
 

 

 

Whole-cell enzyme cascade realization and scale up for bulk 

chemical production 
 

 

 

I n a u g u r a l d i s s e r t a t i o n 

 

zur 

 

Erlangung des akademischen Grades eines 

 

Doktors der Naturwissenschaften (Dr. rer. nat.) 

 

der 

 

Mathematisch-Naturwissenschaftlichen Fakultät 

 

der 

 

Universität Greifswald 

 

 

 

 

 

 

vorgelegt von 

 

Vishnu Sinha Tumkur Srinivasamurthy 

 

 

Greifswald, October 2020 

  



 
 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Dekan:   Prof. Dr. Gerald Kerth 

 

1. Gutachter:  Prof. Dr. Uwe T. Bornscheuer 

 

2. Gutachter:  Prof. Dr. Andreas Liese 

 

 

Tag der Promotion:   19.10.2020 

  



Table of Contents 

Table of Contents .................................................................................................. 3 

List of Abbreviations .............................................................................................. 5 

Scope and Outline of the Thesis ........................................................................... 6 

1 Introduction .................................................................................................... 8 

1.1 Biocatalytic production of bulk chemicals ................................................ 8 

1.2 ɛ-Caprolactone ....................................................................................... 10 

1.3 Cascade reactions ................................................................................. 14 

1.4 CHMO and ADH in a cascade reaction ................................................. 17 

2 Results ......................................................................................................... 19 

Realizing the enzymatic lactone synthesis ...................................................... 19 

2.1 Whole-cell co-expression of CHMO and ADH ....................................... 19 

2.2 Upscale of the biocatalytic whole-cell process ....................................... 25 

2.3 Cascade Extension ................................................................................ 33 

3 Conclusion and Future aspects ................................................................... 37 

4 References .................................................................................................. 39 

Author contributions ............................................................................................ 53 

Articles ................................................................................................................ 54 

Article I ................................................................................................................ 55 

Article II ............................................................................................................... 68 

Article III .............................................................................................................. 85 

Eigenständigkeitserklärung ................................................................................. 95 

Curriculum Vitae ................................................................................................. 96 

List of Publications .............................................................................................. 97 

Acknowledgements ............................................................................................. 98 

 



 

 Padmavathi 

Ganesha 

Govinda 

SaiSAI 

Saraswathi 

OM 

•  

 

  

   
   
   



List of Abbreviations 

 
5 

 

List of Abbreviations 

EQ  Environmental quotient 

tpa  tons per annum 

6-APA  6-aminopenicillanic  

acid 

S-CPA (S)-2-chloropropionic  

acid 

TRL Technology readiness 

level 

NASA National Aeronautics 

and Space Organization 

UCC Union Carbide 

Corporation 

BVMO Baeyer-Villiger 

monooxygenase 

NADPH Nicotinamide adenine 

dinucleotide phosphate 

(reduced) 

NADP+ Nicotinamide adenine 

dinucleotide phosphate 

(oxidized) 

FAD Flavin adenine 

dinucleotide 

CHMO Cyclohexanone 

monooxygenase 

ADH  Alcohol dehydrogenase 

FRESCO Framework for rapid 

enzyme stabilization by 

computational libraries 

CAPEX Capital expenditure 

OPEX  Operating expenditure 

Lk-ADH ADH from Lactobacillus 

kefir 

Te-ADH ADH from 

Thermoanaerobacter 

ethanolicus 

Ac-CHMO CHMO from 

Acinetobacter 

calcoaceticus 

Tm-CHMO CHMO from 

Thermocrispum 

municipal 

RBS  Ribosome binding site 

MCS  Multiple cloning sites 

mRNA Messenger ribonucleic 

acid 

CHMO-QM Ac-CHMO variant with 

  four-point mutation 

CHMO-M15 Ac-CHMO variant with 

eight-point mutation 

STR  Stirred-tank reactor 

WCW  Wet cell weight 

CDW  Cell dry weight 

kLa Volumetric mass transfer 

coefficient 

OTR  Oxygen transfer rate 

vvm Volume of gas per 

volume of media 

CAL-A Pseudozyma antarctica 

Lipase A 

CAL-B Pseudozyma antarctica 

Lipase B 

NMR Nuclear magnetic 

resonance 

LCA  Life cycle assessment

In addition, the standard abbreviations for the SI and SI derived units were used.   
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Scope and Outline of the Thesis 

This thesis deals with the process considerations and optimizations of a whole-cell 

enzyme cascade reaction for the synthesis of ɛ-caprolactone. The enzyme 

cascade synthesis of ɛ-caprolactone has been conceptualized and verified using a 

dehydrogenase and a monooxygenase. The advantage of this enzyme 

combination is the closed-loop co-factor regeneration. Dehydrogenase and 

monooxygenase expressed in discrete whole cells were applied in defined ratio to 

conceptualize the cascade reaction. This necessitates the use of separate co-

factor regeneration system due to impermeability of the E. coli cell wall to the co-

factor. Article I deal with the design and optimization of dehydrogenase and 

monooxygenase co-expression in a same E. coli cell. In Article II, the cascade 

reaction was upscaled and a fed-batch process was realized. Following which, the 

important reaction metrices were analyzed and optimized. Article III extends the 

two-enzyme cascade with a lipase. The use of lipase helps to overcome the 

product inhibition of monooxygenase by ɛ-caprolactone. 

 

Article I Co-expression of an alcohol dehydrogenase and a 

cyclohexanone monooxygenase for cascade reactions 

facilitates the regeneration of the NADPH cofactor 

 Kohl, A., Srinivasamurthy, V., Böttcher, D., Kabisch, J., & 

Bornscheuer, U. T., Enzyme Microb. Technol., 2018, 108, 53-58. 

An enzyme cascade comprising a cyclohexanone monooxygenase 

monooxygenase (CHMO), an alcohol dehydrogenase (ADH) for the production of 

ε-caprolactone provided self-sufficiency with respect to NADPH-cofactor 

regeneration. For further optimization of cofactor regeneration, a co-expression of 

CHMO-QM and Lk-ADH in E. coli using a Duet™ vector was designed and verified. 

Upon ribosomal binding site modification, a better-balanced expression of the 

enzymes was possible. The optimum enzyme ratio led to higher conversion values 

of the substrate cyclohexanol in whole-cell biocatalysis compared to an expression 

of both enzymes from two separate plasmids. 
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Article II A whole-cell process for the production of ε-caprolactone in 

aqueous media 

  Srinivasamurthy, V. S., Böttcher, D., Engel, J., Kara, S., & 

Bornscheuer, U. T., Process Biochem., 2020, 88, 22-30. 

The process was studied with a focus on process development at the 200 mM scale 

for cyclohexanone monooxygenase, CHMO, catalyzed ε-caprolactone synthesis. 

The influence of parameters such as volumetric mass transfer co-efficient, stirrer 

speed and catalytic loading (amount of E. coli whole-cells expressing Lk-ADH and 

CHMO) on the process efficiency were studied and optimized. Additionally, two 

variants of CHMO were tested in the process conditions. Upon optimization, 98% 

conversion, a product titer of 20 g L–1 and an isolated product amount of 9.1 g 

(80%) were achieved. Comparing the two CHMO variants a significant difference 

in catalytic yield (weight of product to weight of catalyst; 0.6 vs 0.3) was observed. 

 

Article III A multi-enzyme cascade reaction for the production of 6-

hydroxyhexanoic acid 

  Srinivasamurthy, V. S., Böttcher, D., & Bornscheuer, U. T., Z. 

Naturforsch. C, 2019, 74, 71-76. 

Here we describe a three-enzyme cascade for the synthesis of 6-hydroxyhexanoic 

acid. The product inhibition caused by ε-caprolactone on CHMO was overcome by 

the use of the lipase CAL-B (Pseudozyma antarctica Lipase B) for in-situ 

conversion into 6-hydroxyhexanoic acid. A stirred-tank reactor under fed-batch 

mode was chosen for efficient catalysis. By using this setup, a product titer of >20 

g L−1 was achieved with an isolated yield of 81% 6-hydroxyhexanoic acid.
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1 Introduction 

In recent decades, novel process design, functional molecules, and the 

environmental sustainability of synthesis routes are at par with traditional values 

such as process metrics, resource availability, and process economics to be 

considered for industrial applications.1–4 Biocatalytic processes with better 

environmental quotient (EQ) and selectivity have attracted considerable attention. 

The present-day biocatalysis has sailed over multiple waves of biotechnological 

breakthroughs to explore, navigate, and discover new areas in the map of chemical 

synthesis.2,5,6 However, due to the different objectives, the industrial impact of 

biocatalysis is not the same on specialty, fine, and bulk chemical manufacturing. 

Compared to bulk chemicals, specialty and fine chemicals manufacturing have 

adapted biocatalysis to a greater extent.7,8 That being said, there is some 

application of biocatalysis in bulk chemical production.  

1.1 Biocatalytic production of bulk chemicals 

Chemicals manufactured at over 10,000 tons per annum (tpa) are generally 

considered as bulk chemicals.9 Given the scale of production and low market price 

of the bulk chemicals, the cost of manufacture is usually the main hindrance to 

adapt biocatalysis. However, the aim of biocatalysis in bulk chemical manufacture 

is generally at cost optimization and to address the ecological aspects of the 

synthesis routes. Biocatalysis addressing the low selectivity of the chemical 

catalyst or in the design of novel pathways from cheaper and renewable starting 

materials help in ‘value creation’ in the process. While on the other hand, when 

directed to simplify the chemistry, for example, by reducing the multi-step catalysis 

or circumvent the heavy metal catalysis, biocatalysis minimizes the upstream 

and/or downstream processing. The reduced downstream processing will mitigate 

the losses during product isolation and purification, which reflects in ‘value 

conservation’ of the process. The combination of value creation and value 

conservation is the key to unlock process economics.10 For instance, the initial 

application of biosynthesis (fermentation-based synthesis, considered the 

precursor to present-day biocatalysis) nearly a century ago, was seen as a simple 

chemical alternative for difficult ‘orthodox’ synthesis. The production of amino 
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acids, such as L-lysine and L-glutamate11 or bulk chemicals like L-ascorbic acid,12 

are prominent examples. 

In the present day, lot of promising biocatalytic bulk chemical synthetic routes have 

been reported.13–19 However, here listed are prominent examples of the bulk 

chemicals currently produced industrially employing biocatalysis. One such 

example is the glucose isomerase-catalyzed conversion of D-glucose from corn 

syrup to D-fructose for the production of high-fructose corn syrup (HFCS) 

sweetener. At over 105 tpa (tons per annum) of HFCS production, it is the 

significant application of bioconversion.20 L-aspartic acid and aspartame are other 

sweeteners produced by biocatalysis. Nitrile hydratase-catalyzed conversion of 

nicotinonitrile to nicotinamide is an example of the production of an essential 

nutrient. Different process variations have been developed, but immobilized whole-

cell-catalyzed bioconversions in a continuous reactor are efficient and most widely 

used industrially.21,22 A pharmaceutical bulk chemical, (+)-6-aminopenicillanic acid 

(6-APA), is produced by a penicillin amidase.23 The successful production of 6-

APA gave way for the biocatalytic production of various non-natural β-lactam 

antibiotics.24 In another example, an (R)-enantiomer-selective dehalogenase is 

employed in whole-cell-biocatalysis for the kinetic resolution of racemic 

chloropropionic acid to produce (S)-2-chloropropionic acid (S-CPA) and lactic 

acid.25 S-CPA is a key bulk intermediate in the herbicides synthesis of Mecoprop 

(BASF) and Fusilade (Avecia).20 Another notable and established biobased bulk 

chemical synthesis is acrylamide.26 Recently, heterologously expressed nitrile 

hydratase is used in a whole-cell fed-batch process to produce acrylamide having 

over 93% yield.27 With a 50% product concentration in the reaction by the end of 

the biocatalysis, there is no need for extensive downstream processing when 

compared to the chemical synthetic routes.20 All of these molecules are produced 

in bulk (more than 10,000 tpa) scale. 

Product development has to surpass crucial bottlenecks to be implemented at the 

industrial scale. A nine-stage technology readiness level (TRL) was proposed by 

NASA (National Aeronautics and Space Administration, USA), and respective 

milestones during product development were defined. Academic research extends 

up to TRL 3, but the industrial implementation starts at TRL 8.28 Hence, TRL 4-8 is 

a threshold for technological or product adaptation by industry. Due to varied 
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reasons, the majority (above 90%) of ideas shall not pass this threshold. Hence, 

this thesis focus on studying and optimizing biocatalytic process in a lab reactor for 

the synthesis of ɛ-caprolactone with an aim to improve the TRL.  

1.2 ɛ-Caprolactone 

ɛ-Caprolactone is an interesting chemical with a broad array of potential 

applications. This reactive cyclic ester building block is manufactured in an over 

30,000-ton scale through chemical processes by Perstorp (in UK), BASF (in the 

USA), and Daicel (in Japan).29 The polymer industry processes a significant 

fraction. It is mainly used as the precursor for the production of ɛ-caprolactam,30 

which is further used in the production of nylon-6.31 The ring-opening 

polymerization of ɛ-caprolactone leads to a variety of performance intermediates, 

with varied polymer architecture based on the nucleophilic ‘initiator’ applied. 

Polycaprolactone is the simplest of them and has diverse applications ranging from 

packaging to the biomedical industry due to its biodegradability.32–35 The use of 

polyol initiators forms a much more complicated polymer structure, like in the 

manufacture of superior polyurethane elastomers.36–38 ɛ-caprolactone and the 

glycolic acid copolymer, Monocryl® is trademarked and sold by Ethicon Inc. (a 

subsidiary of Johnson & Johnson Medical devices) and is applied for the 

manufacturing of absorbable suture.39 Other such ɛ-caprolactone copolymers are 

extensively being investigated for biomedical and tissue engineering 

applications.40–42 The enzymatic or chemical hydrolysis of ɛ-caprolactone gives 6-

hydroxyhexanoic acid43,44 and it can then be converted to 1,6-hexanediol,45 6-

aminohexanoic acid46 or adipic acid.47 On the other hand, ɛ-caprolactone has been 

used in thermal resistant adhesive and sealant chemicals or UV-protecting paint, 

coating manufacturing (e.g., Tinuvin®) and as a surface modifier in the textile and 

leather industry.48-50 This broad applicability makes ɛ-caprolactone a very useful 

chemical intermediate.  

1.2.1 ɛ-Caprolactone manufacturing 

The enzymatic or chemical synthesis of ɛ-caprolactone is achieved by Baeyer-

Villiger oxidation of cyclohexanone in the presence of an oxidizing agent. While 



Introduction 

 
11 

 

chemical catalysis uses peracids as oxidizing agents, the enzymatic synthesis can 

utilize molecular oxygen from the air as the oxidizing agent.  

Chemical synthesis 

At present, the chemical industrial ɛ-caprolactone production follows the Union 

Carbide Corporation or UCC process. In general, cyclohexanone is oxidized by an 

oxidizing agent at 50 °C and atmospheric pressure.29 As ɛ-caprolactone is unstable 

in the acidic media, the choice of method for the preparation of oxidizing agent 

becomes important.51 In UCC process, water-free peracetic acid synthesized from 

acetaldehyde  is used as an oxidizing agent. In this process acetic acid is produced 

as the byproduct, which needs to be valorized.52 An alternate ɛ-caprolactone 

synthesis route is to directly oxidize cyclohexanone in the presence of defined 

amount of concentrated acetic acid and hydrogen peroxide. However, in both of 

the above protocol, the atom economy of the ɛ-caprolactone production will be 

decreased due to the high acidity and subsequent byproduct formation.53 This 

problem could be overcome replacing the oxidizing agent, acetic acid with a 

combination of boric acid, hydrogen peroxide, and carboxylic acids (2-4 carbon 

atoms). Nevertheless, this process demands the continuous removal of water by 

azeotropic entrainment.51 The other commonly used strong oxidants include 

trifluroperacetic acid, peroxybenzoic acid, or m-chloroperoxybenzoic acid.54 

However, these peracids impart safety concerns and are challenging to handle.  

Additionally, the peracids obtained according to known industrial methods require 

neutralization of the strong acid catalyst to mitigate the adverse effects when 

applied in the production of ε-caprolactone.51  Such neutralization protocol 

produces mineral salt in the reactor. Mineral salts complicate the downstream 

processing. In general, UCC process can only achieve an 85-90% selectivity 

(peracetic acid basis) and exhibit low substrate specificity.19 The low selectivity of 

the process necessitates multi-step distillation and expatiated downstream 

processing for separation, substrate recycling, product recovery, and purification.  

Recently, an alternative chemo-enzymatic ɛ-caprolactone production from biomass 

was realized.55,56 Enzymatic (cellulase and isomerase) degradation of cellulose is 

used to synthesize fructose. After this, fructose is dehydrated by methyl isobutyl 
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ketone to 5-hydroxymethyl furfural, with a 91% efficiency and additional acid 

byproducts. Later, 5-hydroxymethyl furfural was converted to ɛ-caprolactone by 

multiple steps, catalyzed by various heavy-metal catalysts. Even though this 

process is bio-sourced and a substitute to fossil fuels, the low atom economy, 

complex downstream processing, and the use of multiple heavy metal catalysts 

make it unattractive.57  

Due to the chemical process limitations, ɛ-caprolactone production can be further 

improved. Hence, the enzymatic process using molecular oxygen as the oxidizing 

agent is being studied as a potential alternative. 

Baeyer-Villiger monooxygenases - enzymatic synthesis 

The inherent nature of enzymes to be able to bind to a specific site at the substrate 

molecule gives the biocatalysis its high selectivity. Added to this, the room 

temperature catalysis, the aqueous reaction media, and the lack of heavy metals 

reflect in a lesser toxicity. Baeyer-Villiger monooxygenases (BVMO) are aptly 

named enzymes to perform enzymatic Baeyer-Villiger oxidation using molecular 

oxygen.58–64 

Scheme 1 Reaction mechanism of Type I BVMO while using cyclohexanone as substrate. Cofactor FAD is reduced 
by NADPH. The reduced FAD is converted to peroxide intermediate by molecular oxygen forming the peroxide-FAD 
anion as the oxidizing agent. The oxidizing agent attacks the carbonyl carbon of cyclohexanone to give a so-called 
Criegee intermediate. After the rearrangement the product ɛ-caprolactone is released following which FAD is 
regenerated by releasing a water molecule and NADP+. Adapted from Balke et al. (2018)64 
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These are flavin-dependent monooxygenases further divided into NADPH and 

FAD-dependent type I BVMOs or NADH and FMN-dependent type II BVMOs. 

Among these, type I BVMOs are studied extensively for their ability to accept a 

broad range of substrates and also maintain high regio-, chemo- and 

enantioselectivity. The mechanism of type I BVMOs is shown in Scheme 1.63,65,66 

Firstly, the flavin cofactor, FAD, is reduced by NADPH. The formed NADP+ needs 

to stay bound during the reaction cycle. Reduced FAD is then converted to a 

peroxide intermediate by the addition of molecular oxygen. This peroxide-FAD 

anion is the oxidizing agent and attacks the carbonyl carbon of the substrate in the 

active site giving rise to the Criegee intermediate. Following the rearrangement, 

the product, and later, following the FAD regeneration, water, and NADP+ are 

released. The stereo- and conformational arrangement of the substrate (part of 

Criegee intermediate) in the active site is said to impart the selectivity of the 

enzyme catalysis.67,68 A subgroup of BVMOs, cyclohexanone monooxygenase 

(CHMO), accepts cyclohexanone as a natural substrate for ɛ-caprolactone 

synthesis. CHMO from Acinetobacter calcoaceticus (EC 1.14.13.22) is an example 

of type I BVMO, discovered in 1976, and studied extensively with subsequent 

expression and characterization64,69–71. Ac-CHMO oxidizes various diverse 

substrates58,62,72–77 along with cyclohexanone. Recently, BVMOs derived from 

Thermocrispum municipal,78 Thermothelomyces thermophilus,79 and Aspergillus 

flavus80 were also shown to accept cyclohexanone as the substrate for Baeyer-

Villiger oxidation.  

Even with high selectivity and yield of CHMO-catalyzed reactions over the chemical 

oxidation and combined with an extensive substrate scope, to date, only a few 

preparative or pilot-scale applications have been reported19,81–83 because of the 

inherent enzyme limitations. Most important of them are enzyme stability and, in 

particular, the thermal, oxidative, and long-term stability. Different interesting 

protein engineering approaches have extensively addressed this problem. 

Opperman et al.84 mutated all the critical methionine and cysteine residues to 

create a combinatorial mutant CHMO-M15 and CHMO-M16, which had better 

oxidative stability compared to wild-type CHMO. Following this, van Beek et al.85 

increased thermal stability by introducing a disulfide bond. Parallel to this study, 

Schmidt et al.86 developed a double mutant, CHMO-DS3, by identifying ‘hot spots’ 
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for disulfide bridges, which increased the thermal stability without compromising 

the activity. Later, this variant was further improved by additional mutations to 

improve the long-term stability to create CHMO-QM.87 Recently, a framework for 

rapid enzyme stabilization by computational libraries (FRESCO) was applied to 

Rhodococcus sp. HI-31 derived CHMO (close homolog of Ac-CHMO) to increase 

its melting temperature by 15°C.88 The stability of different CHMO variants was 

previously tested by incubating the CHMO variants at different temperatures, 

solvent concentrations, or through enzyme melting temperature determination, and 

the operational stability in the process condition was determined later.89 

The substrate and product inhibition have also been a significant hindrance to the 

CHMO application. Feeding strategies can address substrate inhibition while 

product inhibition was avoided either by in-situ product conversion19,44,90 or in-situ 

product recovery by membranes91 polymer beads82 or two-phase system.92 The 

next factor to be considered during the scaling-up of CHMO reactions is the 

expensive cofactor, NADPH, which is ideally needed in stoichiometric amounts. 

However, the cofactor regeneration can reduce the cofactor demand to catalytic 

quantities using enzymatic or non-enzymatic methods for cofactor regeneration. 

Hollmann et al.,93 very well summarized the ‘unconventional’ methods for cofactor 

recycling using organometallic complexes and photo- or electrochemistry. At 

present, these ‘unconventional’ approaches have lower electron-transfer yield 

compared to FMN or FAD, which intern reduces the cofactor regeneration 

efficiency. Hence at present, the enzyme-assisted NADPH cofactor regeneration 

is the ideal choice for CHMO-catalyzed lactone synthesis. Employing such a 

combination of enzymes is one of the applications of cascade reactions, which has 

been studied extensively for chemical synthesis.94–97 

1.3 Cascade reactions 

Synthetic cascade reactions are broadly defined as employing one or more 

catalysts (metal or enzymes) to perform multiple chemical conversions in 

tandem.97,98 The idea has been adopted extensively in the past decade to expand 

the horizon of biocatalytic application. Biocatalytic cascades can be performed 

either in vivo or in vitro. In vivo cascades, usually termed as biotransformations, is 

the use of living microorganisms with a native or modified set of sequential enzyme 
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reactions for the production of chemicals of industrial relevance. The industrial 

production of oligosaccharides, especially 2’-fucosyllactose, in engineered E. coli 

fermentation by BASF, Glycom A/S, InBios, or Jennewein-Biotechnology GmbH is 

one such example of in vivo cascade.99 

On the other hand, in vitro cascades, sometimes referred to as systems 

biocatalysis, is the design and formulation of enzyme cascades aimed to produce 

specific chemicals of interest. These reactions can either be a natural, modified, or 

entirely novel set of chemical sequences. In vitro cascades provide multiple 

advantages such as flexible design (multi-enzymatic or chemo-enzymatic 

combinations), better controllability, broader applicability while in vivo cascades 

are comparably economic due to lesser upstream processing.94,95 Added to this, 

the use of enzymes directly in whole cells without purification is an attractive 

alternative for in vitro application.100–102  

Unlike conventional chemical catalysis, enzymes often have an overlay of optimal 

operating conditions such as temperature, pH, aqueous reaction system, 

substrate/product concentrations, water activity, inhibiting organic solvents, and 

other process variables. Such proximity of operating conditions provides the 

opportunity to perform multi-enzyme-catalyzed reactions in a single pot. The main 

advantages of such reactions are the lack of the necessity for intermediate 

isolation, the possibility to work with unstable intermediates, and the flexibility to 

influence the kinetics (e.g., equilibrium reactions). This intern reduces the 

downstream processing and waste generation, contributing towards the 

establishment of the energy-efficient process with better E-factor and has attractive 

capital expenditure (CAPEX), operating expenditure (OPEX) after scale-up. Many 

compelling reviews have addressed the advantages, challenges, and exciting 

applications of biocatalytic cascade reactions in the recent past.97,103 

The different modes of cascade reaction are shown in Figure 1. The first three are 

conventional cascades, while the latter three are modifications and combinations 

of the conventional cascades. In the first model of the cascade, namely linear or 

domino cascade, the substrate is converted to intermediate(s) and subsequently 

to the product. An example of the linear cascade is the three-step conversation of 

a halohydrin moiety to β-hydroxycarboxylic acid moiety catalyzed by a halohydrin 
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dehalogenase and a nitrilase. This cascade led to the synthesis of the key 

pharmaceutical intermediate (R)-ethyl-3-hydroxyglutarate at 900 mM substrate 

loading with over 99% conversion and >99% ee in six hours.104 The second, 

parallel cascade, fits the general definition of cascade reactions when viewed from 

the cofactor and not from the substrate perspective. Therefore, these cascades are 

the most commonly applied for cofactor regeneration. The NAD(P)H oxidase-

catalyzed cofactor regeneration is a promising system for industrial application 

when coupled with an alcohol dehydrogenase for alcohol oxidation or ketone 

reduction.105 Third, in the orthogonal cascade the intermediate is removed in situ 

by the second enzyme independent of the primary synthesis. This mode of the 

cascade is mostly used to shift the equilibrium or avoid the inhibition of 

intermediates. Catalases are one such enzyme commonly used to convert the toxic 

byproduct, hydrogen peroxide, to water in oxidation reactions.106 Cyclic cascades 

are used in the de-racemization process to produce an enantiopure product. 

For instance, a particular enantiomer in the racemic mixture is oxidized to the 

prochiral product, and later it is reduced back to the racemic mixture. BASF and 

Mitsubishi Rayon use such cascade for the production of (R)-mandelic acid and 

derivatives on a multi-ton scale.25 The convergent cascade is an eloquent design 

of cascade, in which two enzymes produce the same product of interest from 

different substrates. Lastly, a combination of linear and parallel cascade to get a 

(a) (b) (c) 

(f) (e) (d) 

Figure 1 Different modes of cascade reactions. S, I, P, and Q represent substrate, intermediate, product, and 
by-product, respectively. (a) linear/domino cascade, (b) parallel cascade, (c) orthogonal cascade, (d) circular 
cascade, (e) convergent cascade and (f) closed-loop cascade. 
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closed-loop cascade could be used to design a self-sufficient cofactor regenerating 

cascade. The last two cascade combinations have been established for ɛ-

caprolactone productions, as discussed in section 1.5. However, both the cascade 

use enzyme-assisted cofactor regeneration coupled to Ac-CHMO-catalyzed 

oxidation. 

1.4 CHMO and ADH in a cascade reaction 

An enzymatic cofactor regeneration cascade should be achieved in one-pot to 

amass the benefits. One such enzyme class used for one-pot cofactor regeneration 

is dehydrogenases.107,108 They utilize a cofactor (NAD+/NADP+) as a hydride ion 

acceptor during oxidation and liberate a molecule of NADH or NADPH. Therefore, 

they are extensively applied, even at the industrial scale. Glucose dehydrogenase, 

formate dehydrogenase, polyol dehydrogenase, and alcohol dehydrogenase are 

the most prominent examples which can be used in parallel cascade mode with 

CHMO for cofactor regeneration.109,110 Glucose dehydrogenase and formate 

dehydrogenase need pH stabilization along with further byproduct removal. On the 

other hand, polyol dehydrogenase is less effective due to expression limitations.111 

Hence, alcohol dehydrogenase (ADH) is considered further for ɛ-caprolactone 

synthesis. 

ADHs are versatile enzymes that are applied in organic synthesis, as they accept 

a variety of substrates for the enantio-, stereoselective reduction of ketones or the 

oxidation of primary/ secondary alcohols to respective aldehydes or ketones.112–114 

Given their high stability (operation, thermal, non-aqueous media), valid 

recombinant expression, high turnover number (productivity per catalyst), they are 

potential candidates for the industrial process.114,115 Some notable industrial-scale 

applications are sulopenem antibiotic, Montelukast, and Aptiom®.   

An ADH was first explored three decades ago by Willetts et al. for cofactor 

regeneration.116 At present, there are two modes reported for combining ADH with 

CHMO for ɛ-caprolactone synthesis, as shown in Scheme 2. In both cases, Ac-

CHMO has been used extensively. However, in the first reported closed-loop 

cascade, cyclohexanone is synthesized in situ by an ADH-catalyzed oxidation of 

cyclohexanol and cofactor NADP+ reduction. Subsequently, Ac-CHMO further 
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oxidizes the cyclic ketone, cyclohexanone to ɛ-caprolactone by using molecular 

oxygen, while reducing the cofactor (Scheme 2 a).117,118 Lactobacillus kefir ADH 

(Lk-ADH) was chosen for the closed-loop cascade due to its high stability, broad 

substrate scope, and easy, efficient expression.119,120 In convergent cascade 

(Scheme 2 b), a Thermoanaerobacter ethanolicus ADH (Te-ADH) is coupled with 

Ac-CHMO for cofactor regeneration. Interestingly, Te-ADH oxidize 1,6-hexanediol 

to ε-caprolactone while regenerating the cofactor NADPH for Ac-CHMO.121 

However, both synthetic routes have been studied in small scale and further 

investigations are required. 

  

(a) 

(b) 

Scheme 2 (a) Closed-loop cascade. Cyclohexanol (1) is oxidized to cyclohexanone (2) by the alcohol 
dehydrogenase (ADH) consuming a molecule of NADP+. Cyclohexanone is further oxidized to ε-caprolactone (3) 
by the cyclohexanone monooxygenase (CHMO) in the presence of molecular oxygen and NADPH.118 (b) 
Convergent cascade. Cyclohexanone (2) is oxidized to ε-caprolactone (3) by (CHMO) and reducing cofactor 
NADPH. 1,6-hexanediol (4) is oxidized to ε-caprolactone along with cofactor regeneration.122 
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2 Results 

Realizing the enzymatic lactone synthesis  

The idealized synthetic routes have to be upscaled from a proof-of-principle to an 

industrially attractive process. Often the ideas lose the charm in this journey due 

to scale-up problems, loss of industrial relevant metrics (either economics or 

productivity metrics), or due to practical limitations. Nevertheless, the process has 

to be optimized and scaled-up before concluding such relevance in depth.  

2.1 Whole-cell co-expression of CHMO and ADH 

Article I 

Given that ɛ-caprolactone is a bulk chemical, the economics of the process have 

to be considered in the early stages. Enzyme purification attributes to the bulk of 

the cost in the enzymatic process, making it economically intensive. Furthermore, 

working with challenging enzymes (like Ac-CHMO in this case) increase the 

complexity of storage and handling of the enzyme. On the other hand, using resting 

whole cells, where applicable, has shown to increase the enzyme operational 

stability apart from improving the economics of the process.100,101 Hence, Schmidt 

et al.19 explored the usage of whole cells expressing Lk-ADH and CHMO 

separately for biocatalysis. Additionally, they reported that the optimal ratio of the 

enzymes Lk-ADH and Ac-CHMO was critical to achieving high conversion by the 

two-enzyme cascade.19 This is attributed to the difference in the specific activity, 

enzyme stability, and total turnover numbers of Lk-ADH and CHMO-QM. The use 

of separate E. coli cells expressing Lk-ADH and CHMO-QM for biocatalysis 

imposes three significant constraints. The advantage of combining Lk-ADH and 

CHMO-QM is the NADPH regeneration, which makes the reaction self-sufficient 

and limits the use of a catalytic amount of cofactor. Additionally, the use of whole 

cells of E. coli was aimed to use the intracellular NADPH and limit the addition of 

the external cofactor. However, when expressed in two separate cells, these 

purposes are mitigated and also demand two different cofactor regeneration 

system. Next, using the two-cell system necessitates overcoming multiple mass 
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transfer challenges imparted by multiple boundary layers. Lastly, it is laborious to 

maintain optimal enzyme ratio as the expression levels of CHMO-QM and Lk-ADH 

are different, and interns vary over the different batch of recombinant expression. 

To overcome these challenges and unlock the true potential of a cascade 

biocatalysis, we show the efficient co-expression of Lk-ADH and CHMO-QM. 

Lk-ADH and CHMO-QM can be co-expressed as a fusion protein to use the 

substrate channeling effect.122 However, such construction would lack the flexibility 

to customize the ratio of Lk-ADH and CHMO-QM enzymes. Nevertheless, it is 

worthwhile to mention that few weeks after our co-expression article was accepted, 

Albers et al.123 reported a fusion protein of Thermoanaerobacter brockii ADH and 

thermostable CHMO sourced from Thermocrispum municipal. The next obvious 

choice for co-expression was to use a two-plasmid system, but this system 

compels the use of p15A origin, which are under the firm control of the replicon 

and thus present in low copy numbers.124 This leads to low protein yield per cell 

and demands high cell loading for biocatalysis. Alternatively, with the Duet vector 

system (Novagen), two genes can be cloned onto the same plasmid. With two 

multiple cloning sites (MCS), each under the control of a T7 promoter, a lac operon, 

and a separate ribosome binding site (RBS) gives an effective recombinant 

expression of ADH and CHMO. The pRSFDuet vector was chosen for the 

expression of Lk-ADH and CHMO-QM due to its high copy number (>100).125 The 

CHMO-QM and Lk-ADH genes were cloned into first and second MCS, 

respectively. Given the limited translation and post-translation machinery in the E. 

coli cell, the Lk-ADH gene expression has to be impeded to balance the expression 

of CHMO-QM to optimal levels. The mutual relation of RBS sequence and the 

target protein expression has been studied before in the literature.126,127 

Additionally, Salis et al.128 modelled and tested the synthetic RBS sequences and 

concluded that recombinant expression can be calibrated and controlled by RBS 

sequence engineering. During the present study, the native RBS sequence (5’ -

AAGGAG- 3’, RBS type 1) of the Lk-ADH gene was engineered by introducing a 

point-mutation to give two variants, namely, RBS type 2 (5’ -AACGAG- 3’) and RBS 

type 3 (5’ -AAGAAG- 3’). The RBS sequence mutation influences the stability of 

the mRNA secondary structure, which affects the translation yield. Additionally, the 

RBS sequence is complementary to the 3’ end of the smaller 30S subunit of 
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prokaryotic ribosomes. Base pairing of the 30S subunit is vital for the 

commencement of translation.129 A sequence mutation in the RBS influences the 

precise base pairing and therefore affects the translation initiation efficiency.130 

This overall reduction in translation at MCS 2 is aimed to reduce the Lk-ADH 

expression levels and maintain a balance in CHMO expression levels required for 

biocatalysis. 

A CHMO-QM with four mutations (C376L/M400I/T415C/A463C) was used for the 

present study due to its reported increased thermal and long-term stability.87 

CHMO-QM and Lk-ADH were individually cloned into separate pRSFDuet vectors 

using the FastCloning technique131 into MCS 1 and MCS 2, respectively. Point 

mutations were introduced into the RBS of MCS 2 (controlling ADH gene 

expression) using the QuikChangeTM method. Initially, these single-gene plasmids 
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Fig. 1 (a) Normalized activities of different E. coli crude cell lysates determined via the NADPH assay using 
thioanisole and acetophenone as substrate for CHMO-QM (solid bars) and ADH (striped bars) respectively. 
The enzymes were expressed individually from pET28a or pRSF Duet vector, (b) SDS-PAGE of crude cell 
lysates containing ADH with different RBS types expressed in E. coli BL21 (DE3) for samples taken six hours 
after induction. The samples were separated into supernatant (S) and pellet (P) fractions. As reference a 
protein standard (M) was also loaded onto the gel and the protein molecular weights are indicated in kDa. All 
measured samples were 5/OD600 expression samples taken six hours after induction. 
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were sequenced and studied by comparing their crude cell lysate activities, 

determined from normalized expression samples using thioanisole and 

acetophenone as substrates for CHMO-QM and Lk-ADH, respectively. CHMO-QM 

expressed from the pRSFDuet vector showed comparable activity as that of 

CHMO-QM from the pET vector, as seen from Fig 1 (a). Hence, there was no 

substantial difference in the enzyme expression of CHMO-QM using the pET 

vector compared with single-gene expression in the pRSFDuet vector. 

Interestingly in the case of ADH, the activity from the pRSFDuet vector, under RBS 

type 1 (unmutated RBS), showed 46% better activity than the pET vector. 

Comparing the ADH activity among the different RBS types in pRSFDuet vector, 

RBS type 2 and 3 showed four- to fivefold less activity than unmutated RBS type 

1. Additionally, as verified in the SDS-PAGE, Fig 1 (b), the expression levels were 

significantly lower in RBS type 2 and 3 compared to RBS type 1 in the pRSFDuet 

vector. This observation confirms the hypothesis that point mutations in the RBS 

sequence have influenced the expression of Lk-ADH. In the next step, CHMO-QM 

and Lk-ADH were co-expressed from the same pRSFDuet vector, and the 

influence of RBS mutations on the Lk-ADH expression was studied.  

As seen from Fig 2 (a), CHMO-QM activity was decreased over four-fold when co-

expressed with Lk-ADH in RBS type 1 compared to individually expressed in the 

same vector. On the contrary, the Lk-ADH activity in this co-expression system 

was comparable to individually expressed ADH under the RBS type 1. Lk-ADH with 

RBS type 2 and 3 have a similar trend of four to fivefold lower activity than Lk-ADH 

with RBS type 1, even when co-expressed with CHMO-QM. Nevertheless, the 

CHMO-QM activity increases to the levels as seen during individual gene 

expression when it was co-expressed with Lk-ADH under RBS type 2 and 3. Fig 2 

(b) shows the SDS PAGE, where it is evident that Lk-ADH expression decreases 

as the RBS type 1 changes to 2 and 3, but the CHMO-QM expression increases 

with the RBS mutation. Hence, the concept of introducing mutation to the RBS 

sequence to attain balanced co-expression of Lk-ADH and CHMO-QM in a cell 

was verified.  



Results 

 
23 

 

 

 

0

20

40

60

80

100

120

with co without co with co without co with co without co

C
o

n
ve

rs
io

n
 [

%
]

after 2 h
after 16 h

CHMO + Lk-ADH
RBS type 1

CHMO + Lk-ADH
RBS type 2

CHMO + Lk-ADH
RBS type 3

0

50

100

150

200

250

300

0

5

10

15

20

25

RBS type 1 RBS type 2 RBS type 3

N
o

rm
al

iz
ed

 a
ct

iv
it

y 
o

f 
Lk

-A
D

H
 

to
w

ar
d

s 
ac

et
o

p
h

en
o

n
e 

[U
m

L-1
]

N
o

rm
al

iz
ed

 a
ct

iv
it

y 
o

f 
C

H
M

O
-Q

M
 

to
w

ar
d

s 
th

io
an

is
o

le
 [

U
m

L-1
] CHMO QM

ADH

M S          P         S          P         S        P 

RBS type 2 RBS type 3 RBS type 1 

116.0 

66.2 

35.0 

25.0 

18.4 
14.4 

45.0 

(b) 

(a) 

Fig. 2 (a) Normalized activities of E. coli crude cell lysates determined via the NADPH assay using thioanisole 
and acetophenone as substrate for CHMO-QM (solid bars) and Lk-ADH (striped bars) respectively. The 
enzymes were co-expressed from pRSF Duet vector and Lk-ADH under different RBS, (b) SDS-PAGE of 
crude cell lysates of the above samples. The samples were separated into supernatant (S) and pellet (P) 
fractions. As reference a protein standard (M) was also loaded onto the gel and the protein molecular weights 
are indicated in kDa. All measured samples were 5/OD600 expression samples taken six hours after induction. 

Fig. 3 Conversions of 20 mM cyclohexanol into ε-caprolactone after two hours (striped bars) and 16 hours 
(solid bars) whole-cell biocatalysis. Cell suspensions containing CHMO-QM and one RBS type of Lk-ADH (1-
3), co-expressed from the same pRSF Duet vector, were applied in the presence (with co) and absence of co-

substrates (without co) acetone and glucose. The standard deviations of triplicate experiments are indicated. 
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The whole-cell biocatalysis was performed using the E. coli co-expressing Lk-ADH 

and CHMO-QM. The biocatalysis was performed at 20 mM cyclohexanol to avoid 

substrate and product inhibitions during the initial studies. As reported before,19 co-

substrates acetone and glucose were used for cofactor regeneration when using a 

mixture of E. coli cells expressing ADH and CHMO individually. Hence, biocatalysis 

with and without co-substrates was performed. As seen from Fig 3, CHMO-QM co-

expressed with Lk-ADH with RBS type 2 showed the highest conversion of 80%, 

followed by ADH with RBS type 3 and type 1 show 35% and 34% respectively after 

two hours of biocatalysis. However, a complete conversion to ɛ-caprolactone was 

observed for CHMO-QM and Lk-ADH under all RBS types 1,2, and 3 after 16 hours 

at 20 mM substrate concentration. Interestingly with co-substrates, CHMO-QM co-

expressed with Lk-ADH and RBS type 2 showed complete conversion of 

cyclohexanol to ɛ-caprolactone while that with Lk-ADH and RBS type 3 showed 

52% conversion and lastly, with Lk-ADH and RBS type 1 showed just 9% 

conversion. 

 

Staudt et al.118 showed that 60 mM of substrate loading could already inhibit CHMO 

and hence form a limit to reach high conversions and industrial application of the 

cascade. The biocatalysis was performed at initial substrate loading of 60 and 100 

mM to examine the efficacy of the co-expression system at these conditions. It is 

clear from Fig 4 (a), CHMO-QM co-expressed with Lk-ADH and RBS type 2 and 
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Fig. 4 Conversions of (a) 60 mM and (b) 100 mM cyclohexanol into ε-caprolactone after two hours (striped 
bars) and 16 hours (solid bars). Different cell suspensions containing CHMO-QM and one RBS type of Lk-
ADH (1-3), both co-expressed from the same pRSFDuet vector, were applied in the absence of co-substrates. 

The standard deviations of triplicate experiments are   indicated. 
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type 3 had three-fold higher conversions at 60% and 54% compared to unmutated 

type 1 which had achieved a 20% conversion at 60 mM cyclohexanol loading. 

Similarly, it can be seen from Fig 4 (b) at 100 mM cyclohexanol loading Lk-ADH 

and RBS type 2 and type 3 outperform Lk-ADH with RBS type 1 by fourfold higher 

conversion. Hence, the balanced co-expression of CHMO-QM and Lk-ADH also 

helped to improve conversions at higher substrate loading.  

In summary, a new approach for the optimization of co-expression of enzymes in 

a whole-cell system was established. The RBS in front of the Lk-ADH gene was 

mutated to balance the co-expression of ADH and CHMO. On the introduction of 

such mutation at MCS 2 coding for Lk-ADH, its expression was down-regulated 

and simultaneously CHMO-QM, coded at MCS 1, expression was up-regulated. 

With the balanced co-expression of Lk-ADH and CHMO-QM, faster complete 

conversion of cyclohexanol to ɛ-caprolactone was achieved. Additionally, the 

optimized expression proved advantageous to reach higher conversions at higher 

substrate loading. Hence, the application of RBS engineering resulted in the 

optimal ratio of ADH and CHMO-QM co-expression and more efficient cofactor 

recycling.  

2.2 Upscale of the biocatalytic whole-cell process   

Article II 

Once the co-expression of Lk-ADH and CHMO-QM was optimized, the next step 

was to upscale the biocatalytic process. A scale-up of the process would demand 

a detailed study of process variables like oxygen availability and other process 

metrics to realize an industrially relevant process. Cyclohexanol was fed into the 

reactor to avoid the accumulation and subsequent inhibition of CHMO.132 

Therefore, a fed-batch mode of operation was selected. The oxidation of 

cyclohexanol to cyclohexanone, catalyzed by ADH, is reversible with kinetics in 

favor of cyclohexanol. Consequently, the reaction is driven to cyclohexanone and 

extended to ɛ-caprolactone only with an active CHMO. Hence, CHMO inactivation 

leads to cyclohexanol and not cyclohexanone accumulation. 
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Scheme 3 shows the flow-chart of the process. A stirred-tank reactor (STR) was 

used for the biocatalysis with temperature and pH maintained by corresponding 

sensors, and feed-back regulators. Cyclohexanol was fed into the STR at a linear 

rate to avoid it’s accumulation. It was shown by Milker et al.133 that the NADPH 

concentration in the E. coli cells limits the productive whole-cell CHMO catalysis. 

However, in this process, cyclohexanol feeding was proportional to the total Lk-

ADH activity and given the lower whole-cell activity of Lk-ADH compared to CHMO-

QM, cofactor limitation is mitigated in the co-expression systems. Due to the 

physical characters of cyclohexanol (viz. viscosity, density, volatility, water 

solubility), a positive displacement pump was used. As there was varying back 

pressure from the reactor onto the pump, the syringe pump - a type of positive 

displacement pump - was used to maintain a constant feeding rate of cyclohexanol.  

Cyclohexanol and cyclohexanone are volatile, and hence the unreacted substrate 

and intermediate were stripped by the off-gas. To verify the mass balance, these 

stripped compounds have to be quantified. Therefore, the off-gas from the reactor 

was bubbled into a water reservoir viz. exhaust sink, to extract and quantify the 

unreacted substrate and intermediate. Molecular oxygen is required for the 

oxidation reaction catalyzed by the CHMO-QM. Three typical aeration techniques 

have been used in industrial-scale for oxygen feed. The chemical aeration cannot 

Scheme 3 Flow diagram of the process for the synthesis of ɛ-caprolactone. The biocatalyst (whole cells of E. 
coli) is first loaded into the STR. The pH is maintained by feed-back loop regulation by feeding acid or base 
on demand. The oxygen is bubbled through a flow regulator and a sparger. Cyclohexanol is fed through a 
syringe pump (P1) into the reactor. The stripped cyclohexanol and intermediate cyclohexanone are recovered 
from the off gas by bubbling into an exhaust sink. After the biocatalysis, the cells are separated from media by 
centrifugation. The product is extracted from the aqueous media by dichloromethane (DCM) and subsequently 
enriched by distillation. 
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be used because of the enzyme inhibition. Added to this, membrane aeration 

cannot be used due to practical limitations such as membrane clogging by whole 

cells or membrane-solvent interaction. Thus, the bubble aeration technique was 

used, which has an added advantage from an economics and scale-up 

perspective.134 

As discussed previously, wild-type CHMO is highly unstable and hence the earlier 

developed CHMO-QM87 variant was used in this study. In parallel, Opperman et 

al.135,136 developed a CHMO-M15 variant with eight mutations (M5I/M291I/C330S 

/C376L/M400L/M412L/M481A/C520V) which were focused on increasing oxidative 

stability. The gene encoding CHMO-M15 was also cloned into the pRSFDuet 

vector along with the Lk-ADH and the RBS type 3. CHMO-M15 had similar 

expression and activity as that of CHMO-QM when co-expressed in a single cell. 

Thus, both CHMO-QM and CHMO-M15 co-expressed with ADH were used for the 

process optimization studies.  

 

 

The first biocatalysis was performed with CHMO-QM co-expressed with Lk-ADH, 

and the variation of the process parameters was recorded. In total, 200 mM of 

cyclohexanol was fed during the biocatalysis at the rate of 4.5 mM h-1. 

Trendline Error

0

2

4

6

8

10

0

50

100

150

200

250

0 10 20 30 40 50

C
yc

lo
h

ex
an

o
n

e 
co

n
ce

n
tr

at
io

n
 [

m
M

]

C
o

n
ce

n
tr

at
io

n
 [

m
M

]

Time [h]

Cyclohexanol

ε-Caprolactone

Stripped cyclohexanol

Fed cyclohexanol

Cyclohexanone

Fig. 5 Variation of concentration (mM) of cyclohexanol (blue circle), cyclohexanone (maroon triangle), ε-
caprolactone (green square), cyclohexanol stripped in the off-gas (purple diamond) and cyclohexanol feeding 
(black) with time (hours). The reaction was performed at 500 mL scale in Tris-HCl Buffer, pH, temperature was 
maintained at 7.5, 30 °C, respectively, 6.24 gCDW (38 U) of whole cells with Lk-ADH and CHMO-QM were 
used.  
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Cyclohexanol was converted to ɛ-caprolactone leading to the latter’s concentration 

of 45 mM in the reactor. However, cyclohexanol was accumulated in the reactor to 

a concentration of 100 mM, and the rest being stripped by off-gas was trapped in 

the exhaust sink. As a result, 57 mM of cyclohexanol was trapped in the exhaust 

sink. Cyclohexanone concentration remained below 2 mM throughout the process. 

The variation of the concentrations is shown in Fig 5. At the end of the reaction, 

the ɛ-caprolactone concentration was reduced to 39 mM due to auto-hydrolysis, 

which was verified by the compact mass spectrometer. 

In the next biocatalytic process, using CHMO-M15 and Lk-ADH, similar process 

parameters were used as above. Complete conversion of cyclohexanol to ɛ-

caprolactone was observed in the first 18 hours (79 mM). Cyclohexanol fed after 

18 hours accumulated mainly in the reactor, 100 mM by the end of 45 hours, and 

low stripping was recorded – with less than 9 mM in the exhaust sink. As seen from 

Fig 6, 3 mM cyclohexanone was detected in the reactor at the end of 45 hours. 

CHMO-M15 enabled a better product titer than CHMO-QM, but neither of them 

showed complete conversion.  

 

As we could detect the cyclohexanol accumulation after five hours (in case of 

CHMO-QM) or 18 hours (in case of CHMO-M15), it was hypothesized that CHMO 
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(black) with time (hours). The reaction was performed at 500 mL scale in Tris-HCl Buffer, pH, temperature 
was maintained at 7.5, 30 °C respectively, 6.26 gCDW (38.1 U) of whole cells with Lk-ADH and CHMO-M15 
were used. 
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inactivation could be the reason. To examine the same, the stability of CHMO 

variants under the process operating condition was verified. Hence, the process 

was repeated under the same conditions, and 100 mgWCW whole cells were 

sampled every two hours. The cells were washed thoroughly, and the residual 

whole-cell activity was determined using gas chromatography (GC). As shown in 

Fig 7, wild-type CHMO and the mutants show a similar initial whole-cell activity of 

6.5 UgCDW
-1. Wild-type CHMO lost up to 96% activity in the first six hours. Whereas, 

CHMO-QM retains 85% whole-cell activity for eight hours and gradually lost this by 

14 hours. On the other hand, CHMO-M15 retains 98% whole-cell activity for 18 

hours and suddenly lost 90% of activity in the next two hours. Hence, the 

cyclohexanol feed rate was increased to limit the process to 18 hours in both cases 

(use of CHMO-QM or CHMO-M15). Additionally, new cells were fed to the reactor 

in case of CHMO-QM.  

 

Upon adding new cells, the conversion was still limited to about 50%. However, it 

was observed that the viscosity of the reaction media was significantly higher on 

adding the cells. It is known that viscosity has a direct influence on the oxygen 

transfer rate,137 which indeed is directly proportional to the volumetric mass transfer 

coefficient (kLa).138 The mass transfer coefficient quantifies the oxygen available 

for the catalysis and hence directly influences the activity of CHMO and the 

conversion. Therefore, the variation of whole-cell activity with kLa was studied, as 
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experiments were performed in triplicate. 



Results 

 
30 

 

shown in Fig 8. At a kLa lower than 75 h-1 (shaded grey), the whole-cell activity 

changed linearly with the volumetric mass transfer coefficient. This reflects that the 

process and the cascade productivity is limited by the oxygen mass transfer and 

not by the CHMO kinetics. Such operations are said to be in a mass-transfer-limited 

regime.139 It can be seen that the effect of kLa on the activity reduces at higher 

values, signifying the process is less affected by mass transfer. In conclusion, a 

kLa of 200 h-1 or higher was chosen for future biocatalysis. In the reactor, kLa can 

be influenced by power input, which is indeed directly influenced by the stirring 

speed, dimension, and oxygen supply.140 The variation of volumetric mass transfer 

as a function of stirrer speed and whole-cell catalytic loading was determined. At 2 

vvm (volume of gas per volume of reaction media) oxygen supply and 500 rpm, a 

kLa of 250 h-1 was recorded without any cells in the reaction buffer but decreased 

to 100 h-1 as the cell loading increased. As the achieved kLa is much lower than 

the target, the oxygen supply was increased to 3 vvm. In which case, the kLa was 

above 200 h-1 at all tested cell concentrations in the reaction media. 

 

 

The biocatalysis with the above-mentioned optimized condition gave higher ɛ-

caprolactone formation but this co-crystallized with Tris-HCl. Hence, in further 

biocatalysis experiments, the sensitivity of the pH sensor was increased, and 1% 

NaCl without buffer salts was used for the reaction medium. In the subsequent 

biocatalysis with CHMO-QM, a kLa of 210 ± 23 h-1 was maintained, and an 
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Fig. 8 Variation of whole-cell activity co-expressing Lk-ADH and CHMO-QM with the volumetric mass transfer 
coefficient (kLa). Volumetric mass transfer was determined by the dynamic method in 0.5 L using a whole-cell 
catalytic loading of 18.75 gCDW. All experiments were performed in a triplicate. 



Results 

 
31 

 

additional feed of fresh whole cells was added, as shown in Fig 9 (a). With less 

than 3 mM of cyclohexanol and cyclohexanone by the end of a 18 hour biocatalysis, 

175 mM of the product ɛ-caprolactone was quantified (from both whole cells and 

the reactor media). As the cyclohexanol concentration did not increase above the 

solubility limit, no stripping by off-gas was observed. In the case of CHMO-M15, no 

additional cells were added during the process. The kLa was maintained at 230 ± 

10 h-1. At the end of the biocatalysis, 0.5, 0.2, and 184 mM of cyclohexanol, 

cyclohexanone, and ɛ-caprolactone were found as shown by Fig 9 (b). With low 

cyclohexanol residual concentration, no stripping was detected in the exhaust sink. 

 

The enzyme and process parameters were evaluated to verify the possibility of 

scale-up and industrialization. As seen from Table 1, the total turnover number of 
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Fig. 9 Variation of concentration (mM) of cyclohexanol (blue circle), cyclohexanone (maroon triangle), ε-
caprolactone (green square) and cyclohexanol feeding (black) with time (hours). The reaction was performed 
at 500 mL scale in double distilled water with 1% NaCl. pH and temperature were maintained at 7.5, 30 °C, 
respectively using a feedback control system. (a) 15.6 gCDW (95 U) of whole cells with Lk-ADH and CHMO-QM 
were used during the start and an additional 15.3 gCDW (93.2 U) of E. coli whole cells were added at 8.5 hours 
as indicated by the grey arrow. (b) 17.8 gCDW (108 U) of whole cells with Lk-ADH and CHMO-M15 were used 
at the start of the reaction. 
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ADH and CHMO-M15 was 75% better than observed for the CHMO-QM due to the 

more extended operational stability of the former variant. In the case of Lk-ADH 

co-expressed with CHMO-QM, the optimization increased the conversion from 

24.3% to 98%, and the space-time yield was improved from 0.1 to 0.9 g L-1 h-1. 

Similarly, the Lk-ADH co-expressed with CHMO-M15 after optimization led to a 

conversion of 99.6%, and a fivefold increase in space-time yield from 0.2 to 1.1 

g L-1 h-1. A final product titer of 19.8 g L-1 and 21.1 g L-1 was achieved with CHMO-

QM and CHMO-M15, respectively. With over 85% extraction efficiencies, 8.5 g and 

9.1 g of the ɛ-caprolactone was isolated from the reaction mixture, respectively.  

Table 1 Process metrics for the whole-cell biocatalytic conversion of cyclohexanol to ɛ-caprolactone before 
and after optimization using ADH alongside a CHMO variant. 

 

In conclusion, both CHMO-QM and CHMO-M15, known to have higher 

thermostability and oxidative stability, respectively, had better operational stability 

compared to wild-type CHMO. At required whole-cell loading, the increase in 

viscosity limited the oxygen transfer rate, which in turn reduced the volumetric 

mass transfer coefficient in the reactor and subsequently the conversion achieved 

in the process. With the optimization of the oxygen transfer, complete conversion 

was achieved by both variants of the CHMO. However, CHMO-QM needed a new 

batch of whole-cells after eight hours. A final product titer of over 20 g L-1 with a 

space-time yield of 1.1 g L-1 h-1 was achieved. 

 

Process Metrics 
 

Before 

optimization 
After optimization 

CHMO

-QM 

CHMO-

M15 

CHMO-

QM 

CHMO-

M15 

Total turnover number - - 39518 69167 

Conversion (%) 24.3 41.2 98.4 99.6 

Space-time yield (g L-1 h-1) 0.1 0.2 0.9 1.1 

Final product concentration (g L-1) 3.5 6.8 19.8 21.1 

Isolated product amount (g) 1.4 2.7 8.5 9.1 
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2.3 Cascade Extension 

Article III 

The CHMO variants were reported to have extended stability than observed in our 

experiments. Given that very low cyclohexanol or cyclohexanone were present in 

the reactor, inhibitions by substrate or intermediates are negligible. On the other 

hand, CHMO is also reported to experience strong product inhibition. For example, 

Staudt et al. reported 50% CHMO activity loss by ɛ-caprolactone in as less as five 

hours.118 Several different approaches have been reported to address product 

inhibition. In one strategy, CAL-A (Candida antartica Lipase A) was reported to 

show an acyltransferase activity in the aqueous phase. Hence, the product ɛ-

caprolactone was converted to oligo-caprolactone by extending the cascade using 

CAL-A.19 Product inhibition was also reported to be reduced by in-situ product 

removal. For example, a PDMS (polydimethylsiloxane) thimble was employed to 

compartmentalize the reactor. Thus, the product ɛ-caprolactone was selectively 

extracted to organic media and subsequently oligomerized using CAL-B (Candida 

antartica Lipase B).91,92 Polymer resin-based in-situ substrate feeding and product 

removal has also been reported for CHMO-catalyzed reactions.82 Unfortunately, 

these techniques to circumvent the product inhibition either are difficult to upscale 

or are economically not feasible for bulk chemical manufacture. Hence, the 

cascade extension by enzymatic hydrolysis of ɛ-caprolactone using CAL-B was 

studied as shown in Scheme 4.  

 

Scheme 4 Three-enzyme cascade for the production of 6-hydroxyhexanoic acid. Cyclohexanol 1 is oxidized 
to cyclohexanone 2 by alcohol dehydrogenase (ADH), wherein NADP+ is reduced to NADPH. NADPH is then 
consumed in the conversion of cyclohexanone to ε-caprolactone 3 by the cyclohexanone monooxygenase 
(Ac-CHMO). Finally, Candida antarctica Lipase B (CAL-B) converts ε-caprolactone to 6-hydroxyhexanoic acid 
4. Both ADH and Ac-CHMO were co-expressed in the same E. coli cell to facilitate cofactor regeneration. 
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Given that the mass transfer limitation is addressed in the previous section, the 

possibility of cascade extension and its effects to increase the process parameter 

were evaluated here. Hence, whole cells co-expressing Lk-ADH and CHMO-QM 

were used for initial oxidation of cyclohexanol and subsequently to ɛ-caprolactone, 

which was hydrolyzed in situ by lipase CAL-B to finally yield 6-hydroxyhexanoic 

acid. 6-hydroxyhexanoic acid can serve as a valuable intermediate in the polymer 

industry. With single-step hydrogenolysis, it can be converted to 1,6-hexanediol45 

or by oxidation to adipic acid.141 It can be used to produce copolymers by 

condensation polymerization with lactic acid.142 Sattler et al.46 also reported a multi-

enzyme cascade using a primary alcohol dehydrogenase and a ω-transaminase 

to convert 6-hydroxyhexanoic acid into 6-aminohexanoic acid.  

Initially, to verify the usefulness of CAL-B and the possible effects on the overall 

cascade, small-scale biocatalysis was performed with 20, 60 and 100 mM 

cyclohexanol using whole cells co-expressing Lk-ADH, CHMO-QM and with or 

without lyophilized CAL-B. Conversion was defined by the amount of ɛ-

caprolactone produced without CAL-B and 6-hydroxyhexanoic acid produced with 

CAL-B. The effect of CAL-B can be noticed in Fig 10. The effect is profound, 

especially with 60 and 100 mM cyclohexanol loaded into the biocatalysis reaction. 

The conversion doubles to 85% and 60% in the presence of CAL-B at 60 mM and 

100 mM cyclohexanol, respectively. 
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Fig. 10 Comparison of the conversion of 
cyclohexanol with (striped bars) and 
without (solid bars) CAL-B. 10 mgWCW of 
E. coli co-expressing Lk-ADH and CHMO-
QM was added to 10 mL sodium 
phosphate buffer (20 mM, pH 7.5). For the 
biocatalysis with CAL-B, 20 mg lyophilized 
CAL-B was added in each reaction. The 
reaction was started by adding 20, 60 or 
100 mM cyclohexanol. The reaction 
vessel was closed with a breathable 
membrane to ensure oxygen supply and 
incubated at 30 ˚C and 180 rpm. The 
reaction was performed in a triplicate. 
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It was reported that 60 mM of ɛ-caprolactone could inhibit CHMO-QM,19 hence, 

CAL-B was added from the onset of the reaction. The optimized process 

parameters, mentioned in the previous section, were maintained during the 

upscaled process. The volatile substrate stripped by the off-gas was extracted by 

an exhaust reservoir. Fig. 11 shows that cyclohexanol was consumed entirely 

during the first 12 hours but tended to accumulate after that, reaching 12 mM by 

the end of the feeding. However, residual cyclohexanol is converted by the end of 

the reaction by the CHMO-QM. Hence, the CHMO-QM was active even after 48 

hours when ɛ-caprolactone was hydrolyzed, while it was active for only 14 hours 

without CAL-B. Low cyclohexanone (0.3 mM) and no ɛ-caprolactone were detected 

in the reactor. A final concentration of 168 mM (11.1 g and 81% isolation yield) of 

6-hydroxyhexanoic acid was achieved, and the product identity was verified by 1H-

NMR spectroscopy.  

To summarize, the severe product inhibition of ɛ-caprolactone on CHMO-QM was 

addressed by extending the cascade with CAL-B for the in-situ hydrolysis to 6-

hydroxyhexanoic acid. The use of CAL-B led to longer active CHMO-QM, and 
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caprolactone (green square) and cyclohexanol feeding (black) with time (hours). The reaction was performed 
at 500 mL scale in 200 mM Tris-HCl buffer. pH and temperature were maintained at 8.0, 30 °C, respectively 
using a feedback control system. 14.4 gWCW of E. coli whole-cells expressing Lk-ADH and CHMO-QM along 
with 1 g lyophilized CAL-B was used 
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hence, less whole-cell catalyst was needed during the process. In the above 

example, 14.4 gWCW (3.16 gCDW) E. coli whole-cell catalyst was needed with CAL-

B against 30.9 gCDW without CAL-B. The process was successfully upscaled to 

produce over 20 g L-1 product titers and demonstrates an environmentally friendly 

three-enzyme cascade for the production of 6-hydroxyhexanoic acid. 
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3 Conclusion and Future aspects 

Generally, once the proof-of-principle of a biocatalytic reaction has been 

established, it needs to be optimized and studied in a lab-scale reactor before 

implementing it in a more extensive pilot or demonstration scale. The optimization 

performed at this stage is aimed at economic and technological benefits to the 

process. In Article I, we considered to co-express Lk-ADH and CHMO-QM in E. 

coli and intended to use resting cells for biocatalysis. This concept hence avoids 

the requirement for two separate cell cultivations for enzyme production and 

enables a more active cofactor regeneration. However, due to differences in 

enzyme kinetics, the ratio of Lk-ADH and CHMO-QM is important for the whole-

cell application. Firstly, Lk-ADH and CHMO-QM were co-expressed using the Duet 

vector. After that, a mutation in the RBS preceding the Lk-ADH gene was used to 

optimize the Lk-ADH expression. Application of these whole cells, expressing Lk-

ADH and CHMO-QM in an optimal ratio for biocatalysis increased the conversions 

achieved in a given time interval and at different substrate loadings.  

Following the proof-of-principle, the studies in the lab-scale allowed evaluating the 

critical bottlenecks of the process. Article II focuses on the establishment of the 

whole-cell biocatalytic fed-batch process for ɛ-caprolactone synthesis in the lab 

reactor. Two variants of CHMO, namely CHMO-QM and CHMO-M15, were studied 

in the reactor. It was observed that CHMO-M15 had better stability at the process 

conditions. The high viscosity of whole-cell catalyst diminished the oxygen mass 

transfer, and hence the conversion was low. On optimizing the oxygen mass 

transfer rate, complete conversion was achieved with both CHMO-QM and CHMO-

M15 with a final product concentration of 10 g L-1.  

CHMO-QM was active only for 14 hours in the reactor due to product inhibition. 

Hence, Article III reports the extension of the cascade to hydrolyze ɛ-caprolactone 

to 6-hydroxyhexanoic acid, catalyzed by lipase CAL-B. The low substrate and 

product concentrations reduced the CHMO-QM inactivation. Therefore, with CAL-

B, the amount of whole-cell catalyst required was reduced by 50% to achieve 

similar conversions under the process conditions.  
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After the lab-scale process is established, the economics and ecological impact 

have to be verified before the industrialization of the process. Given that ɛ-

caprolactone is a bulk chemical, the atom economy, the production cost, and waste 

generated in the process are key hurdles to be evaluated before industrial 

implementation. Hence, the next step would be to perform a life cycle assessment 

(LCA). Delgove et al.54 report an LCA and sensitivity analysis comparing the 

chemical and enzymatic Baeyer-Villiger oxidation for the synthesis of β,δ-

substituted ɛ-caprolactone. The biocatalytic reaction was performed with CHMO 

(originating from Thermocrispum municipal) crude cell lysate, GDH, and glucose 

was used for cofactor recycling to attain a conversion over 99% and to achieve an 

isolated yield of 68%. On comparison with the chemical process, the enzymatic 

process was reported to be more energy-efficient, less water-waste was produced 

and it was marginally better in global warming potential (kg CO2 equivalent per g 

product). Comparing the studied enzymatic process to the one reported in this 

thesis, the use of whole cells, closed-loop cofactor regeneration, higher substrate 

loading, and an isolated yield of 80% are the major differences. These differences 

have a positive effects and hence are promising for further LCA studies.  
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