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Abstract: Tyrosol (Ty) and hydroxytyrosol (HTy) are valuable dietary phenolic compounds present
in olive oil and wine, widely used for food, nutraceutical and cosmetic applications. Ty and HTy are
endowed with a number of health-related biological activities, including antioxidant, antimicrobial
and anti-inflammatory properties. In this work, we developed a sustainable, biocatalyzed flow
protocol for the chemo- and regio-selective oxidation of Ty into HTy catalyzed by free tyrosinase
from Agaricus bisporus in a gas/liquid biphasic system. The aqueous flow stream was then in-line
extracted to recirculate the water medium containing the biocatalyst and the excess ascorbic acid,
thus improving the cost-efficiency of the process and creating a self-sufficient closed-loop system.
The organic layer was purified in-line through a catch-and-release procedure using supported
boronic acid that was able to trap HTy and leave the unreacted Ty in solution. Moreover, the acetate
derivatives (TyAc and HTyAc) were produced by exploiting a bioreactor packed with an immobilized
acyltransferase from Mycobacterium smegmatis (MsAcT), able to selectively act on the primary alcohol.
Under optimized conditions, high-value HTy was obtained in 75% yield, whereas TyAc and HTyAc
were isolated in yields of up to 80% in only 10 min of residence time.
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1. Introduction
The demand for nontoxic antioxidants that are active in hydrophilic and lipophilic
systems has led to the search for natural antioxidants that can be used in oil-based formulas
and emulsions. Tyrosol (4-hydroxyphenethyl alcohol, Ty, Figure 1) and hydroxytyrosol
[2-(3,4-dihydroxyphenyl)ethanol, HTy, Figure 1] are valuable dietary phenolic compounds
present in olive oil and wine and are shown to possess a range of biological effects, including
antioxidant, anti-inflammatory, cardioprotective, neuroprotective, anticancer, antidiabetic,
and antimicrobial properties [1–4]. Particularly, HTy is one of the most powerful natural antioxidants due to the presence of the o-dihydroxyphenyl moiety [5]. Importantly,
toxicological studies demonstrated that HTy is non-genotoxic and non-mutagenic [6,7],
raising the possibility of using this compound as a nutraceutical [8–10]. It is employed in
the food (stabilizer for vegetable oils, beverages, margarines, yogurts, etc.), pharmaceutical
(supplements), and cosmetic (sunscreens, lotions, shampoos, deodorizers, etc.) industries.
In particular, cosmetic applications of HTy as an anti-aging and anti-inflammatory ingredient have been reported [11]. Considering the industrial applications of HTy, as well as
the studies on its biological properties, it is important to have at hand sustainable and
efficient synthetic procedures at competitive prices to prepare this compound. Therefore, it
is not surprising that many chemical efforts have been made to collect pure HTy, either by
synthesis or from natural sources [12]. Particularly, HTy can be obtained from Ty chemically,
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Stepbio, Bologna, Italy) was used. In-line liquid/liquid separations were performed using
a Zaiput separator. TLC analyses were performed on commercial silica gel 60 F254 aluminium sheets; spots were further evidenced by spraying with a dilute alkaline solution of
KMnO4 . Mushroom tyrosinase from Agaricus bisporus (8503 U/mg), sodium phosphate
monobasic, sodium phosphate dibasic, ethyl acetate, toluene, sodium sulfate anhydrous,
polymer-supported boronic acid and molecular sieves were purchased from Merck (Milan,
Italy); tyrosol and ascorbic acid were purchased from Fluorochem (Zentek, Milan, Italy).
For MsAcT, protein expression and purification, and free enzyme activity measurements
(150 U/mg) were performed following previously reported protocols [34]. One unit (U) of
activity is defined as the amount of enzyme which catalyzes the consumption of 1 µmol of
substrate per minute. Aldehyde agarose immobilization and immobilized MsAcT activity
measurements (120 U/mg) were performed as previously described [32].
2.1. Batch Oxidation of Ty by Free Tyrosinase from Agaricus bisporus
The oxidation of Ty into HTy in batch mode was performed according to the method
reported by Guazzaroni et al. [35]. Ascorbic acid (1.5 eq.) was added to a solution of Ty
(10 mM, 7 mg, 0.05 mmol) in phosphate buffer 0.1 M, pH 7.0 (5 mL). Free tyrosinase (180 µL
of a 0.98 mg/mL stock solution in phosphate buffer 0.1 M, pH 7.0) was added and the
reaction mixture was stirred at room temperature for 24 h. The aqueous solution was
extracted with ethyl acetate, the organic phases were dried over anhydrous Na2 SO4 and
the solvent was evaporated. The crude was analyzed by NMR spectroscopy. The obtained
conversion was 27%.
2.2. Continuous Oxidation of Ty by Free Tyrosinase from Agaricus bisporus Using a Gas/Liquid
Biphasic System and In-Line Extraction
Two stock solutions were prepared: (a) a solution of Ty (10 mM, 14 mg, 0.1 mmol) in
sodium phosphate buffer 0.1 M, pH 7.0 (10 mL); (b) a solution of tyrosinase 300 U/mL
(360 µL of a 0.98 mg/mL stock solution in phosphate buffer 0.1 M, pH 7.0) and ascorbic
acid (50 mM, 88 mg, 0.5 mmol) in sodium phosphate buffer 0.1 M pH 7.0 (10 mL). The
stock solutions were pumped through the tubular reactor by two HPLC pumps with a total
flow rate of 110 µL/min (55 µL/min for each pump). A third peristaltic pump flowed air
at 220 µL/min. The three streams (i.e., the two liquid solutions and the air stream) were
mixed in a quadruple mixer to form a gas/liquid segmented flow that entered the coil
reactor maintained at 28 ◦ C. A 40 psi back-pressure regulator (BPR) was applied to the
system. After the residence time (30 min), the exiting flow stream was extracted in-line
by adding an inlet of toluene pumped with an external HPLC pump at 333 µL/min. The
outlet flow was directed to a liquid/liquid separator and both organic and aqueous phases
were collected. The organic phase was dried with anhydrous Na2 SO4 and the solvent
evaporated. The crude was analyzed by NMR spectroscopy. The obtained conversion was
78%. Ty: Rf (DCM/MeOH 9:1): 0.69; 1 H NMR (300 MHz, methanol-d4 ) δ: 7.05–6.99 (m, 2H),
6.73–6.67 (m, 2H), 3.68 (t, J = 7.2, 0.8 Hz, 2H), 2.71 (t, J = 7.2 Hz, 2H). HTy: Rf (DCM/MeOH
9:1): 0.50; 1 H NMR (300 MHz, methanol-d4 ) δ: 6.71–6.64 (m, 2H), 6.55–6.50 (m, 1H), 3.67 (t,
J = 7.2 Hz, 2H), 2.66 (t, J = 7.2 Hz, 2H).
2.3. Continuous Oxidation of Ty by Free Tyrosinase from Agaricus bisporus Using a Tube-in-Tube
Reactor and In-Line Extraction
Two stock solutions were prepared: (a) a solution of Ty (10 mM, 14 mg, 0.1 mmol) in
sodium phosphate buffer 0.1 M, pH 7.0; (b) a solution of tyrosinase 300 U/mL (360 µL of a
0.98 mg/mL stock solution in phosphate buffer 0.1 M, pH 7.0) and ascorbic acid (50 mM,
88 mg, 0.5 mmol) in sodium phosphate buffer 0.1 M, pH 7.0. The stock solutions were
pumped at a total flow rate of 250 µL/min (125 µL/min for each pump) (residence time:
60 min) at 28 ◦ C. The external tube of the reactor was filled with pressurized air (3 bar)
and the whole system was pressurized at 40 psi. The exiting flow stream was extracted
in-line by adding an inlet of toluene pumped with an external HPLC pump at 250 µL/min
and then the biphasic flow stream was separated using an in-line liquid/liquid separator.
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Both organic and aqueous layers were collected. The aqueous phase, which contained the
enzyme and ascorbic acid, was recirculated through the system. The organic phase was
dried with anhydrous Na2 SO4 and the solvent was evaporated. The crude was analyzed
by NMR spectroscopy. The final conversion was 40%.
2.4. Catch-and-Release Procedure
The organic flow stream containing Ty and HTy was flowed through a column
(total volume: 3.0 mL) packed with polymer-supported boronic acid (1.0 g, loading
2.5–3.0 mmol/g, 1.5 mL) mixed with an equal volume (1.5 mL) of molecular sieves (4 Å) at
110 ◦ C (BPR 1.0 bar) with a residence time of 1 h (flow rate: 50 µL/min). The exiting flow
stream was monitored by TLC and only Ty was present. The organic solvent was collected
and evaporated under pressure to recover pure Ty. The release of HTy was performed by
flowing 2 N HCl through the column at room temperature with a residence time of 30 min.
The solvent was removed under pressure to furnish pure HTy as a yellow oil (75% isolated
yield). Rf (DCM/MeOH 9:1): 0.50; 1 H NMR (300 MHz, methanol-d4 ) δ: 6.71–6.64 (m, 2H),
6.55–6.50 (m, 1H), 3.67 (t, J = 7.2 Hz, 2H), 2.66 (t, J = 7.2 Hz, 2H).
2.5. Batch Synthesis of TyAc
To a 0.25 M solution of Ty in phosphate buffer 0.1 M, pH 8.0, 200 mg of imm-MsAcT
(1 mg/gagarose, 120 U/mg) and 10% v/v of EtOAc (total volume: 1.0 mL) were added.
The mixture was left under gentle agitation at 28 ◦ C. After 24 h, the reaction did not
reach completion. The reaction mixture was filtered and the aqueous phase was extracted
three times with EtOAc. The organic layers were dried over Na2 SO4 and the solvent was
evaporated. The crude product was purified by flash chromatography (DCM/MeOH 98:2).
TyAc was obtained in 47% yield as a white solid.
2.6. Flow Synthesis of TyAc and HTyAc and In-Line Work-Up
A glass column (i.d.: 6.6 mm) was packed with 2.5 g of imm-MsAcT (1 mg/gagarose ;
packed bed reactor volume: 2.0 mL). A 0.25 M Ty or HTy solution in phosphate buffer
(0.1 M, pH 8.0, with 10% of DMSO in the case of HTy), and EtOAc were mixed in a T-piece
and the resulting segmented flow stream (buffer/EtOAc 7:3) was directed into the reactor
column that was kept at 28 ◦ C. The total flow rate was 0.20 mL/min (residence time:
10 min). An inlet of EtOAc (flow rate: 0.2 mL/min) was added to the exiting reaction
flow stream using a T-junction and an in-line liquid/liquid separation was performed
using a Zaiput liquid/liquid separator. The completion of the reaction was monitored
by TLC (DCM/MeOH 9:1). The organic phase was evaporated and purified by flash
chromatography (DCM/MeOH 98:2) to yield the desired product. TyAc (yield: 81%):
Rf (DCM/MeOH 98:2): 0.56; 1 H NMR (300 MHz, chloroform-d3 ) δ: 7.10–7.06 (m, 2H),
6.81–6.74 (m, 2H), 4.24 (t, J = 7.1 Hz, 2H), 2.86 (t, J = 7.1 HZ, 2H), 2.05 (s, 3H). HTyAc (yield:
75%): Rf (DCM/MeOH 98:2): 0.30; 1 H NMR (300 MHz, chloroform-d3 ) δ: 6.82–6.71 (m, 2H),
6.65–6.55 (m, 1H), 4.23 (t, J = 7.2 Hz, 2H), 2.81 (t, J = 7.2 Hz, 2H), 2.05 (s, 3H).
3. Results and Discussion
The first step was the oxidation of Ty by free tyrosinase from Agaricus bisporus in the
presence of oxygen and ascorbic acid. Tyrosinase (EC 1.14.18.1) is a polyphenol-oxidase
that catalyzes the hydroxylation of monophenols to o-diphenols and the oxidation of odiphenols to o-quinones. The addition of ascorbic acid results in the increased accumulation
of catechol, reducing quinones formed by tyrosinase activity back to catechol [36].
To guarantee the oxygen supply, two technical solutions have been evaluated: the
use of a tube-in-tube reactor, specifically designed for the execution of reactions involving
the presence of a gas reagent [37]; and a segmented air/liquid flow stream in a tubular
PTFE reactor. In this last case, flow-based reactors may offer advantages when performing
multiphase reactions, including gas/liquid or liquid/liquid reactions, due to facilitated
mass transfer and increased interfacial area for the exchange of chemical species [38–41].
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The first experiments were performed using reaction conditions (i.e., substrate concentration, stoichiometry, solvent and temperature) reported for the batch reaction [35]. The
conversion obtained by flowing the solutions of the starting materials without a specific
inlet of air brought a very low conversion (i.e., 25% molar conversion in 60 min of residence
time, Table 1, Entry 1), even when saturating the stock solutions. Using a tube-in-tube
reactor, a 40% conversion was achieved (Table 1, Entry 2). The best configuration was
obtained by adding an inlet of air, forming an air/liquid biphasic system (Scheme 1); in this
way, the conversion increased to 47% (Table 1, Entry 3). An increase in the stoichiometric
ratio in favor of ascorbic acid (from 1:2 to 1:5) avoided the formation of overoxidized
by-products, resulting in a cleaner reaction with similar conversion (i.e., 48%, Table 1,
Entry 4). A reduction in the substrate concentration (from 20 mM to 10 mM) allowed the
achievement of 78% conversion in 30 min of residence time (Table 1, Entry 6), which was
2.9-fold the one obtained in batch in 24 h. The higher reaction performance obtained in
flow conditions can be explained considering the more efficient mixing and mass transfer
in the biphasic system, the better control of reaction parameters (e.g., residence time, temperature) and the circumvention of some critical issues of batch biotransformations such as
substrate/product inhibition effects.
Table 1. Optimization of reaction parameters.
Entry

Ty (mM)

Ascorbic Acid (mM)

Residence Time (min)

m.c. (%)

1a
2b
3c
4c
5c
6c
7c

20
20
20
20
10
10
10

40
40
40
100
50
50
50

60
60
60
60
60
30
15

25
40
47
48
76
78
50

The solutions of Ty and ascorbic acid have been prepared in sodium phosphate buffer 0.1 M, pH 7.0. The free
tyrosinase was added to the ascorbic acid solution (300 U/mL). The reactions have been performed at 28 ◦ C.
Conversions have been determined by 1 H NMR after in-line extraction with toluene, phase separation and
evaporation of the solvent, considering diagnostic signal at 7.05–6.99 for Ty and signal at 6.71–6.64 for HTy.
a Reactor: 10 mL PTFE coil; b reactor: 15 mL tube-in-tube reactor; c reactor: 10 mL PTFE coil; air/liquid segmented
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The aqueous flow stream was then extracted in-line by adding an inlet of toluene.
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74% m.c.; cycle 3: 69% m.c.). After the third cycle, a significant reduction in the conversion
(56%) was observed, even when adding fresh ascorbic acid to the reservoir solution. Moreover, the organic phase containing HTy and unreacted Ty was purified in-line thanks to
even when adding fresh ascorbic acid to the reservoir solution. Moreover, the organic
a catch-and-release
procedure.
This strategy,
involving
supported
boronic
acids able to
phase
containing HTy
and unreacted
Ty was purified
in-line
thanks to
a catch-and-release
trap
HTy
through
the
formation
of
a
cyclic
borate
with
the
catechol
group,
leaves
the unprocedure. This strategy, involving supported boronic acids able to trap HTy through
the
reacted
Ty
in
the
exiting
flow
stream.
The
HTy
was
then
released
using
an
acidic
solution
formation of a cyclic borate with the catechol group, leaves the unreacted Ty in the exiting
(2 N HCl).
flow
stream. The HTy was then released using an acidic solution (2 N HCl).
To
obtain the
thecorresponding
correspondingacetate
acetatederivatives,
derivatives,aabioreactor
bioreactorpacked
packedwith
withananimmobiimmoTo obtain
bilized
acyltransferase
from
Mycobacterium
smegmatis
(MsAcT)
was
used
(Scheme
2).
lized acyltransferase from Mycobacterium smegmatis (MsAcT) was used (Scheme 2). MsAcT
MsAcT
shows
a
characteristic
hydrophobic
tunnel
leading
to
the
active
site
that
can
disshows a characteristic hydrophobic tunnel leading to the active site that can disfavor the
favor theofingress
water,
thus promoting
ester formation
over hydrolysis
also
in aqueous
ingress
water,ofthus
promoting
ester formation
over hydrolysis
also in
aqueous
memedia.
The
system
exploited
the
covalent
immobilization
of
MsAcT
onto
agarose
beads,
dia. The system exploited the covalent immobilization of MsAcT onto agarose beads,
increasing the
the robustness
robustness and
and longevity
longevity of
of the
the immobilized
immobilized biocatalyst
biocatalyst (enzyme
(enzyme loading
loading
increasing
−1−
1The
mg ggmatrix
).
inlet
system
was
composed
with
an
aqueous
solution
of
Ty
or
HTy
11 mg
).
The
inlet
system
was
composed
with
an
aqueous
solution
of
Ty
or (0.25
HTy
matrix
M)
and
an
organic
phase
(pure
EtOAc
as
acetyl
donor);
the
two
phases
were
mixed
(0.25 M) and an organic phase (pure EtOAc as acetyl donor); the two phases were mixedinina
the
aT-piece
T-piecetotoform
formaaliquid/liquid
liquid/liquidheterogeneous
heterogeneoussegmented
segmentedflow
flow stream
stream before entering the
◦
column.
Reactions
were
performed
at
28
°C
in
phosphate
buffer
(0.1
M,
pH
8.0).
Concolumn. Reactions were performed at 28 C in phosphate buffer (0.1 M, pH 8.0). Connected
nected software
was
to realize
an automated
the collection
of the product
software
was used
toused
realize
an automated
processprocess
for the for
collection
of the product
at the
at the steady
steady
state. state.

thethe
flow-based
acylation
of Ty
HTy.HTy.
Column
reactor
i.d. =
Scheme 2. Reactor
Reactorconfiguration
configurationforfor
flow-based
acylation
of and
Ty and
Column
reactor
6.6. =mm;
bioreactor
volume
= 2.0 =
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Notably, primary alcohol acetylation occurred with complete chemoselectivity, since
no reaction involving the phenolic OH was observed, demonstrating that our process is a
clean, mild and virtually zero-waste procedure. Full conversion of Ty was achieved after
10 min of residence time using a 7:3 ratio of substrate solution/acetyl donor (EtOAc). A
noteworthy observation was that the batch biotransformation did not go to completion in
24 h. An inlet of EtOAc and an in-line liquid/liquid separator were introduced downstream
of the process (Scheme 2) for the collection of the organic/aqueous phase. The pure TyAc
was obtained by flash chromatography (81% isolated yield). Under the same conditions,
HTyAc was isolated in 75% yield. Immobilization coupled with continuous removal of the
products gave high stability to the biocatalyst under operating conditions. Moreover, the
use of a flow environment associated with a two-liquid phase system avoids the formation
of emulsions often present under conventional stirring.
4. Conclusions
HTy is a powerful antioxidant with a number of beneficial biological effects and
therefore promises to soon become a staple in natural health care. In this work, we developed an environmentally friendly biocatalyzed flow synthesis of HTy using a mushroom
tyrosinase and a gas/liquid biphasic system. The precursor Ty is cheaper than both 3,4dihydroxyphenylacetic acid and oleuropein, which can be used as alternative starting
materials for HTy obtainment. The commercial mushroom tyrosinase is rather expensive,
but its reutilization by a closed loop system can reduce the overall process cost. Thanks
to this automated, self-sustained setup, HTy was obtained with an isolated yield of 75%,
which was much higher than the one obtained in batch. The acetate esters TyAc and
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HTyAc were then efficiently prepared exploiting a bioreactor packed with the immobilized
MsAcT, leading to fast reaction times (10 min) and avoiding enzyme destabilization for
the formation of the ethanol by-product. It is noteworthy that starting from natural substrates, biocatalytic approaches guarantee the commercialization of the final products as
natural too.
Author Contributions: Conceptualization, A.P. and L.T.; methodology, F.A., M.L.C. and C.P.; investigation, F.A., M.L.C. and C.P.; resources, L.T. and A.P.; data curation, F.A. and M.L.C.; writing—original
draft preparation, A.P. and L.T.; writing—review and editing, all authors. F.A. and M.L.C. contributed
equally to this work. All authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article.
Acknowledgments: This work was financially supported by “Transition Grant 2015–2017—Linea
1A” of the University of Milan.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.
3.
4.
5.
6.
7.
8.

9.

10.

11.
12.
13.
14.
15.
16.

Rodríguez-Morató, J.; Boronat, A.; Kotronoulas, A.; Pujadas, M.; Pastor, A.; Olesti, E.; Pérez-Mañá, C.; Khymenets, O.; Fitó, M.;
Farré, M.; et al. Metabolic disposition and biological significance of simple phenols of dietary origin: Hydroxytyrosol and tyrosol.
Drug Metab. Rev. 2016, 48, 218–236. [CrossRef] [PubMed]
Piñeiro, Z.; Cantos-Villar, E.; Palma, M.; Puertas, B. Direct liquid chromatography method for the simultaneous quantification of
hydroxytyrosol and tyrosol in red wines. J. Agric. Food Chem. 2011, 59, 11683–11689. [CrossRef] [PubMed]
Karkovíc Markovíc, A.; Toríc, J.; Barbaríc, M.; Jakobušíc Brala, C. Hydroxytyrosol, Tyrosol and Derivatives and Their Potential
Effects on Human Health. Molecules 2019, 24, 2001. [CrossRef] [PubMed]
Parkinson, L.; Cicerale, S. The Health Benefiting Mechanisms of Virgin Olive Oil Phenolic Compounds. Molecules 2016, 21, 173.
[CrossRef]
Martínez, L.; Ros, G.; Nieto, G. Hydroxytyrosol: Health Benefits and Use as Functional Ingredient in Meat. Medicines 2018, 5, 13.
[CrossRef]
Auñon-Calles, D.; Canut, L.; Visioli, F. Toxicological evaluation of pure hydroxytyrosol. Food Chem. Toxicol. 2013, 55, 498–504.
[CrossRef]
Auñon-Calles, D.; Giordano, E.; Bohnenberger, S.; Visioli, F. Hydroxytyrosol is not genotoxic in vitro. Pharmacol. Res. 2013, 74,
87–93. [CrossRef] [PubMed]
Farràs, M.; Castañer, O.; Martín-Peláez, S.; Hernáez, Á.; Schröder, H.; Subirana, I.; Muñoz-Aguayo, D.; Gaixas, S.; Torre, R.D.L.;
Farré, M.; et al. Complementary phenol-enriched olive oil improves HDL characteristics in hypercholesterolemic subjects. A
randomized, double-blind, crossover, controlled trial. The VOHF study. Mol. Nutr. Food Res. 2015, 59, 1758–1770. [CrossRef]
Valls, R.-M.; Farràs, M.; Suárez, M.; Fernández-Castillejo, S.; Fitó, M.; Konstantinidou, V.; Fuentes, F.; López-Miranda, J.; Giralt,
M.; Covas, M.-I.; et al. Effects of functional olive oil enriched with its own phenolic compounds on endothelial function in
hypertensive patients. A randomized controlled trial. Food Chem. 2015, 167, 30–35. [CrossRef]
Crespo, M.C.; Tomé-Carneiro, J.; Burgos-Ramos, E.; Loria Kohen, V.; Espinosa, M.I.; Herranz, J.; Visioli, F. One-week administration of hydroxytyrosol to humans does not activate phase II enzymes. Pharmacol. Res. 2015, 95–96, 132–137. [CrossRef]
[PubMed]
Jeon, S.; Cho, M. Anti-inflammatory and anti-aging effects of hydroxytyrosol on human dermal fibroblasts (HDFs). BMC Dermatol.
2018, 2, 21. [CrossRef]
Contente, M.L.; Paradisi, F. Self-sustaining closed-loop multienzyme-mediated conversion of amines into alcohols in continuous
reactions. Nat. Catal. 2018, 1, 452–459. [CrossRef]
Bernini, R.; Mincione, E.; Barontini, M.; Crisante, F. Convenient Synthesis of Hydroxytyrosol and Its Lipophilic Derivatives from
Tyrosol or Homovanillyl Alcohol. J. Agric. Food Chem. 2008, 56, 8897–8904. [CrossRef]
Kalampaliki, A.D.; Giannouli, V.; Skaltsounis, A.-L.; Kost, I.K. A Three-Step, Gram-Scale Synthesis of Hydroxytyrosol, Hydroxytyrosol Acetate, and 3,4-Dihydroxyphenylglycol. Molecules 2019, 24, 3239. [CrossRef] [PubMed]
Azabou, S.; Najjar, W.; Ghorbel, A.; Sayadi, S. Mild Photochemical Synthesis of the Antioxidant Hydroxytyrosol via Conversion
of Tyrosol. J. Agric. Food Chem. 2007, 55, 4877–4882. [CrossRef] [PubMed]
Daubner, S.C.; Le, T.; Wang, S. Tyrosine hydroxylase and regulation of dopamine synthesis. Arch. Biochem. Biophys. 2011, 508,
1–12. [CrossRef]

Antioxidants 2021, 10, 1142

17.
18.
19.
20.
21.
22.
23.
24.
25.

26.

27.

28.

29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.

41.

8 of 8

Choo, H.J.; Kim, E.J.; Kim, S.Y.; Lee, Y.; Kim, B.-G.; Ahn, J.-H. Microbial synthesis of hydroxytyrosol and hydroxysalidroside.
Appl. Biol. Chem. 2018, 61, 295–301. [CrossRef]
Mateos, R.; Pereira-Caro, G.; Saha, S.; Cert, R.; Redondo-Horcajo, M.; Bravo, L.; Kroon, P.A. Acetylation of hydroxytyrosol
enhances its transport across differentiated Caco-2 cell monolayers. Food Chem. 2011, 125, 865–872. [CrossRef]
Haslam, E. Practical Polyphenolics: From Structure to Molecular Recognition and Physiological Action; Cambridge University Press:
Cambridge, MA, USA, 1998.
Viljanen, K.; Kylli, P.; Hubbermann, E.M.; Schwarz, K.; Heinonen, M. Anthocyanin antioxidant activity and partition behavior in
whey protein emulsion. J. Agric. Food Chem. 2005, 53, 2022–2027. [CrossRef]
Brenes, M.; Garcia, A.; Garcia, P.; Rios, J.J.; Garrido, A. Phenolic compounds in Spanish olive oils. J. Agric. Food Chem. 1999, 47,
3535–3540. [CrossRef] [PubMed]
Vlachogianni, I.C.; Fragopoulou, E.; Kostakis, I.K.; Antonopoulou, S. In vitro assessment of antioxidant activity of tyrosol,
resveratrol and their acetylated derivatives. Food Chem. 2015, 177, 165–173. [CrossRef]
Grasso, S.; Siracusa, L.; Spatafora, C.; Renis, M.; Tringali, C. Hydroxytyrosol lipophilic analogues: Enzymatic synthesis, radical
scavenging activity and DNA oxidative damage protection. Bioorg. Chem. 2007, 35, 137–152. [CrossRef] [PubMed]
Fragopoulou, E.; Nomikos, T.; Karantonis, H.C.; Aapostolakis, C.; Pliakis, E.; Samiotaki, M.; Panayotou, G.; Antonopoulou, S.
Biological Activity of Acetylated Phenolic Compounds. J. Agric. Food Chem. 2007, 55, 80–89. [CrossRef]
Aparicio-Soto, M.; Sánchez-Fidalgo, S.; González-Benjumea, A.; Maya, I.; Fernández-Bolanos, J.G.; Alarcón-de-la-Lastra, C.
Naturally occurring hydroxytyrosol derivatives: Hydroxytyrosyl acetate and 3,4-dihydroxyphenylglycol modulate inflammatory
response in murine peritoneal macrophages. Potential utility as new dietary supplements. J. Agric. Food Chem. 2015, 63, 836–846.
[CrossRef] [PubMed]
Rosillo, M.A.; Sánchez-Hidalgo, M.; González-Benjumea, A.; Fernández-Bolanos, J.G.; Lubberts, E.; Alarcón-de-la-Lastra, C.
Preventive effects of dietary hydroxytyrosol acetate, an extra virgin olive oil polyphenol in murine collageninduced arthritis. Mol.
Nutr. Food Res. 2015, 59, 2537–2546. [CrossRef]
González-Correa, J.A.; Navas, M.D.; López-Villodres, J.A.; Trujillo, M.; Espartero, J.L.; De La Cruz, J.P. Neuroprotective effect
of hydroxytyrosol and hydroxytyrosol acetate in rat brain slices subjected to hypoxia-reoxygenation. Neurosci. Lett. 2008, 446,
143–146. [CrossRef]
Rosillo, M.Á.; Sánchez-Hidalgo, M.; Castejón, M.L.; Montoya, T.; González-Benjumea, A.; Fernández-Bolaños, J.G.; Alarcón-de-laLastra, C. Extra-virgin olive oil phenols hydroxytyrosol and hydroxytyrosol acetate, down-regulate the production of mediators
involved in joint erosion in human synovial cells. J. Funct. Foods 2017, 36, 27–33. [CrossRef]
Ballesteros, A.; Bornsheuer, U.; Capewell, A.; Combes, D.; Condoret, J.S.; Koening, K.; Kolisis, F.N.; Marty, A.; Menge, U.;
Scheper, T.; et al. Enzymes in nonconventional phases. Biocatal. Biotransform. 1995, 13, 1–42. [CrossRef]
Aissa, I.; Bouaziz, M.; Ghamgui, H.; Kamoun, A.; Miled, N.; Sayadi, S.; Gargouri, Y. Optimization of Lipase-Catalyzed Synthesis
of Acetylated Tyrosol by Response Surface Methodology. J. Agric. Food Chem. 2007, 55, 10298–10305. [CrossRef]
Tamborini, L.; Fernandes, P.; Paradisi, F.; Molinari, F. Flow Bioreactors as Complementary Tools for Biocatalytic Process
Intensification. Trends Biotechnol. 2018, 36, 73–88. [CrossRef]
Contente, M.L.; Farris, S.; Tamborini, L.; Molinari, F.; Paradisi, F. Flow-based enzymatic synthesis of melatonin and other high
value tryptamine derivatives: A five-minute intensified process. Green Chem. 2019, 21, 3263–3266. [CrossRef]
Contente, M.L.; Tamborini, L.; Molinari, F.; Paradisi, F. Aromas flow: Eco-friendly, continuous, and scalable preparation of flavour
esters. J. Flow Chem. 2020, 10, 235–240. [CrossRef]
Contente, M.L.; Pinto, A.; Molinari, F.; Paradisi, F. Biocatalytic N-Acylation of Amines in Water Using an Acyltransferase from
Mycobacterium smegmatis. Adv. Synth. Catal. 2018, 360, 4814–4819. [CrossRef]
Guazzaroni, M.; Crestini, C.; Saladino, R. Layer-by-Layer coated tyrosinase: An efficient and selective synthesis. Bioorg. Med.
Chem. 2012, 20, 157–166. [CrossRef]
Espin, J.C.; Soler-Rivas, C.; Cantos, E.; Tomas-Barberan, F.A.; Wichers, H.J. Synthesis of the antioxidant hydroxytyrosol using
tyrosinase as biocatalyst. J. Agric. Food Chem. 2001, 49, 1187–1193. [CrossRef] [PubMed]
Yang, L.; Jensen, K.F. Mass Transport and Reactions in the Tube-in-Tube Reactor. Org. Process. Res. Dev. 2013, 17, 927–933.
[CrossRef]
Weeranoppanant, N. Enabling tools for continuous-flow biphasic liquid–liquid reaction. React. Chem. Eng. 2019, 4, 235–243.
[CrossRef]
Yue, J. Multiphase flow processing in microreactors combined with heterogeneous catalysis for efficient and sustainable chemical
synthesis. Catal. Today 2018, 308, 3–19. [CrossRef]
De Vitis, V.; Dall’Oglio, F.; Tentori, F.; Contente, M.L.; Romano, D.; Brenna, E.; Tamborini, L.; Molinari, F. Bioprocess Intensification
Using Flow Reactors: Stereoselective Oxidation of Achiral 1,3-diols with Immobilized Acetobacter acet. Catalysts 2019, 9, 208.
[CrossRef]
De Vitis, V.; Dall’Oglio, F.; Pinto, A.; De Micheli, C.; Molinari, F.; Conti, P.; Romano, D.; Tamborini, L. Chemoenzymatic synthesis
in flow reactors: A rapid and convenient preparation of Captopril. Chem. Open 2017, 6, 668–673. [CrossRef]

