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Abstract: Linoleic acid hydroperoxides are versatile intermediates for the production of green note
aroma compounds and bifunctional ω-oxo-acids. An enzyme cascade consisting of lipoxygenase,
lipase and catalase was developed for one-pot synthesis of 13-hydroperoxyoctadecadienoic acid
starting from safflower oil. Reaction conditions were optimized for hydroperoxidation using lipoxy-
genase 1 from Glycine max (LOX-1) in a solvent-free system. The addition of green surfactant Triton
CG-110 improved the reaction more than two-fold and yields of >50% were obtained at linoleic acid
concentrations up to 100 mM. To combine hydroperoxidation and oil hydrolysis, 12 lipases were
screened for safflower oil hydrolysis under the reaction conditions optimized for LOX-1. Lipases from
Candida rugosa and Pseudomonas fluorescens were able to hydrolyze safflower oil to >75% within 5 h at
a pH of 8.0. In contrast to C. rugosa lipase, the enzyme from P. fluorescens did not exhibit a lag phase.
Combination of P. fluorescens lipase and LOX-1 worked well upon LOX-1 dosage and a synergistic
effect was observed leading to >80% of hydroperoxides. Catalase from Micrococcus lysodeikticus
was used for in-situ oxygen production with continuous H2O2 dosage in the LOX-1/lipase reaction
system. Foam generation was significantly reduced in the 3-enzyme cascade in comparison to the
aerated reaction system. Safflower oil concentration was increased up to 300 mM linoleic acid equiv-
alent and 13-hydroperoxides could be produced in a yield of 70 g/L and a regioselectivity of 90%
within 7 h.

Keywords: lipoxygenase; lipase; catalase; LOX; enzyme cascade; hydroperoxides; in-situ oxygen
generation; linoleic acid; HPODE

1. Introduction

Lipoxygenases (LOX, EC. 1.13.11.X) are widely distributed in eukaryotes and were
more recently identified in bacteria as well [1]. They belong to the group of non-heme
dioxygenases and catalyze the regio- and stereoselective hydroperoxidation of polyunsatu-
rated fatty acids containing a (1Z, 4Z)-pentadiene system [2,3]. The reaction starts with a
proton abstraction at position 3 of the pentadiene moiety and is followed by the antarafacial
addition of molecular oxygen either in position 1 or 5 to form the corresponding fatty
acid hydroperoxides [4]. In plants, linoleic and linolenic acid are natural substrates of
LOX and depending on the enzyme’s specificity either the 9R, 9S or 13S-hydroperoxide
is formed [5]. In the lipoxygenase pathway, the hydroperoxides are further metabolized
into phytooxylipins such as green leaf volatiles, jasmonates or traumatic acid, which are
involved in signaling and plant defense [6–8].

Applications of LOX include bleaching of colored components, utilization as baking
additive or the synthesis of oxygenated lipid derivatives [9–11]. The main biocatalytic
application is the production of natural green note aroma compounds for the flavor and
fragrance industry by combined action of LOX and hydroperoxide lyase for splitting
of the hydroperoxides [8,12,13]. This Hock-type rearrangement may also be catalyzed
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chemically leading to volatile C6-aldehydes and the corresponding C12-ω-oxoacids [14,15].
The ω-oxoacids are an interesting class of products and were proposed as bifunctional
monomer precursors for green polymer synthesis [16]. Another possible LOX application
could be the synthesis of plant metabolites like -12-oxophytodienoic acid (12-OPDA) in an
enzymatic cascade mimicking the LOX pathway [17]. However, the utilization of linoleic
acid rich oils for polymer application via the hydroperoxidation and cleavage route needs
an optimized and cost-efficient production of the hydroperoxides.

Plant LOX are found in several fruits and vegetables, and especially soybeans possess
a high concentration of different LOX isozymes making the beans the best natural source for
LOX isolation and application in biocatalysis [18]. 13-S-specific LOX-1 obtained from soy-
bean extracts was successfully applied for the synthesis of 13-S-hydroperoxides in yields up
to 72% from either linoleic acid (13-HPODE) [19,20] or linolenic acid (13-HPOTE) [21,22]. A
drawback of the utilization of soybean extracts is the presence of several LOX isozymes with
either 9S-, 13S- or mixed 9/13-regioselectivities [18]. As separation of the LOX isozymes is
tedious, alkaline pH-conditions were used in all syntheses to favor the 13S-specific LOX-1
activity over that of the other isozymes. Besides regioselectivity, solubility of the fatty acid
substrates and strong foaming due to molecular oxygen injection under alkaline conditions,
which leads to soap formation, are major issues in high-yield production of hydroperoxides
with soybean LOX-1. Several studies used solvent-buffer systems and solvent-surfactant-
microemulsions to overcome solubility issues [19,23–25]; however, overall sustainability of
the process decreases, and solvent removal needs an extra processing step.

In previous attempts the combination of lipases and LOX was approached to cat-
alyze oil hydrolysis and consecutive hydroperoxidation of the liberated fatty acids [26,27].
Solvent-buffer mixtures were needed for sufficient fatty acid release by the lipase, and the
substrate concentrations were too low to allow for a technical process. A recent approach
used a self-assembled system of immobilized lipase and LOX to convert soybean oil to
hydroperoxides [28]. While the HPODE yield was higher than in previous works reported,
substrate concentrations still seem too low for technical applications. In this work, we
present the development of an enzymatic cascade consisting of lipase, LOX and catalase
for efficient synthesis of linoleic acid hydroperoxides starting from safflower oil (Scheme 1).
Lipases were screened for oil hydrolysis and catalase was implemented for in situ oxygen
production with continuous H2O2-addition to prevent excessive foaming. After optimiza-
tion of the enzyme cascade, solvent-free synthesis of 13-HPODE was possible in high yield
and good regioisomeric specificity. Thus, our process offers a green and sustainable access
to hydroperoxide precursors suitable for cost-efficient green note synthesis and oxo-acid
production for polymer applications.
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Scheme 1. Enzyme cascade comprising LOX, lipase and catalase.
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2. Results & Discussion
2.1. LOX Preparation and Initial Optimization of LOX Reaction Conditions

A crude LOX preparation was prepared from soybeans by extraction of defatted
meal and compared to commercially available LOX-1 preparation. The soybean extracts
had activities of 45 ± 4 U/mg (4500 ± 395 U/mL) with heptane and 51 ± 5.1 U/mg
(5100 ± 506 U/mL) with acetone as defatting agent; thus, the acetone extract was used for
further studies. The commercially available LOX-1 exhibited pH optima of 9 regarding
activity and >9 regarding regioselectivity towards the 13-HPODE regioisomer (Figure 1).
The soybean extract possessed a pH optimum of 8 and a more severe drop in regioselectivity
was observed at neutral to acidic pH-values. Differences in activity and selectivity can
be attributed to LOX isozymes 2 and 3 in the soybean preparations, which are known to
possess 9- or mixed regioselectivity and higher activity at lower pH values [18]. With both
preparations the pH-range from 8–10 was judged to be acceptable for the development of
the enzyme cascade possessing both sufficient activity and regioselectivity.
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Figure 1. (a) Comparison of specific activities and (b) of regioselectivities at a linoleic acid concentration of 1 mM in
dependence of pH-values with � = soy flour suspension and # = LOX-1 obtained from Sigma Aldrich (peak assignment of
regioisomers is shown exemplarily in Figure S1).

The effect of substrate concentration and oxygen supply was examined in 50 mL scale
using 20,000 U LOX /mmol of linoleic acid (Figure S2). In general, increasing the flow rate
of O2 led to higher yields and a better isomeric ratio towards 13-HPODE. However, a sharp
decrease in product formation was observed at substrate concentrations above 3 mM. While
near quantitative yields were achieved at a linoleic acid concentration of 1 mM, only 12%
were converted at 100 mM substrate concentration even at the highest oxygen addition rate
of 100 mL/min. These results are in agreement with findings of other groups [21,29–31],
pointing to an insufficient accessibility of the hydrophobic lipid substrate. Especially
in small-scale experiments, hydroperoxidation efficacies were significantly lower than
in larger scale experiments, in which a more intense mixing could be realized [21]. To
overcome these limitations, homogenization strategies as well as solvent and surfactant
addition were examined.

The application of homogenizer (Polytron PT 2500 E, Kinematica AG, Malters, Switzer-
land) and ultrasound (SonoPuls HD2200, Bandelin, Berlin, Germany) as pretreatment to
improve emulsification led to higher peroxidation yields at linoleic acid concentration up
to 30 mM. However, at higher substrate concentrations, the positive effect of this pretreat-
ment vanished (Figure S3) and an increase in homogenization time to >30 min did not
lead to higher product yields either. Ten solvents of varying polarity were tested for their
ability to improve substrate accessibility by increasing linoleic acid solubility (Figure S4).
Though DMSO, heptane and 2-propanol led to a higher initial LOX activity, the overall
substrate conversion after 2 h was lower with all solvents compared to solvent-free condi-
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tions. Thus, neither mixing pretreatment nor solvent addition led to significantly improved
hydroperoxide yields.

Additionally, 16 non-ionic surfactants of petrochemical and bio-based origin (Table 1)
covering a range of HLB [32] values of 5–18 were evaluated at volumetric concentrations of
3 to 12% (v/v substrate). In all cases, a significantly higher product formation after 2 h was
achieved with a moderate HLB-value dependence and an optimum HLB range between
8–13 (Figure S5). Triton CG-110, possessing an alkylpolyglycoside (APG) structure with
C8/C10 fatty alcohols, showed the best performance with a 2.69-fold yield increase at the
lowest concentration of 3% (v/v substrate) and was selected for further studies. APGs are
fully biobased, readily biodegradable, possess low toxicity and are thus regarded as green
surfactants [33], making them ideal additives for the development of a sustainable enzy-
matic process. The positive effect of Triton CG-110 was analyzed in the concentration range
of 1–100 mM at different enzyme to substrate ratios. Above a linoleic acid concentration
of 3 mM the surfactant effect became significant (Figure 2). Up to a LOX concentration
of 100,000 U/mmol of substrate an increase in yield was obtained, whereas higher LOX
concentrations improved the reaction only marginal. From these initial optimization stud-
ies, a solvent-free reaction system containing 100,000 U LOX-1/mmol substrate at a Triton
CG-110 concentration of 3% (v/v substrate) was chosen.

Table 1. List of surfactants in order of their HLB value, black = non-biobased, blue = partially
biobased and green = fully biobased surfactants; yield of HPODE in the presence of detergents (%
relative to substrate volume) after 2 h of reaction time with 20,000 U LOX-1/mmol linoleic acid.
Reference without detergent had a yield of 13.7%.

Surfactant Concentration: 3% 6%

Surfactant HLB Structure Yield (%) Yield (%)

Brij 93 4 Polyethylenglykol-oleylether 28.7 29.6

Span 80 4.3 Sorbitanmonooleat 25.5 24.7

Sophorolipid18:2 ~6 Linoleic acid glucoside 26.2 28.4

Tergitol 15-S-3 8.0 Secondary Alcohol Ethoxylates 28.5 29.7

Ecosurf SA-9 11.1 Seed oil alcohols ethoxylated propoxylated 26.0 28.3

Brij O10 12.4 Polyoxyethylen-10-oleylether 27.1 27.8

Ecosurf EH-9 12.5 Ethyl hexanol ethoxylated propoxylated 33.3 29.9

Tergitol NP 9 12.9 Alkylphenol Ethoxylate (APE) 26.2 30.3

Triton CG-110 ~13 Alkyl Polyglucoside 36.8 32.6

Tergitol 15-S-9 13.3 Secondary Alcohol Ethoxylates 27.6 28.3

Tergitol NP 10 13.3 Alkylphenol Ethoxylate (APE) 21.9 24.9

Triton X-100 13.4 Octyl phenol ethoxylate 28.5 27.8

Tween 80 15 Polyoxyethylene (20) sorbitan monooleate 23.9 23.7

Tergitol 15-S-20 15.6 Secondary Alcohol Ethoxylates 31.5 20.9

Tween 20 16.7 Polyoxyethylene (20) sorbitan monolaurate 16.5 30.8

Tergitol 15-S-40 18.0 Secondary Alcohol Ethoxylates 23.0 26.5
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Figure 2. HPODE yield as a function of substrate concentration and enzyme–substrate ratio in the
presence of 3% Triton-CG 110 (v/v substrate) with 20,000 U/mmol (#,  ), 100,000 U/mmol (�, �)
and 200,000 U/mmol (4, N) LOX, filled symbols: in presence of Triton-CG 110, open symbols and
dotted line: without addition of surfactant.

2.2. Lipase Selection and Evaluation of Bienzymatic Lipase-LOX-1 Reaction System

Lipases have been successfully employed in enzyme cascades in combination with
a variety of oxidative enzymes or whole cells before. Typically, enzymes from Candida
rugosa [34,35] or Thermomyces lanuginosus [36] were best suited for vegetable oil hydroly-
sis. A major issue of combining lipases with soybean LOX-1 is the alkaline pH optimum
of the oxygenase. Gargouri et al. used high concentrations of lipase from either Mucor
javanicus [26] or Pseudomonas sp. [27,37] in combination with LOX-1 under slightly alkaline
conditions to liberate linoleic acid from trilinolein. We evaluated 12 commercially available
lipases for their ability to hydrolyze linoleic-acid rich safflower oil. Under LOX-1 optimum
conditions (50 mM borate buffer at pH 9 in the presence of Triton CG-110) none of the
lipases could sufficiently hydrolyze the oil at a dosage of 5% (w/v substrate) (Figure S6A).
Pseudomonas fluorescens lipase was the best enzyme with just 18% hydrolysis after 5 h
under these conditions. Further tests showed that a lower pH value was essential to
reach an acceptable degree of hydrolysis. As LOX-1 activity dropped fast with decreasing
pH (Figure 1a), a pH value of 8.0 was chosen as compromise to maintain sufficient LOX
and lipase activity. In 200 mM Tris-HCl buffer, up to 90% of hydrolysis was reached after
5 h with the Candida rugosa lipases, while lipases from Mucor javanicus and Pseudomonas
fluorescens performed slightly weaker with 60–75% hydrolysis (Figure S6B). In time re-
solved hydrolysis experiments with safflower oil equivalent to 30 mM linoleic acid, it
became apparent that most lipases exhibited a lag phase (Figure 3). Only the lipase from
P. fluorescens showed a high initial reaction velocity and was thus favored over the C. rugosa
lipases. Increasing the concentration of P. fluorescens lipase to 10% (w/v substrate) improved
hydrolysis slightly, reaching 85% hydrolysis after 5 h.
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and
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= lipase PS.

Combining LOX-1 and P. fluorescens lipase did not lead to satisfactory results initially.
When both enzymes were added at the start of the reaction, a hydroperoxide yield of 20%
was obtained after 3 h according to UV 234 nm analysis and the reaction stopped after a
few minutes (Figure 4a). A more detailed analysis revealed that the acid value was low
corresponding to a degree of hydrolysis of just 12% in comparison to 80% of a control
reaction with addition of lipase only (Figure S7, Table 2). The reason for the negative
interdependence of the two enzymes is not fully clear. A reasonable explanation may be
an interference of reactive hydroperoxidized glycerides with active site amino acids of the
lipase resulting in deactivation of the enzyme.
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Figure 4. (a) Hydroperoxidation starting from safflower oil with P. fluorescens lipase and LOX-1: � = LOX-1 addition at start,
� = LOX-1 dosage, N and  = comparative hydroperoxidation with linoleic acid and LOX-1 addition at start N/dosed  );
(b) Analysis of the hydroperoxidation yields based on free fatty acid content when using soy flour suspension and LOX-1
starting from safflower oil with P. fluorescens lipase.  , # = HPODE yield at an initial safflower oil concentration equivalent
to 30 mM linoleic acid with LOX-1/soy flour suspension. �, � = Yield of HPODE with LOX-1/soy flour suspension when
adding safflower oil equivalent to 60 mM and 100 mM (N,4) linoleic acid.
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Table 2. Analysis of HPODE formation and degree of hydrolysis of comparative hydroperoxidation experiments shown
in Figure 4a; Acid value was determined by titration of the lipid phase (Figure S6), HPODE ratio to residual linoleic acid
was derived from GC analysis (Figure S8) and degree of hydrolysis was calculated from average molecular weight after
hydroperoxidation and acid value.

Substrate Linoleic Acid Linoleic Acid Safflower Oil Safflower Oil Safflower Oil

Enzyme Addition LOX-1 Direct LOX-1 Dosed LOX-1 Direct LOX-1 Dosed Lipase Only
(NNN) (•) +Lipase (�) +Lipase (�) (Control)

Acid value 176 ± 15 184 ± 9 23.5 ± 0.2 134 ± 9 160 ± 2

HPODE/linoleic acid ratio 67:33 64:36 61:39 84:16 -

Degree of hydrolysis - - 12 ± 0.1 72 ± 5 80 ± 1

It is known that LOX-1 acts preferably on the free fatty acids and glycerides are
converted significantly slower [26]. A comparison of linoleic acid and monolinolein trans-
formation in our reaction system confirmed this observation (Figure S8). Initial reaction
velocity was approximately tenfold higher with linoleic acid as substrate. Therefore, to over-
come lipase deactivation at least partially, a LOX-1 dosing strategy was applied. With less
LOX-1 at the beginning of the reaction, oil hydrolysis should be favored over hydroperoxi-
dation, and once linoleic acid is available in sufficient quantities the free fatty acid should
be the preferred LOX-1 substrate. LOX dosages between 20,000 and 100,000 U/mmol
substrate per hour were investigated (Figure S9) and at 20,000 U LOX/mmol lipase cat-
alyzed hydrolysis and LOX hydroperoxidation showed similar conversion rates. Upon
LOX dosing HPODE concentration increased to around 80% after 3 h, even exceeding
the control reaction with LOX-1 dosage starting from linoleic acid (Figure 4a). To verify
this surprising result analyzed by UV 234 nm, an additional GC-based quantification was
established. After hydrogenation of the hydroperoxides with boron hydride, analysis of
hydroxides and residual linoleic acid was possible in the presence of glycerides with a
high-temperature GC-column (Figure S10). The hydroperoxide to linoleic acid ratio of the
reaction with combined lipase hydrolysis and LOX-1 dosage was 84:16 in comparison to
64:36 starting from linoleic acid (Table 2) confirming the UV analyses. Glycerol released
from safflower oil slightly enhanced initial LOX hydroperoxidation but did not influence
the final hydroperoxide yield. The synergistic performance of lipase and LOX-1 may be
explained by formation of partial glycerides, which improves emulsification and substrate
accessibility for LOX-1 in combination with Triton CG-110. It should be mentioned that the
degree of hydrolysis was 8% lower than in the control reaction without LOX-1 addition
(Table 2) pointing to a partial lipase deactivation. Hence, a further optimization of LOX-1
dosage or application of lipase combinations may improve the overall hydrolysis rate.

The hydroperoxidation with LOX-1 dosage yielded >83% hydroperoxides within 5 h
at a safflower concentration corresponding to up to 100 mM linoleic acid (Figure 4b). In
combined lipase-LOX-1 systems previously reported [26,37], larger amounts of enzyme (up
to 150% w/w of lipase and 25% w/w of LOX-1) had to be used and solvent was needed for
lipase accessibility. The hydroperoxide yields at 100 mM linoleic acid concentration were
approximately 4 times lower than in our reaction system. Largely, these higher yields can
be attributed to the utilization of green surfactant Triton CG-110 and the implementation
of a LOX-1 dosage strategy.

Comparative experiments with soy flour extract proceeded slower, but still > 83% hy-
droperoxides were produced within 5 h at starting concentrations up to 60 mM (Figure 4b,
dotted lines). Only at an initial oil concentration of 100 mM linoleic acid equivalent the
final hydroperoxide concentration was below 80%. Disadvantages of the soy flour extracts
were the comparative low LOX activity (5100 U/mL) leading to a dilution upon biocatalyst
dosage and significantly stronger foaming. Though addition of 0.2% silicone oil antifoam
reduced foam formation to some extent, purified LOX-1 from soybean or recombinant
LOX [38] would be the preferred biocatalysts for scale-up.
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2.3. Implementation of an Enzyme Cascade with LOX-1, Lipase and Catalase

Application of catalase in biocatalytic oxidation reactions has been shown for H2O2
generating oxidases, like e.g., pyranose 2-oxidase [39], amino acid and glucose oxidase [40]
or galactose oxidase [41], which all use molecular oxygen as substrate. The catalase in
these systems possess a dual use of keeping H2O2 concentrations below a toxic level and
generating dissolved O2 simultaneously. In our reaction system, a dual use for catalase
was intended as well, though with a different focus: Besides generating dissolved or
finely dispersed oxygen for the LOX-1 catalyzed hydroperoxidation, foam reduction was
a major issue in the multiphase reaction system. In previous studies, we observed less
foam generation when combining LOX and catalase for polyunsaturated fatty acid ester
hydroperoxidation [42]. In our newly developed reaction system, addition of surfactant
Triton CG-110 and intermediate formation of partial glycerides during safflower oil hydrol-
ysis makes foam control essential for larger scale application. Catalase from Micrococcus
lysodeikticus, a cost-efficient industrial enzyme with high enzymatic activity over a broad
pH range was chosen for in-situ oxygen production. It is known that hydrogen peroxide is
capable of denaturing proteins even at low concentrations [43]. The enzyme concentration
was adapted to a value, which guaranteed the immediate hydrolysis of H2O2 to prevent
non-selective oxidation of the lipids and oxidative enzyme degradation. Under continuous
H2O2 dosage at least 1000 U/µmol hydrogen peroxide were needed for continuous sub-
strate conversion over the course of reaction (Figure S11). To ensure full hydrogen peroxide
conversion in the presence of lipoxygenase, catalase was added in 20-fold access to the
minimum amount needed.

The in-situ oxygen production was tested in combination with LOX, and peroxidation
was monitored at different H2O2 dosage rates. At 100 mg/mL/min H2O2 the hydroperox-
idation yield was comparable to the oxygen aerated system (Figure 5a), which typically
yielded around 55–60% hydroperoxides (Figure 4a). In addition, foam generation was
reduced significantly in comparison to the aerated system, when safflower oil was used
as substrate in combination with lipase, LOX-1 and catalase (Figure 5b). Strong foaming
was observed in the aerated system from 60 min onwards, which is probably caused by
an increase of amphiphilic compounds comprising partial glycerides, saponified fatty
acids and the hydroperoxides themselves in addition to Triton CG-110. In contrast, only a
moderate foam formation was observed over the time course of 3 h in the catalase-based
3-enzyme cascade.

The 3-enzyme cascade worked well at safflower oil concentrations of 30 and 100 mM
linoleic acid equivalent (Figure 5c). While the reaction velocity at 30 mM was slightly
lower than in the aerated system (Figure 4b), the reaction velocity at 100 mM linoleic
acid equivalent was in the same range. A further increase of safflower oil to 300 mM
linoleic acid equivalent was possible. The initial reaction velocity was lower, probably
caused by non-sufficient emulsification; nevertheless, hydroperoxide yields exceeded 83%
after 7 h of reaction. Analysis of the regioisomer pattern revealed that around 90% of
13-hydroperoxides were formed largely independent of the substrate concentration used
(Figure 5d). Assuming 83% HPODE yield in total, approximately 70 g/L of 13-HPODE
were produced at the highest safflower oil concentration tested with an average synthesis
rate of 10 g/L/h. The catalase-based 3-enzyme cascade should be suitable for process
intensification to further optimize hydroperoxidation yield and production rates. In ac-
cordance combined catalase/oxidase reaction systems were successfully optimized under
continuous and pressurized flow conditions [40,41]. In addition, scale-up of the reaction
system should be simple and it can be assumed that higher yields may be obtained in
larger reactors as was shown before for LOX catalyzed hydroperoxidation [21].
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Figure 5. (a) Dependence of H2O2 flowrate on LOX-catalyzed hydroperoxidation in the presence of M. lysodeikticus catalase
at a linoleic acid concentration of 30 mM after 2 h of reaction; (b) Foam evaluation with safflower oil equivalent to 30 mM
linoleic acid, top row: 3-enzyme system with catalase and in situ oxygen generation, bottom row: lipase + LOX system with
oxygen bubbling; (c) Hydroperoxidation yields with LOX-1 from Sigma, lipase and catalase in Tris HCl buffer pH 8 with
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= 300 mM linoleic acid; (d) Analysis of the regioisomer ratio
(13:9) of products obtained from reaction shown in (c) with percentage of 13-HPODE (�) and 9-HPODE (�).

3. Materials and Methods
3.1. Materials

LOX-1 and catalase from Micrococcus lysodeikticus, and lipases were obtained from
Sigma Aldrich (St. Louis, MO, USA). Soybeans were purchased from Wolmersdorf GmbH &
Co. KG, Nindorf, Germany, and solvents were obtained from Carl Roth GmbH & Co. KG,
Karlsruhe, Germany (ethanol, THF) and Fisher Scientific, Hampton, USA (ethyl acetate).
Other chemicals were obtained from VWR International GmbH, Darmstadt, Germany and
Sigma Aldrich. Reference standards of 13-Hydroxy-9(Z),11(E)-octadecadienoic acid, 9(R)-
hydroxy-10(E),12(Z)-octadecadienoic acid,13-Hydroperoxy-9(Z),11(E)-octadecadienoic acid
and 9-Hydroperoxy-10(E),12(Z)-octadecadienoic acid were purchased from Larodan AB,
Solna, Sweden. Mono- and Dilinolein reference standards were obtained from Sigma
Aldrich. References of palmitic acid, stearic acid, linoleic acid were purchased from Carl
Roth. Oleic acid reference was obtained from Fisher Scientific. Safflower oil was purchased
from Gefro KG, Memmingen, Germany and GC analysis showed a content of 77.5% linoleic
acid, 13.4% oleic acid, 2.4% stearic acid and 6.7% palmitic acid (Figure S12).
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3.2. Preparation of Linoleic Acid and Soybean Lipoxygenase

Preparation of linoleic acid from safflower oil was conducted essentially as described
before [44]. 1 kg of safflower oil, 250 g of potassium hydroxide, 1 L of ethanol and 1 L
of water were mixed in a flask and incubated for 90 min under reflux. After cooling, the
mixture was acidified with HCl and the lipid phase was separated, washed and dried. The
fatty acid fraction (900 g) was mixed with 900 g of urea and 4.5 L of ethanol in a 10 L vessel
and stirred at 70 ◦C for 1 h to dissolve the urea. Then the solution was crystallized at 8 ◦C
overnight, the precipitate was removed by filtration before the filtrate was diluted with
4.5 L of water and the pH was adjusted to 2.5 with HCl. The upper linoleic acid phase
was separated, washed with deionized water and dried under vacuum. According to GC
analysis, the enriched linoleic acid contained 93.7% linoleic acid alongside 6.2% oleic acid
and 0.1% palmitic acid (Figure S12).

LOX was obtained by freezing soybeans in liquid nitrogen and grounding with a bean
mill from Jupiter GmbH, Stuttgart, Germany. The grounded beans were then extracted in
3 volumes of acetone for 90 min. The extraction was conducted three times before residual
solvent was removed in vacuo at room temperature. Before usage a 10% w/v solution of
defatted beans in 50 mM borate buffer pH 9 was prepared. The preparation was stirred for
30 min, filtrated and activity was determined photometrically.

3.3. Enzyme Activity Measurements and Protein Quantification

Lipoxygenase activity was determined photometrically with an UV-3100 PC Spec-
trophotometer from VWR International in 50 mM sodium borate buffer pH 9 with 1 mM
linoleic acid. Reaction was started by addition of enzyme solution in the cuvette and
the increase in absorbance at 234 nm was measured over 5 min. The enzyme activity
(1 µmol/min = 1 U) was calculated using an extinction coefficient of 25,000 M−1 cm−1.

Catalase activity was analysed photometrically in either 50 mM sodium borate buffer
pH 9 or 50 mM Tris-HCl buffer pH 8 with 15 mM hydrogen peroxide. The reaction
was started by the addition of enzyme and the consumption of hydrogen peroxide was
monitored at 240 nm using an extinction coefficient of 44.3 M−1 cm−1.

Quantification of protein content was done with the Biuret method in triplicate against
a bovine serine albumin calibration curve. In a 96-well plate, 100 µL of the appropriate
diluted samples were added to 100 µL of a biuret staining solution (0.3 g CuSO4 × 5 H2O,
1.21 g NaK-tartrate × 4 H2O, 0.5 g KI diluted in 100 mL 0.2 M NaOH) and incubated in the
dark for 30 min. Absorption at 540 min was measured with a Spectra Max 190 microplate
reader from Molecular Devices LLC, San Jose, USA.

3.4. Biocatalytic Transformations

Typical LOX experiments were carried out in a volume of 50 mL with continuous
oxygen bubbling at a rate of 20–100 mL/min under stirring with either LOX enriched
defatted soybean extract or soybean LOX-1 preparation from Sigma. Samples were taken
periodically for UV-monitoring of peroxides and after termination of the reaction pH was
adjusted to 3.5 and hydroperoxides were extracted with ethyl acetate and washed with
water. The remaining solvent was evaporated in vacuo using a rotary evaporator at room
temperature and the product was used for further analysis. In optimization studies a
variety of conditions were tested as outlined in Table 3. Additionally, enzyme and substrate
addition over time and the effect of agitation and homogenization methods were examined.

For lipase screening (Table 3), 0.65 mmol safflower oil (MW calculated 874.3 g/mol,
77.5% linoleic acid content, equivalent to a concentration of 30 mM linoleic acid) was
homogenized for 30 min with a homogenizer (Kinematica AG Polytron PT 2500 E) in either
50 mL Tris-HCL buffer at pH 8- or 50-mL borate buffer pH 9 at room temperature. The
reactions were conducted under stirring and pH control at 20 ◦C for 5 h with 0.64 mg/mL
of technical lipase preparation (5% w/v substrate) added. Samples were taken periodically,
and hydrolysis was monitored by GC analysis. Combinations of lipase and LOX were done
under essentially identical conditions at pH 8. Lipase was always added at the start of the
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reaction and LOX was either added at start (100,000 U/mmol substrate) or dosed over the
reaction at a flowrate of 10,000 U/mmol substrate per hour.

Table 3. Parameters tested for optimization of linoleic acid hydroperoxidation and safflower oil hydrolysis.

Parameter Range/Compounds

Temperature 20–30 ◦C

pH-value 6.5–10

Solvents Methanol, Ethanol, DMSO, MTBE, Acetone, Acetonitrile, Isopropanol, 1-Butanol, Heptane, 1-Octanol

Detergents
Tween 20, Tween 80, Tergitol 15-s-3, Tergitol 15-s-7, Tergitol 15-s-9, Tergitol 15-s-20, Tergitol 15-s-40,
Tergitol NP-9, Tergitol NP-10, Ecosurf SA-9, Ecosurf EH-9, Triton X-100, Triton CG-110, Sophorolipid

C18:2 [30], Brij 93, Brij O 10, Span 80

Oxygen supply 0 to 100 mL/min

Substrate concentration 1 to 100 mM (linoleic acid equivalent)

Substrate–enzyme ratio LOX: 1000 to 1,000,000 U/mmol

Lipases

Amano AY 30 (C. rugosa) (172.8 ± 33.4 mg/g), Amano A (A. niger) (173.9 ± 15.4 mg/g), Amano F-AP
15 (30.8 ± 4.9 mg/g), Amano M (M. javanicus) (256.9 ± 11.5 mg/g), Amano (P. fluorescens)

(109.4 ± 12 mg/g), Amano G (P. camemberti) (80.4 ± 5.3 mg/g), Amano PS (B. cepacia)
(15.1 ± 3.1 mg/g), Lipase CCL (C. rugosa) (124.4 ± 17.3 mg/g), Palatase 20,000 L (45.3 ± 4.3 mg/g),

Novozymes Lipolase 100 L (T. lanugenosis) (13.2 ± 1.4 mg/g), Novozymes Eversa Transform 2.0
(19.8 ± 1.9 mg/g), Novozymes CalB L (C. antarctica) (37.8 ± 0.6 mg/g)

The application of catalase for in-situ oxygen generation was analyzed under reaction
conditions previously optimized for LOX and the minimum amount of catalase for immedi-
ate H2O2 removal over the course of the reaction was determined. LOX and catalase were
combined and H2O2 was added with 0–200 mg/(L·min) in 50 mL scale trials. The reaction
was followed by hydroperoxide formation and foam build up was monitored visually.

The 3-enzyme-cascade consisting of LOX, lipase and catalase was run under optimized
conditions in 50 mL scale at pH 8 in Tris-HCl buffer under stirring and pH control at 20 ◦C
in the presence of Triton CG-110 (3% w/v of substrate) for 7 h. 0.65–6.5 mmol safflower oil
(equivalent to 30–300 mM linoleic acid), lipase from Pseudomonas fluorescens in a concentra-
tion of 10% (w/v substrate) and 20,000 U catalase from Micrococcus lysodeikticus per µmol
hydrogen peroxide were added at the start of the reaction. H2O2 dosing was adjusted to
100 mg/(L·min) and LOX-1 dosage was 2000–10,000 U/mmol substrate each hour.

3.5. Product Analysis and Quantification

Routine quantification of the hydroperoxidation products was done by analyzing the
conjugated double bond system at 234 nm (extinction coefficient of 25,000 M−1 cm−1).
Samples were diluted appropriately in ethanol and analyzed with an UV-3100 PC Spec-
trophotometer from VWR.

Analysis or regioisomers was carried out with a Nexera LC-20AD XR Liquid Chro-
matograph HPLC from Shimadzu Deutschland GmbH, Duisburg, Germany using a Hitachi
(Chiyoda, Japan) LaChrom II C18 RP column (250 mm × 4.6 mm, 5 µm particle size). The
injection volume was 10 µL and separation of compounds was achieved using an iso-
cratic flow with 48% acetonitrile:THF:formic acid (67.5:32.5:0.1) and 52% water:formic acid
(100:0.1) over 90 min. Peak assignment of 9- and 13-hydroperoxides and hydroxides was
done with reference standards. Peak areas of the 9- and 13-hydroperoxides were used for
quantification using a calibration curve.

Oil hydrolysis was either analyzed by titration or GC analysis. Lipids were extracted
with ethyl acetate after acidifying the sample to pH 3.5 with 1 M HCl. After washing of
the solvent phase, ethyl acetate was evaporated under vacuum and the lipid phase was
stored at −20 ◦C until further analysis. 100–300 mg of the lipid phase was diluted with
20 mL anhydrous ethanol and two drops of an ethanolic phenolphthalein solution were
added. The lipid phase was titrated against 0.1 M KOH solution under constant stirring
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with a Titroline 7000 from SI Analytics Mainz, Germany until the color changed to pink.
Acid value was calculated using the following Formula (1).

Acid value =
VKOH [ml] × cKOH

[
mol

l

]
× MKOH

[ g
mol
]

weightsample[g]
(1)

Samples for GC analysis were prepared by silylation of the lipid phase with a tenfold
excess of BSTFA + TMCS. Silylation was performed by diluting 5 µL of the product sample
in 945 µL heptane. 50 µL BSTFA + 1% TMCS solution were added into the vial and
silylated at 80 ◦C for 1 h. Analysis of oil hydrolysis was performed using a Shimadzu
GC-2010 system with FID detection and helium as carrier gas with a MTX-Biodiesel TG
high-temperature column from Restek GmbH, Bad Homburg, Germany (length 14 m, film
thickness 0.16 µm inner diameter 0.53 mm), an injection volume of 1 µL and a split ratio of
1:12. The column temperature at the beginning was set to 75 ◦C and stepwise increased to
410 ◦C within 25 min.

Analysis of HPODE via GC was done after hydrogenation of the hydroperoxides. The
lipid fraction was extracted with ethyl acetate after acidifying with HCl as described above.
25 µL of lipid sample was dissolved in 500 µL borate buffer pH 9 and 500 µL sodium
boron hydride (10 mg/mL) in 1 M NaOH. The mixture was incubated for 1 h at room
temperature. After acidification with 5 M HCL, the lipids were extracted in 500 µL MTBE.
Silylation was done as described above. GC-Analysis was done using a split ratio of 1:10
and a temperature gradient from 40 ◦C to 330 ◦C within 27 min.

Methylation of lipid substrates was performed by weighing in 20 µL of lipid phase
and addition of 500 µL boron trichloride in methanol (12% w/w). After incubation for
120 min at 60 ◦C, 500 µL water was added. The lipids were extracted in 1 mL heptane and
dried with sodium sulfate. GC-FID analysis was done with an ERAcc-WAX-MS column
(length 30 m, film thickness 0.25 µm inner diameter 0.25 mm) from Isera GmbH, Düren,
Germany, an injection volume of 1 µL and a split ratio of 1:10. A gradient from 100 ◦C to
250 ◦C at a rate of 5 ◦C/min was applied.

The degree of hydrolysis of hydroperoxide samples obtained from safflower oil was
calculated with:

Degree of hydrolysis =
Acid value × 100

Theoretical acid value
(2)

The theoretical acid value was calculated from the average molar mass obtained from
compound analysis with GC. The fatty acid composition was analyzed after methylation
and the hydroperoxide content after hydrogenation and silylation. A mass of 32 g/mol
(O2) was added for the hydroperoxide fraction.

4. Conclusions

In this work, we established an enzymatic cascade suitable for one-pot transformation
of linoleic acid rich oils into 13-hydroperoxyoctadecadienoic acid in high yield and with
good regioselectivity. Foam control with in-situ oxygen production will enable simple
scale-up of the reaction system. The system applies well to the “Principles of Green
Chemistry” in being solvent-free and using only enzymes at low temperature in the
presence of fully biobased surfactant Triton CG-110. Further optimization potentials may
target implementation of the 3-enzyme cascade in fixed bed applications or flow systems.
Besides immobilization of the enzymes for recycling and cost optimization, cloning of
soybean LOX-1 may improve the technical availability of the lipoxygenase.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11091119/s1, Figure S1: HPLC example chromatogram, Figure S2: Effect of substrate
concentration and oxygen flow rate, Figure S3: Influence of homogenization methods, Figure S4: In-
fluence of solvent addition, Figure S5: Influence of HLB on HPODE yield, Figure S6: Lipase screening
at pH 8 and 9, Figure S7: Acid value analysis of hydroperoxidation experiments shown in Figure 4a,
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Figure S8: Comparison of linoleic acid and monolinolein hydroperoxidation, Figure S9: Comparison
of HPODE yield with different LOX dosages. Figure S10: GC chromatograms of hydrogenated sam-
ples from experiments shown in Figure 4a, Figure S11: Catalase concentration adjustment; Figure S12:
GC-analysis of substrates.
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