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Abstract: Cascade reactions are the basis of life in nature and are adapted to research and industry
in an increasing manner. The focus of this study is the production of the high-value aromatic ester
cinnamyl cinnamate, which can be applied in flavors and fragrances. A three-enzyme cascade was
established to realize the synthesis, starting from the corresponding aldehyde with in situ cofactor
regeneration in a two-phase system. After characterization of the enzymes, a screening with different
organic solvents was carried out, whereby xylene was found to be the most suitable solvent for the
second phase. The reaction stability of the formate dehydrogenase (FDH) from Candida boidinii is the
limiting step during cofactor regeneration. However, the applied enzyme cascade showed an overall
yield of 54%. After successful application on lab scale, the limitation by the FDH was overcome by
immobilization of the enzymes and an optimized downstream process, transferring the cascade into a
miniplant. The upscaling resulted in an increased yield for the esterification, as well as overall yields
of 37%.

Keywords: enzyme cascade; aromatic compounds; esterification; scale-up; continuous reactor
operation; immobilization

1. Introduction

Based on a long history, e.g., beer brewing or cheese fermentation, biocatalysis is a highly
important method in industry. Thereby, biocatalytic cascades play a fundamental role in nature and in
biotechnology where they show great advantages, such as environmental friendliness, less intermediate
separation, and more sustainable reactions due to less byproduct formation. Different methods are
used to improve the productivity of biotechnological processes, whereby the cores of research are an
efficient cofactor regeneration and the downstream processing [1,2]. Especially the enzyme group
of oxidoreductases require cofactors, which are often very cost intensive, constituting the need for
their regeneration. This is often realized by using a second enzymatic reaction, since enzymes are
highly selective and efficient. Important applications for cofactor regeneration are, e.g., the synthesis
of chiral alcohols by the reduction in prochiral ketons via ketoreductases with an integrated cofactor
regeneration by a glucose dehydrogenase [3].

In this study, an enzymatic cascade is established, applying a bi-phasic system and integrated
cofactor regeneration, shown in Figure 1. A high-value ester is synthesized, which can be used in
fragrances and flavors such as odors, blending agents, or non-musk fixatives, applying an enzyme
cascade with three different biocatalysts [4]. The reaction starts from cinnamyl aldehyde, available
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from natural resources. The aldehyde is reduced by an alcohol dehydrogenase (ADH) to the
corresponding alcohol in an aqueous phase, utilizing nicotinamide adenine dinucleotide (NADH)
as cofactor. In parallel, an FDH is applied for in situ cofactor regeneration. This regeneration has
the advantage that it is an almost irreversible reaction and the product CO2 is bound in the aqueous
phase [5]. Subsequently, the produced alcohol is extracted by the second, organic phase, and esterified
with cinnamic acid to obtain the desired ester cinnamyl cinnamate, catalyzed by a lipase. Therefore,
the enzymes are characterized regarding their kinetics, an organic solvent as second phase is selected
and investigated to obtain a suitable reaction system. The overall aim was to realize the whole cascade
in two reaction steps with in situ extraction and subsequent scale up into a miniplant, based on
these investigations. This cascade reaction system can also be applied for syntheses of further esters,
utilizing aldehydes as substrates.
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2. Results

2.1. Enzyme Characteristics

For an effective cascade reaction system, a suitable alcohol dehydrogenase and different
immobilized lipases were screened regarding the applied substrates. For the lipase, the immobilized
preparation Novozym®435 showed one of the highest activities, and since it is commercially available,
it was chosen for the reaction system (see Supplementary Materials). Different alcohol dehydrogenases
were screened, whereby only three showed activity regarding the cinnamyl aldehyde and the highest
activity was obtained with the enzyme ADH97L (c-LEcta, Leipzig, Germany) (further details in
Supplementary Materials). Furthermore, this enzyme showed activities up to a pH of 8.5 and 2.5%
higher activities at high temperatures up to 60 ◦C (further details in Supplementary Materials).
For cofactor regeneration in the aqueous phase, FDH from Candida boidinii was used, due to its
availability and efficiency for cofactor regeneration [6–10]. The implementation of the two different
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enzymes requires a maximum pH value to perform the reduction with in situ cofactor regeneration.
The applied FDH has a comparable broad pH range (pH 5–11) whereby the optimum of the ADH97L
is at pH 7 [11]. As a compromise regarding the cofactor regeneration, a pH value of 8 was selected for
the presented system.

The kinetic parameters based on reaction rate measurements of the enzymes are presented in
Table 1. For the ADH and FDH a two-substrate kinetic with product inhibition, cf. Equation (2)
(Section 4.2), was calculated via the Michaelis–Menten equation with MATLAB R2018b. The applied
ADH was an overexpressed enzyme, with KM values of 0.39 mM for the aldehyde and 0.08 mM for
NADH. In literature, values for cinnamyl aldehyde reduction by ADHs range from 0.009–0.1 mM,
presenting a higher substrate affinity compared to the present study. In literature, KM values for
NADH from 0.025–0.177 mM were found, so that the utilized ADH97L showed a comparable high
affinity [12–15]. However, different ADHs showed a broad activity range for cinnamyl aldehyde
reduction of 3.9 × 10−3 U–14.4 U, [13] whereby with the applied ADH97L a value of 3.5 U was
obtained, which is within the literature range. In addition, a product inhibition by cinnamyl alcohol
was found for the ADH97L with a comparable low KI of 0.04 mM. In literature, inhibitions of ADHs by
substrates or products are described, but no data are available for the investigated substrate and reaction
system [16,17]. In comparison to this specific ADH, the FDH from Candidia biodinii is well-studied
and used in industry for cofactor regeneration, e.g., in reductive amination. [18] KM values obtained
during these investigations were with 10.14 mM (formate) and 0.04 mM (NAD+) in the range of the
data, which can be found in literature presenting values for formate between 4–20 mM and for NAD+

from 50–90 µM [19–21].

Table 1. Kinetic data of the enzymes used in the cascade (further details see supplementary materials).

Enzyme vmax,f vmax,b KM,S1
[a] KM,S2

[a] KM,P1
[b] KM,P2

[b] KI
[c] kcat

[d]

ADH [e] 3.49 U/mg ± 1.53 n.e.[g] CA
0.39 mM ± 0.20

NADH
0.08 mM ± 0.07 n.e. [g] n.e. [g] CAl

0.04 mM ± 0.3 1.6 s−1

FDH [e] 0.46 U/mg ± 0.07 n.e.[g] NF
10.14 mM ± 6.67

NAD+

0.04 mM ± 0.02 n.e. [g] n.e. [g] NADH
0.27 mM ± 0.42 8.1 s−1

Lipase [f] 6.31 U/g ± 1.19 14.75 U/g ± 2.79 CAl
2.77 mM ± 0.52

CAc
1.40 mM ± 0.27

CC
0.78 mM ± 0.15

H2O
252.89 mM ±

47.86

CAc
13.72 mM ± 2.60 3500 s−1

[a] KM of the substrates. [b] KM values of the back reaction. [c] Inhibition constants: competitive inhibition in
the case of ADH and FDH and non-competitive inhibition of the lipase. [d] Calculated for enzyme preparation.
[e] Calculated with MATLAB R2018b. [f] Calculated with Encora 1.2. [g] n.d.—not detectable. CA—cinnamyl aldehyde,
Cal—cinnamyl alcohol, CAc—cinnamic acid, CC—cinnamyl cinnamate. Cond.: ADH/FDH: phosphate buffer,
0.1 M, pH 8, cCinnamyl aldehyde = 0.01–5 mM, cNADH = 0.005–0.15 mM, cNa formate = 2.5–300 mM, cNAD+ = 0.02–1 mM,
λ = 360 nm, T = 30 ◦C. Lipase: VXylene = 50 mL, cCinnamyl alcohol = 10–80 mM, cCinnamic acid = 5–60 mM, mLipase = 2 g,
T = 60 ◦C under reflux conditions.

Regarding the applied lipase, Novozym®435, various kinetic models are described in literature [22–31].
For this study, forward and backward reactions as well as substrate inhibition by cinnamic acid were
assumed, due to the high concentration in the organic phase on the miniplant of up to 100 mM.
In addition, substrate dissociation constants for the forward and backward reactions were considered.
Further inhibitions were not considered, due to the low solubility of the compounds in the aqueous phase
and therefore low concentration after extraction into the organic phase. This leads to Equation (1):

v =
vmax, f ·

(
cCAl·cCAc −

cCC·cH2O
Keq

)
Ki,CAc·KM,Al + KM,Ac·cCAc

(
1 + cCAc

K′i,CAc

)
+ KM,CAc·cCAl +

vmax, f
vmax,b

·
KM,H2O·cCC

Keq
+

vmax, f
vmax,b

·
KM,CC·cH2O

Keq
+

+cCAc·cCAl +
vmax, f
vmax,b

·
cCC·cH2O

Keq

(1)

with Keq = vmax,f · Ki,H2O · KM,CC/(vmax,b · Ki,Ac · KM,Al).
The kinetic parameters were calculated via progress curve analysis, whereby three esterifications

with different starting concentrations were analyzed using the software Encora 1.2 [32]. The standard
deviations of kinetic parameters were calculated via residual variance according to Duggleby [33].
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In Table 1, the calculated values are shown, whereby the kinetic values of the applied lipase in literature
show a broad range of activity. However, in literature, the esterification and transesterification are only
carried out with cinnamic acid or the corresponding alcohol, so that no comparison can be made [34,35].

2.2. Solvent Screening

The enzyme cascade was to be applied in a two-step reaction system with in situ extraction for the
second reaction step. Different organic solvents were investigated regarding their hazardous nature
and suitability regarding the scale-up; results are shown in Table 2. Alfonsi et al. developed a solvent
guide for medical chemistry, whereby the solvents were assessed in workers safety, process safety,
and environmental and regulatory considerations. This assessment was used in the present study to
find a suitable organic solvent, whereby all selected organic solvents were usable for the application
with logP values ranging from 0.84 to 3.58, except diethyl ether. However, most usable organic solvents
listed by Alfonsi et al. were not suitable for application in the cascade reaction system, since they
were water-soluble or presenting possible substrates for the applied enzymes. Due to the miniplant,
a classification was carried out regarding the suitability of the organic solvent for the up-scaling.
The compounds were categorized in four classes from a to d, whereby diethyl ether does not show
suitable properties similar to the consideration of the hazardous nature described in literature, as well
as toluene [36]. The best results regarding the suitability in a larger plant were obtained with xylene,
cyclopentylmethyl ether (CPME), and methyl-tert-butyl ether (MTBE).

Table 2. Assessment of organic solvents.

Solvent logP 1 Boiling Point 2 Hazardous Nature
(Pfizer) 3

Miniplant
Suitability 4

Heptane 3.58 98 ◦C 2 c
Isooctane 3.56 99 ◦C 2 c
p-Xylene 3.00 138 ◦C 2 a

Cyclohexane 2.67 84 ◦C 2 c
Toluene 2.49 111 ◦C 2 d

Cyclopentylmethyl ether 1.48 106 ◦C - 5 a
Methyl-tert-butyl ether 1.18 55 ◦C 2 a

2-Methyltetrahydrofurane 0.95 80 ◦C 2 b
Diethyl ether 0.84 35 ◦C 3 d

1 Calculated online by chemicalize.com. 2 Sigma Aldrich 10.09.20. 3 Assessment by Alfonsi et al. at Pfizer:
1—preferred, 2—usable, 3—undesirable. 4 Suitability for the scale-up in the miniplant: a—preferred, b—ok,
c—usable, d—undesirable. 5 No reference.

In the continuous cascade system, an equilibrium of water and organic solvent between the two
phases will always be present. This results in a partly dissolution of the organic solvent in the aqueous
phase and vice versa, which can have a direct influence on the enzyme activity [37,38]. For a better
understanding of this effect, the retained enzyme activity was investigated by saturating the aqueous
buffer phase with the used organic solvent. Subsequently, the reduction in cinnamyl aldehyde by the
ADH was investigated. It can be seen that the kinetics carried out with the selected organic solvents
show a similar course with significant differences regarding the residual activities under the given
conditions (further details in Supplementary Materials). In Figure 2, the retained apparent maximum
reaction rate is plotted against the logP values of the applied organic solvents. With low logP values,
a very low residual activity of the ADH was measured, which was decreasing further up to a logP
of 1.48 (CPME) presenting the lowest activity. With an increasing logP value, the residual activity is
significantly increasing, whereby the best results with 91.3% residual activity were obtained using
isooctane and heptane, offering the highest logP values. The low influence on enzyme activity using
solvents with a high logP value in two-phase systems is described by different research groups; however,
in literature, an S-shape curve is described, whereby with low hydrophobicities almost no detectable
activity is described [39–41]. In contrast, the measurements carried out during this study showed a
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minimum activity at logP 1.48 (CPME) and increasing activities with further decreasing logP values.
This behavior is based on the nature of the enzyme, e.g., the different active centers, and was observed
also during the studies of Cantarella and co-workers, who obtained a significant difference in solvent
dependence in comparison to the description of Grundtvig et al. The results highlight that the influence
of the organic solvents has always to be tested for the specific application [40,42]. The substrates
applied during this study showed a low solubility in isooctane and heptane but showed high residual
activities in the enzyme reaction. The solubility in xylene was comparably high, which could be based
on the aromatic structure of the substrate and a high residual enzyme activity was found as well,
so that xylene was chosen as an organic solvent for the study.
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Figure 2. Solvent screening regarding residual enzyme activity. Solid line: in literature, described
influence of LogP value on enzyme activity. [40] Dashed line: enzyme activity in buffer without organic
solvent. Conditions: with organic solvent saturated Tris-HCl buffer (pH 7, 0.1 M, 2 mM MgCl2),
ccinnamyl aldehyde = 0.1–6 mM, mADH = 0.1 mg, cNADH = 0.1 mM, λ = 360 nm, 30 ◦C.

2.3. Reaction in the Aqueous Phase

For evaluation of the complete reaction system, the establishment of the in situ cofactor regeneration
had to be realized. Therefore, the FDH from Candida boidinii was chosen, since formate is a cheap
hydrogen source and not extracted in the organic phase during the downstream processing under
the chosen conditions. In addition, CO2 as a reaction product dissolves in the aqueous phase [43].
In Figure 3, the reaction progress in the aqueous phase is shown by plotting the amount of cinnamyl
aldehyde and cinnamyl alcohol over time. A complete conversion was reached with a yield of 100%.
Since CO2 could change the pH value caused by dissolution in water and combined with subsequent in
situ formation of carbonic acid, the pH value was tracked during the course of the reaction. However,
no change was observed, so that the buffer concentration is sufficient for the applied reaction conditions.
Nevertheless, in a continuous process with a substrate feed, the concentration of the buffer should be
high enough to compensate the produced CO2. It can be dissolved until 70 mM in pure water and
shows a decreasing solubility with salt addition; therefore, the buffer was used at a concentration of
100 mM [44].
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Figure 3. Reaction progress of the aqueous phase with in situ cofactor regeneration. Conditions: left:
potassium phosphate buffer pH 8, 0.1 M, V = 25 mL, cAldehyde = 7.5 mM (fed with 0.3 mL/h), cNADH =

0.1 mM, mADH = 3,125 mg, mFDH = 5 mg, csodium formate = 200 mM, 30 ◦C. Right: potassium phosphate
buffer pH 8, 0.1 M, V = 25 mL, cAldehyde = 7.5 mM, cNADH = 0.15 mM, mADH = 0.5 mg, mFDH = 5 mg,
csodium formate = 100 mM, 30 ◦C.

Adding more substrate, it became clear that the FDH is crucial for the system to sustain the
cofactor regeneration, limiting the conversion of the ADH. The resulting incomplete conversion of the
substrate could be overcome by adding more FDH to the system, see Figure 3, right.

The deactivation of the FDH in the cascade was investigated in detail with differential scanning
fluorimetry technology [45,46]. The protein stability is determined by measuring the intrinsic
fluorescence (NanoTemper Technologies GmbH, Munich, Germany) of the protein based on its folding
state. In Figure 4, the scanning results are shown; however, only FDH could be tracked with this
technique based on visible amino acid residues in comparison to the ADH. It can be seen that the
measurement of the reaction mixture resulted in a slight shift of the single peak, presenting the
FDH, which shows the influence of the other reaction compounds (further details in Supplementary
Materials). This method was applied for the investigation of the FDH stability, plotted in Figure 4b.
A continuous decrease in the flexibility, folding, and unfolding occurred, indicating a deactivation
of the FDH over the reaction progress. Since the storage stability of the enzyme is comparably high
(over 160 h) [47], these results indicate that the FDH is deactivated by the reaction itself. A possibility for
the deactivation could be microemulsions, which is a phenomenon described in literature. Orlich et al.
detected only up to 2.5% residual activity with those emulsions based on application of hydrophobic
substrates and products [48]. However, Gröger et al. observed a significant deactivation by non-polar
aromatic hydrocarbons applying 10% (v/v) in the reaction. During the present study, 0.06% (v/v) of the
substrate was used, so that this effect should be comparably low [48,49]. In addition, an increasing
amount of ADH resulted in a faster decrease in FDH stability, which underlines the effect of deactivation
by the reaction itself and increasing conversion by the FDH in parallel. (SI) A further reason for the
deactivation could be orthokinetic flocculation by contact between the particles based on the agitation
of the bulk medium presenting a general problem in biocatalytic reactions [46].
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Figure 5. Lab-scale application of the cascade reaction. Conditions: aqueous phase: potassium 
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Figure 4. Measurement of protein stability by differential scanning fluorimetry. (a) Crude enzymes in
comparison to start and end point of a reaction. (b) Reaction progress over 3 h. Conditions: potassium
phosphate buffer pH 8, 0.1 M, V = 25 mL, cAldehyde = 7.5 mM, cNADH = 0.15 mM, mADH = 0.5 mg,
mFDH = 5 mg, csodium formate = 100 mM, 30 ◦C.

2.4. Application of the Enzyme Cascade

Finally, the whole cascade was operated batchwise via the two-step synthesis. The reduction in
cinnamyl aldehyde was realized in one pot, and after extraction, the esterification was performed at
60 ◦C under reflux conditions. As can be seen in Figure 5, in the first step of the cascade, full conversion
of the substrate was reached, yielding in 96% of cinnamyl alcohol after 4 h. During the esterification,
the second step, a conversion of about 90% was obtained with a high product yield of 50%. Here,
limitations for the esterification became visible, whereby one reason is the thermodynamic limitation
of the reaction based on especially the presence of the side-product water. In addition, further side
products can reduce the yield for the ester, so that only 50% could be reached. Another problem could
be an evaporation of the alcohol despite the application of the reflux condenser and a comparably low
solubility of the acid in the reaction mixture, whereby partly a precipitation at the surface or between
the two phases was visible.
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buffer pH 8, 0.1 M, V = 25 mL, cAldehyde = 4 mM, cNADH = 1 mM, mADH = 2 mg, mFDH = 5 mg,
csodium formate = 100 mM, 30 ◦C; organic phase: 25 mL xylene with extracted alcohol, cAcid = 3.4 mM,
mLipase = 1 g, 3.3 g molecular sieve, 60 ◦C.
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After the detailed investigation and characterization of the cascade on lab scale, the cascade
was implemented on a larger scale by our project partners in the miniplant; for details,
see Johannsen et al. [50]. With this set-up, an in situ extraction with an extraction centrifuge
after the first reaction step in aqueous media could be realized, enabling a subsequent esterification
in a packed-bed reactor (PBR) with xylene as a solvent. In the miniplant, a rotating bed reactor
containing the previously described immobilized enzymes is used for the reaction in the aqueous
phase. ADH and the FDH were covalently immobilized onto porous silica particles, with a previous
published method [51]. The scale-up of the cascade into an 800 mL miniplant-scale (aqueous phase)
reactor resulted in a lower conversion compared to the lab-scale reaction (25 mL) of around 50%
for the first step (shown in Figure 6). However, the reaction equilibrium was not reached, so that a
higher conversion needs possibly a longer reaction time or an increased amount of enzyme. The main
reason for this lower productivity was the usage of immobilized enzymes, which showed a reduced
activity after immobilization. In contrast, esterification after extraction into the organic phase showed
a higher yield than in the small scale. An explanation could be a lowered film diffusion limitation
at the heterogenous biocatalyst preparation in the fixed bed in contrast to the stirred tank reactor. In
addition, a lower starting concentration of water realized by a lower temperature of 10 ◦C instead of 20
◦C, decreasing the water solubility during the extraction, which resulted in increasing productivity of
the lipase [50]. However, the overall yield of the lab-scale reaction reached 54%, whereby a yield of
37% was obtained during the scale-up. The results proved that the reaction could be realized; however,
there is still room for improvement, especially, for the first reaction step in the aqueous phase using the
miniplant: e.g., longer reaction times or increasing enzyme activities. With this, a higher yield of up to
96% for the reduction is possible, as demonstrated at lab scale, and therefore, a higher overall yield
could be reached.
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Figure 6. Reaction of the applied cascade reaction with immobilized enzymes in the miniplant.
Conditions: aqueous phase: potassium phosphate buffer pH 8, 0.1 M, V = 0.5 L, cAldehyde = 8.8 mM,
cNADH = 3.4 mM, mADH = 21.3 mg, mFDH = 6.6 mg, csodium formate = 327.5 mM, 30 ◦C; organic Phase:
Xylene, V = 0.6 L, cAcid = 56.3 mM, mLipase = 12.8 g, 60 ◦C.

3. Discussion

The cascade reaction system was applied successfully in the lab and subsequently in the miniplant.
The enzymes applied in the aqueous phase for the cinnamyl aldehyde reduction, ADH97L and the
FDH from Candida boidinii, showed comparable kinetics to those described in literature. Only for the
lipase, Novozym®435, no comparison could be made, since the combination of two comparable large
molecules as substrate is not well described in literature. The reason might be that those substrates
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lead to a comparable high steric hindrance in the active center of the enzyme, resulting in low enzyme
activities. This also emphasizes the uniqueness of this reaction system. Our investigations showed that
limitations in the process were caused by the stability of the FDH. This challenge could be overcome
by, e.g., protein engineering, enzyme immobilization or the application of a more stable enzyme
for cofactor regeneration. The screening of organic solvents, applied as second phase for product
extraction, revealed different deactivations of the enzymes in the aqueous phase based on the chemical
properties. Xylene showed the best results in retained enzyme activity, with low water solubility as
well as high solubility for the other reaction compounds. One reason for this can be the aromatic
structure of the compounds, an important aspect for the extraction of cinnamon derivatives and the
application in the miniplant system, leaving room for further experiments. Application of the cascade
in the miniplant enabled even higher yields for the esterification, which could be based on the usage of
the PBR presenting an optimal reaction set-up, due to a more extensive substrate enzyme interaction.
The utilization of immobilized enzymes enables furthermore the recycling of the enzymes, so that
higher productivities do result in the complete process [51].

With the established three-enzyme cascade reaction and the subsequent downstream processing in
a miniplant, ester synthesis was realized. Furthermore, there is still room for improvement presenting
an interesting process for the synthesis of flavors and fragrances in industry.

4. Materials and Methods

4.1. Materials

The different alcohol dehydrogenases for the screening were a free sample of c-LEcta (Leipzig,
Germany) and the ADH 97L for the application in the process was purchased from c-LEcta. The formate
dehydrogenase was purchased from Sigma-Aldrich (Steinheim, Germany).

Sodium formate, cinnamyl aldehyde, cinnamyl aldehyde NAD+, NADH, sodium alginate, chitosan,
hydrochloric acid, glutaraldehyde, ethanol, heptane, potassium dihydrogen phosphate, and dipotassium
hydrogen phosphate were purchased from Roth (Karlsruhe, Germany) and 3-(Aminopropyl)triethoxysilane
(APTES), as well as tetraethyl orthosilicate (TEOS) from TCI (Eschborn, Germany).

4.2. Kinetics

The kinetics of the ADH and FDH were determined via initial reaction rate measurements.
Different substrate concentrations were measured spectrophotometrically at a defined concentration
of the second substrate at a wavelength of 360 nm. For the inhibition, the product concentration
was varied and both substrate concentrations were kept constant. The reactions were performed
in a potassium phosphate buffer (pH 8, 0.1 M) at 30 ◦C. Subsequently, the kinetics were calculated
with MATLAB R2018b based on Michaelis–Menten two-substrate kinetic with product inhibition by
cinnamyl alcohol and NADH, respectively.

v =
vmax · cS1 · cS2

(KM1 + cS1) ·
(
KM2 +

cS2
KI,S2

) (2)

Equation (1) describes the reaction rate v depending on the substrate concentration cS with the
maximum reaction rate vmax and the Michaelis–Menten constants KM for the two substrates.

The kinetics of the lipase were calculated with Encora 1.2, based on three esterifications with
different starting concentrations, which reached the reaction equilibrium.

4.3. Solvent Screening

For the screening of the organic solvents, 50 mL potassium phosphate buffer (pH 8, 0.1 mM)
were saturated with 20 mL of the organic solvent. Therefore, the two phases were mixed vigorously
with a vortex and allowed to settle. After separation of the two phases, the lower aqueous phase was
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transferred into a closed bottle for easier handling. With this, the initial reaction rate using different
concentrations of cinnamyl alcohol by the ADH were measured spectrophotometrically at 360 nm and
30 ◦C. The results were plotted and the occurring activities using different organic solvents compared,
depending on their hydrophobicity.

4.4. Batch Reactions in the Aqueous Phase

For the evaluation of the cofactor regeneration, a double-jacked vessel tempered at 30 ◦C was
used. An amount of 7.5 mM of cinnamyl aldehyde was dissolved in 25 mL potassium phosphate
buffer (pH 8, 0.1 M), and the ADH (2 mg) and the FDH (5 mg) were added. The reaction was started
by adding 0.1 mM NADH. An amount of 500 µL samples were taken over time, mixed gently with
500 µL xylene and centrifuged. Afterwards, the samples were withdrawn from the upper phase and
measured via gas chromatography.

4.5. Investigations via Differential Scanning Fluorimetry

For the investigation, the device Tycho of the company NanoTemper Technologies GmbH (Munich,
Germany) was used. The pure compounds were analyzed in potassium phosphate buffer (pH 8, 0.1 M).
For the reactions, 25 mL of the buffer were used with 5 mM cinnamyl aldehyde, 100 mM sodium
formate, 0.5 mg ADH, 5 mg FDH, and 0.1 mM NADH. For reaction monitoring, samples were taken
with a capillary at certain time points, and the first derivatives were plotted against the temperature
for investigation of the folding behavior.

4.6. Lab-Scale Cascade

As a first step, the reaction in the aqueous phase was performed in 25 mL potassium phosphate
buffer (pH 8, 0.1 mM) at 30 ◦C. An amount of 5 mM cinnamyl aldehyde was mixed with 2 mg ADH,
5 mg, FDH, 100 mM sodium formate and started with the addition of 0.1 mM NADH. The reaction was
monitored via GC until the end of the reaction. Subsequently, the reaction mixture was extracted with
50 mL xylene and the concentration measured via GC. Afterwards, an excess of cinnamic acid (5 mM)
was added, as well as 40 mg lipase to start the reaction. This was performed with an overhead stirrer
under reflux conditions and a temperature of 60 ◦C. For reaction monitoring, samples were taken with
a syringe via a septum and directly measured via GC.

4.7. Preparation of Silica Particles for Immobilization

For the preparation of the silica particles, a mixture of 1 mol TEOS, 4 mol water, 2.4 mol ethanol,
and 10–5 mol HCl was prepared and stirred for 30 min. Afterwards, it was dropped into a mixture of
canola oil, butyl amine, and n-heptane (890 mL/178 mL/33 mL) via a syringe pump (60 mL syringe,
10 mL/min), and the prepared particles were cured overnight.

For functionalization, 100 g APTES were dissolved in 50 mL ethanol and 10 g particles
were incubated at 50 ◦C for 48 h. The particles were washed with ethanol and stored in water.
For cross-linking, the particles were treated with a 2.5% (v/v) glutaraldehyde solution for 1 h at 30 ◦C
and washed afterwards with water for 30 min to remove residual glutaraldehyde. The enzyme
immobilization onto the particles was carried out with a solution of 0.5 mg/mL ADH dissolved in
phosphate buffer (0.1 M, pH 8), whereby the particles were incubated for 2 h at 25 ◦C. Subsequently,
they were washed with water to remove unbound enzyme.

4.8. Reaction in the Miniplant

A stirred tank reactor containing 800 mL aqueous phase (23.3 mM cinnamaldehyde, 0.1 M
phosphate buffer at pH 8.0, 30 ◦C) is used for the cofactor coupled redox reactions, catalyzed by ADH
(21.3 g) and FDH (6.6 g). The organic phase cycle consists of three segments. Cinnamic acid (64 mM)
is fed into a reactor of 500 mL containing the organic phase. An extractive centrifuge (CINC CS 50;
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Brakel, Deutschland) connects the two cycles, simultaneously mixes the organic and the aqueous phase
to extract the intermediate product, and subsequently separates both phases within one apparatus.
A fixed bed reactor containing 21 g of immobilized lipase (Novozym® 435) is used for the esterification
reaction at 60 ◦C. The total volume of the plant is 5 L [50].

4.9. GC Measurements

A GC 7890A from Agilent Technologies (United States) was used equipped with an FID and an
HP-5 column (Agilent Technologies, United States) with helium as carrier gas. For the measurements,
10 µL of the sample were injected with a split of 1:20 and a temperature of 120 ◦C and analyzed as
follows: the temperature was increased from 120 ◦C with 40 ◦C/min to 160 ◦C holding for 2 min,
and again, it was increased with 40 ◦C/min 320 ◦C holding for 2 min.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/10/1216/s1.
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