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Ferulic acid, a powerful antioxidant, is found in agricultural by-products. Valorising this phenolic acid
through the production of intrinsically antioxidant and original biopolymers is clearly of great interest. This
study focuses on the enzymatic production of the monoester of dihydroferulic acid, a ferulic acid deriva-
tive, and ethylene glycol, the intermediary molecule in the pathway towards an original monomer. The
performance of the acid and ethyl ester as acyl donors was compared in two different media: one using
2-methyl-2-butanol as a solvent and another based on a solvent-free approach. In organic solvent, the
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molar excess of ethylene glycol resulted in yields up to 74% and 71% of ethylene glycol hydroferulate, for
the ester and acid, respectively. More interestingly, the solvent-free approach combined with the addition
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of 10% v/v of water and ethyl ester as the substrate led to a maximum yield of 99% of monoester with full
lipase activity retention at 55 °C even after numerous cyclings.

1. Avalorisation pathway towards intrinsically antioxidant polymers from ferulic acid, a natural radical scavenger found in agricultural waste, is proposed and
investigated. The intermediary molecule, the monoester ethylene glycol hydroferulate (EGHF), was produced enzymatically both in organic solvent and in a

solvent-free approach with extremely high selectivity over the diester by-product.

2. The solvent-free approach was developed in a highly polar media consisting of ethylene glycol, a recommended molecule by CHEM21, ideally completed
with 10% v/v pure water. This resulted in a high reaction yield of 96% towards the monoester at 55 °C. Importantly, the enzyme retained full activity after five

cycles under these conditions, which allows the reuse of the biocatalyst.

3. Further studies on the purification of ethylene glycol hydroferulate from the solvent-free approach and on process intensification to reduce ethylene glycol

excess can improve industrial viability.

1. Introduction

Hydroxycinnamic acids are phenolic compounds found in
abundance in plant sources as secondary metabolites, where
they play different roles in their survival and defence." In
general, these acids are not found in their free acid form, but
linked through ester bonds to polysaccharides, such as arabi-
noxylans, xyloglucans, and pectin.> Hydroxycinnamic acids
and their amine or ester derivatives have shown important bio-
logical activities, including antioxidant, antimicrobial, anti-
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viral, anti-inflammatory properties, as well as protective effects
against ultraviolet (UV) exposure, cancer, and cardiovascular
diseases.”™®

In particular, ferulic acid (FA) is an important p-hydroxycin-
namic acid. It can be mainly found bound to cell walls in
plant biomass, with concentrations ranging from 1 to 16 g of
FA per kg of lignocellulosic biomass in feedstocks such as
sugar beet pulp, corn stover, rice straw, sugarcane bagasse,
and wheat straw.” Several methods have been developed for
the recovery of ferulic acid from these raw materials, including
extraction techniques (solvent extraction, ultrasound or micro-
wave-assisted extraction, subcritical water extraction, pressur-
ized liquid extraction), alkaline hydrolysis, and enzymatic
hydrolysis.® The purification of ferulic acid after pre-treatment
has also been studied extensively and includes the use of
resins, membrane filtration, and organic extraction, among

Green Chem.


http://rsc.li/greenchem
http://orcid.org/0000-0002-7972-601X
http://orcid.org/0009-0008-0207-2741
http://orcid.org/0000-0002-4102-6165
http://orcid.org/0000-0003-1151-6953
http://orcid.org/0000-0001-7155-6282
http://crossmark.crossref.org/dialog/?doi=10.1039/d5gc02821c&domain=pdf&date_stamp=2025-09-10
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5gc02821c
https://pubs.rsc.org/en/journals/journal/GC

Open Access Article. Published on 10 September 2025. Downloaded on 9/13/2025 1:20:56 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

others.” Other methods to obtain FA are the chemical syn-
thesis, through the Knoevenagel-Doebner reaction, and the
production by engineered microorganisms.’

For most ferulic acid applications, the molecule is modified
to improve its performance regarding solubility, either in
hydrophilic or hydrophobic media, stability, and antioxidant
properties. These modifications are often performed enzymati-
cally, as biocatalysts allow greener chemistry and greater
selectivity for the desired reaction.'®'" Using lipases or feruloyl
esterases, ferulic acid has been used to obtain functionalized
lipids*>™® and alkyl esters,>*** to improve the solubility in
hydrophobic media. Inversely, with the goal to improve the
solubility in hydrophilic media, amino acids were grafted onto
FA using an aminoacylase.”® Laccases have also been used
with ferulic acid to obtain dimers with improved antioxidant
properties,®® or to functionalize pectin,?” chitosan,?® or syn-
thetic polymers.>**° Phenolic acid decarboxylases (PAD) were
used to obtain 4-vinylguaiacol from FA, a molecule with bio-
active properties, such as antioxidant, anti-inflammatory, and
antifungal activities, and can be used as a monomer in
polymer synthesis.>'3*

Recently, ferulic acid has garnered the interest of the field of
synthetic polymers for the production of bio-based and anti-
oxidant monomers or additives. For example, different phenolic
acids have been incorporated to polylactic acid (PLA) and poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) film blends to tune
their physical properties.*® Through chemical pathways, ferulic
acid or derivatives have been used as monomers to obtain
polyester,*®* poly(ether-ester),* polyamide,*°
polymethacrylates and polyurethanes.** Enzymatic reactions
catalysed by Candida antarctica Lipase B (CALB) have also been
applied for polymer production, both directly in the polymeriz-
ation®® and in the production of monomers*®*° or addititives.>

Although this enzyme has been extensively used on the esteri-
fication of ferulic acid, in general, aromatic acids are a challen-
ging substrate for lipases. Investigations through both docking
simulation®" and experiments®> have shown that the presence of
aromatic ring, a double bond between carboxylic acid and aro-
matic group, and the substitution pattern of the aromatic ring
can have a negative impact on the reactivity. This is due to the
steric hindrance caused by the bulky aryl group, combined with
the rigidity conveyed by the double bond. The mesomeric effect
of substitution groups on the cycle may also reduce the electro-
philic character of the carboxyl group. For this reason, the use of
dihydroferulic acid (DHFA), the hydrogenated version of ferulic
acid, or the ester ethyl hydroferulate (EHF) has proved to be
important on the efficiency of the reaction. Although part of the
antioxidant property of ferulic acid is directly related to the pres-
ence of the unsaturated chain and its conjugation with the aro-
matic ring and phenolic hydroxyl,>® some studies suggest that
dihydroferulic acid may present a radical scavenging activity as
high as its precursor.”*>* Additionally, DHFA and its esters have
also shown important fungicidal activity,>® demonstrating the
potential of this phenolic acid.

Despite some advances in the utilisation of ferulic acid and
derivatives in the field of synthetic biopolymers, there is still
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much to be explored on the production of intrinsically anti-
oxidant biomaterials. Khalil et al.’’**® have recently proposed a
pathway towards poly(meth)acrylate or polyacrylamide carrying
gallic acid (GA) substituents. In this approach, the phenolic
hydroxyl groups of the gallic acid are benzylated or acetylated
to protect them, enabling the photo-mediated RAFT
(Reversible Addition Fragmentation Chain Transfer) polymeriz-
ation of (meth)acrylate or acrylamide monomers with one pro-
tected GA as a lateral substituent. Although radical polymeriz-
ation has been previously performed directly with ferulic acid
to obtain FA-based poly(meth)acrylates,"** the phenolic
hydroxyl group was not protected, which resulted in the inser-
tion of both the double bond and the phenolic group in the
polymeric chain. Applying a similar approach to the one used
by Khalil et al., but with ferulic acid derivatives to ensure a
phenolic acid as a lateral substituent, is of great interest to
maximize the valorisation of its numerous properties. Pion
et al.*®*" have performed the enzymatic transesterification of
ethyl hydroferulate into diesters and triesters, followed by
functionalization with acrylate using a chlorine-based sub-
strate, which could be avoided in a fully enzymatic pathway.

To obtain a dihydroferulic acid-based monomer, a two-step
pathway was applied, starting by the enzymatic grafting of a
diol, ethylene glycol (EG). Different to previous works that
focused on the complete esterification of the alcohol func-
tions, the current work aims to selectivity obtain the monoes-
terified molecule, ethylene glycol hydroferulate (EGHF), which
contains a free hydroxyl that can be further functionalized
with acrylate to eventually produce the intrinsically antioxidant
polymer. For a green and sustainable synthesis, it is essential
that high selectivity for monoester production is achieved. The
formation of EGHF from acid (DHFA) or ester (EHF) as sub-
strate was therefore investigated, as well as the impact of the
reaction media on conversion and ratio of monoester to
diester by-product. Of particular interest is whether DHFA
gives similar results as EHF does, as it would make the prepa-
ration of EHF from DHFA unnecessary. Finally, the novel mole-
cule ethylene glycol hydroferulate was purified and character-
ized for its radical scavenging ability, and compared with its
precursors, ferulic acid and dihydroferulic acid.

2. Materials & methods
2.1 Materials

Ferulic acid was obtained from Fluka AG (Buchs, Switzerland),
dihydroferulic acid and ethyl hydroferulate were obtained from
Biosynth (Bratislava, Slovakia). Ethylene glycol, acetic acid,
Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid), ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid)) diammonium salt, DPPH (2,2-diphenyl-1-picrylhydrazyl)
were obtained from Sigma-Aldrich (Steinheim, Germany).
2-Methyl-2-butanol, acrylic acid, and formic acid were pur-
chased from Thermo Fisher Scientific (Dreieich, Germany).
Ethyl acetate was acquired from Carlo Erba Reagents (Val de
Reuil, France) and cyclohexane was purchased from VWR

This journal is © The Royal Society of Chemistry 2025
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chemicals (Leuven, Belgium). Lipozyme® 435 (Candida antarc-
tica Lipase B immobilized on macroporous polymethacrylate-
divinylbenzene copolymer) was obtained from Novozymes A/S
(Bagsraerd, Denmark). Before use, dihydroferulic acid was
dried in desiccators at room temperature with P,Os. The
enzyme was also dried in a desiccator with silica gel at 4 °C.
The solvent was dried with molecular sieve 4 A.

2.2 Enzyme activity assay

The standard activity assay of p-nitrophenyl butyrate (pNB)
hydrolysis was performed to characterize the Lipozyme® 435.
The formation of the product p-nitrophenol was followed by
measuring the absorbance at 400 nm with a Multiskan™ GO
Microplate Spectrophotometer (Thermo Scientific™). In a 96
well microplate, 1 mg of enzyme was added to each well and
the plate was incubated at 37 °C for 5 minutes. After incu-
bation, 200 pL of the reaction medium, 0.55 mM of pNB in
KPi buffer (50 mM, pH 7.5), was added to the wells with
immobilized enzyme to start the reaction. To follow the back-
ground hydrolysis, 200 puL of the reaction media was added to
wells without the enzyme. All reactions were performed in
triplicate at 37 °C under agitation, with absorbance measure-
ments at 400 nm every 30 seconds. Specific activity is
measured in p-nitrophenyl butyrate units per gram of immobi-
lized enzyme (pNBU per g).

2.3 Ethylene glycol hydroferulate synthesis in organic solvent

In a typical reaction, 120 mM of dihydroferulic acid (DHFA)
was dissolved in 2-methyl-2-butanol previously dried with
molecular sieve 4 A. Ethylene glycol was added to the solution
in varying concentrations (40 mM, 120 mM, 360 mM, and
720 mM) to achieve different molar ratios between the acyl
donor and alcohol. Coumarin was used as internal standard
(10 mM). Water activity of the media was measured at 25 °C
before carrying out the experiment with HygroPalmAW1
(Rotronic). Reactions were performed on the Carousel 6 Plus
Reaction Station™ and in 25 mL glass vessels (Radleys). A
volume of 10 mL of the reaction media was added to the glass
tubes, heated to 55 °C and mixed at 250 rpm. The reaction was
started with the addition of 100 mg of Lipozyme® 435 (10 g
L' of enzyme, 10.0 pNBU per g). Samples were taken before
the addition of the enzyme and at different time intervals
during the procedure and diluted 20 times in MeOH : H,O
80:20 v/v for analysis by HPLC-PDA. Water activity was
measured at the end of each experiment. Reactions were per-
formed in duplicate. Ethyl hydroferulate (EHF) was dissolved
in dried 2-methyl-2-butanol to achieve 120 mM, together with
ethylene glycol (720 mM) and coumarin as internal standard
(10 mM). Water activity of the media was measured at 25 °C
before carrying out the experiment. Reactions were performed
and monitored as described above, in the same conditions of
temperature, agitation and enzyme load.

For larger production of ethylene glycol hydroferulate, the
reaction was performed in a rotating bed reactor (RBR
S2 model, SpinChem®). Dihydroferulic acid (120 mM) and
ethylene glycol (720 mM) were dissolved in dried 2-methyl-2-

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

butanol and 200 mL of the media was added to the reactor
and heated to 55 °C. In the rotating bed, 2 g of Lipozyme®
(10 g L™" of enzyme, 10.0 pNBU per g) was added, 1 g in each
compartment, as well as 8 g of molecular sieve 4 A, equally dis-
tributed in two compartments as well. The reaction started
with the insertion of the rotating bed into the media and it
was performed during 72 h at 800 rpm.

After the reaction was completed, ethylene glycol hydroferu-
late was purified in a two-step procedure. First, the excess of
ethylene glycol was removed by a liquid-liquid extraction,
using dichloromethane and water saturated with NaCl. The
organic phase, containing the monoester (EGHF), residual
dihydroferulic acid, traces of ethylene glycol and the by-
product diester, was dried until a yellowish powder was
obtained. In the second step, EGHF was further purified
through column chromatography. Silica gel was used as
stationary phase and the eluent was composed of 54.75% ethyl
acetate, 44.75% cyclohexane and 0.5% acetic acid. The solvents
were removed with a rotary evaporator to obtain a white
powder (molar yield: 55%). To verify the molecular structure,
'H and "’C NMR spectra of the product were obtained, as well
as the two-dimensional analysis "H COSY, "H-'*C HMBC and
'H-"3C HSQC (Fig. S1 to S5 from SI).

2.4 Solvent-free ethylene glycol hydroferulate synthesis

The impact of the percentage of water on the performance of
the enzyme was studied, using a ThermoMixer® C with its
ThermoTop® (Eppendorf). Reactions were performed in
1.5 mL microtubes, where 10 mg of Lipozyme® (10 g L™" of
enzyme, 10.0 pNBU per g) was added to 1 mL of ethylene
glycol with different volumetric percentages of distilled water
and 120 mM of ethyl hydroferulate. Microtubes were kept at
55 °C during 24 h under agitation of 1000 rpm. A sample was
taken before the addition of the enzyme and after 24 h of reac-
tion for each cycle. All samples were diluted 20 times in
MeOH : H,0 80:20 v/v and analysed with HPLC-PDA. All con-
ditions were performed in triplicate. The water activity was
measured both before the enzyme was added and at the end of
the reaction.

For comparison between acyl donors in solvent-free
approach, reaction media were prepared by diluting 120 mM
of DHFA or EHF in ethylene glycol with 10% v/v of distilled
water and coumarin as internal standard (10 mM). Reactions
were performed on the Carousel 6 Plus Reaction Station™ and
in 25 mL glass vessels from Radleys. A volume of 10 mL of the
reaction media was added to the glass tubes and heated to
55 °C or 70 °C and mixed at 400 rpm. Reaction started with
the addition of 100 mg of Lipozyme® 435 (10 g L™" of enzyme,
10.0 pNBU per g). Samples were taken before the addition of
the enzyme and at different time intervals during the experi-
ment and were diluted 20 times in MeOH : H,O 80 : 20 v/v for
analysis by HPLC-PDA. Reactions were performed in duplicate.
The water activity was measured both before the enzyme was
added and at the end of the reaction.

To verify the reusability of the enzyme under these con-
ditions, the reaction of ethyl hydroferulate in 90% ethylene
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glycol and 10% v/v water was used as a reference. Experiments
performed wusing a ThermoMixer® C with its
ThermoTop® (Eppendorf). In a 1.5 mL microtube, 10 mg of
Lipozyme® (10 g L™" of enzyme, 10.0 pNBU per g) was added
to 1 mL of the medium and the reaction was performed at
55 °C or 70 °C during 24 h with agitation of 1000 rpm. After
the procedure, the immobilized enzyme was filtered off and
used in a new reaction at the same conditions. A sample was
taken before the addition of the enzyme and after 24 h of reac-
tion for each cycle. All samples were diluted 20 times in
MeOH:H,0O 80:20 v/v and analysed with HPLC-PDA. The
cycles were repeated five times and performed in triplicate.

were

2.5 Radical scavenging activity

The radical scavenging activity of ethylene glycol hydroferulate
was measured against the radical ABTS. The solution was pre-
pared by dissolving 7 mM of ABTS and 2.45 mM of potassium
persulfate, then incubating this solution in the dark at room
temperature for 12-16 hours. The resulting stock solution was
diluted with ethanol to an absorbance around 0.7 at 734 nm,
and measured wusing a Multiskan™ GO Microplate
Spectrophotometer (Thermo Scientific™). Ethylene glycol
hydroferulate was added to this solution in different concen-
trations and the absorbance was measured at 734 nm after
30 minutes incubation in the dark to the determine the con-
centration of EGHF needed to inhibit 50% of the radical (ICs).
The radical scavenging capacity of dihydroferulic acid and
ferulic acid were also measured for comparison with the pro-
cedure as described above.

2.6 HPLC analysis

For quantification of the substrates and products during the
reaction, HPLC analysis coupled with PDA was performed. The
column used was an Acclaim™ RSLC 120 C18 2.2 um 120 A
(2.1 x 100 mm). The mobile phases were acetonitrile + 0.1%
formic acid and ultra-pure water + 0.1%. Volumetric flow was
0.2 mL min~", oven temperature was 30 °C, injection volume
2 pL and the results were measured at 280 nm. Calibration
curves for dihydroferulic acid, ethyl hydroferulate, and ethyl-

R=HorEt
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ene glycol ferulate were measured using solutions with concen-
trations between 0.5 mM and 10 mM. For the internal stan-
dard coumarin, concentrations ranging from 0.05 mM to
5 mM were used. All calibration curves were performed in
triplicate and resulted in R*> > 0.999 and are available in
Fig. S6-S9.

3. Results and discussion

Dihydroferulic acid is a potential precursor for an intrinsically
antioxidant polyacrylate biomaterial. In this work, the pro-
posed pathway towards the polymer starts with the reaction
between ethylene glycol and dihydroferulic acid or ethyl hydro-
ferulate, as illustrated in Scheme 1. In the reaction with a diol,
two products can be obtained, a monoester (in this case, ethyl-
ene glycol monohydroferulate, EGHF) and a diester (ethylene
glycol dihydroferulate, EGDHF). To produce the polyacrylate,
the monoester will be further transformed through the
addition of acrylate by esterification or transesterification.
Therefore, the production of monoester EGHF must be prop-
erly controlled and maximized. The selected biocatalyst was
the well-known Candida antarctica Lipase B (CALB) immobi-
lized by adsorption on macroporous beads of polymethacry-
late-divinylbenzene copolymer and commercially known as
Lipozyme® 435 from Novozymes. As seen in previous works,
lipases are promising enzymes for the derivation of DHFA and,
in particular, CALB is a stable and efficient biocatalyst.>

3.1 Ethylene glycol hydroferulate synthesis in organic solvent

Initially, the reaction in organic solvent, 2-methyl-2-butanol
(2M2B), was examined. The media were dried before use and
the initial water activity was lower than 0.1 (Table 1).
Dihydroferulic acid was used as acyl donor, with different con-
centrations of ethylene glycol to obtain varying molar ratios.
An increase of ethylene glycol in the media resulted in a
higher yield of ethylene glycol hydroferulate (EGHF), improv-
ing from 33% in equimolar to 72% in 6 times excess case.
Additionally, for 3-times excess of the acid, the maximum yield
obtained was 31% after 24 h. When using ethyl hydroferulate

HO HO.
Lipozyme 435
OR + HO -~ —_— o g
o OH o \/\OH + R-OH
[ | )

o}

Dihydroferulic acid (DHFA)

Ethylene glycol
or ethyl hydroferulate (EHF) (EG)

HO

HO
o + OR
O]@\/Y \/\OH ?
o

| 0

Ethylene glycol monohydroferulate Dihydroferulic acid (DHFA)

or ethyl hydroferulate (EHF)

Ethylene glycol hydroferulate

HO
Lipozyme 435 j@\/\(o o )
_ ~"0 ~ .+ RoM
Y
oH

Ethylene glycol dihydroferulate

Scheme 1 Reaction between ethylene glycol and hydroferulate acyl donors (dihydroferulic acid or ethyl hydroferulate).
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and time to reach equilibrium
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Initial and final water activity values (a,,), equilibrium constant (Kg), limiting substrate conversion, EGHF yield, EGDHF content in equilibrium

1:1 DHFA:EG 3:1DHFA:EG 1:3 DHFA: EG 1:6 DHFA:EG 1:6 EHF:EG

Qi 0.085 0.080 0.085 0.052 0.057

Ayt 0.110 0.095 0.133 0.112 0.096

Aa,, 0.025 0.015 0.048 0.060 0.039

Ko (MY 0.747 0.436 0.597 0.617 NA?
Limiting substrate conversion (%) 38% 40% 58% 79% 81%

EGHF yield (%) 33% 31% 55% 72% 74%

EGDHF content (%) 2.8% 4.5% 1.8% 3.6% 6.2%

Time to equilibrium (h) 24 24 48 72 48

“Not applicable.

(EHF) with a molar ratio of 1:6 EHF: EG, the maximum yield
is 74% and the equilibrium is reached after only 48 h, faster
than the 72 h necessary for the acid. This improvement is
expected as the use of alkyl esters to achieve higher efficiency
has been described previously.*®**®" After 48 h of reaction
with ethyl hydroferulate, there is a decrease in the yield due to
the production of the diester by-product, indicating an initially
kinetically driven reaction, common in transesterification.®>

In lipase-mediated esterification and transesterification,
the control of water activity (aw) is crucial for the efficiency of
the reaction, justifying the need for drying procedure of the
organic solvent. Without any system to control water concen-
tration during the experiment, a,, increases during the esterifi-
cation reaction. The Aa,, is proportional to the amount of
monoester produced, which is observed from 1:1 to 1:3 and
1:6 DHFA: EG. The case with an excess of dihydroferulic acid
(3:1 DHFA:EG) has a smaller difference in water activity
because esterification was limited by the low concentration of
ethylene glycol, which in turn limited the ester production.

Water activity can also be used to calculate the equilibrium
constant K, of the reaction performed with acid as acyl donor,
as described by Valivety et al.®* and Svensson et al.:**

_ [ester] - ay
? ™ Tacid][alcohol]

All equilibrium constants calculated keep the same order of
magnitude, with a maximum difference of 58%. This may
confirm that the equilibrium was reached in all cases.
Thermodynamic data to calculate the theoretical equilibrium
constant and compare it to the calculated value of the reaction
was not found in the literature.

In terms of the reaction selectivity, the studied conditions
maintained a high selectivity towards the monoester and pro-
duced diester at low values, with the highest yield of the by-
product being only 6.2%. In contrast, in previous studies invol-
ving lipase-catalysed transesterification,’®*” the diester was
obtained in higher amounts. In these studies, the strategy
employed involved using an excess of acyl donor and applying
a vacuum to remove the ethanol produced in the transesterifi-
cation of ethyl hydroferulate. These approaches shift the equi-
librium of the monoester production, as well as the equili-
brium of subsequent reactions towards the diesters. In con-

This journal is © The Royal Society of Chemistry 2025

trast, with the strategy applied in this work, the excess of acyl
receptor only shifts the equilibrium of the first reaction,
favouring the production of the monoester EGHF over the
diester.

3.2 Solvent-free ethylene glycol hydroferulate synthesis

As the results showed a great potential when performing the
reaction with an excess of ethylene glycol, a solvent-free reac-
tion was considered. At first, dihydroferulic acid or ethyl
hydroferulate were diluted in pure ethylene glycol to obtain
solution of 120 mM of the acyl donors. In both cases, no reac-
tion was observed (data not shown), even with vigorous mixing
or higher temperature to compensate for the higher viscosity
of the reaction mixture. In the solvent-free reaction, the
medium is hydrophilic (logPrg = —1.36 (ref. 65)), whereas
2-methyl-2-butanol is hydrophobic (log Pyvop = 0.89 (ref. 65)).
The presence of water is essential for enzyme activity, as it is
involved in interactions such as hydrogen bonding, ionic inter-
actions, and hydrophobic and van der Waals forces (Keesom,
Debye, London forces), which are responsible for the three-
dimensional conformation of the protein.*® Studies have
shown that the water bound to the structure of the enzyme,
the hydration layer, is crucial and the polarity of the solvent
can directly impact it. Zaks and Klibanov, 1988,%” demon-
strated that the amount of water bound to the enzyme is more
important than the water content of the media and that a
hydrophobic solvent requires less water to maximize activity
than a hydrophilic solvent. Subsequent work by Gorman and
Dordick, 1992° showed that polar solvents can disrupt the
hydration layer of the enzyme, thus decreasing its activity or
even deactivating it completely. More recently, this effect was
observed in a mutated lipase from Bacillus subtilis.®® They
observed that increasing the amount of acetone, acetonitrile,
or dimethylformamide in the media resulted in the enzyme
losing almost all of its hydrolytic activity at 60% v/v of solvent.
In order to activate the enzyme in ethylene glycol, various
amounts of ultrapure water were added to the media (Table 2).
Indeed, with a water content as low as 1% v/v, it was possible
to obtain activity towards esterification, with high selectivity
but with modest conversion. Increasing the water content from
5 to 10 and 20% v/v not only resulted in higher values of con-
version but also a decrease in yield, as more hydrolysis of ethyl
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Table 2 Water activity, EGHF yield, EGHF selectivity and EHF conver-
sion. Reaction conditions: 1 mL of ethylene glycol with 20 to 0.1% (v/v)
of ultrapure water with 10 g L™ of Lipozyme® 435, at 55 °C, ethyl
hydroferulate (120 mM) as substrate, for 24 h

Water content EGHF EGHF EHF

(% viv) [ yield (%) selectivity (%)  conversion (%)
0.1 0.024 0% 0% 0%

1 0.046 15% 97% 16%

5 0.143 91% 100% 91%

10 0.248 96% 97% 99%

20 0.419 90% 90% 99%

hydroferulate was observed, which is typical of reactions under
kinetic conditions.®® Regarding the production of EGHF, the
case with 10% v/v had better overall results, at 96% yield, due
to a good balance between conversion and selectivity. These
results indicate that the hydration level considerably influ-
ences the enzyme activity when it is in the presence of a highly
polar solvent. To further examine the impact of ethylene
glycol, the experiment was also performed without hydration
before the reaction. After 2, 8, or 24 h, 10% of water was added
and the reaction was carried out for more 24 h. In these cases,
no conversion was observed, indicating that the incubation of
CALB with pure ethylene glycol has irreversibly deactivated the
enzyme. To confirm, the biocatalyst was incubated in EG
during 24 h, filtered off and thoroughly washed with water.
Standard activity assay showed that the biocatalyst had a
residual activity that represented only 3% of the original value.

The ratio of the products, the desired EGHF and the unde-
sired EGDHF is greatly improved. In all cases (Table 2), only
unquantifiable traces of diester were detected, improving the
selectivity towards the desired molecule beyond the results
with dried 2-methyl-2-butanol. Previous studies’®”" have also
shown a direct relation between the polarity of media and the
extent of the lipase-catalysed acylation of polyols. As solvents
with lower log P values were used, the ratio between monoester
and diester at equilibrium increased. Similarly, in this work,
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the use of ethylene glycol, a highly polar molecule, resulted in
higher monoester EGHF yields.

The condition involving the addition of 10% (v/v) of water
to ethylene glycol was further evaluated at two different temp-
eratures, using either dihydroferulic acid (Fig. 1a) or ethyl
hydroferulate (Fig. 1b) as acyl donors. The case with acid as
substrate resulted in a maximum yield of 57% after 72 h at
55 °C and increasing the temperature did not improve the
results, as the yield dropped to just 9%. For the ester substrate,
the yield over time was very similar at both temperatures,
rapidly achieving equilibrium after only 8 h. The maximum
yields were 97% and 99% for 55 °C and 70 °C, respectively.

The impact of incubating the enzyme in the presence of the
dihydroferulic acid or the ethyl hydroferulate was also
assessed. The lipase was first incubated in the reaction media
containing 120 mM of DHFA or 120 mM of EHF for 24 h at
55 °C. After this, the enzyme was filtered off and used in
another reaction to assess the performance under conditions
that had previously been shown to be favourable with fresh
enzyme: EG:H,0 90:10 and EHF as acyl donor. It was
observed that while the enzyme samples incubated in the pres-
ence of the ester retained full activity, the samples incubated
in the presence of the acid showed a clear decline in activity,
indicating an acid-induced deactivation of the enzyme
(Fig. S11).

The negative impact of the dihydroferulic acid on the
enzyme stability corroborates the results presented in Table 1
and Fig. 1, in which a higher yield was obtained quicker for
the ethyl ester. This indicates that ethyl hydroferulate is a
more suitable starting substrate for the pathways leading to
bio-based monomers. However, the biomass valorization
pathway begins with the extraction of ferulic acid and DHFA is
obtained in a single step, whereas the ethyl ester requires an
additional step. The esterification of ferulic acid with ethanol
to produce ethyl ferulate can be performed either enzymati-
cally’ or catalyzed by acid.’® Given the high selectivity of
CALB and its stability when utilizing EHF in the EGHF for-
mation, this additional step represents a minor disadvantage.

b)1°°%,., (XX (X X (3
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Fig. 1 EGHF yield in 10 mL of ethylene glycol with 10% (v/v) of ultrapure water with 10 g L=* of Lipozyme® 435, at 55 °C (@) and 70 °C (A) and 400

rpm. (a) Dihydroferulic acid (120 mM) and (b) Ethyl hydroferulate (120 mM).
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Fig. 2 EGHF yield after successive reaction cycles. Reaction conditions for each cycle: 1 mL of ethylene glycol with 10% (v/v) of ultrapure water
with 10 g L™ of Lipozyme® 435, ethyl hydroferulate (120 mM) as substrate, for 24 h, at 55 °C (five cycles) and 70 °C (two cycles).

Table 3 1Cso (uM) of ferulic acid, dihydroferulic acid and ethylene
glycol hydroferulate for the ABTS radical (n = 3)

FA DHFA EGHF

7.7 +0.8 13.4+£6.6 9.2+1.4

For long-term application, the impact of the temperature
on the stability and reusability of the biocatalyst was investi-
gated in recycling studies. Five cycles of EGHF production
were performed, with ethyl hydroferulate as substrate and in
EG : H,0 90: 10 media, for 24 h at 55 °C and 70 °C (Fig. 2). At
the lower temperature, it could be performed at least five reac-
tion cycles, keeping the product yield after 24 h nearly identi-
cal, maintaining nearly identical product yield after 24 hours
and retaining at least 92% of the performance of the fresh
enzyme. Conversely, at higher temperatures, the lipase showed
a great reduction of its stability after only two reuses, prompt-
ing the termination of the experiment.

3.3 Radical scavenging activity

After obtaining the ethylene glycol hydroferulate, its anti-
oxidant capacity was characterized through its radical scaven-
ging activity with ABTS molecule and compared it to that of
ferulic acid and dihydroferulic acid. The values of ICs, the
concentration of the analyte necessary to reduce the concen-
tration of radicals by 50%, are presented in Table 3. The
monoester exhibits a similar level of radical scavenging activity
to that of its precursors, ferulic acid and dihydroferulic acid.
The results are in accordance with the literature on the effect
of modifications to hydroxycinnamic acids on their anti-
oxidant properties.>® The addition of an alkyl side chain to the
acids has different effects, depending on the position of the
aromatic ring substitutions. While caffeate esters have slightly
improved radical scavenging capacity, the effect is reversed for
ferulate and sinapate esters.

This journal is © The Royal Society of Chemistry 2025

4. Conclusion

An enzymatic pathway for a novel antioxidant monomer was
proposed and the intermediary molecule, ethylene glycol
hydroferulate, was enzymatically obtained using an immobi-
lized lipase from dihydroferulic acid or ethyl hydroferulate and
ethylene glycol as substrates. Excellent selectivity for the
desired ethylene glycol monoester was achieved with both
starting materials. An excess of acyl receptor proved to be
essential to improve selectivity and yield for the desired mole-
cule, the monoester. Using 2-methyl-2-butanol as an organic
solvent, both acyl donors, dihydroferulic acid and ethyl dihy-
droferulate, gave similar yields (74% and 72%), but the use of
ethyl dihydroferulate enabled a much faster reaction. For the
solvent-free systems, with an excess of ethylene glycol in the
place of 2-methyl-2-butanol, the addition of water was essential
for the reaction to proceed and 10% (v/v) of ultra-pure water
was the optimum hydration value. This water requirement is
possibly due to the high polarity of EG. In the solvent-free
system, the EHF proved the better acyl donor, enabling 97%
yield at 55 °C and 99% yield at 70 °C after 24 h of reaction. At
55 °C, the Lipozyme® 435 showed remarkable reusability,
keeping 92% of the initial activity after five cycles of 24 h in
the solvent-free systems. In contrast, at 70 °C, there was a
sharp decline in enzyme activity after only two cycles. This
study results in an improvement of ethylene glycol hydroferu-
late production at conditions that are in accordance with green
chemistry principles: lower temperatures for energy efficiency,
higher selectivity producing fewer derivatives and solvents-free
reactions.
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