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A B S T R A C T

The feruloyl esterases Fae125, Fae7262 and Fae68 from Talaromyces wortmannii were screened in 10 different
solvent: buffer systems in terms of residual hydrolytic activity and of the ability for the transesterification of
vinyl ferulate with prenol or L-arabinose. Among the tested enzymes, the acetyl xylan-related Fae125 belonging
to the phylogenetic subfamily 5 showed highest yield and selectivity for both products in alkane: buffer systems
(n-hexane or n-octane). Response surface methodology, based on a 5-level and 6-factor central composite design,
revealed that the substrate molar ratio and the water content were the most significant variables for the bio-
conversion yield and selectivity. The effect of agitation, the possibility of DMSO addition and the increase of
donor concentration were investigated. After optimization, competitive transesterification yields were obtained
for prenyl ferulate (87.5–92.6%) and L-arabinose ferulate (56.2–61.7%) at reduced reaction times (≤24 h) re-
sulting in good productivities (> 1 g/L/h,> 300 kg product/kg FAE). The enzyme could be recycled for six
consecutive cycles retaining 66.6% of the synthetic activity and 100% of the selectivity.

1. Introduction

Feruloyl esterases (FAEs, EC 3.1.1.73) are a subclass of carbohydrate
esterases belonging to the CE1 family of the CAZy database (www.cazy.
org). They are generally known for their role in the enzymatic hydrolysis
of lignocellulosic biomass as they are able to catalyze the hydrolysis of the
ester bond between hydroxycinnamic acids such as ferulic acid (FA) and
sugars acting synergistically with other lignocellulolytic enzymes such as
xylanases [1]. FAEs are a very diverse class of enzymes that have been
initially categorized to type A–D based on their specificity on methyl
hydroxycinnamates and diferulates [2] and more recently have been as-
signed to 13 different phylogenetic subfamilies (SF1-13) [3,4].

During the last decades, FAEs have been employed as a biosynthetic
tool for the modification of hydroxycinnamic acids and their esters via
esterification or transesterification reactions, respectively, with alco-
hols or sugars altering their lipophilicity and maintaining their bioac-
tive properties, among which is the potent antioxidant activity [5]. As
hydroxycinnamic acids are partially soluble in water or oil media, the

modified lipophilicity of resulting esters could facilitate their applica-
tion in the food, pharmaceutical and cosmetics industries [6]. Reports
on FAE-catalyzed modifications include the (trans)esterification of hy-
droxycinnamates with alcohols (1-propanol, 1-butanol or glycerol) re-
sulting in varying yields (1–97%) [7–11] while the synthesis of sugar
esters has offered significantly lower yields (1–52%) due to the solu-
bility limitations of sugars in the low water content media that are
essential for transesterification [12–17]. The vast majority of FAE-based
bioconversions has been performed in ternary solvent systems forming
detergentless microemulsions, protecting the enzyme from inactivation
in aqueous microdroplets, as this class of enzymes is less stable in or-
ganic solvent media than lipases, while little attention has been paid on
the stability of this class of enzymes in different solvent system-
s.Moreover, optimization studies have been focused on maximizing the
transesterification yield having little interest in the minimization of the
side-hydrolytic reactions that occur naturally due to the presence of
water, while only methyl or ethyl hydroxycinnamates have been em-
ployed as donors for transesterification.

https://doi.org/10.1016/j.enzmictec.2018.08.007
Received 25 May 2018; Received in revised form 22 August 2018; Accepted 23 August 2018

Abbreviations: AFA, L-arabinose ferulate; FA, ferulic acid; FAE, feruloyl esterase; PFA, prenyl ferulate; RSM, response surface methodology; SF, subfamily; VFA, vinyl
ferulate
⁎ Corresponding author.
E-mail address: paul.christakopoulos@ltu.se (P. Christakopoulos).

Enzyme and Microbial Technology 120 (2019) 124–135

Available online 30 August 2018
0141-0229/ © 2018 Elsevier Inc. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01410229
https://www.elsevier.com/locate/enzmictec
https://doi.org/10.1016/j.enzmictec.2018.08.007
http://www.cazy.org
http://www.cazy.org
https://doi.org/10.1016/j.enzmictec.2018.08.007
mailto:paul.christakopoulos@ltu.se
https://doi.org/10.1016/j.enzmictec.2018.08.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enzmictec.2018.08.007&domain=pdf


The advantage of employing FAEs as biocatalysts is the high specifi-
city towards hydroxycinnamic acids that constitutes them a superior tool
for the synthesis of feruloyl esters. On the other hand, the widely studied
lipases might be more stable in pure organic solvents but can only cata-
lyze the esterification of phenolic acids only if the aromatic moiety is not
para-hydroxylated and the lateral chain is saturated [5,9]. Therefore,
there is a need for the selection of novel FAEs with increased synthetic
potential and the assessment of their stability in organic solvents for the
development of competitive synthetic processes. Moreover, the use of
engineered substrates, such as vinyl esters, can result in high yields and
reduced reaction times, as the transesterification by-product, vinyl al-
cohol, tautomerizes to acetaldehyde shifting the reaction towards synth-
esis instead of hydrolysis, that occurs as side-reaction.

In this work, three novel FAEs from Talaromyces wortmannii ex-
pressed in the C1 platform were screened in a variety of solvents in
terms of enzyme activity and synthetic ability. Two targeted com-
pounds of different lipophilicity, prenyl ferulate (PFA) and L-arabinose
ferulate (AFA), were synthesized via FAE-catalyzed transesterification
of vinyl ferulate (VFA) with the respective acceptors (prenol or L-ara-
binose), as presented in Fig. 1. The relationship between reaction
parameters (water content, substrate ratio, time, enzyme concentration,
pH and temperature) and the bioconversion yield and selectivity was
investigated in the best solvent using the best enzyme. The optimal
conditions were determined using response surface methodology (RSM)
offering an insight into the potential of the industrial applications of
FAEs as biocatalytic tools for antioxidant modification.

2. Materials and methods

2.1. Materials and enzymes

MFA was purchased from Alfa Aesar (Karlsruhe, Germany). VFA was
provided by Taros Chemicals GmbH & Co. KG (Dortmund, Germany). Ionic

liquids 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIm][BF4]) and
1-butyl-3-methylimidazolium hexafluorophosphate ([BMIm][PF6]) and
other solvents were purchased from Sigma-Aldrich (Saint-Louis, USA). All
solvents were of analytical grade (>99% purity). Genomic DNA sequences
encoding the three putative feruloyl esterases, Fae125 (type A, SF5,
Genbank ID: MF362595.1), Fae7262 (type B, SF6; Genbank ID: MF362597.
1) and Fae68 (type B, SF1, Genbank ID: MF362596.1), were synthesized
(GeneArt, Germany) and cloned in a transformation vector as previously
described [18]. In each case, the resulting expression cassette containing
the gene of interest under the control of a strong promoter was co-trans-
formed with a selection marker in a C1 production strain. The production
strains were grown aerobically in a fed-batch system in minimal medium
supplemented with trace elements [19]. After fermentation, the broth was
centrifuged (15,000 x g for 1 h, 4 °C) and the cell-free broth was con-
centrated and dialyzed to 10mM phosphate buffer pH 6.5. Samples were
subsequently freeze-dried for storage.

2.2. Protein assay and determination of FAE content

The protein concentration of each enzymatic sample was de-
termined using the Pierce™ BCA Protein Assay (Thermofisher Scientific,
Waltham, USA). The FAE content (g FAE/g protein) of the enzymatic
preparations was determined by a densitometric method, including
SDS-PAGE using a Novex Sharp pre-stained protein standard
(Thermofisher Scientific, Waltham, USA) and subsequent quantification
of bands using JustTLC software (Sweday, Lund, Sweden). It was de-
termined that the FAE content of the enzymatic preparations was
0.10–0.15 g FAE/g protein for Fae68, 0.15–0.25 g FAE/g protein for
Fae7262 and 0.10 g FAE/g protein for Fae125.

2.3. Effect of reaction media on the enzyme activity

The stability of FAEs was tested by incubating 0.5 mg/mL in 96.8:

Fig. 1. Schematic representation of enzymatic a) transesterification of VFA (donor) with prenol or L-arabinose (acceptor) b) hydrolysis of VFA (competitive side-
reaction) c) hydrolysis of product (competitive side-reaction). Under normal conditions vinyl alcohol tautomerizes to acetaldehyde.
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3.2 v/v solvent: 100mM MOPS-NaOH pH 6.0 for 8 h at 25 °C and
1000 rpm agitation in an Eppendorf thermomixer (Eppendorf,
Hamburg, Germany). Different solvents were used including alkanes (n-
hexane, n-octane), alcohols (t-amyl alcohol, prenol, t-butanol), an ester
(ethyl acetate), a ketone (methyl ethyl ketone) and ionic liquids
([BMIm][BF4], [BMIm][PF6]). The enzyme was introduced in the sol-
vent as stock solution in buffer. At the end of 8 h, samples were agitated
to homogeneity following withdrawal of 10 μL and subsequent dilution
of the aliquot in 970 μL 100mM MOPS-NaOH pH 6.0. In the case of
water immiscible solvents (n-octane, n-hexane and [BMIm][PF6])
where the enzyme was enclosed in the water phase forming a biphasic
system, the solvent was removed and the water phase was re-diluted in
buffer achieving the desired concentration for determining enzymatic
activity.

The activity was assayed by introducing 1mMMFA (20 μL of 50mM
stock solution in dimethyl sulfoxide, DMSO) at a total volume of 1mL.
Samples were incubated at 45 °C for 10min while reactions were ended
by subsequent incubation at 100 °C for 5–10min. Subsequently, they
were 5-fold diluted in acetonitrile. All reactions were carried out in
duplicate accompanied by appropriate blank samples that were pre-
pared for each reaction containing buffer instead of enzyme. One unit
(U) is defined as the amount of enzyme (mg) releasing 1 μmol FA per
minute under the defined conditions. No substrate consumption was
observed in the absence of esterase. The initial enzyme activity was
assessed for each enzyme after incubation in buffer for 8 h at 25 °C and
1000 rpm agitation.

2.4. Effect of reaction media on the transesterification yield and selectivity

Transesterification reactions were performed at 98.6: 3.2 v/v sol-
vent: 100mM MOPS-NaOH pH 6.0 using 50mM VFA as donor and
200mM prenol or 30mM L-arabinose, aiming to the synthesis of prenyl
ferulate (PFA) and L-arabinose ferulate (AFA), respectively. Reactions
were performed in an Eppendorf thermomixer (Eppendorf, Hamburg,
Germany) for 8 h at 40 °C and 1000 rpm agitation, using fixed enzyme
load for each enzyme. In accordance with paragraph 2.3, a variety of
solvents was screened (n-hexane, n-octane, t-amyl alcohol, prenol, t-
butanol, ethyl acetate, methyl ethyl ketone, [BMIm][BF4] and [BMIm]
[PF6]). Additionally, a ternary system (n-hexane: t-butanol: buffer 53.4:
43.4: 3.2 v/v/v) forming detergentless microemulsions was used as a
reference based on previous reports [11,16]. At the end of incubation,
reactions were ended by addition of acetonitrile. Each reaction was
carried out in duplicate and was accompanied by a blank sample,
containing buffer instead of enzyme.

2.5. Experimental design for optimization in best solvent

The synthesis of the two targeted compounds (PFA and AFA) was
optimized in the best solvent using the most promising biocatalyst by
response surface methodology (RSM) provided by Design-Expert
Software 9.0 (Stat-Ease Inc., Minneapolis, USA). A five-level (−α, −1,
0, +1, +α), six-variable central composite design (CCD) was applied
for studying the effect of transesterification variables. The variables
selected for optimization were: X1 water content (% v/v), X2 substrate
molar ratio (mM acceptor/mM donor), X3 time (h), X4 enzyme con-
centration (g FAE/L), X5 pH and X6 temperature (oC). Table 1 lists the
levels of the six independent variables for the synthesis of each targeted
compound. The independent variables are coded to two levels, low
(−1) and high (+1), whereas the axial points are coded as minimum
(−α) and maximum (+α). The± α levels for variables X1, X2, X4 were
selected based on limitations during the preparation of reaction mix-
tures. The chosen responses were Y1 transesterification yield (% mM
targeted compound/mM VFA) and Y2 selectivity (mM targeted com-
pound/mM FA). The full factorial design consisted of 64 factorial
points, 12 axial points and 10 center points, leading to 86 sets of ex-
periments. Each reaction condition was carried out in duplicate at

1000 rpm agitation and fixed donor concentration (60mM VFA for PFA
and 80mM VFA for AFA). The following buffers were used at 100mM
concentration: sodium acetate (pH 4–6) and MOPS-NaOH (pH 6–8). In
the case of AFA synthesis, 5% v/v of DMSO was used in order to aid the
solubilization of substrates in the solvent. Each reaction was ended by
addition of acetonitrile.

2.6. Statistical analysis

Regression analysis was performed based on the acquired experi-
mental data and was fitted into the following empirical polynomial
equation using the software Design-Expert 9.0 (Stat-Ease Inc.,
Minneapolis, USA): = + ∑ +∑ ∑= =

−
= +

Y b b x b x xi
n

i i i
n

j i
n

ij i j0 1 1
1

1 , where Y is
the predicted response, b0, bi and bij are coefficients and xi,xj are the
non- coded values of the transesterification variables. The variability of
the fit of the equation was expressed by the coefficient of determination
(R2) and its statistical significance was evaluated using Fisher’s test (F-
test).

2.7. Analysis of products

Quantitative analysis was made by HPLC on a 100-5 C18 Nucleosil
column (250mm×4.6mm) (Macherey Nagel, Düren, Germany) and
detection of feruloyl compounds by a PerkinElmer Flexar UV/VIS de-
tector (Waltham, USA) at 300 nm. Elution was done with 70:30 v/v
acetonitrile: water for 10min at 0.6mL/min flow rate and room tem-
perature. Retention times for FA, AFA, MFA, VFA and PFA were 4.1,
4.4, 6.1, 7.4 and 8.7 min, respectively. Calibration curves were pre-
pared using standard solutions of feruloyl compounds in acetonitrile
(0.1–2mM). The transesterification yield was calculated as the molar
amounts of generated transesterification product (PFA or AFA) com-
pared to the initial molar amount of limiting reactant, expressed as a
percentage. The selectivity was defined by the molar concentration of
produced transesterification product (PFA or AFA) divided by the molar
concentration of produced FA.

3. Results and discussion

3.1. Effect of reaction media on enzyme activity

Although the use of organic solvents is explicit for the enzymatic
synthesis of esters by hydrolases, a major disadvantage is the in-
activation of enzymes by organic solvents resulting in significant lim-
itations of the enzymatic reaction processes. The FAE activity was as-
sessed after 8 h of incubation in 96.8: 3.2 v/v solvent: buffer at
1000 rpm and 25 °C using three feruloyl esterases from T. wortmanni as
biocatalysts belonging to different phylogenetic subfamilies: Fae68
(SF1), Fae7262 (SF6) and Fae125 (SF5). Fae125 retained its activity in
water immiscible solvent- water systems (n-octane, n-hexane and
[BMIm][PF6]) indicating that interfacial inactivation events were neg-
ligible in these biphasic systems. More than 50% of the initial activity
was maintained in the case of the t-amyl alcohol, t-butanol, ethyl
acetate and [BMIm][BF4] (Fig. 2A). The same trend was observed for
Fae7262 however the enzyme’s activity was more than halved by the
aforementioned solvents maintaining only 20–40% of the initial ac-
tivity (Fig. 2B). Lastly, Fae68 was stable only in n-octane, while it
maintained more than> 60% of its activity for most solvents (Fig. 2C).
Interestingly, all tested FAEs underwent severe inactivation in prenol
and methyl ethyl ketone resulting in detrimental effects on the residual
activity. Fae125 maintained only 20–30%, Fae7262 5–15% and
Fae68 < 3% of its initial activity in these solvents.

Several factors influence the loss of activity during incubation in or-
ganic solvents such as the conformational changes and in particular the
decreased conformational flexibility of the enzymes, the loss of crucial
water (in the case of water miscible solvent systems), the thermodynamic
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stabilization of substrate and the interfacial inactivation (in the case of
water- water immiscible solvent systems) [20,21]. Several attempts have
been made on the correlation between enzyme activity and the nature of
organic solvents of which representative is often the logarithm of parti-
tion coefficient (logP), a measure of hydrophobicity, as it is generally
accepted that the enzyme activity is higher in hydrophobic (logP>4)
than hydrophilic solvents (logP<1). Indeed, in our work a linear de-
crease of enzymatic activity was observed by increasing solvent hydro-
phobicity for the acetyl xylan-related FAEs (R2=0.8488 for Fae125 and
0.8382 for Fae7262) (Fig. 2D). Moreover, a similar trend between the
residual activity of the three FAEs from T. wortmannii was observed in
different solvents (correlation equal to 0.774 for Fae7262 and Fae68,
0.853 for Fae125 and Fae68 and 0.885 for Fae125 and Fae7262).

3.2. Effect of reaction media on the transesterification yield and selectivity

Synthesis of two targeted compounds of different lipophilicity (PFA
and AFA) was performed in 96.8: 3.2 v/v solvent: buffer for 8 h at
1000 rpm and 40 °C. Highest PFA yield was observed in water im-
miscible- water systems comprising of alkanes. Fae125 showed highest
yield in n-hexane (52.2%) and in n-octane (50.0%) with similar se-
lectivity (3.6–3.8). PFA yield reached 16.5 and 15.4% in t-butanol and
[BMIm][PF6], respectively, while it was very low (< 7%) in other
solvents. There was no observed synthesis in prenol and [BMIm][BF4]
(Fig. 3A). Fae7262 and Fae68 had similar trend with Fae125 during
PFA synthesis. However, they showed lower yields than Fae125 in n-
octane (25–29%) with lower selectivities (equal to 1.095 and 0.419

Table 1
Levels of transesterification variables.

Independent variable Factor PFA synthesis AFA synthesis

Minimum
(−α)

Low
(−1)

Central (0) High
(+1)

Maximum
(+α)

Minimum
(−α)

Low
(−1)

Central (0) High
(+1)

Maximum
(+α)

Water content (% v/v) X1 0 1.8 5.0 8.2 10 0 4.5 12.5 20.5 25
Substrate molar ratio (mM

acceptor/mM donor)
X2 5 18.5 42.5 66.5 80 0.5 1.0 2.0 3.0 3.5

Time (h) X3 1 9.5 24.5 39.5 48 1 3.5 8 12.5 15
Enzyme concentration (g FAE/

L)
X4 0.004 0.04 0.10 0.16 0.20 0.002 0.02 0.05 0.08 0.10

pH X5 4 4.7 6 7.2 8 4 4.7 6 7.2 8
Temperature (oC) X6 20 24.5 32.5 40.5 45 20 24.5 32.5 40.5 45

Fig. 2. Residual activity of (A) Fae125 (B) Fae7262 (C) Fae68 after 8 h incubation at 98.6: 3.2 v/v solvent: buffer at 25 °C and 1000 rpm. (D) Residual activity versus
the logarithm of partition coefficient (logP). Black: Fae125, White: Fae7262, Grey: Fae68.
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Fae7262 and Fae68, respectively) and the use of other water miscible
solvents resulted in limited yields (< 5%) (Fig. 3B and C). PFA synth-
esis in a ternary system of n-hexane: t-butanol: buffer forming de-
tergentless microemulsions resulted in good yields for all tested FAEs.

Highest AFA yield was observed in detergentless microemulsions
followed by water immiscible- water systems for Fae125 and Fae7262.
In all cases, selectivity was considerably lower than PFA synthesis
and<1, showing that hydrolysis was a predominant reaction. Fae125
showed highest yield in microemulsions (25%) followed by n-hexane or
octane (10.7 or 11.2%) while selectivity was highest in n-octane and in
microemulsions (∼0.35) (Fig. 3D). Fae7262 showed lower yields (up to
4%) but had similar trend with Fae125 (Fig. 3E). Fae68 offered negli-
gible yields (< 2%) in all tested solvents (Fig. 3F). There was no ob-
served synthesis in [BMIm][BF4] for any tested FAE.

Transesterification in organic solvents and ionic liquids has been

widely performed with lipases where application of hydrophobic sol-
vents usually results in improved synthetic yields [5,22,23]. In our
work, there has been a linear relation between the yield or selectivity
and solvent hydrophobicity where transesterification is more favored in
alkanes than polar water-miscible solvents (R2= 0.8346–0.9659). Al-
though use of detergentless microemulsions resulted in higher trans-
esterification yields than all tested water miscible solvents in this work,
as they offer protection from inactivation by enclosing the enzyme in
aqueous microdroplets stabilized by t-butanol, the even higher yields in
pure alkane:buffer systems could be attributed to possible interfacial
activation of the enzymes. Furthermore, there has been a good corre-
lation between the residual hydrolytic activity and the transesterifica-
tion yield in different tested organic solvents (0.9187, 0.9742, 0.6617
for Fae125, Fae7262, Fae68 during PFA synthesis, 0.8457 for Fae125
during AFA synthesis) (Figs. 2 and 3).

Fig. 3. Transesterification yield (grey column) and selectivity (black squares) of (A), (D) Fae125 (B), (E) Fae7262 (C), (F) Fae68. Transesterification reactions were
carried out at 50mM VFA, 200mM prenol or 30mM L-arabinose, 96:8: 3.2 v/v solvent: buffer, 1000 rpm and 40 °C for 8 h.
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3.3. Optimization of reaction conditions via RSM and model verification

Based on the above, Fae125 was selected as best biocatalyst for the
synthesis of both products (PFA and AFA) as it can transesterify VFA
with acceptors of different size and lipophicility (prenol and L-arabi-
nose) with good yields. n-Hexane was used as most adequate solvent
since it offered highest yields and selectivity for both products.
Furthermore, it has a significantly lower boiling point (69 °C) than
octane (125 °C) facilitating future downstream processing approaches.
Optimization of reaction conditions for each product was performed via
RSM.

To determine the best fitting model for each bioconversion, multiple
regression analysis was investigated using Design-Expert. The models
were compared and evaluated for significance (F values, P values, lack
of fit and R2 values) (Tables 2 and 3). Among the proposed models, the
quadratic and the two-factor interaction (2FI) model were statistically
more suitable for the description of the FAE-catalyzed transesterifica-
tion of VFA with prenol and L-arabinose, resulting in similar F values.
Comparing the statistical significance of each variable for both models,
it was concluded that the exported quadratic model could be simplified
into a 2FI model, since only a single quadratic factor (X5

2) was sig-
nificant (p < 0.05) (data not shown). Thus, a 2FI model was used for
the prediction of responses of both bioconversions.

3.3.1. PFA synthesis
The analysis of variance (ANOVA) for the 2FI models for the PFA

yield and selectivity is presented in Tables 2 and 3, respectively. The
high F value for the two responses, 20.83 and 14.55, implies that the
models were significant (p < 0.001). The regression analysis resulted
in a coefficient of determination (R2) of 0.8741 and 0.8291 (Fig. 4A and
B), respectively, indicating that the models have high significance for
describing the relationship of the responses (yield and selectivity) and
variables. According to the established models, the substrate molar
ratio (X2, 192.9), the water content (X1, 78.64), the time (X3, 68.36)
and the enzyme load (X4, 24.94) were significant linear terms while the

synergistic effects of water content-substrate molar ratio (X1X2, 29.58)
and substrate molar ratio-time (X2X3, 15.63) were most significant in-
teractive terms having an impact on the PFA yield (Table 2). Similarly,
the substrate molar ratio (X2, 150.02), the water content (X1, 37.54),
the time (X3, 28.56) and the enzyme load (X4, 19.60) were most sig-
nificant linear terms while the synergistic effects of substrate ratio-time
(X2X3, 14.13) and substrate molar ratio-temperature (X2X6, 12.05) were
most significant interactive terms having an impact on the selectivity
(Table 3). The significance of synergistic action of substrate molar ratio
and time on the selectivity reflects the almost exclusive conversion of
VFA to PFA over time at high acceptor concentrations. On the other
hand, the significance of the interaction between the substrate molar
ratio and the temperature underlines the adverse impact of very high
prenol concentration in combination with increased temperature on the
stability of Fae125. The effect of substrate molar ratio and time on the
selectivity is presented in Fig. 4C. The full predictive equations for PFA
synthesis are shown inthe Supplementary material (File S1).

Neglecting the insignificant terms (p > 0.05), the final predictive
equations are presented below:

Y1 (PFA yield (% mM PFA/mM VFAinitial))
= 102.09+ 3.42X1− 2.13X2+ 0.60X3+215.45X4+0.078X1X2

− 27.66X1X4+ 0.012X2X3+ 3.96X2X4+ 0.014X2X6

Y2 (Selectivity (mM PFA/mM FA))= 7.27+0.597X1

− 0.143X2+0.034X3+ 15.7X4− 0.081X6+ 0.002X1X2

− 0.005X1X3− 2.31X1X4+ 0.0009 X2X3+ 0.273 X2X4+ 0.002 X2X6

The optimal conditions for PFA synthesis catalyzed by Fae125 in n-
hexane: buffer, determined as the ones maximizing both responses were
predicted via the numerical optimization of Design Expert software.
The optimal conditions, presented in Table 4, were determined as: 8.2%
v/v water, 18.56mM prenol/mM VFA, 24.5 h, 0.04 g FAE/L, 4.7 pH,
24.5 °C. Under the optimal conditions, the predicted PFA yield was
86.5% and the predicted selectivity 7.202. The model was validated

Table 2
Analysis of variance (ANOVA) for response surface 2FI model for yield.

Source Yield

PFA synthesis AFA synthesis

Sum of squares df Mean square F value P value Sum of squares df Mean square F value P value

Model 33885.63 21 1613.602 20.83258 8.24E-21 15682.8 21 746.7999 7.320045 4.96E-10
X1 6090.919 1 6090.919 78.63747 1.1E-12 2652.621 1 2652.621 26.00068 3.56E-06
X2 14938.83 1 14938.83 192.8694 7.7E-21 5013.393 1 5013.393 49.14069 2.23E-09
X3 5294.844 1 5294.844 68.35966 1.21E-11 122.6805 1 122.6805 1.2025 0.277133
X4 1932.022 1 1932.022 24.94358 4.96E-06 0.004427 1 0.004427 4.34E-05 0.994766
X5 93.94015 1 93.94015 1.212824 0.274963 4.530597 1 4.530597 0.044408 0.833798
X6 70.05461 1 70.05461 0.904448 0.345226 26.25051 1 26.25051 0.257304 0.613807
X1X2 2291.034 1 2291.034 29.57864 9.32E-07 2303.69 1 2303.69 22.5805 1.27E-05
X1X3 80.94565 1 80.94565 1.045058 0.310558 1794.902 1 1794.902 17.59341 9E-05
X1X4 489.6721 1 489.6721 6.321965 0.014491 417.0017 1 417.0017 4.087401 0.047597
X1X5 99.74773 1 99.74773 1.287804 0.260752 27.73543 1 27.73543 0.271859 0.603975
X1X6 0.248497 1 0.248497 0.003208 0.95501 191.6921 1 191.6921 1.878944 0.175477
X2X3 1210.316 1 1210.316 15.62592 0.000198 162.5396 1 162.5396 1.593194 0.211675
X2X4 563.5109 1 563.5109 7.275268 0.008959 7.949389 1 7.949389 0.077919 0.781082
X2X5 59.77225 1 59.77225 0.771696 0.383031 0.309784 1 0.309784 0.003036 0.956236
X2X6 433.531 1 433.531 5.597149 0.021079 6.521683 1 6.521683 0.063925 0.801247
X3X4 0.024966 1 0.024966 0.000322 0.985733 1428.277 1 1428.277 13.9998 0.000406
X3X5 8.338336 1 8.338336 0.107653 0.74392 3.396448 1 3.396448 0.033292 0.855827
X3X6 79.53092 1 79.53092 1.026793 0.314789 31.35409 1 31.35409 0.307329 0.581351
X4X5 0.173694 1 0.173694 0.002243 0.96238 11.77602 1 11.77602 0.115427 0.735215
X4X6 17.1637 1 17.1637 0.221594 0.639454 621.8869 1 621.8869 6.095662 0.016368
X5X6 131.0159 1 131.0159 1.691494 0.198142 0.627491 1 0.627491 0.006151 0.937746
Residual 4879.708 63 77.45568 6223.294 61 102.0212
Lack of Fit 4879.708 54 90.36496 6223.294 52 119.6787
Pure error 0 9 0 0 9 0
Cor total 38765.34 84 21906.09 82

I. Antonopoulou et al. Enzyme and Microbial Technology 120 (2019) 124–135

129



experimentally, giving 87.5% yield and 7.616 selectivity. The presence
of water during transesterification was essential as at 0% v/v water, the
enzyme was not active.

3.3.2. AFA synthesis
Accordingly, the ANOVA for the AFA yield and selectivity showed

that the exported 2FI models were significant (p < 0.001), with high F
values (7.32 and 12.28, respectively) (Tables 2 and 3). The regression
analysis resulted in a coefficient of determination (R2) of 0.716 and
0.809, respectively (Fig. 4D and E). Regarding the variables affecting
the AFA yield, the substrate molar ratio (X2, 49.14) and the water
content (X1, 26.00) were the most significant linear terms while the
water content-time (X1X3, 17.59) and the enzyme load-time (X3X4,
14.00) were the most important interactive terms (Table 2). Regarding
the variables affecting the selectivity, the water content (X1, 72.59), the
substrate molar ratio (X2, 63.30) and the time (X3, 10.03) were most
important among the linear terms while the interaction of water con-
tent-substrate molar ratio (X1X2, 53.10), water content-enzyme load
(X1X4, 12.82), enzyme load-temperature (X4X6, 7.62) and enzyme load-
time (X3X4, 7.25) were important interactive factors (Table 3). The
effect of water content and substrate ratio on the selectivity is presented
in Fig. 4F. The synergistic effect of water content-time and enzyme
load-time reflects the reaction limitations due to the side hydrolysis of
AFA by Fae125, after a critical ratio of AFA and VFA has been attained.
On the other hand, it is an indication for the increased specificity of
FAEs towards natural-like substrates, such as AFA, as no-side hydrolysis
of transesterification product was observed during PFA synthesis over
time. The full predictive equations for AFA synthesis are shown in the
Supplementary material (File S2).

Neglecting the insignificant terms (p > 0.05), the final predictive
equations are presented below:

Y1 (AFA yield (% mM AFA/mM VFAinitial)) =−63.9+
2.78X1+ 14.51X2− 0.807X1X2− 0.153 X1X3+ 21.02X1X4− 69.48
X3X4− 25.67X4X6

Y2 (Selectivity (mM AFA/mM FA))=−0.120+0.008X1

+0.738X2+0.028X3+ 0.001X6− 0.027X1X2+0.806X1X4− 1.08
X3X4− 0.621 X4X6

The optimal conditions for AFA synthesis catalyzed by Fae125 in n-
hexane: DMSO: buffer, defined as the ones maximizing both responses,
were estimated via the numerical optimization of Design Expert soft-
ware. The optimal conditions, presented in Table 4, were determined
as: 4.5% v/v water, 2.96mM L-arabinose/mM VFA, 12 h, 0.02 g FAE/L,
4.7 pH, 38.9 °C. The increased optimal temperature, comparing to PFA
synthesis, underlines the need for increased solubilization of L-arabi-
nose for efficient transesterification. Furthermore, it appears that time
and enzyme load are crucial during AFA synthesis, as at long incuba-
tions times or increased enzyme load, hydrolysis of AFA occurs after a
crucial ratio between VFA and AFA has been achieved. This phenom-
enon was also observed in previous work based on the optimization of
AFA synthesis in detergentless microemulsions by FAEs from Myce-
liophthora thermophila [16]. The lower optimal value of water content
(4.5%) underlines the need for reduced water activity, in order to re-
duce the extent of side-hydrolytic reactions. Under the optimum con-
ditions, the predicted AFA yield was 60.3% and the predicted selectivity
was 1.442. The model was validated experimentally, resulting in 56.2%
yield and 1.284 selectivity. The presence of water during transester-
ification was essential as at 0% v/v water, the enzyme was not active.

3.4. Effect of DMSO concentration and agitation on the yield and selectivity

As a next step, the effect of DMSO addition (0–20% v/v) and agi-
tation (0, 1000 rpm) were investigated at optimal conditions using
Fae125 versus time. During PFA synthesis and at 0% v/v DMSO (after
24 h of incubation), reactions performed without agitation resulted in
significantly lower yield and selectivity (61.5%, 5.570) comparing to
reactions where agitation was applied (87.5%, 7.616), indicating that
mass transfer phenomena are significant (Fig. 5A and B). The same
trend was observed at 2% v/v DMSO. On the other hand, at 5–10% v/v
DMSO, mass transfer phenomena appeared to be less significant as the

Table 3
Analysis of variance (ANOVA) for response surface 2FI model for selectivity.

Source Selectivity

PFA synthesis AFA synthesis

Sum of squares df Mean square F value P value Sum of squares df Mean square F value P value

Model 135.1276 21 6.434649 14.55301 7.76E-17 12.30857 21 0.586123 12.27704 8.71E-15
X1 16.59717 1 16.59717 37.53721 6.45E-08 3.465622 1 3.465622 72.59163 5.63E-12
X2 66.33225 1 66.33225 150.0212 2.56E-18 3.022151 1 3.022151 63.30259 5.23E-11
X3 12.62849 1 12.62849 28.5614 1.33E-06 0.479154 1 0.479154 10.03645 0.002398
X4 8.666881 1 8.666881 19.60157 3.87E-05 0.14794 1 0.14794 3.098776 0.083364
X5 0.270831 1 0.270831 0.612528 0.43677 0.043991 1 0.043991 0.921447 0.340885
X6 4.040274 1 4.040274 9.13774 0.003618 0.321546 1 0.321546 6.735172 0.011825
X1X2 1.821311 1 1.821311 4.119193 0.046628 2.535082 1 2.535082 53.10036 7.44E-10
X1X3 4.264338 1 4.264338 9.644498 0.002846 0.16698 1 0.16698 3.497606 0.066258
X1X4 3.410038 1 3.410038 7.712358 0.007215 0.612307 1 0.612307 12.82551 0.000679
X1X5 0.442761 1 0.442761 1.001377 0.320806 0.019334 1 0.019334 0.404981 0.526909
X1X6 1.040228 1 1.040228 2.352646 0.130077 0.002516 1 0.002516 0.052703 0.819193
X2X3 6.249887 1 6.249887 14.13514 0.000375 0.01704 1 0.01704 0.356916 0.552435
X2X4 2.6873 1 2.6873 6.077769 0.016426 0.034417 1 0.034417 0.720908 0.399166
X2X5 0.076701 1 0.076701 0.173472 0.67846 0.0212 1 0.0212 0.444052 0.507686
X2X6 5.329859 1 5.329859 12.05435 0.000939 0.020706 1 0.020706 0.433718 0.512648
X3X4 0.347677 1 0.347677 0.786327 0.378586 0.346109 1 0.346109 7.249679 0.009142
X3X5 0.00704 1 0.00704 0.015923 0.899987 0.004961 1 0.004961 0.10392 0.748277
X3X6 0.338887 1 0.338887 0.766448 0.384644 5.37E-07 1 5.37E-07 1.12E-05 0.997336
X4X5 0.00021 1 0.00021 0.000476 0.982663 0.005487 1 0.005487 0.114928 0.735767
X4X6 0.278933 1 0.278933 0.630853 0.430024 0.363799 1 0.363799 7.620199 0.007612
X5X6 0.296569 1 0.296569 0.67074 0.415881 0.025393 1 0.025393 0.531879 0.468609
Residual 27.8556 63 0.442152 2.912222 61 0.047741
Lack of Fit 27.8556 54 0.515844 2.912222 52 0.056004
Pure Error 0 9 0 0 9 0
Cor Total 162.9832 84 15.2208 82
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resulting yield was>90% after only 5 h of incubation and selectivity
was 2-fold increased independently of agitation after 24 h. At 20% v/v
DMSO, Fae125 appeared to be inactivated (< 2% yield) (data not
shown). This is in accordance with findings on the effect of DMSO on
the hydrolytic activity of feruloyl esterases where AnFaeA from Asper-
gillus niger and NcFaeB from Neurospora crassa were inactivated over
30% v/v DMSO whereas the commercial Ultraflo and TsFaeC from
Talaromyces stipitatus were inactivated over 40% and 50% v/v DMSO,
respectively [24].

Overall, at 5% v/v DMSO and 1000 rpm, the obtained yield and
selectivity was 92.8% and 14.090 at 24 h. Thus, an addition of DMSO
could increase significantly the selectivity of the synthesis of aliphatic
ferulates in water-water immiscible solvent systems. At these

conditions, the yield was 1.85-fold increased and the selectivity was 4-
fold higher comparing to the initial conditions tested in paragraph 3.2.
Furthermore, the selectivity was approximately 2-fold increased com-
paring to reactions at optimal conditions and 0% v/v DMSO. The
achieved yield (92.8%) is among the highest reported for aliphatic es-
ters synthesis based on FAEs and significantly improved comparing to
the PFA synthesis by FAEs from M. thermophila in microemulsions
(72.2%) [11]. More specifically, a> 90% transesterification yield has
been achieved by the immobilized commercial enzymatic preparation
Ultraflo L during synthesis of butyl ferulate [11,25]. Esterification of FA
with glycerol (81%) by FAE-PL (purified from the multienzymatic
preparation Pectinase PL “Amano” produced by Aspergillus niger) [26],
esterification of sinapic acid or transesterification of methyl sinapate

Fig. 4. Model diagnostic plots of predicted vs actual (A) PFA yield (B) PFA/FA ratio (C) Response surface plot showing the effect of substrate molar ratio (X2, mM
acceptor/mM VFA) and time (X3, h) on the selectivity during PFA synthesis (PFA/FA ratio). Model diagnostic plots of predicted vs actual (D) AFA yield (E) AFA/FA
ratio. (F) Response surface plot showing the effect of water content (X1, % v/v) and substrate molar ratio (X2, mM acceptor/mM VFA) on the selectivity during AFA
synthesis (AFA/FA ratio).
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Table 4
Summary of optimal values of variables maximizing both responses (yield and selectivity) and green chemistry/process metrics.

Independent variable PFA synthesis AFA synthesis

Optimal parameters
Water content (% v/v) 8.2 4.5
Solvent (hexane: DMSO v/v) 91.8: 0 90.5: 5.0
Substrate molar ratio (mM acceptor/mM donor) 18.56 2.96
Time (h) 24.5 12.0
Enzyme concentration (g FAE/L) 0.04 0.02
pH 4.7 4.7
Temperature (oC) 24.5 38.9

Model validation
Predicted yield (% mM product/mM VFAinitial) 86.5 60.3
Actual yield (% mM product/mM VFAinitial) 87.5 ± 0.9 56.2 ± 1.2
Predicted selectivity (mM product/mM FA) 7.202 1.442
Actual selectivity (mM product/mM FA) 7.616 ± 0.623 1.284 ± 0.184

Process metrics
DMSO addition (% v/v) 0 5 0 5
Yield (% mM product/mM donorinitial) 87.5 (24 h) 92.5 (24 h) 32.3 (12 h) 56.2 (12 h)
Catalyst productivitya (g product/g FAE) 345–908 362–1178 410–1045 735–1795
Productivitya (g product/L/h) 0.57–1.51 0.60–1.96 0.68–1.74 1.23–2.99
Product concentrationa (g/L) 13.8–36.3 14.6–47.1 8.2–20.9 14.7–35.9

Green chemistry metrics
Atom efficiency (%) 85.6 85.6 88.1 88.1
Carbon efficiency (%) 88.2 88.2 88.2 88.2
Reaction mass efficiencya (%) 10.0–12.6 12.9–13.4 15.4–15.7 11.0–27.0
Solvent intensitya,b (% kg solvent/kg product) 166–436 132–427 299–762 180–441
Water intensitya,b (% kg water/kg product) 23–59 17–56 22–55 13–31
E-factora,b (kg waste/kg product) 27.8–56.6 22.2–55 37.3–87.2 22.0–49.8

a Calculated for a range of yields; 60–200mM VFA for PFA synthesis; 80–200mM VFA for AFA synthesis.
b Assuming no recycling of enzyme, solvent or substrate.

Fig. 5. (A) Effect of DMSO (% v/v) and agitation (0, 1000 rpm) on the (A) PFA yield (B) PFA/FA ratio (C) AFA yield (D) AFA/FA ratio. Reactions were performed at
optimal conditions as determined by the response surface model for each bioconversion using Fae125 as biocatalyst and were monitored over time.
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with glycerol (70–78%) by AnFaeA from A. niger [27,28] and transes-
terification of methyl ferulate with 1-butanol (78%) by immobilized
AnFaeA [28] are indicative reports of increased yields after optimiza-
tion of reaction conditions in FAE-catalyzed reactions.

During AFA synthesis, lack of agitation and DMSO resulted in very
low yield and selectivity. At 0 rpm and 0% v/v DMSO, the yield was
31.1% and selectivity was 0.792 at 8 h of incubation while they stabi-
lized at 24.0% and 0.386 until 12 h. At 1000 rpm and 0% v/v, the yield
and selectivity were improved and stabilized at 32.3% and 0.569 after
12 h. The addition of DMSO is essential in this reaction as a 2-fold in-
crease in yield and 4-fold increase in selectivity was observed at 2–10%
v/v (Fig. 5C and D). This expected increase is owed to the effective
solubilization of L-arabinose in the formed polar phase, enabling the
transesterification over hydrolysis. Mass transfer phenomena were less
significant over 5% v/v of DMSO. More specifically, at 5% v/v and
0 rpm agitation, a 67.1% yield and 2.270 selectivity were achieved at
only 6 h of incubation that subsequently decreased and stabilized to
51.5% and 1.068 at 12 h. At 1000 rpm, a 60.9% yield and 1.857 se-
lectivity were observed at 6 h, while a decrease to 56.2% and 1.284 was
observed up to 8 h remaining constant until 12 h. At 20% v/v, the en-
zyme was inactivated (0% yield) (data not shown). Interestingly, an
increase of selectivity is observed up to 4 h of incubation in all cases,
except for 5–10% v/v DMSO and 1000 rpm, where the selectivity is
quite high at the first 2 h (> 2.5) and then decreases linearly. This
could be explained by the improved contact of enzyme with the sub-
strates. The observed decrease in the selectivity and yield up to 12 h
indicates that the enzyme is hydrolyzing AFA after a critical ratio of
AFA and VFA is achieved, a phenomenon that is not observed during
PFA synthesis. Nevertheless, after optimization via RSM with DMSO
addition, the obtained yield and selectivity at 6 h was increased 6-fold
and 14-fold, respectively, comparing to the initial screening conditions
tested in paragraph 3.2. To the authors’ best knowledge, a> 60% yield
is the highest reported in literature regarding FAE-catalyzed AFA
synthesis. Works reporting high AFA yields include the transester-
ification of methyl ferulate by StFaeC from Sporotrichum thermophile

(synM. thermophila; 40–50%) [29] and the transesterification of VFA by
FaeA1 from M. thermophila C1 (52.2%) in microemulsions [16].

3.5. Distribution of feruloyl compounds in hexane: DMSO: water systems

The addition of DMSO imposed changes in the composition and
formation of phases of the reaction system. Thus, the organic and water
phase at 0% and 5% v/v DMSO was analyzed by HPLC at 0 h and at the
end of the reaction for both bioconversions. When prenol was used as
acceptor at 0% v/v DMSO, two distinct transparent phases were
formed: a water-rich phase containing the enzyme and buffer and a
hexane-rich phase containing the acceptor (prenol). When 5% v/v
DMSO was used, the polar nature of this reagent formed a macro-
scopically defined “polar phase” containing water and DMSO in which
the enzyme was enclosed. At both cases,> 90% of solubilized VFA in
the organic phase at 0 h. At the end of 24 h at 0% v/v DMSO > 90% of
the produced PFA and of the remaining VFA and 65% of the produced
FA were encountered in the organic phase. At 5% v/v DMSO, slightly
more FA (89% of the produced FA) was found in the organic phase.

During AFA synthesis at 0% v/v DMSO, both substrates were
practically insoluble in the reaction mixture, hence the very low ob-
served transesterification yields (Fig. 5C). In particular, there was a
formation of three phases: a water-rich phase containing the enzyme
and solubilized L-arabinose, an organic phase containing 5% of the total
amount of VFA and a solid phase comprised by insoluble VFA and L-
arabinose. On the contrary, at 5% v/v DMSO a two phase system was
formed: an a-polar hexane rich phase comprising of hexane and solu-
bilized VFA and a polar phase containing water and DMSO comprising
of 52% solubilized VFA, L-arabinose and enzyme. At the end of 24 h,
AFA was partially solubilized in both phases.

3.6. Effect of donor concentration on the yield and selectivity

Although enzymes operate optimally at low substrate concentra-
tions, the possibility of increasing the VFA concentration was

Fig. 6. (A) Effect of donor concentration at optimal conditions and 1000 rpm. PFA synthesis: 24 h, AFA synthesis: 6 h (B) Reusability of enzyme (water phase) during
PFA synthesis as performed in hexane: water at optimal conditions. (C) Scheme of PFA synthetic process in n-hexane: buffer with solvent and enzyme recycling.
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investigated at optimal conditions and fixed substrate molar ratio, since
it could benefit further the productivity of the process. It was observed
that the PFA yield was decreased by 15% and the respective selectivity
by 23%, when the donor concentration increased from 60mM to
200mM in reactions without DMSO. At 5% v/v DMSO, the yield and
selectivity remained constant up to 200mM, increasing the PFA con-
centration 2.5 times (up to 180mM). On the other hand, the AFA yield
decreased only by 7–8% by increasing the VFA concentration to
200mM, in reactions with 0 or 5% v/v DMSO (Fig. 6A).

3.7. Enzyme reusability

Use of water immiscible-water systems for enzymatic bio-catalysis
offers various advantages such as the reusability of water phase con-
taining the free enzyme. Transesterification of VFA with prenol in n-
hexane: water (0% v/v DMSO) was carried out for 6 consecutive re-
action cycles at optimal conditions as determined by RSM. At the end of
each reaction, the upper organic phase was isolated and analyzed by
HPLC while a newly prepare organic solvent mixture containing hexane
and substrates (VFA and prenol) was introduced. As presented in
Fig. 6B, the achieved yield was decreased only by 10% compared to the
initial PFA yield by the end of fourth cycle while at the end of sixth
cycle the PFA yield was 66.6% of the initial one. Selectivity was re-
tained at 100% of the initial value throughout the six consecutive re-
action cycles. The obtained results are comparable with the reusability
of the commercial multienzymatic preparation Depol 740 L im-
mobilized on mesoporous silica MPS-5D or MPS-9D that was relatively
stable throughout 6 runs, maintaining 70–96% of its initial activity
during the transesterification of MFA with 1-butanol in a solvent-free
system [10]. C1FaeB1 from M. thermophila C1 immobilized on SBA-15
maintained its initial yield and selectivity for the same reaction after 9
consecutive cycles [30].

3.8. Metrics and conceptual process design

The bioactive activities of feruloyl derivatives constitute them an
attractive candidate for use in the food, pharmaceutical and cosmetic
industries. Although enzymatic transesterification offers milder opera-
tional conditions (T, pH) and increased selectivity comparing to che-
mical counterpart processes, there are various economic and environ-
mental challenges that limit industrial application. For instance, nature
has evolved enzymes to operate at low concentration of substrates (i.e.
donor) and hence products, limiting productivity and placing a parti-
cular burden on downstream processing. At the same time, the large
amount of required solvent and acceptor increase the cost and impose
the need of recycling along with the increased price of enzymes. In our
work, optimization offered exceptional biocatalyst productivities (up to
1795 kg product/ kg free FAE) (Table 4) that are required and adequate
for pharmaceutical processes (100–250 kg product/kg free enzyme) or
even fine chemical processes (670–1700 kg product/kg free enzyme)
[31] while the possibility of Fae125 reuse for 6 consecutive cycles could
offer more than a 5-fold increase in biocatalyst productivity for PFA
synthesis. Moreover, productivity> 1 g product/L/h was achieved for
both products (PFA and AFA), fitting well with the needs of early stage
analysis for process development [33]. The increased yields (i.e. > 80%
for PFA) and productivities can be attributed to the identification of
potent biocatalysts such as Fae125 and the use the activated donor VFA.
The use of vinyl activated donors allows the shift of equilibrium to-
wards transesterification, as the produced vinyl alcohol tautomerizes to
acetaldehyde (Fig. 1). However, the need of vinyl-activated donor and
the resulting by-product (acetaldehyde) should be addressed in terms of
cost, product safety and downstream processing.

Focusing on the biocatalytic process itself, assuming at a theoretical
level that the production of substrates, biocatalyst and downstream
processing results in zero waste and that no materials are recycled, the
calculated E-factor is within the range of pharmaceutical processes

(25–100 kg waste/kg product) [32,33]. A 2.5-fold increase in donor
concentration, enabled in general a 2-fold decrease of E-factor and a 4-
fold decrease of solvent intensity (Table 4). Nevertheless, solvent re-
cycling is essential as solvent intensity is about 130–180% for most of
the synthetic conditions described in this work. Furthermore, the water
and enzyme used in this synthetic process, could be easily reused by
liquid-liquid extraction as n-hexane is a water immiscible solvent. The
resulting byproducts, FA and acetaldehyde, could be sold or used as
building-block chemicals in a prospect that the particular process could be
integrated as part of a future biorefinery. A conceptual process design for
PFA synthesis in n-hexane: buffer is presented in Fig. 6C.

4. Conclusions

In this work, we evaluated the synthetic potential and assessed the
stability of three FAEs from T. wortmannii in different solvents. After
optimization of reaction conditions, competitive yields were obtained
for the synthesis of two feruloyl derivatives of different lipophilicity
(PFA and AFA) using the type A Fae125 from SF5 as biocatalyst. The
developed syntheses were evaluated based on green chemistry and
process metrics resulting in exceptional productivities. The investiga-
tion of the potential of FAEs for the modification of feruloyl compounds
could enable the application of greener and milder processes with ex-
ceptional selectivity for use in the food, pharmaceutical and cosmetics
industry. Moreover, the modeling and early stage process analysis sets
the basis for scale up and enables the performance of a preliminary
and/or techno-economic assessment for future development of cost-
effective FAE-based bioconversions.

Author contributions

IA (Luleå University of Technology, Sweden) designed and per-
formed the experiments, analyzed the data and wrote the manuscript;
UR and PC designed the experiments and analyzed the data; LI (DuPont
Industrial Biosciences, the Netherlands) provided the enzymatic pre-
parations Fae68, Fae7262 and Fae125; PJ and AP (Taros Chemicals,
Germany) provided VFA as donor for enzymatic transesterification; All
authors reviewed and approved the manuscript.

Acknowledgments

This work was supported by the European Union, Grant agreement
no: 613868 (OPTIBIOCAT). The authors have no conflict of interest to
declare.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.enzmictec.2018.08.007.

References

[1] P.A. Kroon, M.T. Garcia-Conesa, I.J. Fillingham, G.P. Hazlewood, G. Williamson,
Release of ferulic acid dehydrodimers from plant cell walla by feruloyl esterases, J.
Sci. Food Agric. 79 (1999) 428–434.

[2] V.F. Crepin, C.B. Faulds, I.F. Connerton, Functional classification of the microbial
feruloyl esterases, Appl. Microbiol. Biotechnol. 63 (2004) 647–652.

[3] I. Benoit, E.G.J. Danchin, R.-J. Blechrodt, R.P. de Vries, Biotechnological applica-
tions and potential of fungal feruloyl esterases based on prevalence, classification
and biochemical diversity, Biotechnol. Lett. 30 (2008) 387–396.

[4] A. Dilokpimol, M.R. Mäkelä, M.V. Aguilar-Pontes, I. Benoit-Gelber, K.S. Hildén,
R.P. de Vries, Diversity of fungal feruloyl esterases: updated phylogenetic classifi-
cation, properties and industrial applications, Biotechnol. Biofuels 9 (2016) 231.

[5] I. Antonopoulou, S. Varriale, E. Topakas, U. Rova, P. Christakopoulos, V. Faraco,
Enzymatic synthesis of bioactive compounds with high potential for cosmeceutical
application, Appl. Microbiol. Biotechnol. 100 (2016) 6519–6543.

[6] C.B. Faulds, What can feruloyl esterases do for us? Phytochem. Rev. 9 (2010)
121–132.

[7] S. Giuliani, C. Piana, L. Setti, A. Hochkoeppler, P.G. Pifferi, G. Williamson,
C.B. Faulds, Synthesis of pentyl ferulate by a feruloyl esterase from Aspergillus niger

I. Antonopoulou et al. Enzyme and Microbial Technology 120 (2019) 124–135

134

https://doi.org/10.1016/j.enzmictec.2018.08.007
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0005
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0005
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0005
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0010
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0010
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0015
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0015
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0015
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0020
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0020
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0020
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0025
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0025
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0025
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0030
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0030
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0035
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0035


using water-in-oil microemulsions, Biotechnol. Lett. 23 (2001) 325–330.
[8] E. Topakas, H. Stamatis, P. Biely, D. Kekos, B.J. Macris, P. Christakopoulos,

Purification and characterization of a feruloyl esterase from Fusarium oxysporum
catalyzing esterification of phenolic acids in ternary water–organic solvent mix-
tures, J. Biotechnol. 102 (2003) 33–44.

[9] C. Vafiadi, E. Topakas, A. Alissandratos, C.B. Faulds, P. Christakopoulos, Enzymatic
synthesis of butyl hydroxycinnamates and their inhibitory effect on LDL-oxidation,
J. Biotechnol. 133 (2008) 497–504.

[10] C. Thörn, H. Gustafsson, L. Olsson, Immobilization of feruloyl esterases in meso-
porous materials leads to improved transesterification yield, J. Mol. Catal. B:
Enzym. 72 (2011) 57–64.

[11] I. Antonopoulou, L. Leonov, P. Jütten, G. Cerullo, V. Faraco, A. Papadopoulou,
D. Kletsas, M. Ralli, U. Rova, P. Christakopoulos, Optimized synthesis of novel
prenyl ferulate performed by feruloyl esterases from Myceliophthora thermophila in
microemulsions, Appl. Microbiol. Biotechnol. 101 (2017) 3213–3226.

[12] J. Couto, S. Karboune, R. Mathew, Regioselective synthesis of feruloylated glyco-
sides using the feruloyl esterase expressed in selected commercial multi-enzymatic
preparations as biocatalysts, Biocatal. Biotransformation 28 (2010) 235–244.

[13] J. Couto, R. St-Louis, S. Karboune, Optimization of feruloyl esterase-catalyzed
synthesis of feruloylated oligosaccharides by response face methodology, J. Mol.
Catal. B: Enzym. 73 (2011) 53–62.

[14] C. Vafiadi, E. Topakas, K.K.Y. Wong, I.D. Suckling, P. Christakopoulos, Mapping the
hydrolytic and synthetic selectivity of a type C feruloyl esterase (StFaeC) from
Sporotrichum thermophile using alkyl ferulates, Tetrahedron: Asymmetry 16 (2005)
373–379.

[15] C. Vafiadi, E. Topakas, L.J. Alderwick, G.S. Besra, P. Christakopoulos,
Chemoenzymatic synthesis of feruloyl d-arabinose as a potential anti-mycobacterial
agent, Biotechnol. Lett. 29 (2007) 1771–1774.

[16] I. Antonopoulou, A. Papadopoulou, L. Iancu, G. Cerullo, M. Ralli, P. Jütten,
A. Piechot, V. Faraco, D. Kletsas, U. Rova, P. Christakopoulos, Optimization of
enzymatic synthesis of L-arabinose ferulate catalyzed by feruloyl esterases from
Myceliophthora thermophila in detergentless microemulsions and assessment of its
antioxidant and cytotoxicity activities, Process Biochem. 65 (2018) 100–108.

[17] A. Nieter, P. Haase-Aschoff, D. Linke, M. Nimtz, R.G. Berger, A halotolerant type A
feruloyl esterase from Pleurotus eryngii, Fungal Biol. 118 (2014) 3213–3226.

[18] H. Visser, V. Joosten, P.J. Punt, A.V. Gusakov, P.T. Olson, R. Joosten, J. Bartels,
J. Visser, A.P. Sinitsyn, M.A. Emalfarb, J.C. Verdoes, J. Wery, Development of a
mature fungal technology and production platform for industrial enzymes based on
a Myceliophthora thermophila isolate, previously known as Chrysosporium luckno-
wense C1, Ind. Biotechnol. 7 (2011) 214–223.

[19] J.C. Verdoes, P.J. Punt, R.P. Burlingame, C.M. Pynnonen, P.T. Olson, J. Wery, New
fungal production system, Patent No. WO2010107303 A2 (2010).

[20] P.V. Iyer, L. Ananthanarayan, Enzyme stability and stabilization – aqueous and non-
aqueous environment, Process Biochem. 43 (2008) 1019–1032.

[21] S.W. Wang, X. Meng, H. Zhou, Y. Liu, F. Secundo, Y. Liu, Enzyme stability and
activity in non-aqueous reaction systems: a mini review, Catalysts 6 (2016) 32.

[22] A. Zaks, A.M. Klibanov, Enzyme-catalyzed processes in organic solvents, PNAS 10
(1985) 3192–3196.

[23] A.G. Almeida, A.C. de Meneses, P.H.H. de Araujo, D. de Oliveira, A review on en-
zymatic synthesis of aromatic esters used as flavor ingredients for food, cosmetics
and pharmaceuticals industries, Trends Food Sci. Technol. 69 (2017) 95–105.

[24] C.B. Faulds, M. Perez-Boada, A.T. Martinez, Influence of organic co-solvents on the
activity and substrate specificity of feruloyl esterases, Bioresour. Technol. 8 (2011)
4962–4967.

[25] C. Vafiadi, E. Topakas, P. Christakopoulos, Preparation of multipurpose cross-linked
enzyme aggregates and their application to production of alkyl ferulates, J. Mol.
Catal. B: Enzym. 54 (2008) 35–41.

[26] M. Tsuchiyama, T. Sakamoto, T. Fujita, S. Murata, H. Kawasaki, Esterification of
ferulic acid with polyols using a ferulic acid esterase from Aspergillus niger, Biochim.
Biophys. Acta 7 (2006) 1071–1079.

[27] C. Vafiadi, E. Topakas, V.R. Nahmias, C.B. Faulds, P. Christakopoulos, Feruloyl
esterase-catalysed synthesis of glycerol sinapate using ionic liquids mixtures, J.
Biotechnol. 139 (2009) 124–129.

[28] C. Vafiadi, E. Topakas, A. Alissandratos, C.B. Faulds, P. Christakopoulos, Enzymatic
synthesis of butyl hydroxycinnamates and their inhibitory effects on LDL-oxidation,
J. Biotechnol. 133 (2008) 497–503.

[29] E. Topakas, C. Vafiadi, H. Stamatis, P. Christakopoulos, Sporotrichum thermophile
type C feruloyl esterase (StFaeC): purification, characterization, and its use for
phenolic acid (sugar) ester synthesis, Enzyme Microb. Technol. 36 (2005) 729–736.

[30] S. Huttner, M. Zezzi do Valle Gomes, L. Iancu, A. Palmqvist, L. Olsson,
Immobilisation on mesoporous silica and solvent rinsing improve the transester-
ification abilities of feruloyl esterases from Myceliophthora thermophila, Bioresour.
Technol. 239 (2017) 57–65.

[31] P. Tufvesson, J. Lima-Ramos, M. Nordblad, J.M. Woodley, Guidelines and cost
analysis of catalyst production in biocatalytic processes, Org. Process Res. Dev. 15
(2011) 266–274.

[32] R.A. Sheldon, The E factor: fifteen years on, Green Chem. 9 (2007) 1273–1283.
[33] J.M. Woodley, New opportunities for biocatalysis: making pharmaceutical pro-

cesses greener, Trends Biotechnol. 26 (2008) 321–327.

I. Antonopoulou et al. Enzyme and Microbial Technology 120 (2019) 124–135

135

http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0035
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0040
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0040
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0040
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0040
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0045
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0045
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0045
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0050
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0050
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0050
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0055
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0055
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0055
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0055
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0060
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0060
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0060
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0065
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0065
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0065
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0070
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0070
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0070
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0070
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0075
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0075
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0075
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0080
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0080
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0080
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0080
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0080
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0085
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0085
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0090
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0090
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0090
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0090
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0090
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0100
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0100
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0105
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0105
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0110
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0110
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0115
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0115
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0115
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0120
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0120
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0120
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0125
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0125
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0125
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0130
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0130
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0130
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0135
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0135
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0135
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0140
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0140
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0140
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0145
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0145
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0145
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0150
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0150
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0150
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0150
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0155
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0155
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0155
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0160
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0165
http://refhub.elsevier.com/S0141-0229(18)30309-0/sbref0165

	Screening of novel feruloyl esterases from Talaromyces wortmannii for the development of efficient and sustainable syntheses of feruloyl derivatives
	Introduction
	Materials and methods
	Materials and enzymes
	Protein assay and determination of FAE content
	Effect of reaction media on the enzyme activity
	Effect of reaction media on the transesterification yield and selectivity
	Experimental design for optimization in best solvent
	Statistical analysis
	Analysis of products

	Results and discussion
	Effect of reaction media on enzyme activity
	Effect of reaction media on the transesterification yield and selectivity
	Optimization of reaction conditions via RSM and model verification
	PFA synthesis
	AFA synthesis

	Effect of DMSO concentration and agitation on the yield and selectivity
	Distribution of feruloyl compounds in hexane: DMSO: water systems
	Effect of donor concentration on the yield and selectivity
	Enzyme reusability
	Metrics and conceptual process design

	Conclusions
	Author contributions
	Acknowledgments
	Supplementary data
	References




