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ABSTRACT
In hydrothermal liquefaction (HTL) of biomass, only the oil and the char phases are considered
imperative while the aqueous phase is discarded. However, the aqueous phase is rich in phen-
olic compounds like guaiacol and vanillyl alcohol that can be upgraded to vanillin.
Commercially vanillin is synthesized from phenolic compounds derived from fossil fuels using
chemical synthesis methods. In this investigation, the method was developed to use raw materi-
als and enzymatic conversion of substrates which is sustainable and renewable. The purpose of
this investigation is to evaluate the applicability of enzymatic vanillin synthesis within the HTL
aqueous phase major components. Vanillyl alcohol oxidase was expressed in E. coli BL21 (DE3)
bacteria cells and purified to characterize the production of vanillin from vanillyl alcohol. The
effect on the enzyme reaction of each of the major components of the aqueous phase as
detected by HPLC (High Performance Liquid Chromatography) analysis was evaluated. The com-
ponents evaluated in this study included different phenolic compounds namely guaiacol, vanil-
lic acid, vanillyl alcohol, phenol, catechol and acetic acid. These components were evaluated
individually as well as in different combinations. Vanillic acid increased the reaction rate while
guaiacol inhibited the reaction rate. Acetic acid exhibited the largest inhibition of the enzyme
reaction after 15min. It is known that acids are often used to stop enzyme reactions as it results
in precipitation of the enzyme. Therefore, to successfully convert vanillin from vanillyl alcohol
using a recombinantly expressed vanillyl alcohol oxidase, the acetic acid would first need to be
removed from the HTL aqueous phase.
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Introduction

VAO (vanillyl alcohol oxidase) is an aromatic alcohol oxi-
dase that is covalently bound to Flavin adenine dinucleo-
tide (FAD) [1]. The role of the enzyme is dependent on this
covalently bound cofactor. In Penicillium simplicissimum, 4-
(methoxymethyl)phenol can induce the expression of VAO
[2]. Several studies have described different enzyme reac-
tions since the first isolation of VAO from Penicillium simpli-
cissimum [2, 3]. Vanillin and conferyl alcohol are some of
the major products generated from VAO reactions from
phenolic substrates [3].

Interest in the recombinant production of VAO resulted
in the sequencing of the vanillyl alcohol oxidase gene
(VaoA) [4] and VAO was subsequently successfully
expressed in bacteria cells [3]. In a later study it was shown
that eugenol could be converted to ferulic acid at a con-
version rate of 91% in 15 h with a concentration of 8.6 g/L
[5]. A study that evaluated the effect of single mutations
on the VAO active site showed that Asp170 is the critical
amino acid responsible for the binding of the first substrate
to the active site as well as hydration of the initially formed
p-quinone methide intermediate [6].

This study aims to convert phenolic substances in the
aqueous phase of the biomass from the HTL (hydrothermal
liquefaction) plant [7–9] using enzymatic reactions. Each

biomass has a unique composition of different phenolic
composition ratios. The biomass analysed in this study con-
tains guaiacol and vanillyl alcohol as major phenolic com-
pounds [10–12]. Guaiacol has a similar structure to vanillin,
the only difference being the additional aldehyde group on
the benzene ring in vanillin. Guaiacol can be converted to
vanillyl alcohol using a chemical formylation reaction [3,
13, 14]. This will increase the concentration of vanillyl alco-
hol in the aqueous phase resulting in the increased yield of
vanillin from VAO.

The substrate of VAO, vanillyl alcohol, is one of the
major components of the HTL aqueous phase from sewage
sludge [12]. Enzyme reactions can be affected by several
conditions including pH, temperature and media composi-
tions. This study investigated whether the phenolic com-
pounds must be removed from the aqueous phase to
maximize enzyme activity. A recombinant VAO enzyme was
expressed using a bacterial host [3]. The enzyme was puri-
fied and the enzyme activity evaluated in the presence of
different phenolic compounds. The main aim of this study
is to determine whether vanillyl alcohol can be converted
to vanillin thus making naturally labelled flavor compounds
[15] from waste products of HTL. Based on literature, the
aqueous phase from HTL have not been considered neces-
sary since the HTL is still an emerging way of formation of
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biodiesel and oils from biomass to subsidies fossil fuels.
However, after analysing the contents of the aqueous
phase it was realised that plenty of organic substances are
being lost which includes before mainly phenolic com-
pounds from sewage sludge.

Materials and methods

Enzyme expression and purification

The plasmids and bacterial strains used in this study were
acquired from the UFS (University of Free State, Bloemfontein
Campus, Department of Microbial, Biochemical and Food
Biotechnology, Biocatalysis Group, South Africa). The PsVAO
(Penicillium simplissimum VAO) plasmid contained a VAO gene
(VaoA) cloned in pET28 via Nhel and HindIII restriction
enzymes under the control of T7 promoter. The protein was
transformed and expressed as reported previously by [3], with
a replacement of RbCl2 with CaCl2 [16] in the expression
media. For protein purification, cell lysis was done by ultra-
sonic sound sonication, followed by nickel column under
native conditions purification as described by [17]. The
enzyme concentration was measured using the Bicinchoninic
acid assay (Protocol-Mitochondria Lab, North-West University
Biochemistry Department). VAO activity was determined at
25 �C in 50mM potassium phosphate buffer containing 1mM
vanillyl alcohol and 50mg/ml of a purified enzyme. The
absorbance over time was measured at 340nm using Libra
S12 spectrophotometer (Thermo Fisher Scientific) [4].

Determining the composition of the HTL
aqueous phase

Hydrothermal liquefaction of sewage sludge biomass was
performed according to [12] for 20min. The aqueous phase
product of the liquefaction was used for this investigation.
The concentration of each known compound in the HTL
aqueous phase was determined using HPLC analysis and
Inductively Coupled Plasma (ICP). This included mainly
phenolic, sugars and metal ions. A synthetic aqueous phase
containing combinations of these compounds was then
prepared to evaluate the effect of each compound on the
enzyme reaction (Table 1).

Determination of enzyme activity in the synthetic HTL
aqueous phase

A vanillin standard curve was prepared using 98% pure
vanillin standard with an estimated maximum absorption
at 340 nm. Samples were prepared in a linear working
range from 0.005 g/L to 0.152 g/L. This was used to relate
the concentration of the product to absorbance as the
reaction progress. A total of 11 different reactions were

setup in triplicate as shown in Table 2. The phosphate buf-
fer pH 8, constitutes a concentration of 50mM in each
reaction treatment. The reaction was initiated by adding
the enzyme after a 10min incubation period. A spectropho-
tometer (microplate reader) was set at 30 �C and allowed
to shake for 10 s before each reading. The absorbance was
set at 340 nm [4]. The time was set at 5min intervals, read-
ing for a time frame of 45min. After 10min, automatically
the plate comes out and the enzyme is added. After
enzyme addition the plate was taken in and the reac-
tion started.

Results and discussion

Enzyme expression and purification

The sequence of the VAO gene (VaoA) cloned in the pET28
vector was confirmed using Sanger sequencing. The
sequencing results showed a mutation at base pair position
1011, however, it was determined that this mutation did
not alter the amino acid sequence as both codons (GAT
and GAC), codes for the same amino acid asparagine [18].
This is consistent with the results reported by [3] under the
heterogeneous expression of vanillyl alcohol oxidase.

The expression time was optimized by comparing the
level of protein expression at 24, 36 and 48 h. In this study
as in previously reported studies, a protein band of 65 kDa
was observed on the SDS-PAGE (sodium dodecyl sulfate
polyacrylamide gel electrophoresis) [2]. A total time frame
of up to 36 h resulted in the highest concentration of pro-
tein being produced. The solubility of the expressed pro-
tein was analyzed by dividing the cell lysate into the total
fraction and soluble fraction (Figure 1). This result shows
both successful cell lysis and solubility of the enzyme [20].

The ProBond purification kit was used for protein purifi-
cation, where a nickel resin column binds to the six His tag
terminal of the protein at low imidazole concentration. The
protein is then eluted at higher concentrations of imidazole
[17]. The protein elution step resulted in a single high-
intensity band at the expected 65 kDa (Figure 2).

From the 50mL culture used for expression, 8mL of the
enzyme was obtained. The enzyme concentration deter-
mination was through the BCA method using BSA as a
standard [22]. A concentration of 2.2mg/mL of the enzyme
was obtained. Following protein quantification, the activity
of the enzyme was monitored at different concentrations
of the enzyme using the same concentration of substrate.

From these reactions, the enzyme units calculated gave
0.92 U/mg of enzyme. This was higher than the data
reported by [3], namely 0.017U/mg and 0.028U/mg.
However, the high specific enzyme activity seen in this
study is due to the purification of the enzyme using a His

Table 1. Representation of the concentration of phenolic compounds and acetic acid in the aqueous phase and calculated volume of synthetic aqueous
phase making 1mM vanillyl alcohol volume ratio in 210 mL volume.

Component
Aqueous phase

concentration (g/L) Stock solution (g/L)
Total volume

of reaction (mL)
Synthetic volume containing
1mM vanillyl alcohol (g/L)

Vanillyl alcohol 5.20E-01 6.00E-01 2.1E-01 5.40E-03
Vanillic acid 5.00E-02 7.00E-01 2.1E-01 4.40E-03
Catechol 1.00E-02 2.00E-01 2.1E-01 3.10E-03
Phenol 5.00E-02 2.80E-01 2.1E-01 1.11E-02
Guaiacol 1.00E-02 1.29E-01 2.1E-01 4.80E-03
Acetic acid 9.06E-01 1.05Eþ 01 2.1E-01 5.40E-03
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fusion tag as opposed to previous authors [3] that used

cell free extracts.

Table 2. Representation of the volumes of each component in each of the 11 reactions to make 210 mL in each well of the microplate.

Components

Reaction number

1 2 3 4 5 6 7 8 9 10 11

Water (mL) 27.55 22.16 72.69 42.24 37.79 39.13 31.12 37.41 36.87 18.74 13.37
Buffer (mL) 105.00 105.00 105.00 105.00 105.00 105.00 105.00 105.00 105.00 105.00 105.00
Enzyme (mL) – – 8.79 8.79 8.79 8.79 8.79 8.79 8.79 8.79 8.79
Vanillyl alcohol (mL) 53.95 53.95 – 53.95 53.95 53.95 53.95 53.95 53.95 53.95 53.95
Vanillyl acid (mL) 4.45 4.45 4.45 – 4.45 – – – – 4.45 4.45
Catechol (mL) 3.11 3.11 3.11 – – 3.11 – – – 3.11 3.11
Phenol (mL) 11.11 11.11 11.11 – – – 11.11 – – 11.11 11.11
Guaiacol (mL) 4.83 4.83 4.83 – – – – 4.83 – 4.83 4.83
Acetic acid (mL) – 5.37 – – – – – – 5.37 – 5.37
Total volume (mL) 210.00 209.98 209.98 209.98 209.98 209.98 209.97 209.98 209.98 209.98 209.98

Figure 1. Total fraction and soluble fraction of duplicate samples A and B from the same expression for 36 h using the ultrasonic sound sonication method of
cell lysis.

Figure 2. A small scale (8mL culture) SDS-PAGE gel after purification under native conditions of the sample expressed over 36 h.; (b) Wells 1-8 are elu-
tion aliquots.
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Determination of enzyme activity in the synthetic HTL
aqueous phase

A series of 11 reactions were setup representing the com-
ponents of the HTL aqueous phase in their ratios. These
ratios have been detailed in Tables 1 and 2. These reac-
tions were used to determine which combinations of com-
pounds inhibit the enzyme reaction. (Figure 3).

Reactions 1 (no enzyme) and 2 (no substrate), as described
in Table 2, are the control reactions and showed no enzyme
activity. Reaction 3, first in the chart, without vanillyl alcohol
(EnzþVAcþCatþ PhþGua) shows only a slight increase in
product from 0 to 0.0016mg/mL in 45min. From this obser-
vation two possibilities can be deduced, either phenolic com-
pounds other than vanillyl alcohol are converted into a
product (vanillin) or a different product that absorbs light at
the same wavelength of 340nm is present [23]. The second
assumption is that some or one of the phenolic compounds
decomposed slightly in aqueous solution to form vanillin [23].
In an aqueous solution, there is a possibility of slight

dissociation (reduction) of the COOH group into CHO and/or
CH2OH [24]. Therefore, the resulted product can be ascribed
to dissociation and not to enzyme action on any of the com-
ponents other than vanillyl alcohol.

Reactions 4 – 11, containing the substrate and the
enzyme, showed an increase in product concentration over
45min irrespective of the other components in the same
solution. The substrate does not inhibit the reaction as
there is a steady increase in the rate of the enzyme reac-
tion over the 45min period.

The concentration of the product was quantified and
compared between the 11 reactions to determine if there
were any significant differences at each time interval
(Figure 4). Statistically significant differences are shown by
overlapping positive error bars while non-overlapping error
bars show non-significant differences. At times 0 to 10min
there was no significant difference between the 11 differ-
ent treatments.

For the enzyme containing reactions, a difference was
observed for reaction 9 (Enzþ VAþAc), which contains

Figure 3. The quantity of product produced at each time interval from the enzyme with different treatments of the HTL aqueous phase components. Error
bars represent the standard error of the mean at 95% confidence level. The abbreviations on the series are represented as follows: VA: vanillyl alcohol; VAc:
vanillic acid; Ph: phenol; Cat: catechol; Gua: guaiacol; Ac: acetic acid; Enz: enzyme.
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acetic acid in addition to the substrate from 15min. This is
shown by the non-overlapping error bars of this reaction
treatment with all the others. However, from 20min for the
enzyme reactions containing acetic acid a significant differ-
ence to the other treatments were observed as shown in
Figure 4. There was also a difference in the six enzyme and
vanillyl alcohol treatments with no acetic acid. The vanillic
acid containing reaction showed a significant difference to
the reference reaction from 30min. From this observation,
paying attention to the products of the oxidation of vanillyl
alcohol to vanillin, hydrogen peroxide is one of the prod-
ucts. Under alkaline conditions, hydrogen peroxide decom-
poses in solution. Hydrogen peroxide at higher amounts in
the reaction leads to deep oxidation of vanillin leading to
vanillic acid formation [26]. As more hydrogen peroxide
accumulates with time, vanillin formed may be converted
to vanillic acid [26]. For this reaction, there is plenty of
vanillic acid in solution considering the equilibrium laws
[27], it will be difficult for hydrogen peroxide to favor the
formation of vanillyl alcohol. Thus, the vanillin formed

remains constant with time, while in the standard without
vanillic acid, the rate is slower during the reaction progress.
This is because vanillin formed is channeled towards vanil-
lic acid with the effect of hydrogen peroxide produced.

The phenol and catechol reactions are the only treat-
ments that have no significant difference to the control
reaction. There is a significant difference in guaiacol con-
taining treatments. Guaiacol has a similar structure to
vanillyl alcohol (the substrate), only differing in that vanillyl
alcohol has an additional CH2OH group. From the reaction
mechanism of VAO [28], it is the proton on the OH group
attached to the ring that is first attacked by amino acid
ASP170 in the enzyme active site [1]. Both guaiacol and
vanillyl alcohol has this OH group in a similar confirmation,
therefore, there is a possibility of guaiacol inhibiting the
enzyme reaction as it can also enter the active site. Thus,
when guaiacol enters the active site, it can participate in
the first step of the reaction, but no further reaction will
occur as it lacks the para-CH2OH group. Guaiacol can there-
fore act as a competitive inhibitor of VAO. In previous

Figure 4. Each graph shows the concentration of product in each of the eleven reaction mixtures per given time. Error bars represent the standard error at a
95% confidence level. Each one of the graphs has a different scale of concentration for clarity’s sake, therefore the graphs are not drawn to scale. The key
shows the corresponding concentrations of each number in the x-axis.
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studies, the aqueous phase was utilized through successive
recycling to extract the important components back into
the bio-oil [31–33], alternatively for algal growth where the
algae is used as biomass for bio-oil production [34].
However, in this study a new method which aims to
recover all the phenolic compounds with minimum energy
use i.e. in the recycle steps, was initiated. This study tar-
geted only vanillyl alcohol, but more work needs to be
done on other phenolic components so that multiple
enzymes can be used for the recovery of the total phenolic
compounds. There was no specific work which can be ref-
erenced for comparison on the utilization of aqueous
phase through bio-upgrade.

Conclusions

This study evaluated whether vanillyl alcohol can be con-
verted to vanillin in the HTL aqueous phase using a recom-
binant expressed VAO enzyme. The VAO enzyme was
successfully expressed, purified, and characterized using
vanillyl alcohol as substrate. The main goal was to observe
the effect of each component in the HTL aqueous phase
on the reaction rate of VAO with vanillyl alcohol to yield
vanillin. This is a step towards the upgrade of the aqueous
phase rich in vanillyl alcohol (0.52 g/L) to bio-based vanillin.
From the results obtained, all the phenolic components of
the HTL aqueous phase permitted the reaction to occur
albeit at different rates. The reaction containing vanillic
acid showed an increased reaction rate, while for phenol
and catechol there was not much deviation from the nor-
mal vanillyl alcohol and VAO reaction. Acetic acid and guai-
acol significantly inhibited the rate of product formation
with acetic acid having a greater inhibitory effect. Acids are
often used to stop enzyme reactions as they result in the
precipitation of the enzyme. Therefore, due to its higher
effect on the reaction rate, a recommendation may be that
acetic acid should be removed from the aqueous phase
prior to the enzyme reaction [19, 21, 25, 29, 30].
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Appendix A. Supplementary data

The following are the Supplementary data to this article:
The recombinant plasmid was synthesized from the University of

Free State, South Africa, Bloemfontein campus, Department of
Microbial, Biochemical and Food Biotechnology, Biocatalysis Group.

The error bars in Figure 4 show the LSD for the 11 data points was
calculated per given time. The standard error of each data point at
95% level (61:96ðstandard errorÞ) was first calculated, then the aver-
age of these errors gives the LSD:

total sum of ð61:96ðstandard error per single data pointÞ
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