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Vanilla is the second most expensive spice in the world. This issue triggered the necessity to obtain its flavour
compound, vanillin, by alternative methods, most of which have focused on biosynthesis since it can be labelled
as “natural” and sold at higher price. In this work, a process for the enzymatic synthesis of vanillin has been
optimised, not only from a process metrics point of view but also from an environmentally sustainable
perspective. The maximum biocatalyst activity and stability was taken into account for the selection of the re
action conditions. Soluble and immobilised eugenol oxidase (EUGO) was tested under both reaction conditions.
The optimum conditions obtained lead to an organic solvent free process reaching 9.9 g prod L− 1 h− 1. Moreover,
the use of immobilised EUGO allowed the biocatalyst to be reused up to 18 reaction cycles, improving the
biocatalyst yield more than 12-fold, thus also reducing the biocatalyst associated cost.

1. Introduction
Vanilla is the second most important spice in the world, after saffron.
The difficulties of vanilla crop production, unpredictable climatic con
ditions, its rising high price (as high as silver) and its increasing demand,
have all resulted in the development of synthetic methods of production
of its flavouring compound, vanillin [1,2]. The majority of vanillin
production is performed by chemical synthesis. However, biological
synthesis of vanillin is becoming of increased interest due to the rising
demand for the natural flavour, which can be sold at higher prices than
the chemically synthesised product (1200 and 67.7 €/kg, respectively
(Merck)) [3,4]. Another aspect that biocatalysis can solve is the growing
concern of society to obtain environmentally friendly and sustainable
processes to replace chemical synthesis. Biocatalysis is considered as
environmentally attractive, more cost-effective, and thus more sustain
able since i) the catalyst is biodegradable and nonhazardous and
nontoxic, ii) the use of metals and the subsequent costs of removing
them from end products are avoided, iii) enzymatic reactions are usually

performed under mild conditions and iv) biocatalytic reactions typically
generate less waste than conventional organic syntheses [5].
All these points and the exponential growth in scientific papers and
reviews published about vanillin bioproduction by different pathways
(enzymatic, microbial fermentation, plant cells cultures), with different
substrates (ferulic acid, lignin, eugenol, glucose, curcumin, etc.) makes
evident the importance of natural vanillin and the necessity to obtain
profitable ways, improving the metrics, enhancing the atom economy
and reducing the costs, for its future industrial application [6–12].
One of the ways to produce natural vanillin is by biotransformation
using isolated enzymes as biocatalysts. Their use reduces the side re
actions, by-poducts formation (as vanillic acid or vanillyl alcohol), and
product purification costs compared to whole cell or cell lysate re
actions. One option to bring biocatalysis closer to industrial feasibility is
to use immobilised enzymes. Their use allows the reuse of the biocata
lyst increasing the biocatalyst yield and reducing purification steps. This
point is key for industrial application of oxidoreductases since, often,
they have low robustness and it has been reported that immobilisation of
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oxidoreductases allows to reuse them improving the operational sta
bility [13–19]. Immobilisation can improve enzyme stability towards
different reaction parameters such as pH, temperature, organic solvents
or inhibitors. Moreover, immobilisation can sometimes enhance bio
catalyst activity, specificity and selectivity. In addition, the use of
immobilised enzymes can offer operational advantages by enabling the
use of continuous or crossflow reactors and reduction of foam formation
and can allow simplified product isolation [20,1–23].These advantages
can allow prolonged use or reuse of the resultant biocatalysts, thereby
increasing the biocatalyst yield (quantity of product produced per unit
of enzyme).
In the present study, vanillin synthesis from vanillyl alcohol using
soluble and immobilised eugenol oxidase (EUGO) (Scheme 1) has been
studied and optimised by reaction medium engineering. The selected
substrate is a by-product obtained during the vanillin synthesis by
fermentation from natural soucres such as ferulic acid [8,24]. Different
pH conditions have been compared: pH conditions for maximum enzy
matic stability [25] and, as alternative, a higher pH which leads to the
maximum enzyme activity also increasing substrate solubility, thus
circumventing the use of organic solvent in the media. Moreover, the use
of Na2SO3 was also considered to improve H2O2 removal as compared as
catalase use which can produce side reactions and can affect the EUGO
stability [25].
In this sense, reaction medium engineering has been carried out
aiming not only to improve process metrics but also to develop a greener
and industrially implementable process avoiding the use of organic
solvent.

2.2.2. Enzymatic activity assays
The activity of EUGO was measured spectrophotometrically at
340 nm following the production of vanillin (ε=27 mM− 1 cm− 1) from
vanillyl alcohol. A 50 μL aliquot of enzyme sample was added to a
cuvette with 950 μL of vanillyl alcohol dissolved to a final concentration
of 0.5 mM in 50 mM glycine-NaOH, pH 9.5 at 30 ◦ C. One unit of EUGO
activity (U) is defined as the amount of enzyme required to produce
1 μmol of vanillin per minute at the conditions described above.
Catalase activity was measured spectrophotometrically at 240 nm
following
the
consumption
of
the
substrate,
H2O2
(ε=0.0383 mM− 1 cm− 1). A 50 μL aliquot of enzyme sample was com
bined with 950 μL of 20 mM H2O2 in 50 mM potassium phosphate
buffer, pH 7.0 at 25 ◦ C. One unit of catalase activity (U) is defined as the
enzyme required to convert 1 μmol of H2O2 per minute at the conditions
defined previously.
Activity assays were carried out using a Cary 50 Bio UV–vis spec
trophotometer (Palo Alto, USA).
Activity assays were carried out using 1.5 mL cuvettes suitable for
UV analysis. When the activity of EUGO immobilised derivatives was
measured, double of each volume was added and 3 mL cuvettes were
used with magnetic stirring to maintain a proper suspension of the de
rivatives during the measurement.
2.2.3. Activity of EUGO under different pH conditions
The effect of pH on the activity of EUGO was studied to determine the
pH at which the enzyme is most active under the conditions described in
section 2.2.2. Substrate solutions were prepared using different pH
buffers but enzyme was prepared in distilled water. The 50 mM buffers
used were: sodium acetate (pH 5), potassium phosphate (pH 6–8) and
Glycine-NaOH (pH 8.5–10). Experiments were carried out in duplicate.
Error bars correspond to standard error.

2. Experimental
2.1. Materials

2.2.4. EUGO immobilisation onto Epoxy-agarose-UAB
The immobilisation of EUGO onto Epoxy-agarose-UAB, described by
García-Bofill et al. [25], was performed by covalent bonding mainly
between epoxy groups of the support and the amino groups of the
enzyme, but also with hydroxyl and thiol groups [30]. The immobili
sation was performed as follows: The support used was epoxy func
tionalised agarose containing 80 μmol of epoxy groups per gram of
support as described by Sunberg et al. [31] (Epoxy-agarose-UAB). 25 mL
of support was washed with distilled water several times and two times
with 150 mL of immobilisation buffer (1 M potassium phosphate pH 8).
The support was then incubated under mild agitation conditions with
the enzyme preparation (509 U mL− 1 support) in immobilisation buffer
in a 1:10 (v v− 1) support:solution ratio for 4 h at 25 ◦ C. β-Mercaptoe
thanol was then added to the mixture to a final concentration of 0.2 M
and incubated for a further 4 h at 4 ◦ C in order to block residual epoxy
groups [32]. The resulting immobilised derivative retained 180 U mL− 1
support.
During the immobilisation process samples of supernatant and sus
pension were taken at different time points to test EUGO activity during
the immobilisation course. Once the enzyme was immobilised onto the
support, the immobilised derivative was washed with 150 mL of
immobilisation buffer and filtered with a fritted glass filter to remove the
non-covalently attached enzyme and residual water, leaving moist
beads.

Eugenol oxidase from Rhodococcus jostii (EUGO) [26,27] was pro
vided by InnoSyn B.V. (The Netherlands) as cell-free extracts from re
combinant Escherichia coli. Non-functionalised agarose support, used to
obtain epoxy-agarose-UAB, was obtained from Agarose Beads Technol
ogy® (ABT®). Dicalite 4208 was generously donated by
Dicalite-Europe. Antifoam glanapon 2000 supplied by Busetti and Co
GmbH (Wien, Austria). Catalase from bovine liver and all other reagents
were supplied by Merck.
2.2. Methods
2.2.1. Protein and enzyme concentration
The protein content present in EUGO lysates was analysed using the
Bradford method with bovine serum albumin as standard [28].
The enzyme content was measured by means of the sodium dode
cylsulphate polyacrylamide gel electrophoresis (SDS-PAGE) (NuPage 12
%, Invitrogen, USA) run in a Mini-PROTEAN II apparatus (BioRad, USA)
following the protocol of Laemmli et al. [29]. Low range protein markers
(Biorad, USA) were used for molecular weight determination. Gels were
stained using Commassie G250 colloidal stain solution [34 % (v v− 1)
ethanol, 2% (v v− 1) H3PO4, 17 % (w v− 1) NH4SO4 and 0.066 % Comassie
G250] and the Image LAB™ software (BioRad, USA) was used for image
processing.

Scheme 1. vanillyl alcohol oxidation to vanillin catalysed by Eugenol oxidease (EUGO).
2

M. García-Bofill et al.

Applied Catalysis A, General 610 (2021) 117934

The immobilised derivatives were washed with 150 mL of reaction
buffer and used immediately.
Immobilisation yield and retained activity values were calculated
using the following equations and activity data determined as described
above:

for the rest of the cycles was the same as the first one. Error bars
correspond to standard error.
2.2.7. HPLC analysis of vanillyl alcohol and vanillin
Vanillyl alcohol and vanillin concentrations were analysed by HPLC
using a Dionex UltiMate 3000 with variable wavelength detector. The
reversed-phase column CORTECS TM C18 2.7 μm 4.6 × 150 mm from
Waters (Milford, MA, USA) was employed. Reaction samples were
diluted 1:10 (vv− 1) in reaction buffer and then further diluted with
methanol 1:40 (v v− 1) which deactivates the enzyme and stops the re
action. 15 μL of sample were injected in a 0.7 mL min− 1 mobile phase
flow and the column was kept at 30 ◦ C. All separations were performed
by injecting 15 μL of sample at a flow rate of 0.7 mL min− 1, 30 ◦ C. The
solvent system consisted of solvent A (0.1 % (v v− 1) TFA in H2O) and
solvent B (0.095 % (v v− 1) TFA in MeCN:H2O 4:1 (v v− 1)). Samples were
eluted using a gradient from 5 to 15 % B in 0.5 min, then it was increased
to 75 % B during 7.5 min, after that, it was increased to 100 % B during
0.5 min and maintained for 2.5 min. Finally, the gradient was decreased
to 5 % B during 0.5 min and maintained by 3.5 min to equilibrate the
column for the next analysis. A wavelength of λ = 231 nm was used to
detect the analytes. Prior calibration with standards of known concen
tration was used for quantitative analysis of all compounds. The stan
dard deviation was calculated from duplicated measurements from a
single sample. Retention times were 4.9 and 6.7 for vanillyl alcohol and
vanillin, respectively.

Immobilisation yield (%)
Initial native enzyme activity − Final suspernatant activity
=
x 100
Initial native enzyme activity
Retained activity (%)
Final suspension activity − Final supernatant activity
=
x 100
Initial native enzyme activity
Final supernatant activity: activity of the supernatant when the
immobilisation is finished.
Final suspension activity: activity of the suspension (supernatant and
immobilised derivative) when the immobilisation is finished.
2.2.5. Vanillin synthesis reactions with soluble and immobilised EUGO
Reactions with immobilised EUGO were performed using 10 % (v
v− 1) of the immobilised derivative in order to ensure efficient mixing. To
compare catalyst performance in reactions, both soluble and immobi
lised EUGO were used with the same units of enzyme activity per mL of
reaction mixture.
Scale up of the reactions previously performed [25], was carried out
at 250 mL of total reaction volume using the following conditions (high
stability reaction conditions A): 400 mM of vanillyl alcohol was dis
solved in 30 % (v v− 1) acetone in 50 mM potassium phosphate buffer, pH
7.5, the mixture agitated by mechanical stirring (1000 rpm) and the
temperature adjusted to 25 ◦ C. Catalase (35,847 U mL− 1) and EUGO (18
U mL− 1) were then added and a stream of acetone saturated air intro
duced at a rate of 1 vvm. The reaction pH was maintained at pH 7.5 by
the controlled addition of 1 M aqueous NaOH using a pH stat and foams
were controlled adding pulses of 50 μL of antifoam 1:100 (v v− 1) in
water. Samples were extracted and analysed over the reaction course
and the reaction completion time was defined as the moment that no
substrate consumption or product production was observed, monitored
by HPLC as described in section 2.2.7. Error bars correspond to standard
error.
The reactions with the new conditions tested and optimised by
Straatman et al. [33] (manuscript submitted) (high activity reaction
conditions B) were performed by broadly the same procedure shown
above, but using 330 mM of vanillyl alcohol in 50 mM glycine-NaOH
buffer, pH 9.5 maintained by controlled addition of 5 M NaOH using a
pH stat, 25 ◦ C, 1 vvm air (hydrated with water) mechanical stirring
(1000 rpm) and the foams were controlled adding antifoam. 440 mM of
NaSO3 were added to the reaction to eliminate the hydrogen peroxide
produced.
EUGO was added to each of the above mixtures to a final concen
tration of 18 U mL− 1. Units of EUGO employed corresponded to the
maximum units that could be added to the reaction mixture when
immobilised derivatives as optimised by García-Bofill et al. were used
[25].

2.2.8. Vanillin extraction for NMR analysis
A reaction performed under conditions B, was used to purify and
crystallise the vanillin as follows: the reaction mixture (250 mL)
including a water rinse (50 mL) of the reactor was acidified with 20 % (v
v− 1) HCl to pH 3. Isopropyl acetate (250 mL) was added and the mixture
heated to 35 ◦ C for 60 min with stirring. Dicalite 4208 (10 g) was added,
briefly mixed, filtered over a precoated glass filter and both phases were
separated. The filter cake was washed three times with 125 mL isopropyl
acetate. Additional extraction of the water layer was performed with the
filter washes (35 ◦ C, 60 min) and both phases were separated. Finally,
the organic layers were combined and the solvent removed by distilla
tion under reduced pressure to afford the product as a white solid.
3. Results and discussion
3.1. Effect of pH on EUGO activity
The EUGO activity in relation to the reaction pH was studied in the
present work (Fig. 1). EUGO reached the optimum reaction rate around
pH 9.5. The enzyme showed a strong activity dependence towards pH,
decreasing to almost 50 % at pH values higher than 10.0 and lower than
8.5. The stability of EUGO towards pH has been previously reported,
with highest stability between pH 6.0 and pH 8.0 [25]. Both pH values,
the one for maximum activity (pH 9.5) and the one for optimum stability
(pH 7.5), were tested in the reaction in order to determine which con
ditions lead to higher process metrics such as product concentration,
total product and biocatalyst yield.
3.2. Vanillyl alcohol oxidation using soluble EUGO under optimum
stability pH (conditions A) and optimum activity pH (conditions B)

2.2.6. Reusability of the immobilised derivative
Several cycles of reactions were performed using the same conditions
as in section 2.2.5 using immobilised EUGO as catalyst. At the end of
each cycle, the immobilised catalyst was washed with 500 mL reaction
buffer (30 % acetone in 50 mM potassium phosphate, pH 7.5 or 50 mM
glycine-NaOH buffer, pH 9.5). Immediately, the same quantities of fresh
reaction components used in the previous cycle were added to the
recycled immobilised enzyme to start a new reaction cycle. All cycles
were performed over the same reaction time. The first cycle was ended
on reaction completion (using fresh biocatalyst) and the conversion was
determined by HPLC as shown in section 2.2.7. The reaction time used

EUGO displays maximum activity at pH 9.5 (Fig. 1), although
maximum stability is observed at pH 7.5 [25]. Both reaction conditions,
best stability (pH 7.5; conditions A) and best activity (pH 9.5; conditions
B), (see section 2.2.5), were compared. Using conditions A, an 86 %
conversion and 70 % solution yield was obtained, with a Space-Time
Yield (STY) of 1.5 g prod L− 1 h− 1 and 2.3 mg prod U− 1 biocatalyst yield
after 28.4 h of reaction (Fig. 2, Table 1). These conditions required the
use of acetone as a cosolvent to dissolve the substrate (400 mM). At
higher pH (conditions B) vanillyl alcohol is more soluble, so acetone
3
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[25]. To remove the produced H2O2 in a more efficient way than when
using catalase, Na2SO3 was instead added to the reaction (conditions B)
which reacts with hydrogen peroxide, producing water and avoiding
side reactions.
Reactions performed under the new conditions, where EUGO has
maximum activity (conditions B), reduced the reaction time 7.1-fold
when compared with the original reaction conditions performed under
conditions giving maximum EUGO stability (conditions A), obtaining
complete conversion and 88 % solution yield after just 4 h (Fig. 2,
Table 1). This resulted in a 6.5-fold increase in STY to 9.9 g prod L− 1 h− 1.
Although the reaction had 17.5 % less substrate, biocatalyst yield and
total production were slightly higher (1.1-fold) than obtained previously
(2.5 mg prod U− 1 and 11.2 g prod, respectively). These increases were
obtained due to the higher rate of conversion and the decrease in byproduct formation, probably due to the beneficial effect of high pH on
enzyme activity, more efficient H2O2 removal when using Na2SO3
instead of catalase. These results fit with the appearance of both re
actions, where a dark colour was produced under conditions A that was
not observed under conditions B. It should be mentioned that an
increasing trend of substrate concetration was observed during the first
1 h of the process. This fact can be related to the solubilization of the
substrate under these condition. Vanillyl alcohol was added to the re
action as solid form at a concentration slightly higher than its maximum
solubility leading to the presence of solid particles during the first 1 h.
Therefore, the vanillyl acohol concetration measured during this period
is a combination of both substrate solubilisation and substrate con
sumption (Fig. 2, B).
These results were very promising compared with others reported in
the literature. The majority of recent papers published about vanillin are
focused on the fermentation of cheap raw materials, most of them with
recombinant microorganisms via de novo synthesis in order to obtain
higher productivities. However, public opinion about the use of genetic
tools to produce food compounds is still reticent [12]. Nonetheless, the
majority of productivities reported are still lower than 0.5 g L− 1 h− 1

Fig. 1. Effect of pH on EUGO activity. Activity was measured at pH 5.0-10.0.
Substrate solution was prepared in the following 50 mM buffers: sodium ace
tate (pH 5), potassium phosphate (pH 6-8) and Glycine-NaOH (pH 8.510), 30 ◦ C.

addition to enhance solubility is not required. The use of acetone in the
process can therefore be avoided, making the process i) greener by cir
cumventing the environmental issues associated with volatile organic
solvents and ii) less hazardous due as H2O2 is not longer present with
acetone.
Considering the high KM of catalase (33.3 mM) [34], hydrogen
peroxide may be present under reaction conditions as evidenced by side
reactions, albeit at a concentration that does not affect EUGO activity

Fig. 2. Substrate, Product and NaOH profiles. Reaction conditions: soluble EUGO (18 U mL− 1 reaction) 250 mL reaction volume, 25 ◦ C, 1000 rpm, 1 vvm air with (A)
30 % acetone in 50 mM potassium phosphate pH 7.5 with 400 mM vanillyl alcohol and catalase (35,847 U mL− 1 reaction), 1 M NaOH titration or (B) 50 mM glycineNaOH pH 9.5 with 330 mM vanillyl alcohol, 440 mM Na2SO3, 5 M NaOH titration.
Table 1
Process metrics obtained in the vanillyl alcohol oxidation using soluble and immobilised EUGO (18 U mL− 1 reaction), 250 mL reaction volume, 25 ◦ C, 1000 rpm, 1 vvm
air, under both conditions studied: (A) 30 % acetone in 50 mM potassium phosphate pH 7.5 with 400 mM vanillyl acohol and catalase (35,847 U mL-1 reaction), 1 M
NaOH titration. (B) 50 mM glicine-NaOH pH 9.5 with 330 mM vanillyl alcohol, 440 mM Na2SO3, 5 M NaOH titration.
Form

Conditions

Reaction time (h)

Total vanillin (g)

Conversion (%)

Solution
Yield (%)

STY
(g prod L−

Soluble
Soluble
Immobilised
Immobilised

A
B
A
B

28.4
4.0
24.0
4.5

10.2
11.2
10.6
11.3

86
100
84
100

70
88
70
90

1.5
9.9
1.6
9.2

4

1

h− 1)

Biocatalyst yield
(mg prod U− 1)
2.3
2.5
2.3
2.5
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Fig. 3. Conversion and solution Yield of the reaction cycles with EUGO-Epoxy-agarose (18 U mL− 1 reaction), 250 mL reaction volume, 25 ◦ C, 1000 rpm, 1 vvm air.
Reaction conditions: (A) 30 % acetone in 50 mM potassium phosphate pH 7.5 with 400 mM vanillyl acohol and catalase (35,847 U mL− 1 reaction), 1 M NaOH
titration. (B) 50 mM glycine-NaOH pH 9.5 with 330 mM vanillyl alcohol, 440 mM Na2SO3, 5 M NaOH titration.

[35–42]. Moreover, it should be mentioned that no vanillic acid was
detected applying the strategy described in the present work (since
EUGO under these conditions do not oxidise the aldehyde to an acid),
unlike most of vanillin production processes based on microbial
fermentation. Microorganisms do not accustom to accumulate high
concentrations of aldehydes, as vanillin, due to their chemical reactivity
and also may be toxic for the cells. Therefore, the microorganisms tend
to convert vanillin to a less inhibitor compounds, such as vanillyl alcohol
or vanillic acid, which could be obtained at high concentrations [8,41,
43–45].
Other authors have reported the production of vanillin by biotrans
formation. Ni et al. [46] reported 1.1 g L− 1 h− 1 using whole cells as a
catalyst. Yamada et al. [47] reported a high STY of 4.7 g L− 1 h− 1 by
whole cell biotransformation from isoeugenol using a recombinant
E. coli expressing the isoeugenol monooxygenase gene of Pseudomonas
putida IE27 obtaining a high molar conversion yield of 81 % after 6 h
reaction, where presence of vanillic acid was detected. A similar pro
cedure to the Yamada et al. [47] has been also patented recently by
Bruhlmann, F. obtaining lower STY (about 1.2 g L− 1 h− 1) [48]. Klaus
et al. [49] could produce vanillin by one-pot three-step enzymatic
cascade using recombinant P450 and vanillyl alcohol oxidase (VAO)
from a cheap substrate (3-methylanisole), but a low STY was obtained.
2.9 g L− 1 h− 1 of vanillin could be obtained from vanillyl alcohol by
isolated EUGO in a previous work, where no vanillic acid was produced
[25]. In the present work, changing the reaction conditions, to achieve
the maximum activity, 9.9 g L− 1 h− 1 was obtained which represents
almost the double STY obtained by the best results found in the literature
[47]. Moreover, the synthesis of vanillin from vanillyl alcohol, as pre
sented, has a high atom economy (82 %) compared to other processes
catalysed by microbial fermentation where nutrients for cell growth and
maintenance should be also taken into account for this metric.

agarose [24].
Vanillin synthesis was performed from vanillyl alcohol catalysed by
immobilised EUGO. The reactions were performed under the same
conditions (A and B) which were used with soluble EUGO and also the
same activity loadings in units of catalyst mL− 1 of reaction volume (18 U
mL− 1 reaction volume).
The reactions behaved in a similar manner to those performed using
soluble EUGO. Reactions performed using conditions B required 4.5 h to
reach completion, where full conversion was obtained with a 90 % so
lution yield of the desired product. The reaction time was 5.3-fold lower
than the reaction performed under conditions A, where an 84 % con
version and 70 % solution yield were achieved. Similar STY and bio
catalyst yield (1.6 g prod L− 1 h− 1, 2.3 mg prod U− 1 and 9.2 g prod L− 1 h− 1,
2.5 mg prod U− 1, for conditions A and B, respectively) were obtained
compared to reactions using soluble EUGO under both conditions
(Table 1).
3.4. Reusability of EUGO immobilised derivatives
In order to test the reusability of immobilised EUGO. The immobi
lised derivative was repeatedly used during different cycles of vanillin
synthesis under the mentioned reaction conditions (A and B).
Fresh immobilised derivatives were used in an initial reaction to
reach complete conversion (24 and 4.5 h for conditions A and B
respectively). Subsequently they were reused in new reactions run for
the same time period as the initial reaction and cycling continued until
conversions dropped to below 50 %. Immobilised EUGO biocatalysts
could be recycled 5 and 18 times using reaction conditions A and B,
respectively (Fig. 3).
These recycles allowed 40 g and 138 g quantities of vanillin, calcu
lated based on solution yields, to be produced from conditions A and B
respectively. This represents a 3.5-fold increase in vanillin production
compared with a single cycle using the same immobilised derivative.
Recycling led to 8.9 mg prod U− 1 and 30.8 mg prod U− 1 for conditions A
and B, respectively, improving the biocatalyst yield 3.9-fold and 12.4fold respectively, compared to reactions with soluble enzyme under
the same conditions.
These results are encouraging compared to those reported in the
literature on vanillin production by immobilised enzymes. Furuya et al.
[50] could perform 10 reaction cycles with oxygenase Cso2 producing
0.68 mg prod mL− 1. In the present work the biocatalyst yield and the STY
has been improved in 4.2-fold and 3.2 fold respectively compared to a

3.3. Vanillyl alcohol oxidation by immobilised EUGO under both reaction
conditions
EUGO was immobilised by covalent attachment onto an agarose
support functionalised with epoxy groups to obtain an immobilisation
yields of 100 % and 38 % remaining activity, with a specific activity of
180 U mL− 1 support. Usually, immobilisation by covalent bonding leads
to an increase in enzyme stability due to the stabilization of the tertiary
structure of enzyme that covalent bonds confers to the protein. This
phenomenon was previously described for EUGO immobilised on epoxy
5
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previous work [25], corresponding to a 66-fold improvement with
respect to the results reported by Furuya et al.
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PS would like to acknowledge the the European Union for his current
funding: “This project has received funding from the European Union’s
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3.5. Vanillin isolation
Vanillin extraction, following the procedure described in section
2.2.8 (250 mL reaction, conditions B) gave 10.34 g of vanillin in 85 %
isolated yield determined by HPLC analysis. The product obtained, with
a purity of 98 %, was identical to authentic vanillin by 1H and 13C NMR
in CDCl3 and literature data (Supplementary information Fig. 1 and 2)
[51].

Appendix A. Supplementary data
Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.apcata.2020.117934.

4. Conclusions

References

Eugenol oxidase is a promising enzyme to produce “natural” vanillin
at industrial scale. EUGO is stable and active over a wide pH range, but
the maxima for each parameter do not overlap. For this reason, two
conditions have been compared: maximum stability (pH 7.5, conditions
A) and maximum activity (pH 9.5, conditions B). The increased activity
at conditions B allowed a reduction in reaction time to 4 h when soluble
EUGO was used, increasing the STY 6.5-fold (compared with conditions
A) obtaining 9.9 g L− 1 h− 1. When EUGO was immobilised onto epoxyagarose-UAB, the same behaviour was observed as with soluble
enzyme for both conditions. Immobilised derivatives could be reused up
to 5 and 18 cycles, with conditions A and B respectively. Despite of the
fact that the operational stability under conditions B was reduced
compared to conditions A (81 vs. 120 h), this was more than off-set by
the fast cycle time, allowing 138 g of vanillin to be produced using
conditions B, increasing the biocatalyst yield to 30.8 mg prod U− 1 which
represents a 12.4-fold and 3.5-fold improvement compared with single
use of the soluble enzyme and recycling immobilised enzyme using
conditions A respectively. In addition, conditions B are greener and
more industrially implementable, since acetone is avoided. Moreover,
the biocatalyst associated cost is reduced due to an increase in biocat
alyst yield achieved by enzyme recycling. These promising results, bring
the possibility of using biosynthesis of vanillin closer to industrial
implementation.
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Engineering of Universitat Autònoma de Barcelona constitutes the
Biochemical Engineering Unit of the Reference Network in
6

M. García-Bofill et al.

Applied Catalysis A, General 610 (2021) 117934

[44] J. Overhage, H. Priefert, J. Rabenhorst, A. Steinbüchel, Appl. Microbiol.
Biotechnol. 52 (1999) 820–828.
[45] B.C. Okeke, V. Venturi, J. Biosci. Bioeng. 88 (1999) 103–106.
[46] J. Ni, Y.Y. Gao, F. Tao, H.Y. Liu, P. Xu, Angew. Chemie - Int. Ed. 57 (2018)
1214–1217.
[47] M. Yamada, Y. Okada, T. Yoshida, T. Nagasawa, Biotechnol. Lett. 30 (2008)
665–670.

[48]
[49]
[50]
[51]

7

F. Bruhlmann, Method for Producing Vanillin, WO2019185926A1, 2019.
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