reactor as similar as possible to the 
reactor system in which the biotalalytic reaction will be conducted. In addition to the 
possibility of high sampling number and a good control of the reaction conditions, the set-up 
should be similar to the reaction set-up in which the process will be carried out on a larger 
scale.173 
In the case of substrate surplus inhibition, it is not advantageous to perform the reaction in a 
continuously operated PBR without recycle stream as the concentration of inhibitor must be 
kept as low as possible, which is not practical to achieve maximum conversion of the substrates 
from this type of reactor 3. However, if the PBR is operated as a CSTR with a recycle stream, 
this can also be of advantage in the case of substrate surplus inhibition due to outflow 
conditions resulting in a low inhibitor concentration.131 In the case of the reaction investigated 
here, however, it makes sense to carry out the reaction in the PBR, since vinyl acetate has a 
KI -value of 5999.7 mmol·L-1 at ambient pressure to 2242.1 mmol·L-1 at HHP. At ambient 
pressure, the maximum specific activity of CRL can be achieved at a PP concentration of 
100.0 mmol·L-1 and 862.1 mmol·L-1 of vinyl acetate. At a pressure of 800 bar the maximum 
specific activity of CRL was achieved at a PP concentration of 60.0 mmol·L-1 and 
1526.9 mmol·L-1 of vinyl acetate. The transesterification reaction studied here is an equimolar 
reaction in which both substrates are converted in identical molar amounts. In this case, the 
reaction is limited by the non-inhibiting substrate PP, as the maximum reaction rate is reached 
at lower concentrations than the concentration at which substrate inhibition by vinyl acetate 
occurs. It is possible to work with a substrate excess of the inhibiting vinyl acetate, which in 
this case is 8-fold at ambient pressure and 25-fold at 800 bar. It can therefore be concluded 
that, for this particular case, the reaction can be taken out in the PBR, as this reactor concept 
allows the determination of the influence of HHP on the enzyme activity and selectivity of the 
CRL. 
Furthermore, the application of PPK was investigated in both a discontinuous stirred tank 
reactor and a continuously operated packed bed reactor. To compare the activity of the 
enzymes in the two different reactor types, the specific activity of PPK in the STR was 
calculated after 3 min reaction time, whereas the specific activity of PPK in the PBR was 
determined at a flow rate of 1.5 mL·min-1. Since the conversion at this point was 7.1 % for 
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the STR and 4.2 % for the PBR, both were in the range for initial reaction rate determination 3. 
The activity of the enzymes in the STR and the specific activity of the enzymes in the packed 
bed reactor, both 0.87 U·mg-1, are comparable. The process in continuous operation mode 
should be preferred due to the retention of immobilized PPK leading to a reduced catalyst 
consumption as well as the operational advantages of this operation mode. Therefore, this 
thesis enables the application of PPK in a continuously operated PBR.7,65,69,174,175 
Several other examples are given in literature where a change from batch to continuous flow 
operation mode was advantageous for the overall process. These improvements are: increased 
yield in a shorter time176 and, additionally, a higher enantioselectivity65, in addition to the 
advantages which result from the reactor itself7,65,69,174,175, such as continuous manufacturing of 
chemicals, optimized heat transfer8,174,175, and increasing the economics of large-scale 

production 9. 
For both reaction systems, it could be shown that the application in the continuously operated 
bed reactor is useful. When the reactions were carried out in the STR, the limits for the 
investigation of the kinetic parameters were determined, which could also be determined for 
the CRL in the STR. However, the PPK showed the same activity in both reactor types, which 
supports the thesis that the application in the continuous reactor is reasonable. This study 
could not be carried out for the CRL because different immobilized batches were used which 
had different specific activities due to different loadings of the carriers. The present results 
suggest that enzyme activity in a STR and a packed bed reactor are comparable, with no 
determinable mass transfer limitation in both reactors. Thus, the application of PPK and CRL 
in a continuously operated PBR is established and offers a promising integration into further 
processes.7,65,69,174,175 

5.3. Enzyme Performance at High Hydrostatic Pressure 

The investigation of the influence of HHP on the performance of enzymes from different enzyme 
classes was the main focus of this thesis. An important characteristic of an enzyme is its specific 
activity in the selected reaction system and under the given reaction conditions. The influence 
of HHP on the activity of CRL, CalB, and PPK was investigated. In addition, the influence of 
hydrostatic pressure on the selectivity and on the kinetic parameters of the enzymes was 
studied as well. 
The influence of HHP was investigated for the two lipases CRL and CalB. Additionally, the 
combined effect of pressure and temperature was studied for CalB. 
In relation to the activity of CRL at 1 bar, the activity of CRL was increased by 9.2 ± 4.6 % 
at 200 bar and 24.7 ± 9.9 % at 800 bar at a temperature of 35 °C. A hydrostatic pressure of 
1,200 bar resulted in the highest activity increase of 42.8 ± 8.8 %. The increase in specific 
activity of CalB was 41.4 ± 1.3 % from 1 to 1,200 bar at 35 °C and 27.5 ± 1.5 % at 65 °C. 
Therefore, it can be concluded that the effect of pressure induced activation on CalB is higher 
at lower temperatures. In conclusion, the effect of pressure induced activation on the enzyme 
is the highest for the lowest investigated temperature of 35 °C. Both lipases showed a pressure-
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induced increase in activity, the activity increased by over 40.0 % when the pressure was raised 
from ambient pressure to 1,200 bar.  
Furthermore, the stability of CRL was investigated at ambient and high pressure. Despite the 
relatively large error of the experiment, the mean half-life at 800 bar is increased compared to 
the mean half-life at 1 bar. The activity of CalB was constant over 300 min, indicating that 
the enzyme was stable over the course of the experiment.  
Literature references support these results 149,150. While immobilized CalB has been described 
as a temperature stable enzyme even above 100 °C, the effect of pressure on the stability of 
this enzyme was not feasible.149,150 The effect of pressure on the CRL was previously 
investigated: Hei and Clark (1994) showed an increase in half-life for hydrogenases of different 
origins by increasing the pressure from 1 to 507 bar 49. At 80 bar and 60 °C Lozano et al. (2004) 
investigated an enhanced half-life of CalB 133. Marie-Olive et al. (2000) showed that the half-
life of Saccharomyces cerevisiae invertase increased when pressures up to 2,000 bar were 
applied. 
Overall, depending on the enzyme type and source, the HHP range that protects the enzyme 
from thermal inactivation varied 134. Further examples were described by Eisenmenger et al. 
(2009) 2. 
In addition to the specific activity and stability, the selectivity of CRL and CalB was 
investigated. The enantioselectivity E of the transesterification was determined and used as 
decision criteria. For the CRL, a maximum E-value of 1.5 was determined, which did not 
change with pressure. It can be concluded that HHP-induced changes in enantioselectivity are 
not industrially relevant 3.  
An E-value of 20.8 ± 0.4 at ambient pressure and 12.7 ± 0.9 at 1,200 bar at 65 °C was 
determined for the CalB catalyzed transesterification reaction. A pressure-dependent decrease 
of the enantioselectivity with respect to the R-enantiomer of the product was observed. As for 
the CRL, the enantioselectivity of CalB with a maximum value of 26.8 at ambient pressure at 
45 °C is not industrially relevant 3. For all three investigated temperatures the 
enantioselectivity was decreasing with increasing pressure, thus making the enzyme less 
enantioselective. Csajági et al. 2008 investigated the enantioselectivity of different lipases. 
While CRL showed a low E-value of 4.0, the CalB showed a E-value of over 200. Overall, the 
enantioselectivity of lipases was found to differ depending on the origin of the enzyme.159 There 
are some major structural differences between the two investigated lipases. While CRL has a 
lid covering the active site140, CalB does not 177. This structural difference has been reported to 
be a potential cause for the different enantioselectivities of these two lipases 140. This could be 
an explanation for the differences in the behavior of enantioselectivity under HHP. Since the 
performance of enzymatically catalyzed reactions under high pressure can also influence the 
selectivity, the application in various areas of industry is of interest. This is related to the 
increased interest in enantiomerically pure products and the different properties of the 
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enantiomers and is particularly important in the pharmaceutical industry and the production 

of fine chemicals.3,75 
 
The influence of HHP on the kinetic parameters of CRL was investigated at ambient pressure 
and 800 bar. The vmax increased by the factor 2.2 indicating high specific activity of CRL, while 
the KM,PP value did not change. The KM value indicates the affinity of the enzyme to the 
substrate, i.e., the interaction between the enzyme and the substrate, which does not change 3. 
The KM-value of the second substrate vinyl acetate changed from 391.0 mmol·L-1 at ambient 
pressure to 1020.7 mmol·L-1 at high pressure. Therefore, the affinity towards the substrate 
vinyl acetate decreased. To achieve the maximum reaction rate, a higher substrate 
concentration of vinyl acetate is required.75 The KI,vin-value decreased from 5999.7 mmol·L-1 
at ambient pressure to 2242.1 mmol·L-1 at high pressure. The KI-value describes the 
equilibrium constant for the dissociation of enzyme inhibitor complexes 100. This indicates that 
the inhibitor concentration is reduced by a factor of 2.6. Increasing the pressure from 1 bar to 
800 bar therefore leads to greater substrate inhibition. However, it has been shown that HHP 
can be used as an appropriate method for directly influencing kinetic parameters of the 
catalyzed transesterification reaction by CRL. 
Besides studying the effect of HHP on the enzymatic performance of two lipases, another 
enzyme from a different class was investigated as well. PPK is a transferase from enzyme 
class 2 regenerating cofactors, while the lipases from enzyme class 3 are hydrolases catalyzing 
hydrolysis of fats and many other reactions in non-conventional reaction media 21–23. PPK 
showed an optimum of pressure induced activation at 600 to 800 bar of 12.0 %, while both 
lipases showed a constant increase over the course of pressure up to 1,200 bar. These behaviors 
was already reported by Eisenmenger et al. (2009) 2. 
The impact on the biocatalyst performance for three enzymes from two enzyme classes was 
investigated in this thesis. For all three reaction systems, the main focus was to investigate the 
influence of HHP on the activity of the enzymes. Overall, the application of HHP increased the 
activity of all three investigated enzymes up to 40.0 % which is shown in Figure 43. 
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Figure 43: Investigation of the pressure induced increase of CRL, PPK and CalB activity. Relative activity as a 
function of pressure. 
Reaction conditions PPK: T = 40 °C; V̇ = 1.0 ml·min-1; solvent: Na3PO4 buffer; cbuffer = 50.0 mmol·L-1; pH = 7.4; 
cpolyP = 44.0 mmol·L-1; cCDP = 30.0 mmol·L-1; cMgCl2 = 30.0 mmol·L-1; mPPK = 8.07 mg; reactor 
dimensions: 30 x 3 mm; p = 1-800 bar; n = 3. Reaction conditions CalB: T = 35 °C; V̇ = 0.5 ml·min-1; 
solvent: heptane; cPP = 10.0 mmol·L-1; cvin = 864.0 mmol·L-1; reactor dimensions: 50 x 3 mm; mTR15/TR18 = 0.15 g; 
ECR 1090; mCalB(TR15) = 0.195 mg; mCalB(TR18) = 0.741 mg; p = 1-1,000 bar; n = 1-2. Reaction conditions CRL: 
T = 35 °C; V̇ = 0.35 ml·min-1; solvent: heptane; cPP = 10.0 mmol·L-1; cvin = 2712.5 mmol·L-1; p = 1-1,200 bar; 
reactor dimensions: 50 x 3 mm; mTR13 = 0.1 g; ECR 1090; mCRL = 0.120 mg; n = 1-3. 

Furthermore, the stability was increased by a factor of 2.8 and the kinetic parameters of CRL 
were changed by HHP. While the selectivity of CRL was not changed by HHP, the selectivity 
of CalB slightly decreased.  
The complex effects of high pressure have to be researched further to fully exploit its potential 
as a complementary process parameter 2.  
Jaworek et al. (2021) showed that the combination of temperature, a co-solvent and high 
pressure influenced the kinetic parameters of a formate dehydrogenase. Similar results were 
obtained in this thesis. Overall, it was shown that the application of various strategies to 
improve enzyme performance, including the application of HHP, can be beneficial.178 
The investment and operating costs for high pressure equipment must be taken into account 
when designing a new biotechnological process 2. However, as this technology is widely used in 
the food industry and is therefore under constant development, the cost of high pressure 
equipment, especially on a small scale, is decreasing 2,179,180. 
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5.4. Enhancing Enzyme Performance Under High Pressure: Optimized 

Analysis and Future Directions 

In order to further advance and intensify research on the influence of HHP on enzymatically 
catalyzed reactions, new approaches can be pursued and, in particular, the analysis of the 
processes can be optimized. These improvements will contribute significantly to the 
understanding of the influence of pressure on enzymatic reaction systems. 
 
The suitable and durable immobilization of enzyme for the application in HHP reactors is 
crucial for the subsequent investigation of the influence of HHP on enzymatically catalyzed 
reactions. Further development and optimization of the immobilization of the enzymes would 
be valuable to refine process development. 
Optimized analytics, in the sense of in- or on-line measurement of substrates and products, 
represents an essential deepening of the understanding of the influence of HHP on enzyme 
systems. In addition to faster data evaluation, a larger amount of data can be recorded and 
analyzed. This can be accomplished, for example, by an on-line nuclear magnetic resonance 
spectrometer located at the reactor outlet. 
Various strategies can be used to further improve the understanding of the influence of HHP 
on enzyme systems. Intensified analytics can contribute to a better understanding of the 
behavior of enzymes inside the reactor. The concentration profile of substrates and products in 
the column can be measured with point-by-point analysis, not just the concentration at the 
end of the reactor. An alternative to classical immobilizates is the use of 3D printed packings 
to improve enzyme performance with respect to mass transfer limitations. However, these 
structures can have a poor surface-to-volume ratio, which must be considered when choosing 
this type of enzyme carrier. The use of micro-CT in addition to SEM allows the study of 
immobilizates and reactor packings. Furthermore, differences in the reactor bed and 
immobilizates before and after the application of HHP can be detected in detail. In particular, 
the pressure range to be investigated should be extended by more powerful pumps in order to 
fully exploit the effect of HHP on enzyme performance. In order to investigate the influence of 
HHP on enzyme performance more comprehensively, it is necessary to extend this pressure 
range up to 2000 bar, since above this pressure the tertiary structure of the enzyme is 
irreversibly denatured and thus its ability to catalyze is affected. 
Particular attention should be paid to the study of changes in the kinetic parameters of enzymes 
under pressure, as enzyme kinetics are the basis for the use and the understanding of enzymes 
in a biotechnological process. The application of high pressure to optimize enzymes is a new 
and interesting process parameter because the technology is already available from the food 
industry and the cost of this technology is falling due to constant innovation. Today, due to 
the comparatively high cost of high pressure applications, the use of HHP could be beneficial 
for the manufacturer of high-margin or high-value products that are produced on a small scale 
were the cost of the products exceed 100 € per kg.181 Since the selectivity of enzymatically 
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catalyzed reactions under high pressure is also influenced, the application in various areas of 
industry is of interesting. This is related to the increased interest in enantiomerically pure 
products and the different characteristics of the enantiomers. Furthermore, the application of 
HHP is not limited to individual reaction systems or to certain enzyme classes; the performance 
of biocatalytic reactions under HHP can be applied to all enzymes. However, it is not (yet) 
possible to make a complete statement about the specific application, because, as shown in this 
thesis, the influence of HHP on the enzyme performance and interactions with additional 
process parameters must be further examined to improve biocatalytical reactions in a more 
targeted way. 
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6. Summary 

In this thesis, the application of HHP as a complementary process intensification method was 
successfully demonstrated. In addition, different enzyme immobilization materials and methods 
as well as reactor design were evaluated with a particular focus on the impact of HHP on 
enzyme performance and kinetic parameters. 
The choice of the carrier and carrier material for enzyme immobilization is complex, considering 
factors such as enzyme activity, stability, mechanical robustness, and proneness to substrate 
and product adsorption. This thesis investigated the immobilization of two enzymes, CalB and 
CRL, and three immobilization methods. The tube roller method at room temperature was the 
most effective approach, with no detectable leaching for CRL observed, emphasizing its 
applicability. Storage stability was confirmed for both CRL and CalB for over 110 days. The 
mechanical stability was assessed by SEM, revealing adequate robustness for continuous 
operation and the application in high pressure environments. 
The immobilized CRL and CalB showed an equilibrium phenomenon in the PBR until 10 and 
80 min of reactor operation, respectively. As the activity of immobilized CRL increased with 
flow rates higher than 0.25 mL·min-1, a mass transfer limitation was assumed at flow rates 
lower than 0.5 mL·min-1. A comparable effect was also determined for the third immobilized 
enzyme, PPK, assuming a higher, potentially external, mass transfer limitation at flow rates 
below 0.15 mL·min-1. In the subsequent investigations, the flow rates and sampling times for 
the CRL, CalB, and PPK experiments were chosen to minimize mass transfer limitations, 
overcome the equilibrium phenomenon, and ensure steady-state conditions, providing a basis 
for further investigations. 
The feasibility of the reactions catalyzed by CRL and PPK in different reactor types was 
conducted, as this is an important issue in the development of biotechnological processes. Since 
most high pressure experiments are performed in the “easy to operate” STR in batch mode, 
this reactor type was compared to the continuously operated PBR. It was shown that the 
enzyme activity in a STR and PBR is comparable, with no determinable mass transfer 
limitation in either reactor, establishing the application of CRL and PPK in a continuously 
operated PBR. 
Furthermore, the kinetic parameters of CRL in the two reactor types were investigated, 
revealing an inhibition by the substrate vinyl acetate. In the discontinuously operated STR, 
CRL exhibited a maximum reaction rate vmax of 88.1 U·mg-1 and a KM,PP of 17.6 mmol·L-1. In 
the PBR, the vmax was notably lower with 11.6 U·mg-1, but the KM,PP was comparable with 
13.8 mmol·L-1. This difference can be attributed to variations in the immobilizate batches 
used in the two reactor types. In both reactors, the KI for vinyl acetate was different, with a 
higher value in the PBR. The RMSD values for the estimated kinetic parameters were relatively 
low for the uncompetitive inhibition, indicating reasonable consistency of both kinetic models 
and adequate description of the kinetic data.  
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The PPK showed similar activity in both reactor types with a specific activity of 0.87 U·mg-1. 
This suggests that mass transfer limitations did not affect the PBR's performance. The kinetic 
characterization of the catalyzed cofactor regeneration revealed a substrate inhibition by 
polyphosphate, which is described best by the uncompetitive inhibition type according to the 
Michaelis-Menten theory. 
The main focus of this thesis was the investigation of the influence of HHP on the performance 
of CRL, CalB, and PPK. For CRL and CalB, an increase in the specific activity was observed 
with increasing HHP. Both enzymes exhibited more than 40.0 % activity increase when exposed 
to 1,200 bar pressure. The stability of CRL increased at higher pressure compared to ambient 
pressure. The activity of CalB increased with temperature and pressure, whereas the 
enantioselectivity of CalB decreased under pressure, making the enzyme less specific. PPK 
showed an optimal pressure-induced activation range at 600-800 bar, with a specific activity 
increase of 12.0 %. 
In addition to the determination of kinetic parameters at ambient pressure, the influence of 
HHP on the kinetic parameters of CRL at 800 bar was investigated. vmax increased by factor 
2.2, indicating a high specific activity of CRL, while the KM,PP stayed unchanged. The KM of 
the second substrate vinyl acetate changed from 391.0 mmol·L-1 at ambient pressure to 
1020.7 mmol·L-1 at HHP, this means that the affinity of the enzyme towards the substrate 
vinyl acetate decreased. To achieve the maximum reaction rate vmax, a higher substrate 
concentration of vinyl acetate is required. The KI,vin decreased from 5999.7 mmol·L-1 at 
ambient pressure to 2242.1 mmol·L-1 at HHP. Consequently, the inhibitor concentration is 
reduced by a factor of 2.6. and a pressure increase from 1 bar to 800 bar leads to severe 
substrate inhibition.  
 
Overall, it was shown that the enzyme immobilizates and the developed continuously operated 
high pressure reactor setup are suitable for conducting experiments to study the behavior of 
enzymes under HHP and the effects on the kinetic parameters to gain a better understanding 
of the process and pressure-induced changes. 
The application of HHP enhanced the specific activity of all three different enzymes by up to 
40.0 % and increased their stability. Furthermore, the kinetic parameters of CRL were affected 
by pressure. CalB's enantioselectivity slightly decreased under pressure. However, further 
research is needed to fully understand HHP effects on the enzyme performance. 
 
With regard to an industrial application, HHP has been shown to be a complementary process 
parameter in the process intensification of enzymatically catalyzed reactions. It can 
complement other strategies for improving biotechnological processes, such as immobilization, 
genetic engineering, and the use of unconventional solvents. This opens up numerous possible 
applications in various areas of biocatalysis.  
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8. Appendix 

This section provides additional and supplementary information. 

8.1. Gas Chromatography 

The GC chromatograms and the resulting calibration curves are given in Figure 44, Figure 45 
and Figure 46. 
 

 
Figure 44: GC chromatograms of (R/S)-1-phenyl-2-propanol and (R/S)-1-phenyl-2-propanyl acetate 

Typical resulting retention times are tS-PPA = 11.6 min, tS-PP = 12.6 min, tR-PP = 13.1 min and 
tR-PPA = 13.7 min. 
 

  

  
Figure 45: Calibration of (R/S)-1-phenyl-2-propanol and (R/S)-1-phenyl-2-propanyl acetate up to 5.0 mmol·L-1  
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Figure 46: Calibration of (R/S)- 1-phenyl-2-propanol and (R/S)- 1-phenyl-2-propanyl acetate up to 200.0 mmol·L- 1 

 

8.2. High Pressure Liquid Chromatography 

The HPLC chromatograms and the resulting calibration curves are given in Figure 47and 
Figure 48. 

 
Figure 47: HPLC chromatograms of CMP, CDP and CTP 

Typical resulting retention times are tCMP = 3.4 min, tCDP = 4.7 min and tCTP = 5.6 min.  
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Figure 48: Calibration of CMP, CDP and CTP 

 

8.3. Immobilization of Candida rugosa Lipase 

Table 31 gives the number of the immobilization procedure with resulting enzyme loading and 
the immobilization yield.  
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Table 31: Immobilization experiment for CRL. 

Immobilization Batch Yield [%] Enzyme Load [µgenzyme·gcarrier
-1] 

TR 1 61.8 780.2 
TR 2 14.3 240.5 
TR 3 53.9 825.8 
TR 4 77.4 568.8 
TR 5 81.6 1261.2 
TR 6 76.2 1955.4 
TR 8 50.8 835.5 
TR 9 77.1 3426.1 

TR 10 70.6 1603.0 
TR 11 47.0 979.9 
TR 12 75.7 1144.7 
TR 13 30.7 1200.5 
TR 16 74.8 1141.7 
TR 17 25.2 151.4 
TR 20 74.6 5957.5 
TR 21 75.4 8369.0 

 

8.4. Immobilization of Candida antarctica Lipase B 

Table 32 gives the number of the immobilization process with resulting enzyme loading and 
the immobilization yield.  
 
Table 32: Immobilization experiment for CalB. 

Immobilization 
Batch 

Yield [%] Enzyme Load [µgenzyme·gcarrier
-1] 

TR 7 64.3 30171.5 
TR 14 31.4 2642.1 
TR 15 94.6 17366.9 
TR 18 80.4 6035.0 
TR 19 88.9 21152.7 
TR 22 82.6 11057.8 

 

8.5. Overview of Candida antarctica lipase B Experiments to Investigate the 

Dependency of the Specific Activity on Pressure and Temperature 

The overview of Candida antarctica lipase B experiments to investigate the dependency of the 
specific activity on pressure and temperature is given in Table 33. 
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Table 33: Investigating of activity in dependency on pressure and temperature overview of used immobilization 
batches.  

Experiment Temperature [°C] Pressure steps [bar] Immobilization 
batch 

HP_011 35 800, 1200 TR15 
HP_012 35 800, 1200 TR15 
HP_023 45 800, 1200 TR18 
HP_024 45 800, 1200 TR18 
HP_007 55 800, 1200 TR15 
HP_008 55 800, 1200 TR15 
HP_009 65 800, 1200 TR15 
HP_010 65 800, 1200 TR15 
HP_019 35 400, 600 TR15 
HP_022 35 400, 600 TR18 
HP_013 45 400, 600 TR15 
HP_014 45 400, 600 TR15 
HP_015 55 400, 600 TR15 
HP_016 55 400, 600 TR15 
HP_017 65 400, 600 TR15 
HP_018 65 400, 600 TR15 
HP_020 45 400, 600 TR17 

 

8.6. Molecular Weight Analysis of Polyphosphate 

Gel permeation chromatography (GPC) was used to determine the molecular weight 
distribution of the polyphosphate. A set-up consisting of a LC-20AT pump C (Shimadzu, 
Kyōto, Japan), a DEGASi conventional degasser (Biotech, Onsala, Sweden), a 3900 smart RI 
autosampler (Knauer, Berlin, Germany), a Viscotek 270 Dual refractive index detector (RID) 
(Malvern Panalytical, Malvern, UK), and an electronic range control (ERC) oven. For the 
separation, two PL-aquagel-OH mixed-H 8 µm, 300 × 7.5 mm columns (Agilent, Santa Clara, 
USA) were used in conjunction with an GPC/SEC guard column (Agilent, Santa Clara, USA), 
to prevent impurities from entering the analytical columns. The data analysis was performed 
using OmniSEC software (Malvern Panalytical, Malvern, UK). The mobile phase used was a 
150.0 mmol·L-1 sodium chloride (NaCl) solution, stripped with helium gas for 20 min, to 
replace dissolved gasses, before being pumped through the system at a rate of 1.0 mL·min-1. 
For the analysis, 125 mg of polyP MERCK EMPURA®; CAS-Number: 10361-03-2 (Merck 
KGaA, Darmstadt, Germany) was dissolved in 5 mL of water as the standard solution with a 
nominal concentration of 25 g·L-1. The solution was filtered through a 0.2 µm pore size 
regenerated cellulose membrane syringe filter. A 1:10 dilution from the filtered standard 
solution was prepared at room temperature and vortexed thoroughly, before being analyzed.  
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The system was established using water in a stepwise increase starting at 0.3 mL·min-1, 
increasing to 0.6 mL·min-1, then 0.8 mL·min-1 and finally to 1.0 mL·min-1, holding the flow 
constant for 20 min between each step. Then the solvent was exchanged by lowering the 
flowrate to 0.8 mL·min-1, and starting the feed with the 150.0 mmol·L-1 NaCl Solution. The 
rate was held for 20 min before increasing to 1.0 mL·min-1 and maintained for 20 min allowing 
the system to equilibrate. After that point, samples were injected using the autosampler.  
 
A 12-point calibration with narrow standards was performed, to estimate the molecular weight 
of polyP. Three polyethylene-oxide (PEO) / polyethylene-glycol (PEG) mixtures (Agilent, 
InfinityLab EasiVial PEG/PEO) each with four known standards were used to establish a 
wide-range calibration. The standards were obtained from Agilent (Agilent, Santa Clara, USA) 
with molecular weights between 106 to 1500000 g·mol-1. They were used to correlate the 
retention time with the molecular weight through the gel permeation chromatography set-up. 
 
Determination of Polyphosphate Length 
 
The size of commercially available polyP was measured using gel permeation chromatography 
(GPC). Commercially available sodium polyphosphate from MERCK EMPURA®; CAS-
Number: 10361-03-2 (Merck KGaA, Darmstadt, Germany) was dissolved in water and passed 
through a separation column, to estimate the molecular size and distribution of polyP chains 
of different lengths. The correlation between the molecular weight and the retention time was 
done using three polyethylene-oxide (PEO) / polyethylene-glycol (PEG) mixtures of known 
molecular weight in a range from 106 to 1500000 g·mol-1. The result from the GPC is shown 
in Figure 49. 
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Figure 49: Separation of polyphosphate using gel permeation chromatography. 

The sampled polyP shows a bimodal distribution with the majority (80.0-84.0 %) being long 
chains with an average molecular weight of over 9.9 kDa. The remaining fraction has an average 
molecular weight of 0.8 kDa. The overall molecular weight for polyP as a mixture of short and 
long chains is estimated to be 78 residues long (8.0 kDa). 
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8.7. Matlab Script for Kinetic Parameter Estimation 

 
The following matlab script was used to determine the kinetic parameters of the PPK catalyzed 
cofactor regeneration along with the resulting confidence intervals. The same nonlinear 
regression method (nlinfit function, MATLAB 2019a) 76 was used to determine the kinetic 
parameters of CRL catalyzed transesterification.  
 
clear all 
close all 
clc 
 
%Kinetic of ppk-- Reading of the concentration and activity data from excel 
DataGCreadCDP = readtable('Daten.xlsx','Sheet', 'CDP','Range','B1:B22'); 
ConcallCDP = table2array(DataGCreadCDP);  
 
DataGCreadPP = readtable('Daten.xlsx','Sheet', 'PP','Range','B1:B22'); 
ConcallPP = table2array(DataGCreadPP);  
 
DataGCreadv_m = readtable('Daten.xlsx','Sheet', 'Activity','Range','B1:B22'); 
v_m = table2array(DataGCreadv_m);  
 
DataGCreadconmittel2 = readtable('Daten.xlsx','Sheet', 'conmittel2','Range','B1:B22'); 
conmittel2 = table2array(DataGCreadconmittel2);  
 
DataGCreadactmittel2 = readtable('Daten.xlsx','Sheet', 'actmittel2','Range','B1:B22'); 
actmittel2 = table2array(DataGCreadactmittel2);  
 
DataGCreadactstd2 = readtable('Daten.xlsx','Sheet', 'actstd2','Range','B1:B22'); 
actstd2 = table2array(DataGCreadactstd2);  
 
DataGCreadconmittel2PP = readtable('Daten.xlsx','Sheet', 'conmittel2PP','Range','B1:B22'); 
conmittel2PP = table2array(DataGCreadconmittel2PP);  
 
DataGCreadactmittel2PP = readtable('Daten.xlsx','Sheet', 'actmittel2PP','Range','B1:B22'); 
actmittel2PP = table2array(DataGCreadactmittel2PP);  
 
DataGCreadactstd2PP = readtable('Daten.xlsx','Sheet', 'actstd2PP','Range','B1:B22'); 
actstd2PP = table2array(DataGCreadactstd2PP);  
 
% Generation of Substrate Concentration Matrix 
C = [ConcallCDP,ConcallPP]; %  concentration vector 
CCDP = ConcallCDP; % CDP concentration vector 
CPP = ConcallPP;  % PP concentration vector 
 
% Starting parameters 
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vmax = 2; % U/mg 
km_CDP = 12; % [mM] 
km_PP = 50; % [mM] 
ki_PP = 160; % [mM] 
start_parameter = [vmax km_CDP km_PP ki_PP 
 
%Non linear regression: for fitting of the kinetic parameter 
disp('...Fitting of kinetic Parameter...') 
parfit = zeros(4,3); 
Res_all = zeros(21,3);  
for plotten = 1:1:3 
[parfit_pre, Res, Jac, Sigma] = 
nlinfit(C,v_m,@(parfit_pre,C)MMKinetik2(parfit_pre,C,plotten),start_parameter);   
parfit(:,plotten) = parfit_pre;  
Res_all(:,plotten) = Res;  
CInt = nlparci(parfit(:,plotten), Res,'jacobian',Jac); % CInt is the matrix for the confidence 
interval in which the upper and lower limits are specified (in absolute values) 
CInt = abs((CInt(:,1)-CInt(:,2))/2); % Calculates the average from the difference of the 
absolute values of CInt, so that they can be given as +- value 
 
%Display of fitted kinetic parameter 
fprintf('Parameters:\n\t\t Initial Calculated\t Confi.Int\t Unit\n') 
formatSpec ='%s\t %2.1f \t %1.3f \t +- %1.3f \t %s \n';  
kinpara={'vmax' 'kmCDP' 'kmPP' 'kiPP'}; 
paraunit={'U/mg' 'mM' 'mM' 'mM'}; 
for i=1:4 
     fprintf(formatSpec, kinpara{i},start_parameter(i),parfit(i,plotten),CInt(i),paraunit{i}) 
end 
end  
 
% Data point generation to display the fitted parameters in a continuous MM-curve. 
values_plot  = 150;  
C_simCDP     = linspace(0,85,values_plot)'; % Vector with 150 simulated cCDP values from 
0 to 85 with linear distances 
C_simVinones = 44*ones(size(C_simCDP)); % Vector with same size as upper vector with 
cPP=44 
C_sim1 = [C_simCDP,C_simVinones]; % Both vectors combined in a substrate conc. matrix 
C_simPP     = linspace(0,850,values_plot)'; % Vector with 150 simulated cPP values from 0 
to 850 with linear distances 
C_simPPones = 70*ones(size(C_simPP)); % Vector with same size as upper vector with 
cCDP=70 
C_sim2 = [C_simPPones,C_simPP]; % Both vectors combined in a substrate conc. matrix 
 
v_sim1 = zeros(values_plot,3);  
v_sim2 = zeros(values_plot,3);  
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for plotten = 1:1:3 
v_sim1(:,plotten) = MMKinetik2(parfit(:,plotten),C_sim1,plotten); % Activity vector 
calculated via MMKinetics with simulated substrate conc. 
v_sim2(:,plotten) = MMKinetik2(parfit(:,plotten),C_sim2,plotten); % Activity vector 
calculated via MMKinetics with simulated substrate conc. 
end  
 
%% Plotting 
 
% RMSD CDP  
RMSD_1 = sqrt(sum(Res_all(1:8,1).^2)); RSMD_1_str = num2str(round(RMSD_1,2));  
RMSD_2 = sqrt(sum(Res_all(1:8,2).^2)); RSMD_2_str = num2str(round(RMSD_2,2)); 
RMSD_3 = sqrt(sum(Res_all(1:8,3).^2)); RSMD_3_str = num2str(round(RMSD_3,2)); 
 
% RMSD PP  
RMSD_4 = sqrt(sum(Res_all(9:end,1).^2)); RSMD_4_str = num2str(round(RMSD_4,2)); 
RMSD_5 = sqrt(sum(Res_all(9:end,2).^2)); RSMD_5_str = num2str(round(RMSD_5,2)); 
RMSD_6 = sqrt(sum(Res_all(9:end,3).^2)); RSMD_6_str = num2str(round(RMSD_6,2)); 
 
%Experimental data (CDP) and fitted curve in Michelis-Menten plot: 
figure('Name','Simulated Michaelis-Menten-Plot','NumberTitle','off') 
plot(CCDP(1:9),v_m(1:9),'ok',C_simCDP,v_sim1(:,1),'-k',C_simCDP,v_sim1(:,2),'-
.k',C_simCDP,v_sim1(:,3),'--k','MarkerFaceColor','k','linewidth',1) 
title('Michaelis-Menten-Plot') 
hold on 
errorbar(conmittel2, actmittel2,actstd2,'ok','markersize',4);  
hold on 
xlabel('Cytidine 5-diphosphate [mM]') 
xlim([0 90]) 
ylabel('Specific Activity [U mg^-^1]') 
ylim([0 1.4]) 
legend('experimental values','uncompetitive','competitive','non-competitive');  
text(5,1.3,append('RMSD uncomp. = ',RSMD_1_str));  
text(5,1.25,append('RMSD comp. = ',RSMD_2_str));  
text(5,1.20,append('RMSD non-comp.= ',RSMD_3_str));  
 
%Experimental data (PP) and fitted curve in Michelis-Menten plot: 
figure('Name','Simulated Michaelis-Menten-Plot','NumberTitle','off') 
plot(CPP(10:21),v_m(10:21),'ok',C_simPP,v_sim2(:,1),'-k',C_simPP,v_sim2(:,2),'-
.k',C_simPP,v_sim2(:,3),'--k','MarkerFaceColor','k','linewidth',1) 
hold on 
hold on  
plot(CPP(10:21),v_m(10:21),'ok','MarkerFaceColor','k') 
hold on 
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errorbar(conmittel2PP, actmittel2PP,actstd2PP,'ok','markersize',4);  
title('Michaelis-Menten-Plot') 
xlabel('Polyphosphate [mM]') 
xlim([0 850]) 
ylabel('Specific Activity [U mg^-^1]') 
ylim([0 1.2]) 
legend('experimental values','uncompetitive','competitive','non-competitive');  
text(450,0.65,append('RMSD uncomp. = ',RSMD_4_str));  
text(450,0.60,append('RMSD comp. = ',RSMD_5_str));  
text(450,0.55,append('RMSD non-comp. = ',RSMD_6_str));  
 
kin_legend = {'uncompetitive','competitive','non-competitive'};  
 
function v=MMKinetik2(start_parameter,C,plotten) % Michaelis-Menten_Equation (One-
Substrates) 
 
%Start Concnetrations  
cCDP = C(:,1); 
cPP = C(:,2); 
 
% Start Parameter 
vmax = start_parameter(1); %U/mg 
km_CDP = start_parameter(2); %[mM] 
km_PP = start_parameter(3); %[mM] 
ki_PP = start_parameter(4); %[mM] 
 
if plotten == 1 
    v = vmax.*(cCDP./(km_CDP+cCDP)).*(cPP./(km_PP+cPP.*(1+cPP./ki_PP))); % 
uncompetitive inhibition 
elseif plotten == 2 
    v = vmax.*(cCDP./(km_CDP+cCDP)).*(cPP./(cPP+km_PP.*(1+cPP./ki_PP))); % 
competitive inhibition 
else 
    v = vmax.*(cCDP./(km_CDP+cCDP)).*(cPP./((km_PP+cPP).*(1+cPP./ki_PP))); % 
noncompetitive inhibition 
end 
end 
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8.8. Experimental Data 

This section provides experimental data that is not presented in the main part of this thesis.  

8.8.1. Experimental Data: Investigation of Activity in Dependency on 

Pressure and Temperature  

Table 34 gives the experimental data of the investigation of activity in dependency on pressure 
and temperature of CalB.  
 
Table 34: Investigating of Activity in Dependency on Pressure and Temperature.  
Reaction conditions: T = 35-65 °C; V̇ = 0.5 ml·min-1; solvent: heptane; cPP = 10.0 mmol·L-1; 
cvin = 864.0 mmol·L- 1; reactor dimensions: 50 x 3 mm; mTR15/TR18 = 0.15 g; mCalB(TR15) = 0.195 mg ; 
mCalB(TR18) = 0.741 mg; p = 1 bar; n = 1-2. 

Temperature 
[°C] 

Pressure [bar] Immobilizate 
Batch 

Specific Activity 
[U·mg-1] 

Note 

35 1 TR15 0.5 ± 0.02  
35 400 TR15 0.5 n=1 
35 600 TR15 0.6 n=1 
35 800 TR15 0.6 ± 0.03  
35 1200 TR15 0.6 ± 0.03  
45 1 TR15 0.6 n=1 
45 400 TR15 0.6 n=1 
45 600 TR15 0.7 n=1 
45 800 TR18 1.7 ± 0.00 not included 
45 1200 TR18 1.9 ± 0.04 not included 
55 1 TR15 0.7 ± 0.01  
55 400 TR15 0.8 ± 0.00  
55 600 TR15 0.8 ± 0.00  
55 800 TR15 0.8 ± 0.02  
55 1200 TR15 0.9 ± 0.02  
65 1 TR15 0.8 ± 0.00  
65 400 TR15 0.8 ± 0.01  
65 600 TR15 0.8 ± 0.00  
65 800 TR15 0.9 ± 0.02  
65 1200 TR15 1.0 ± 0.01  
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8.8.2. Characterization of Immobilization Procedure of CalB 

Table 35, Table 36 and Table 37 gives the experimental data of the investigation of the 
characterization of immobilization procedure of CalB according to the temperature and the 
used method. 
Table 35: Immobilization of CalB with tube roller method. 

 Temperature [°C] 
Time [h] 4 22 40 

0 1 ± 0.15 1 ± 0.10 1+0.51 
0.5 0.62 ± 0.21 0.20 ± 0.05 0.39 ± 0.21 

1 0.34 ± 0.10 0.07 ± 0.02 0.12 ± 0.07 
2 0.19 ± 0.06 0.03 ± 0.01 0.07 ± 0.04 
4 0.09 ± 0.03 0.02 ± 0.01 0.07 ± 0.04 

24 0.08 ± 0.02 0.02 ± 0.01 0.04 ± 0.03 
 
Table 36: Immobilization of CalB with overhead shaker method. 

 Temperature [°C] 
Time [h] 4 22 40 

0 1 ± 0.13 1 ± 0.20 1 ± 0.52 
0.5 0.60 ± 0.10 0.27 ± 0.12 0.21 ± 0.11 

1 0.39 ± 0.09 0.10 ± 0.03 0.07 ± 0.04 
2 0.23 ± 0.04 0.03 ± 0.01 0.03 ± 0.02 
4 0.15 ± 0.03 0.03 ± 0.01 0.03 ± 0.02 
6 0.11 ± 0.04 - 0.04 ± 0.02 

24 - 0.06 ± 0.02 - 
 
Table 37: Immobilization of CalB with shaking plate method. 

 temperature [°C] 
time [h] 4 22 40 

0 1 ± 0.17 1 ± 0.20 1 ± 0.15 
0.5 0.37 ± 0.20 0.75 ± 0.23 0.37 ± 0.14 

1 0.48 ± 0.14 0.22 ± 0.09 0.06 ± 0.04 
2 0.37 ± 0.08 0.21 ± 0.06 0.06 ± 0.02 
4 0.24 ± 0.05 0.17 ± 0.08 0.02 ± 0.01 
6 0.21 ± 0.04 - 0.02 ± 0.01 

24 - 0.02 ± 0.01 - 
 
 


