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Abstract Baeyer-Villiger monooxygenases (BVMOs) are a
very well-known and intensively studied class of flavindependent enzymes. Their substrate promiscuity, high chemo-, regio-, and enantioselectivity are prerequisites for the
use in synthetic chemistry and should pave the way for successful industrial processes. Nonetheless, only a very limited
number of industrial relevant transformations are known,
mainly due to the lack of BVMOs stability and cofactor dependency. In this review, we focus on novel BVMO-mediated
transformations, BVMOs in cascade type reactions, potential
industrial applications, and how limitations have been tackled
by the community. Special attention will be put on whole-cell
immobilization strategies. We emphasize to bridge recent developments in fundamental research to industrial applications.
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Introduction
Enzymes from the group of Baeyer-Villiger monooxygenases
(BVMOs, E.C. 1.14.13.xx) are bioequivalent to chemical catalysts of Baeyer-Villiger (BV) oxidations for biotechnological
production of high added value chemicals. This class of enzymes was systematically studied and described in several
recent review articles (Balke et al. 2012; Leisch et al. 2011;
Pazmino et al. 2010a). From the biotechnological point of
view, the main advantage of BVMOs compared to chemical
catalysts includes high selectivity together with broad substrate scope, which can be illustrated by the ability of the most
studied enzyme—cyclohexanone monooxygenase from
Acinetobacter sp. (CHMOAcineto) (Donoghue et al. 1976) to
catalyze BV oxidation of several dozens of substrates (Fink
et al. 2012; Kayser 2009). BVMOs also provide access to an
overwhelming number of valuable compounds including chiral precursors for bioactive compounds (Mihovilovic 2006).
This feature of BVMOs arised mainly from the large diversity
of this enzyme class (Balke et al. 2012) which enables catalytic BV oxidations of many types of substrates including
linear, cyclic, and aromatic ketones as well as steroids and
terpenoids (Leisch et al. 2011). Moreover, BVMOs may catalyze BVoxidation towards products, which are not accessible
by synthetic route. Examples include production of “abnormal” lactone from bicyclo[3.2.0]bicyclo-2-en-6-one (Leisch
et al. 2011) or enantioselective BV oxidation of 8oxabicyclo[3.2.1]oct-6-ene-3-one to the corresponding lactone which was considered as potential chiral building block
for synthesis of bioactive compounds including antiviral Cnucleosides (Mihovilovic 2006). Currently, synthetic routes
towards carba analogs of C-nucleoside derivatives using recombinant, whole-cell BVMOs were investigated and published by Bianchi et al. (2013).
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Despite extensive research of BVMOs, their application in
industrial BV protocols is missing (Leisch et al. 2011). In fact,
the only found industrial process in kg scale was performed by
Sigma Aldrich (Doig et al. 2002). The process utilizes recombinant E. coli cells overexpressing CHMOAcineto for the BV
oxidation of bicyclo[3.2.0]hept-2-en-6-one to corresponding
lactones in continuous stirred tank reactor (CSTR) of 55 L
with space-time yield of 1.1 g L−1 h−1 (Doig et al. 2002).
Later, a successful 200-L scale asymmetric Baeyer-Villiger
oxidation catalyzed by CHMOAcineto was performed with the
yield of 495 g of final lactone product from 900 g of substrate
bicyclo[3.2.0]hept-2-en-6-one (molar yield 48 %) (Baldwin
et al. 2008). Probably, the main challenging tasks to solve
for applications of BVMOs in industry are their low stability,
the high demand of aerial oxygen, and therefore, the identification of target lactones where the utilization of BVMOs is
superior to conventional chemical route (Leisch et al. 2011).
Within the scope of this review, we will cover single to cascade transformations and suitable techniques for the utilization of BVMOs in large scale industrial applications.

Baeyer-Villiger monooxygenases
Classification of BVMOs
Flavin containing monooxygenases are in general classified as
external and internal monooxygenases (Pazmino et al. 2010b).
The first group relies on the reducing power of NADPH or
NADH for the regeneration of flavin itself whereas the latter
one applies electrons from the substrate to reduce flavin. In
general, they are divided in six subclasses (A-F) according to
structural/sequence-based relations (van Berkel et al. 2006).
BVMOs are external monooxygenases containing noncovalently bound FAD or FMN and catalyze NAD(P)H dependent aerial oxygen insertions under the release of water
(Balke et al. 2012; Ceccoli et al. 2014; Pazmino et al.
2010a). Up to now, two different types of BVMOs are known.
Type I monooxygenases are FAD and NADPH dependent
biocatalysts and belong to the class B flavoenzymes, whereas
Type II BVMOs require FMN and NADH for catalysis
(Pazmino et al. 2010b). Recently, the first crystal structure of
a type II BVMO, namely 3,6-diketocamphane
monooxygenase, was published (Isupov et al. 2015) which
complements the intensive research in this area in the past
years (Kadow et al. 2012, 2014). Nevertheless, most widely
applied in synthetic chemistry are Type I BVMOs and more
than 50 protein sequences are available for recombinant expression today. In the past 5 years, several comprehensive
reviews have been published covering the classification and
characteristics of flavin-dependent monooxygenases; hence,
we focus in the next sections on recent developments in applying enzyme-mediated Baeyer-Villiger reactions in
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synthetic chemistry (de Gonzalo et al. 2010; Leisch et al.
2011; Mihovilovic et al. 2004).

Recent BVMO applications
Single enzyme transformations
Since nearly two decades, many BVMOs have been intensively used in the synthesis of chiral lactones. Different structural
motifs, like aliphatic, cyclic, and polycyclic have been transformed to the corresponding esters or lactones. Despite the use
of aerial oxygen under ambient reaction conditions, BVMOs
display a remarkably high regio-, chemo-, and
stereoselectivity (Fink et al. 2011; Mihovilovic et al. 2008;
Snajdrova et al. 2006). One remarkable example for the use
of BVMOs in industry is given by Codexis, which produced
Esomeprazole by applying a CHMO variant (41 mutations,
104-fold increased stability and activity) in 99 %
enantioselectivity (Bong et al., 2011).
Extending recent discoveries for enantiocomplementary
enzymes of this class (Mihovilovic et al. 2005),
cycloketone-converting BVMOs from Xanthobacter sp. ZL5
(CHMOXantho) (van Beilen et al. 2003) and sp. NCIMB 9872
(CPMOComa) (Iwaki et al. 2002), were used in the key
desymmetrization step towards both enantiomers of bicyclic
lactone (+) and (−)-(2). These key building blocks were applied in the synthesis of several different kumausyne,
goniofufurone, and C-nucleoside analogs. With this biocatalytic approach, classical chemical synthetic routes could be
shorten considerably and access to carba-analogs (X = CH2),
a novel approach to so far not tested bioactive compound class
was achieved (Fig. 1a) (Bianchi et al. 2013; Rudroff et al.
2015). The group of Bornscheuer exploited another set of
enantiodivergent BVMOs (CHMOs from Arthrobacter or
Brachymonas sp., and a cyclododecanone monooxygenase
from Rhodococcus ruber SC1, CDMORhodo) which catalyzed
the formation of optically pure β-amino acids (8) (e.g., (R)-βleucine, 33 % yield, >99 % ee) after enzymatic cleavage of the
intermediate esters (7) (Fig. 1b) (Rehdorf et al. 2010). Despite
the high stereospecificity of BVMOs, the unique feature of
chemo- as well as regioselectivity was subject of several studies in the last years.
Very recently two novel BVMOs with a distinct and so far
unknown substrate specificity and especially regioselectivity
were reported by the group of Alphand (Reignier et al. 2014).
They investigated the synthesis of chiral ene- (10) and enollactones (11) starting from α,β-unsaturated ketones ((9),
Fig. 2). These compound classes ((10) and (11)) are frequently
used motifs in organic synthesis for the production of bioactive compounds and natural products. The authors screened 60
putative Type I BVMOs and found one BVMO from
Oceanicola batsensis DSM 15984 (BVMOOcean) and a
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Fig. 1 Desymmetrization of
bicycloketones (1) towards both
enantiomers of lactones (2) using
two BVMOs (a); regioselective
kinetic resolution of
β-aminoketones (6) towards
β-amino acids (8);
CAL-B—Candida antarctica
lipase B (b)

BVMO from Parvibaculum lavamentivorans (BVMOParvi)
DSM 13023 which were tested on various α,β-unsaturated
substrates (9). Remarkably, transformations with
BVMOOcean gave exclusively the normal lactone (10), whereas BVMOParvi resulted in the enol-lactone (11). Yields of up to
93 % and stereoselectivities of 98 % ee were obtained.
Recently, another diastereoselective desymmetrization
was published by the group of Reetz (Fig. 3): 4methylenecyclohexanones (12) could be selectively converted
to E-configured 5-methylene-ε-caprolactones (13)-E (>96:4
E:Z, four examples) using the wild-type CHMO Acineto
(Zhang et al. 2013). After creation of an efficient variant library
of this catalyst over three rounds of mutation, complete inversion of diastereoselectivity towards the corresponding Z-lactones (13)-Z (4:96 d.r.) could be achieved. The group of
Bornscheuer realized the first complete switch in regioselectivity
by rational protein design of CHMO from Arthrobacter sp. on
the substrate (+)-trans-dihydrocarvolactone. After introducing
docking studies, a triple mutant resulted in a complete inversion
of the regioselectivity compared to the wild-type enzyme (0:100
vs 99:1 normal/abnormal lactone (Balke et al. 2016).

A surprising new class of BVMOs was found during the
characterization of eight flavin monooxygenases (FMOs)
from Rhodococcus jostii RHA1: three biocatalysts of the test
set (Riebel et al. 2013) readily performed BV oxidations on a
range of small-ring ketones, and they also have a heretofore
indifference towards the nicotinamide cofactor consequently
utilizing NADH and NADPH equally well. This feature may
prove to be highly useful in enzymatic redox cascades,
circumventing the need for complex cofactor shuttling.
The large and highly diverse information available on
BVMOs, their substrate promiscuity, variable activity, and
selectivity on structurally diverse ketones made it increasingly
difficult to set a newly discovered catalyst into context by
comparison of its performance to existing BVMOs. Hence, a
statistical scoring algorithm for BVMOs was developed based
on the application-oriented properties activity and selectivity
(Fink et al. 2012). Nine enzymes were ranked according to
their performance in various substrate classes and their overall
versatility. The model is complemented by a clear graphical

Fig. 2 Novel BVMO activities towards α,β-unsaturated ketones for the
synthesis of chiral enol- and ene-lactones

Fig. 3 Diastereoselective desymmetrization of 4-methylenecyclohexanones
by CHMOAcineto and evolved mutants
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output for facile interpretation and operates with minimal bias.
Consequently, the catalytic performance and potential synthetic applicability of novel BVMOs are quantifiable and, therefore, an alleviated comparison to existing biocatalysts of this
enzyme class is possible.

BVMOs applied in cascade type reactions
The attention in the biocatalysis community increased significantly towards cascade reactions in the past decade (Bayer
et al. 2015; Kohler and Turner 2015; Muschiol et al. 2015).
Synthesis of highly complex molecules based on multienzyme processes, inspired by Nature’s paradigm, become
more and more important. Multistep cascades commonly
function without the separation of intermediates, display rather low intermediate concentrations, and result in processes
with high selectivity of products and without formation of
byproducts. Additionally, limited productivity due to unfavorable equilibrium can be enhanced by the cooperative effect of
multiple catalysts. Especially, the shift of equilibrium by incorporation of an irreversible reaction pulls the intermediates
to the end of the cascade and results in accumulation of the
desired product. Recently, several enzyme cascade examples
including redox enzymes have been published. Thereby, the
irreversibility of BVMO reactions and the aspect of redox
balancing was exploited to produce high value compounds.
Several examples were published by the group of Park (Song
et al. 2013). They focused on the use of renewable starting
materials like fat or fatty acids (14) (γ-linolenic acid (Kim
et al. 2015), ricinoleic acid (Jang et al. 2014), linoleic acid
(Oh et al. 2015)) and applied artificial enzymatic cascades
in vivo for the production of flavors, antifungal agents, plastics, waxes, nylons, and secondary metabolites. In general,
they combined a hydratase for the introduction of an alcohol
group with an alcohol dehydrogenase (ADH) to produce the
corresponding ketone (16). Additionally, degradation of ketoacids was performed by a regioselective BVMO-mediated
oxygen insertion followed by a hydrolytic esterase transformation ((17), Fig. 4). First, the selectivity of various
hydratases was exploited for the specific hydroxylation of
diverging double bonds in unsaturated fatty acid precursors,
secondly different BVMOs (BVMO from P. fluorescence
DSM 50106 (Kirschner et al. 2007)—normal lactone;
P. putita KT2440 (Rehdorf et al. 2007)—abnormal lactone)
were applied to control the direction of the oxygen insertion.
The pulling effect of the irreversible BVMO transformation
resulted in a highly efficient biosynthetic pathway for the production of hydroxy acids, diacids, carboxylic acids, and fatty
alcohols (17). These pathways were expressed recombinantly
in E. coli and gave up to 97 % GC yield for γ-linolenic acid
(14) as starting material after optimized expression (Kim et al.
2015).

Fig. 4 Designed biosynthetic pathway for the synthesis of different
valuable compounds by the group of Park (Song et al. 2013), starting
from renewable sources; nL normal lactone; abnL abnormal lactone

Recently, two different enzyme cascades have been published by the group of Kroutil (Sattler et al. 2014) and
Bornscheuer (Schmidt et al. 2015b) for the synthesis of valuable bulk chemicals (Fig. 5), harnessing the concept of a redox
self-sufficient system. Kroutil and coworkers started from
cyclohexanol ((18), Fig. 5, top) and applied a NADP+ dependent ADH for the first oxidation step, followed by a NADPH
dependent BVMO-mediated oxidation to the corresponding
ε-caprolactone (20). Afterwards, they tempted to open the
lactone in the presence of a lactonase to yield the ε-hydroxy
acid which could be transformed by an additional ADH
(NAD+ dependent) and an ω-transaminase (in the presence
of an alanine dehydrogenase, AlaDH, NADH dependent) into
the desired 6-aminohexanoic acid (22). It turned out that once
the lactone was opened, the cascade stopped and did not proceed further. As a consequence, they developed a so-called
“capping strategy”, trapping the free acid with methanol by
horse liver esterase to form the corresponding methyl ester
(21), which could be converted to the desired 6aminohexanoic acid (22) with good to reasonable yields (up to
75 % starting from ε-caprolactone (20) and 24 % starting from
cyclohexanol (18)). The beauty of this cascade lies in its redox
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Fig. 5 Redox neutral enzyme
cascade synthesis of nylon-6
monomer and poly-εcaprolactone starting from
cyclohexanol

neutral nature, water as a reaction medium, and the supply of
stoichiometric ammonia and molecular oxygen solely.
The second example, recently published by the group of
Gröger and Bornscheuer (Staudt et al. 2013), was based on
the conversion of cyclohexanol (18) to poly-ε-caprolactone
(23) in presence of an ADH, BVMO, and a lipase (Fig. 5).
The first two steps were similar as depicted before. Though
the authors used a different ADH for the first step, both groups
presented a productivity of the desired ε-caprolactone (20) in
up to 99 % yield. Whereas the groups of Gröger and
Bornscheuer demonstrated a severe inhibition effect and enzyme deactivation by ε-caprolactone (20) (at approximately
80 mM cyclohexanol) (Staudt et al. 2013) on the BVMO, the
group of Kroutil did not encounter any problems up to a concentration of 200 mM cyclohexanol. Consequently, the group
of Bornscheuer investigated an in situ removal strategy to increase overall productivity. They envisaged a lipase mediated
polymerization towards poly-ε-caprolactone (23) in water.
Several lipases were tested and interestingly Cal-A was found
to have unique acyltransferase activity that enables the formation of the desired ester product even in the presence of bulk
water. Finally, they were able to synthesize poly-ε-caprolactone
(23) in 75 % yield (based on consumed starting material) in a
one-pot process in water. Very recently, they could extent their
concept towards chiral lactone and were able to produce
enantiopure oligomers of 4-methylcaprolactone (Schmidt
et al. 2015a).
In 2015 Zuhse et al. investigated investigated a bi enzymatic cascade for the production of ε-caprolactone (Fig. 6a—rectangle) (Zuhse et al. 2015). The authors introduced a conceptually novel term for redox-neutral reactions, so-called convergent cascade which involves two substrates that result in a
single product without the formation of intermediates. First,
the authors applied a BVMO (CHMOAcineto) mediated and
NADPH dependent oxidation of cyclohexanone (24, n = 1)
towards ε-caprolactone (28, n = 1). This reaction step required
NADPH and molecular oxygen. In parallel, they used the oxidative power of different NADPH dependent alcohol dehydrogenases (Burdette and Zeikus 1994) for the synthesis of εcaprolactone (28) starting from 1,6-hexanediol (24). In this particular reaction step, 1 mol 1,6-hexandiol (24) regenerated 2 mol
NADP+ and provided necessary amounts of NADPH for the
BVMO oxidation. This redox neutral reaction sequence demonstrated the power of a smart reaction design and again the asset of

BVMOs by shifting the reaction equilibrium towards the product
side.
The group of Oppermann reported a multi-enzyme biocatalytic pathway in which non-activated cycloalkanes (25) were
converted to lactones, an important class of building block for
polymers (Fig. 6b). This cascade consists of a cytochrome
P450 monooxygenase (Cyp450 (Pennec et al. 2015)), an alcohol dehydrogenase (TADH (Hollrigl et al. 2008), TeSADH
(Burdette and Zeikus 1994)) and finally a BVMO (Opperman
and Reetz 2010) for the synthesis of the desired lactone (28).
In the first attempt, the authors created a designer cell, by
expressing all enzymes in E. coli, but unfortunately, the expression levels were low and the expression reproducibility
for the ADH and the Cyp450 turned out to be unpredictable.
Instead of optimizing the cellular host, they changed from an
in vivo to an in vitro system, by expressing all enzymes individually in E. coli and use cell free extracts. This approach
facilitates the optimization of this process for example by
balancing biocatalyst concentrations and increases the flux
through the cascade. Since the second and the third step of
this cascade is redox self-sufficient, whereas the hydroxylation still requires NAD(P)H, the authors implemented a cofactor recycling system specific for NAD+/NADH and applied
a Cyp450 variant that is solely NADH dependent. After several optimization efforts, production of up to 23 mM
enantholactone (28, n = 2) in less than 12 h could be achieved.
In summary, they developed a redox-balanced one-pot cascade composed of four oxidoreductases with total turnover
numbers (TTN) calculated on the Cyp450 monooxygenase
of more than 4000 (maximum μmol total oxygenated products
formed within 24 h μmol−1 P450). A few remarkable examples of the use of BVMOs in enzymatic cascade type reactions
published recently substantiate the great potential of this enzyme class in complex organic syntheses (Liu and Li 2013;
Oberleitner et al. 2013, 2014; Song et al. 2013). Quite recently, Oberleitner et al. complemented their studies on artificial
enzyme cascades by valorization of orange peel as starting
material for the production of a chiral carvolactone (33), a
promising building block for thermoplastic polymers
(Fig. 6c). Four different concepts were applied to augment
limonene availability either based on water extraction solely,
addition of extraction enhancers, or biomass dissolution.
Subsuming in a one-pot resting cell mixed culture approach,
they combined the selective hydroxylation by CumDO
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Fig. 6 a A convergent synthesis
of ε-caprolactone employing
1,6-hexanediol as a “smart
cosubstrate”. b Enzymatic
synthesis of lactones starting from
simple cycloalkanes.
c Valorization of limonene
containing orange peel for the
production of chiral carvolactone
(33) via a four step enzymatic
cascade

expressed in P. putida S12 with a previously established synthetic mini-pathway in E. coli BL21(DE3), where carveol can
serve as starting material. Thereby, limonene extracted by water solely (29) could be directly transformed to chiral
carvolactone (33) via carveol (30), carvone (31), and
dihydro-carvone (32). Carvolactones, interesting building
blocks for syntheses of bioactive or natural products, can also
serve as monomers for polymer production as they can be
subjected to ring-opening polymerization and their olefinic
side chains can be easily functionalized and crosslinked.
This study demonstrates the potential of artificial enzyme cascades and future industrial applications (Oberleitner et al.,
2016).
Potential BVMO-mediated industrial processes
Despite the application of BVMOs for the synthesis of high
valuable chemicals or chiral building blocks, several potential
industrial processes for the synthesis of bulk chemicals have
been published recently. Fink et al. presented the synthesis of
3-hydroxypropionates (35) starting from levulinic acid derivatives (34), a major by-product from carbohydrate dehydration (Fig. 7) (Fink and Mihovilovic 2015). 3Hydroxypropionates (35) readily hydrolyze to 3hydroxypropionic acid which is a versatile C3 precursor for
the production of acrylates, malonates, and 1,3-propandiol.
The authors screened a library of 13 different BVMOs and
found 9 potential biocatalysts for the synthesis of the required

3-hydroxypropionates. They were able to produce the desired
compounds in gram scale at ambient temperature, in water, in
the presence of aerial oxygen instead of propellant-grade
H2O2 which is required for the chemical reaction. Another
quite appealing approach was published by the group of
Fraaije (van Beek et al. 2014). They managed to find several
BVMOs for the production of ethyl acetate (36) or methyl
propionate (37) starting from 2-butanone (34). Oxidation of
2-butanone (34) (Fig. 7) in the presence of CHMO from
Rhodococcus HI-31 gave a 6:1 ratio of ethyl acetate (36)
and methyl propionate (37). Since the normal lactone formation was preferred, the authors tried to influence the regioselectivity by modulation of the microenvironment. Substantial
increase in the amount of the starting ketone shifted the
product distribution towards a 1.5:1 ratio still in favor of ethyl
acetate (36).
Concluding this section, Fink et al. investigated a chemoenzymatic synthesis towards an important aroma compound

Fig. 7 Recently published application of BVMOs for the production of
bulk chemicals
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from African orchids, the natural isomer of Aerangis lactone
(41) (Fink et al. 2013). Thereby, a diastereoselective Rhcatalyzed continuous flow hydrogenation was combined with
the Baeyer-Villiger reaction in a single operation, yielding the
desired fragrance lactone (41) in excellent optical purity with
high scalability potential (>99 % ee, >99 % de, 3.4 g L−1,
<60 min; Fig. 8). Remarkably, the applied CDMORhodo
displayed a perfect cis-selectivity which resulted in the final
high diastereomeric ratio and enantioselectivity. Access to the
epimeric lactone (43) was obtained by employing CPMOComa
in the presence of the trans-ketone (42), which was received
after acidic epimerization, with comparable, but not perfect
diastereomeric purity. Subsuming, a 7-step stereoselective
synthesis could be shortened to a single operation process by
applying heterogeneous metal assisted and enzyme catalysis.
Although none of the presented potential applications did
achieve readiness for industrial processes, these examples
demonstrate a future trend for BVMOs.

BVMOs in biotechnology—overcoming problems
A number of drawbacks have been identified to be overcome
to enable industrial applications of BVMO-catalyzed oxidations. Low enzyme stability, substrate, and product inhibition
(Doig et al. 2003) as well as low product concentration, adequate oxygen transfer, and tolerance of organic cosolvents
(Law et al. 2006) are among the most relevant obstacles.
Several ways to overcome these limitations have been introduced during recent years.
Immobilization
Immobilization in biotechnology is defined by IUPAC as the
technique used for the physical or chemical fixation of cells,
organelles, enzymes, or other proteins (e.g., monoclonal antibodies) onto a solid support, into a solid matrix or retained by
a membrane, in order to increase their stability and make possible their repeated or continued use (http://goldbook.iupac.
org/I02973.html). Consequently, several attempts either for
immobilization of BVMO expressing whole-cells or isolated
enzymes have been investigated to improve overall
Fig. 8 Kinetic resolution of cisand trans-tetrahydrojasmones
(39) towards natural Aerangis
lactone (41) and its epimer (43)
using two BVMOs
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biocatalyst stability. Such immobilization strategies may render improvements regarding increase of harvested product per
cell mass, which is still challenging task at a larger scale BV
oxidations (Lima-Ramos et al. 2014).
Another major challenge in the application of BVMOs is
their cofactor dependency (NAD(P)H) which in fact complicates their utilization in organic synthesis. Different strategies
were investigated to overcome this problem in small scale
either by including a second enzyme loop for the cofactor
regeneration using a cheap cosubstrate or by the application
of a whole-cell system. Maintenance of the host metabolism
provides continuous enzyme production and cofactor supply
(Doig et al. 2001). Recent progress in the area of immobilization of isolated enzymes and whole cells with BVMO activity
will be described in the following chapter.
Immobilization of isolated BVMOs
Since the application of BVMOs in industry is limited by
enzyme stability and product inhibition, immobilization of
isolated BVMOs might be a good strategy to overcome these
problems and facilitate recovery of BVMOs as well as to
improve cofactor regeneration of co-immobilization with
recycling enzymes (Balke et al. 2012). Table 1 shows examples of immobilization techniques and characterization parameters of immobilized biocatalysts applying isolated BVMOs.
As shown in Table 1, covalent binding is the most common
immobilization technique used for immobilization of isolated
BVMOs. It is also true that utilization of isolated BVMOs
resulted in loss of their enzyme activity despite immobilization (Mallin et al. 2013; Cuetos et al. 2012; Atia 2005).
Moreover, it is not possible to compare results from different
immobilization techniques due to inconsistency in choice of
characterization parameters for immobilized isolated BVMOs
listed in Table 1. Thus, the selection of proper immobilization
technique is still based purely on trial and error approach.
Utilization of immobilized isolated BVMOs requires an
efficient cofactor recycling system. Two research groups used
combination of CHMO and glucose-6-phosphate dehydrogenase (G6PDH) for cofactor regeneration (Table 1). Although
entrapment of CHMO in polyacrylamide gel resulted in high
product yields, no data on operational stability were provided
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Immobilization materials and characterization parameters used for isolated BVMOs

Enzymes

Immobilization technique/matrix

Products

Characterization of immobilized
biocatalyst

Reference

CHMOAcineto +
PDH

Covalent binding/Relizyme™
HA403 glutaraldehyde activated

ε-Caprolactone

-Stability towards substrate
-Operational stability

(Mallin et al.
2013)

CHMOAcineto +
G6PDH

Entrapment/polyacrylamide gel

-Substrate specificity,
regioselectivity and
enantioselectivity
-Reaction time
-Yield

(Abril et al.
1989)

CHMOAcineto +
ADH

Covalent binding/Eupergit C

-Operational stability
-Effect of cofactor concentration
on conversion

(Zambianchi
et al. 2002)

CHMOAcineto +
G6PDH

Covalent binding/polyethyleneimineglyoxyl-agarose beads

2-Oxabicyclo [3.2.1]octan-3-one
2-Oxabicyclo[3.2.1]1,7,
7-trimethyloctan-3-one
6-Isoprenyl-3-methyl-2oxacyclopentanone
2 regioisomers of 1,2-fencholide
and 2,3-fencholide
R-methyl phenyl sulphoxide
(1R,5S)-3-oxabicyclo-[3.3.0]
oct-6-en-3-one, (1S,5R)-2oxabicyclo-[3.3.0]oct-6-en3-one
(2-oxooxepan-3-yl)acetic acid

(Atia 2005)

PAMO +
G6PDH

Covalent binding/polyphosphazene
particles and glutaraldehyde

Benzyl acetate

-Effect of gamma-irradiation on
enzyme activity and leakage
-Effect of enzyme loading,
temperature, support ratios,
pH on activity, enzyme
kinetics, operational stability
-Operational stability
-Stereoselectivity

CRE2-PAMO

Encapsulation/polymersome
nanoreactors

Phenyl acetate

-Time course of biooxidations

(Meeuwissen
et al. 2011)

(Abril et al. 1989). Stabilization effect of co-immobilization of
CHMO and G6PDH by covalent binding on
polyethyleneimine porous agarose beads was improved by
gamma irradiation (Atia 2005). Regardless of this, relative
activity of immobilized enzymes decreased to less than
50 % of initial activity after 15 repeated cycles of (2oxooxepan-3-yl)acetic acid production. Similarly, reuse of
CHMO and alcohol dehydrogenase (ADH) co-immobilized
on Eupergit C resulted in progressive decrease of conversion
rates after the third cycle of repeated Baeyer-Villiger
biooxidations of bicyclo[3.2.0]hept-2-en-6-one (Zambianchi
et al. 2002). One of the current new routes to enable enzyme
recycling and stabilization is represented by coimmobilization of thermostable polyol dehydrogenase
(PDH) and CHMO by covalent binding on glutaraldehydeactivated support (Mallin et al. 2013). Immobilization enabled
production of 600 mg l−1 of pure ε-caprolactone, and CHMO
activity towards higher substrate concentrations was improved. On the other side, immobilized CHMO lost its activity
during repeated biotransformation cycles. Decrease of relative
activity of phenylacetone monooxygenase (PAMO) coimmobilized with G6PDH on polyphosphazene carrier during
5 cycles of benzyl acetate production was ascribed to low
stability of PAMO (Cuetos et al. 2012). A unique concept of
polymersome nanoreactors was used for encapsulation of fusion protein CRE2-PAMO containing thermostable PAMO
and NADPH regenerating phosphite dehydrogenase

(Cuetos et al.
2012)

(Meeuwissen et al. 2011). The most effective production of
phenyl acetate was achieved by encapsulation of fused protein
in aqueous compartment of nanoreactors. No data on operational stability of nanoreactors were provided.
Immobilization of whole-cells expressing BVMOs
Utilization of intact whole cells as biocatalysts of BV oxidations enable to avoid problems connected with regeneration of
expensive cofactors and protein instability upon enzyme purification (Mihovilovic 2006). Recombinant, whole-cell
BVMOs are also more suitable for biotransformations if the
natural strain grows slowly or displays pathogenicity. Further
improvement of biocatalytic performance of BVMOs may be
achieved by several strategies and immobilization of wholecells is among them. The immobilization of cells is mainly
considered when there is a need of easy biocatalyst removal
from reaction mixture, reuse of biocatalyst, continuous mode
of reaction, and increase of biocatalyst concentration
(Carballeira et al. 2009). Significant progress in biocatalytic
performance and characterization of recombinant whole-cell
BVMOs has been achieved utilizing encapsulation of cells
within polyelectrolyte complex (PEC) capsules and entrapment in polyvinyl alcohol particles. (Table 2).
The main benefits of BVMOs encapsulation in PEC capsules (Table 2) include (i) highly controlled encapsulation
process (Scheme 1) with defined parameters, (ii)
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Immobilization materials and characterization parameters used for whole-cell BVMOs

Enzyme in cells

Immobilization technique/matrix

Product

Characterization of immobilized
biocatalyst

Reference

CPMO/E. coli

Entrapment/polyvinyl alcohol
gel lens-shaped particles
LentiKats®

-Enzyme expression
-Oxygen demand
-Operational stability

(Rebros et al. 2014)

CPMO/E. coli

Entrapment/polyvinyl alcohol
gel lens-shaped particles
LentiKats® and encapsulation/
polyelectrolyte complex capsules

(1R,5S)-3-Oxabicyclo[3.3.0]
oct-6-en-3-one
(1S,5R)-2-Oxabicyclo-[3.3.0]
oct-6-en-3-one
(1R,5S)-3-Oxabicyclo[3.3.0]
oct-6-en-3-one
(1S,5R)-2-Oxabicyclo-[3.3.0]
oct-6-en-3-one

(Schenkmayerova
et al. 2014)

CPMO/E. coli

Encapsulation/polyelectrolyte
complex capsules

5-Methyloxepane-2-one

CHMO/E. coli

Encapsulation/polyelectrolyte
complex capsules

CPMO/E. coli

Encapsulation/polyelectrolyte
complex capsules

(1R,5S)-3-Oxabicyclo[3.3.0]
oct-6-en-3-one
(1S,5R)-2-Oxabicyclo-[3.3.0]
oct-6-en-3-one
4,9-Dioxabicyclo[4.2.1]
non-7-en-3-one

Geotrichum
candidum

Entrapment/ polyacrylamide,
calcium alginate, agar,
κ-carrageenan, polyvinyl
alcohol, chitosan

-Particle size distribution
-Inner morphology
-Mechanical resistance
-Size-exclusion properties
-Effective diffusion coefficient
-Operational stability
-Inhibition by substrate
-Cell viability
-Thermometric signal by flow
calorimetry
-Operational stability
-Storage stability
-Cell viability
-Storage stability
-Course of biotransformation
-Variations of polyacrylamide
and biomass content,
immobilization volume

ε-Caprolactone

biocompatible microenvironment for viable cells, (iii) adjustability of mechanical resistance and permeability of capsule
membranes, (iv) proper storage and operational stability, and
(v) ability to scale-up production of capsules (Hucik et al.
2010). PEC capsules preserved storage stability of E. coli with
CPMO, which was two-fold higher as compared to free cells.
The time required to reach the end-point of Baeyer-Villiger
biooxidation of 8-oxabicyclo[3.2.1]oct-6-en-3-one to 4,9dioxabicyclo[4.2.1]non-7-en-3-one was the same (48 h) for
both encapsulated and free cells (Hucik et al. 2010). In a
subsequent study, a concentration-dependent inhibition action
of 4-methylcyclohexanone towards encapsulated E. coli with
CPMO was observed. Parallely, negligible toxic effect of 4methylcyclohexanone was detected by cell viability measurements via confocal laser scanning microscopy (CLSM)
(Schenkmayerova et al. 2012). High operational stability during 14 repeated Baeyer-Villiger biooxidations of
bicyclo[3.2.0]hept-2-en-6-one to corresponding lactones as
well as high storage stability during 91 days using E. coli with
CHMO encapsulated in PEC capsules was achieved
employing continuous packed-bed minireactor. The reactor
was connected with flow calorimeter and reservoir with reaction mixture saturated with oxygen by bubble free oxygenation (Bucko et al. 2011). Moreover, robust thermometric signal, appropriate for measurement of reaction enthalpy of
Baeyer-Villiger biooxidation, was obtained by flow calorimetry (Scheme 1). The later technique was used for kinetic study
using immobilized cells for determination of apparent kinetic

(Schenkmayerova
et al. 2012)
(Bucko et al. 2011)

(Hucik et al. 2010)

(Carballeira et al. 2004)

constants. Also, mild substrate inhibition above concentration
of 4.0 mM was proven. Utilization of PEC membrane and
E. coli with CPMOComa for the construction of amperometric
biosensor for monitoring of the Baeyer-Villiger biooxidation
(Schenkmayerova et al. 2013) proved high adaptability of
used polyelectrolyte complexation for biotechnological purposes. Interestingly, control over the selectivity of BV
biooxidation of cyclohexanol to ε-caprolactone can be
achieved by immobilization of Geotrichum candidum in polyacrylamide or agar particles (Carballeira et al. 2004).
As described in Table 2, significant improvements of immobilization of encapsulated cells in PEC have been achieved
applying a lab-scale encapsulator, the main task regarding
industrial applications of PEC capsules is still the scale-up
regarding production of PEC capsules. There are several high
performance encapsulators on the market which are based on
different principles with throughput from tens of grams to
several kilograms of calcium alginate particles per hour
(Prusse et al. 2008). Therefore, the main challenging task is
to adapt and increase the throughput of more complex encapsulation materials such as PEC capsules using high performance devices. Besides this, entrapment of whole-cell
BVMOs in polyvinyl alcohol lenses LentiKats® (Table 2)
(Rebros et al. 2014; Schenkmayerova et al. 2014) represents
promising immobilization technique with potential industrial
applications, since LentiKats® were already utilized in industrial biotransformations (www.lentikats.eu). Moreover, key
physical and chemical-engineering properties of PEC capsules
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Scheme 1 Encapsulation of recombinant cells E. coli with
overexpressed Baeyer-Villiger monooxygenases in polyelectrolyte
complex (PEC) capsules with semipermeable membrane and their
utilization as biocatalysts of Baeyer-Villiger oxidations. 1 air pressure, 2
air flow, 3 flow calorimeter used for measurement of kinetic constants via
thermometric signal, 4 amplifier, 5 computer, 6 continuous process, 7

batch process, PA polyanion aqueous solution composed of sodium
alginate, cellulose sulfate, and NaCl, PC polycation aqueous solution
composed of poly(methylene-co-guanidine), CaCl2, and NaCl. Scheme
was compiled according to results from Hucik et al. 2010 and Bucko et al.
2011

and LentiKats® with immobilized E. coli with CPMOComa
(Table 2) were directly compared (Schenkmayerova et al.
2014). Despite differences in inner structure, surface properties and effective diffusion coefficients, both immobilization
matrices rendered high operational stability during 18 cycles
of BV biooxidations of (±)-cis-bicyclo [3.2.0] hept-2-en-6one to corresponding regioisomeric lactones (Table 2).
The efficient implementation of immobilization biocatalysts
in industry requires their proper characterization. Besides characterization parameters described in Table 2, six types of characterization areas have been identified and proposed for standard description of immobilization materials including characterization of polymers used, their permeability, mechanical
properties, surface properties, biocompatibility, and storage
conditions (de Vos et al. 2009). Although viability is the main
marker describing the biocompatibility of the complex interactions of immobilization matrix and living cells, non-invasive
techniques such as CLSM (Schenkmayerova et al. 2012) and
high resolution environmental scanning electron microscopy
(Schenkmayerová et al. 2014) are also very promising for

characterization of cell viability and morphology of
immobilized biocatalysts. Figure 9 shows CLSM image of
E. coli with CPMOComa in transmission mode (Fig. 9a), green
flavin autofluorescence within the cells (Fig. 9b) and red necrotic cells (Fig. 9c) in superimposed images.
Two-phase system strategies
Utilization of two-phase reaction media with waterimmiscible organic solvents belongs to strategies utilized for
BVMO-catalyzed oxidations to keep the substrate and product
concentrations under inhibitory levels. The organic phase acts
as substrate reservoir and also as extraction solvent for product
isolation. For example, inhibition of a PAMO mutant during
whole-cell BV oxidation was overcome by utilization of
buffer/dioctyl phthalate in a ratio 1:1 (Reetz et al. 2006).
Yang et al. used recombinant E. coli with cyclopentadecanone
monooxygenase for the improved BV oxidation of
cyclododecanone to lauryl lactone exploiting two-phase
semicontinuous reactor with hexadecane as organic solvent
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Fig. 9 Example of CLSM image of E. coli with CPMO Coma in
transmission mode (a) compared to green flavin autofluorescence
within the same cells (b). Cell necrosis was monitored by propidium

iodide fluorescence imaged in the red channel (c). This figure originally
published in Schenkmayerova et al. (2012) Biotechnol Lett 34:309 was
reused with permission of Springer

(Yang et al. 2009). Recently, a mathematical model for a three
phase partitioning bioreactor for BV biooxidation of model
ketone catalyzed by E. coli with CHMO was described
(Melgarejo-Torres et al. 2015). Less cell deactivation and decrease of oxygen transfer rate in the presence of ionic liquid
was observed using developed mathematical model. It was
also found out that cell inactivation occurred at higher oxygen
transfer rate.
Substrate-feeding product-removal technique (SFPR) introduced by Hilker et al. (Hilker et al. 2004) is another strategy
to solve recombinant whole-cell BVMOs sensitivity to higher
substrate and product concentrations. SFPR uses an adsorbing
polymer resin which acts as a reservoir for the substrate and
trap for the product allowing to maintain their concentrations
below critical level. A recent application of the technique impressively demonstrated the capacity of this approach by an
almost 30-fold increase of applicable 3-phenyl-2-butanone
concentration for the kinetic resolution catalyzed by recombinant whole-cell 4-hydroxyacetophenone monooxygenase
(Geitner et al. 2010). Though such two-phase strategies may
effectively solve the problems associated with the inhibitory
effect of substrates and products of BVoxidations, appropriate
concentration of oxygen as the cosubstrate of reaction must be
taken into account in bioreactor configuration.

of a model BV biooxidation catalyzed by recombinant E. coli
with CHMO, immobilized in LentiKats® (Rebros et al. 2014).
Another issue connected with oxygen transfer is the deleterious effect of high oxygen concentrations on the CHMO titer.
Therefore, the oxygen transfer rate should be adjusted with
regard to maximum CHMO synthesis but minimum oxidative
damage of the enzyme (Doig et al. 2001). Regardless of this,
the oxygen inactivation constant for whole-cell CHMO was
determined only recently, demonstrating that CHMO was two
times more sensitive to inhibition by bicyclo[3.2.0]hept-2-en6one than oxygen (Melgarejo-Torres et al. 2014).

Oxygen issues
An adequate oxygen transfer during BVMO-catalyzed BV
oxidations is a difficult task mainly due to low solubility of
oxygen in aqueous solutions at atmospheric pressure. Since
the oxygen is a substrate for BV oxidations, limitation in oxygen transfer rate may have significant influence on reaction
rate. The latter was proved by Baldwin et al., where the increase in product formation rate was observed as a consequence of increased maximum oxygen transfer rate at a high
cell concentration using recombinant E. coli overexpressing
CHMO (Baldwin and Woodley 2006). Oxygen transfer rate
was strongly influenced by geometry of reaction flasks, where
the baffled flasks significantly improved oxygen transfer rate

Conclusion
Increased efforts in the field of Baeyer-Villiger
monooxygenases during recent years are aimed at biotechnological production of value added chemicals. Discovery of
novel catalytic abilities of known BVMOs, their variations
by mutations, characterization of missing BVMO in metabolism and discovery of new classes of BVMOs with novel
features regarding cofactor indifference are milestones which
underscore the important role of BVMOs in nature and their
biotechnological potential. The latter was also strengthened by
utilization of BVMOs in artificial cascade reactions which
exploited the pulling effect of irreversible BVMO transformation resulting in increased product accumulation. On the other
side, biotechnological potential of BVMOs for production of
value added chemicals and chiral building blocks have not
been fully exploited in industrial processes, yet. Another appealing approaches include utilization of BVMOs for synthesis of bulk chemicals and employment of chemo-enzymatic
synthesis. These approaches may significantly reduce the
number of synthetic steps to minimum and decrease negative
environmental impact of the whole production process.
Important progress has been achieved also in techniques
which may overcome the main obstacles of BVMOcatalyzed oxidations. Immobilization of isolated and wholecell BVMOs improved their operational and storage stability
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and rendered the tool for continuous and repeated use of
BVMOs with increased harvested product per cell mass.
Utilization of recombinant whole-cell BVMOs circumvents
cofactor regeneration and protein instability problems.
Therefore, the use of immobilized whole-cell BVMOs should
be favorable as compared to immobilized isolated BVMOs.
Moreover, utilization of high performance devices for production of immobilized whole-cell BVMOs may significantly
increase the scalability potential. In this view, standardization
of characterization methods for immobilized BVMOs, rational use of substrate-feeding product-removal technique, rigorous control of oxygen transfer, and scale-up from laboratory to
industrial scale manufacture of immobilizates is desirable for
selection and development of a proper BVMO biocatalyst for
potential industrial applications.
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