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Lignin Nanoparticles Support Lipase-Tyrosinase Enzymatic
Cascade in the Synthesis of Lipophilic Hydroxytyrosol Ester
Derivatives
Elisabetta Tomaino,[a] Eliana Capecchi,[a] Davide Piccinino,[a] and Raffaele Saladino*[a]

Lipophilic esters of hydroxytyrosol have been synthesized in a
one-pot procedure from tyrosol and long side-chain carboxylic
acids by a lignin nanoparticles supported enzymatic cascade of
lipase M and tyrosinase. The reaction involved the initial
esterification of the aliphatic carboxylic group with the hydroxyl
group of tyrosol followed by ortho-hydroxylation of the
aromatic moiety. Lipase M and tyrosinase were immobilized on
lignin nanoparticles by layer-by-layer procedure using chitosan

as positive charged polyelectrolyte and Concanavalin A as
molecular spacer to control the optimal distance between the
active sites of the two enzymes. The occurrence of substrate
channeling effect was hypothesized on the basis of FRET
analysis. Lipophilic hydroxytyrosol esters were synthesized in
high yield in 2-methyltetrahydrofuran and in the presence of a
very low amount of buffer to generate the hydration sphere of
the enzyme.

Introduction

In the last years, lignin nanoparticles received a great attention
due to the optimal chemo-physical properties they showed in
the immobilization of different enzymes.[1–6] In this context,
organosolv lignin nanoparticles (OLNPs) have been applied as
functional nanoplatforms for the immobilization of laccase,[2,6]

horseradish peroxidase,[4] and hydrolase,[5] showing the benefi-
cial effect to improve the enzymatic activity by pseudo direct
electron transfer (pseudo-DET) and mediated electron transfer
(MET) processes.[2,7] Tyrosol, [2-(4-hydroxyphenyl) ethanol] and
hydroxytyrosol [2-(3,4-dihydroxyphenyl)ethanol] are secondary
metabolites produced in the cell by the shikimic acid pathway.[8]

These compounds are well-recognized components in olive oil
wastes, where they are recovered in high amount (about 1.0 g/
L),[9] representing a valuable resource for sustainable green
processes.[10] Tyrosol is resistant toward microbial
degradation,[11] and it is characterized by a lower biological
activity than hydroxytyrosol.[12] Pharmaceutical, nutraceutical
and cosmeceutical properties of hydroxytyrosol are reported,
including antioxidant activity,[13] and protective effect against
cardiovascular diseases,[14] inflammation and neurodegenerative
disorders.[14–16] Unfortunately, the high polarity of hydroxytyr-
osol limited its absorption, distribution, and excretion
properties.[17] Chemical procedures for the oxidation of tyrosol

to hydroxytyrosol are reported, encompassing the use of toxic
halogenated reagents and solvents,[18] and tedious multi steps-
procedures.[19,20] Enzymes are potent and selective catalysts in
the transformation of phenol derivatives[18,21] under mild
experimental conditions.[22] Examples of the enzymatic medi-
ated oxidation of tyrosol to hydroxytyrosol are reported[18,23,24]

under both homogeneous and heterogeneous conditions.[25] In
addition, the activity and biological availability of hydroxytyr-
osol was improved through the synthesis of lipophilic esters[26]

with high affinity for the cellular membrane,[27,28] by using multi-
steps chemical[29] and enzymatic procedures.[30,31] These com-
pounds showed antioxidant and antiviral activity dependent
from the number of carbon atoms in the side-chain.[32]

Enzymatic cascade is an advanced tool for multiple synthetic
transformations in one-pot condition,[33,34] promoting the fast
exchange of substrate between adjacent enzymes.[35,36] Sup-
ported multienzyme cascades are reported, and their efficiency,
selectivity, stability and reusability deeply discussed.[1,37] Here
we describe the one-pot synthesis of lipophilic hydroxytyrosol
esters from tyrosol and long side-chain carboxylic acids by
lignin nanoparticles supported enzymatic cascade involving
lipase M from Mucor javanicus (MJL) and tyrosinase (Ty) from
Agaricus bisporus. Previous examples of immobilization of Ty
and MJL alone on lignin nanoparticles were reported by us in
connection to the synthesis of bioactive catechols[3] and the
esterification of butyric acid,[5] respectively. The novel lignin
nanoparticles supported enzymatic cascade worked in mild
experimental conditions using bio-renewable 2-meth-
yltetrahydrofuran[38] and sodium phosphate buffer as reaction
medium. MJL performed as a lyase between tyrosol and
carboxylic acids,[39] while Ty catalyzed the selective ortho-
hydroxylation of newly produced tyrosol esters to correspond-
ing hydroxytyrosol counterpart. MJL and Ty were co-immobi-
lized on lignin nanoparticles by a layer-by-layer (LBL) procedure
using chitosan (CH) as positive charged polyelectrolyte to
balance negative charged lignin and enzymes. Concanavalin A
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(Con A) was also used as a molecular spacer to confer an
ordered co-orientation at the two enzymes, thus favoring the
optimal distance between their active sites.[40] The molecular
recognition properties of Con A in the immobilization of
enzymatic cascade was previously reported in the preparation
of glucose oxidase and horseradish peroxidase biosensors.[1,40]

Results and Discussion

OLNPs were prepared by nanoprecipitation of organosolv lignin
(OL) in the presence of tetrahydrofuran (THF) as primary solvent
and deionized water as anti-solvent.[41] In order to immobilize
MJL and Ty, the positive charged layer of chitosan (CH) was
initially coated on the negative charged surface of OLNPs to
yield the OLNPs/CH intermediate (Scheme 1).[42] Briefly, a
solution of CH in diluted acetic acid was added dropwise to a
suspension of OLNPs in Milli-Q water under gentle magnetic
stirring for 2 h at room temperature. The final suspension was
centrifuged and lyophilized to afford OLNPs/CH intermediate in
96% yield. Catalyst I was prepared by random immobilization
of similar enzymatic units of MJL and Ty on OLNPs/CH
intermediate. MJL (25 U) and Ty (25 U) in sodium phosphate
buffer were added to OLNPs/CH intermediate (1.5 mgmL� 1) in
PBS. The mixture was stirred at 4 °C in orbital shaking for 24 h.
The suspension was centrifuged and washed two times with
PBS to afford Catalyst I in 85% yield (Scheme 1, pathway A).
Catalyst II was prepared by co-oriented immobilization of MJL
and Ty on OLNPs/CH intermediate by using Con A as a
molecular spacer. Negative charged (ζ-potential � 14 mV) Con A

(0.5 mg)[43] in PBS was deposited on OLNPs/CH intermediate
(1.5 mgmL� 1) in PBS under gentle sonication conditions for
5 min at room temperature to afford OLNPs/CH/Con A
intermediate (Scheme 1, pathway B). Next, MJL (25 U) and Ty
(25 U) in PBS were added to OLNPs/CH/Con A intermediate
(1.5 mgmL� 1) in PBS, and the mixture was stirred at 4 °C for
24 h. The suspension was centrifuged and washed two times
with PBS to afford Catalyst II in 88% yield (Scheme 1, pathway
B).

Field emission scanning electron microscopy (FE-SEM)
analysis of Catalyst I and Catalyst II (Figure 1) showed nano-
particles with regular spherical shape characterized, in the case
of Catalyst II, by the typical corona-like structural motif
associated to the presence of Con A (Figure 1, panel B) (FE-SEM
analysis of OLNPs are reported in Supporting Information #1).[44]

This different morphology was appreciable from that observed
for Catalyst I, in which case roughly aggregates of small clumps,
typical of CH,[45] were present on the surface of the nano-
particles (Figure 1, panel A).

Dynamic light scattering (DLS) and ζ-potential values of
Catalyst I and Catalyst II are reported in Table 1 and compared
with OLNPs, and OLNPs/CH and OLNPs/CH/Con A intermedi-
ates, respectively (entries 1–5). Catalyst I and Catalyst II showed
an average diameter of 378.8 nm and 526.5 nm, respectively,
higher than OLNPs (Table 1, entries 4–5 versus entry 1). Note
that, the diameter of Catalyst I increased of c.a. 50 nm with
respect to OLNPs/CH intermediate after the deposition of the
enzymes (Table 1, entry 4 versus entry 2, respectively). In a
similar way, the diameter of Catalyst II increased of c.a. 74 nm
with respect to OLNPs/CH/Con A intermediate (Table 1, entry 5

Scheme 1. Schematic representation of Catalyst I and Catalyst II. Random immobilization (pathway A); Oriented co-immobilization (pathway B)
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versus entry 3). In addition, an increase of about 100 nm was
measured after deposition of Con A on OLNPs/CH intermediate.
This latter trend was in accordance with previous reported data
on the immobilization of enzymes on organic supports when
mediated by Con A.[44] The value of the ζ-potential confirmed
the occurrence of the expected coating sequence in the
preparation of Catalyst I and Catalyst II. Catalyst I inverted the
ζ-potential value with respect to OLNPs/CH intermediate which
was characterized by a positive ζ-potential value (+26 mV), as a
consequence of the balance with the negative charged
enzymes (Table 1, entry 4 versus entry 2). Conversely, the ζ-
potential of Catalyst II was similar to that of OLNPs/CH/Con A
intermediate, having this latter compound a negative ζ-
potential (Table 1, entry 5 versus entry 3). Probably, the efficacy
of the supramolecular recognition between OLNPs/CH/Con A
intermediate and MJL and Ty was controlled by the formation
of H-bonding network than electrostatic interactions, in
accordance with data previously reported.[46]

The immobilization of MJL and Ty on OLNPs/CH intermedi-
ate was further confirmed by attenuated total reflectance FT-IR
analysis (FT-IR analysis of OLNPs, OLNPs/CH and OLNPs/CH/Con
A intermediates are reported in SI#2; Figure S2). The FT-IR
spectrum of Catalyst I showed the typical bands of OLNPs/CH
intermediate (Figure 2). In addition, the signal about 1500 cm� 1

and 1600–1700 cm� 1 were attributed to the stretching vibration
of the amide II and amide I bands, respectively, which are
characteristic of the polypeptide structure. FT-IR analysis was

not diagnostic in the case of Catalyst II, due to the presence of
bands associated to Con A.

The activity parameters of Catalyst I and Catalyst II were
evaluated as reported in Equations (1)-(3), respectively:

Activity yield ð%Þ ¼ ½Ux=ðUa� UrÞ� � 100 (1)

Immobilization yield ð%Þ ¼ ½ðUa� UrÞ=Ua� � 100 (2)

Activity ðunits=mgÞ ¼ Ux=Wsupport (3)

where Ux are the immobilized enzyme units, Ua are the total
units of the enzyme added to the solution, and Ur are the
residual units of the enzyme in the washing solution. The
activity parameters of MJL were evaluated following the
increase in absorbance (λmax 405 nm) produced during the
release of para-nitrophenol in the hydrolysis of para-nitrophenyl
laurate (p-NPL) in Tris-HCl (0.1 M, pH 7.4) at 25 °C for 15 min.[47,48]

In a typical experiment, Catalyst I and Catalyst II (1.5 mgmL� 1

in PBS) were added to p-NPL solution (20 mM) in Tris-HCl at
25 °C. The international unit of lipase activity was defined as the
amount of enzyme necessary to hydrolyze 1.0 μmol of p-NPL in
1 min at 25 °C and optimal pH. The activity of Ty was measured
by the dopachrome assay (λmax 475 nm) in PBS at 25 °C for
10 min.[49] In a typical experiment, Catalyst I and Catalyst II
(1.5 mgmL� 1 in PBS) were added to L-tyrosine solution (2.5 mM)
in PBS at 25 °C. The activity of Ty was determined following the
increase in absorbance (λmax 475 nm) during the oxidation of L-
tyrosine in PBS at 25 °C for 10 min. The international unit of
tyrosinase activity was defined as the amount of enzyme
necessary to oxidize 1.0 μmol of L-tyrosine in 1 min at 25 °C and
optimal pH. As reported in Table 2, the immobilization yield of
MJL and Ty in Catalyst II was higher than that of Catalyst I,
confirming the beneficial role of Con A in the immobilization
procedure (entry 4 versus entry 3). In a similar way, the activity
yield and the activity of MJL and Ty in Catalyst II were higher
than that of Catalyst I. This effect was most probably due to the
optimal co-orientation of the two enzymes, as successively
confirmed by FRET analysis (see next paragraph).

Kinetic parameters (Km and Vmax) of MJL and Ty in Catalyst I
and Catalyst II (Table 3, entries 3 and 4) were determined by
measuring the activity of the appropriate enzyme at different

Figure 1. Field emission scanning electron microscopy (FE-SEM) images of
Catalyst I (panel A) and Catalyst II (panel B). Panel C� D: magnification
(x800k) of Catalyst I and Catalyst II, respectively.

Table 1. DLS and ζ-potential of OLNPs/CH and OLNPs/CH/Con A inter-
mediates and Catalyst I–II.

Entry Sample Size [nm] ζ-potential [mV]

1 OLNPs 290.8 � 43
2 OLNPs/CH 328.6 +26
3 OLNPs/CH/Con A 452.2 � 30
4 Catalyst I 378.8 � 36
5 Catalyst II 526.5 � 48

Figure 2. FT-IR spectra of Catalyst I (red line) and Catalyst II (blue line). The
FT-IR spectra of free MJL (green line) and Ty (purple line) are reported as
reference.
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concentration of p-NPL (0–10 mM) and L-tyrosine (0.1–0.33 mM)
by using the p-NPL[47] and dopachrome assays,[49] respectively.
All measurements were performed by using the same amount
of catalyst (1.5 mg). The data were analyzed by Lineweaver-Burk
plots and the Michaelis-Menten constant and Vmax calculated in
triplicate with the GraphPad software. Kinetic parameters of
MJL and Ty were also calculated as a reference (Table 3,
entries 1 and 2). Catalyst II showed a value of Vmax for both MJL
and Ty of the same order of magnitude than the native
counterpart (Table 3, entries 3–4 versus 1–2), and higher than
Catalyst I (Table 3, entry 4 versus entry 3), confirming the
beneficial effect played by Con A in the immobilization process.
Km of MJL and Ty followed a similar trend (Table 3). This result is
in accordance with data previously reported on the role played
by the correct spatial distribution of the enzymes during the
immobilization process in the overall catalytic activity of the
enzymatic cascade.[1,50]

In order to unambiguously confirm the proximity of MJL
and Ty on the surface of Catalyst II, we measured the Förster
resonance energy transfer (FRET) spectra by Zeiss LSM-710 laser
confocal microscopy (CLSM) analysis,[51] comparing the result
with Catalyst I as a reference (Figure 3, panel a-h). The FRET
effect occurs between two fluorophores by non-radiative
dipole-dipole coupling as a consequence of the energy transfer
between a donor and acceptor dyes in close proximity (typically
1–10 nm).[52] Catalyst I and Catalyst II were labelled with
fluorescein isothiocyanate (FITC) as donor dye, and with rhod-
amine B (Rho B) as the acceptor counterpart, respectively
(labelling of MJL and Ty and confocal FRET microscopy
procedure are reported in SI#3).[53] The effective presence of
FITC-MJL on Catalyst I–II was detected in the donor channel
mode at 490 nm (Figure 3, panel a and e; green fluorescence
signal), while Rho B� Ty was detected in the acceptor channel
mode at 560 nm (Figure 3, panel b and f; red fluorescence

signal). The proximal localization of fluorophores, highlighted
by the presence of a merged fluorescent signal, was observed
only in the case Catalyst II, (Figure 3, panel g versus panel c).
The elaboration of the FRET signal of Catalyst II (Figure 3,
panel h)[54] indicated the presence of a distance of 6.7 nm
between the two enzymes, a value that is comprised in the
range of values for which the substrate channeling effect was
operative.[55] The absence of the FRET signal in the case of
Catalyst I (Figure 3 panel d) suggested the random co-immobi-
lization of the enzymes.

Lipophilic esters of hydroxytyrosol were synthesized by
reaction of tyrosol 1 with long-chain carboxylic acids including
oleic acid (C18:1) 2, lauric acid (C12) 3 and octanoic acid (C8) 4. We
first evaluated the effect played by the ratio between the two
reagents and the polarity of the reaction solvent in the
esterification step, analyzing the reaction of 1 and 2 as a
selected case under argon atmosphere in order to selectively
inhibit the activity of Ty (Scheme 2).

The reaction was performed using three different molar
ratio of the reagents (1 :1, 1 :1.78 and 3 :1 ratio, respectively).
Compounds 1 and 2 were solubilized in organic solvents
(5.0 mL) with different polarity (n-hexane, 2-meth-
yltetrahydrofuran, and n-hexane/ethanol 9 : 1 v/v) in the pres-
ence of a low amount of PBS (0.1 mL) containing the
appropriate amount of catalyst (165 μg) under argon atmos-
phere at 50 °C and gentle magnetic stirring (200 rpm). The
organic solvents were selected among that previously reported
in the lipase transformations,[38,56,57] while the low amount of
PBS was required to hydrate the enzyme.[58] Higher amount of
aqueous buffer are known to inhibit the esterase activity of
lipase.[57] The range of temperature between 40 °C and 50 °C is a
well-recognized temperature for the enzymatic synthesis of
ester derivatives.[59] Similar reactions were performed with free
MJL as a reference. Table 4 summarizes the conversion of 1 and
the yield of tyrosol oleate 5 depending on the ratio value of the
reagents, the nature of the reaction solvent and the catalyst
applied in the transformation. As expected, hydroxytyrosol was
not detected in the reaction mixture due to the presence of the

Table 2. Immobilization and activity parameters of Catalyst I and Cata-
lyst II.[a]

Entry Catalyst IY[b] of
MJL [%]

IY of Ty
[%]

AY[c] [%] and A[d]

of MJL
AY [%] and A
of Ty

1 MJL – – 10.6 –
2 Ty – – – 11.8
3 I 80 50 20 (8.4)[d] 14 (12.2) [d]

4 II 87 69 60 (15.9)[d] 45 (15.7) [d]

[a] All experiments were conducted in triplicates. [b] Immobilization yield
(%). [c] Activity yield (%). [d] Activity (U/Wsupport).

Table 3. Kinetic parameters of Catalyst I and Catalyst II.[a]

Entry Catalyst Km

[mM][b]

of MJL

Km

[mM]
of Ty

Vmax

[μmolL� 1 s� 1][c] of
MJL

Vmax

[μmolL� 1 s� 1] of
Ty

1 MJL 5.3 – 0.24 –
2 Ty – 0.18 – 0.62
3 I 8.30 0.45 0.22 0.54
4 II 3.17 0.16 0.45 0.75

[a] All experiments were conducted in triplicates. [b] Average error is 2–
4%. [c] Average error is 1–3%.

Figure 3. Laser confocal scanning microscopy of Catalyst I–II. Panel a: MJL
labelled with FITC in the donor channel at 490 nm (green pixels) of
Catalyst I. Panel b: Ty labelled with Rho B in the acceptor channel at 560 nm
(red pixels) of Catalyst I. Panel c: FRET channel of merged fluorescence effect
of Catalyst I. Panel d: original FRET signal of Catalyst I. PANEL e-h: donor,
acceptor, FRET and original FRET channels respectively of Catalyst II.
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argon atmosphere inhibiting Ty activity. As a general trend, 2-
methyltetrahydrofuran (2-MeTHF) performed as the best organ-
ic solvent in the synthesis of 5 under both homogeneous and
heterogeneous conditions (Table 4, entries 10–18). A lower yield
of 5 was obtained in the presence of n-hexane (n-Hex) and n-
Hex/Ethanol (EtOH; 9 : 1 v/v). Irrespective from the experimental
conditions, the highest yield of 5 was generally obtained using
the 1 :1 ratio of the two reagents. 2-MeTHF is a bio-renewable
reaction solvent[60] widely applied in bio-catalysis and esterifica-
tion processes.[36,61] Among the different experimental condi-
tions tested with 2-MeTHF, Catalyst II afforded 5 in yield higher
than Catalyst I (Table 4, entry 16 versus entry 13). This result is
in accordance with the higher activity and kinetic parameters of
Catalyst II than Catalyst I. In addition, the reaction performed
with Catalyst II in 2-MeTHF afforded 5 in a yield comparable to
(Table 4, entry 16 versus entry 10), or higher than (Table 4,
entries 17 and 18 versus entries 11 and 12), free MJL. On the
basis of these data, we selected 2-MeTHF and the molar ratio
value of 1 : 1 between 1 and long-chain carboxylic acids 2–4 to
generalize the procedure for the synthesis of hydroxytyrosol
ester derivatives 8–10. In this latter case, the reaction was
performed under dioxygen atmosphere (O2) to activate the
catecholase activity of Ty in the enzymatic cascade (Scheme 3).

Briefly, tyrosol 1 (35 mg, 0.25 mmol) and carboxylic acids 2–
4 (0.25 mmol) were added with Catalyst I–II (165 μg in PBS,
0.1 mL) and ascorbic acid (0.5 mmol) in 2-MeTHF (5.0 mL) under
dioxygen atmosphere at 50 °C for 48 h. Ascorbic acid (A.A) was
used to avoid the formation of quinone side chain
derivatives.[62] Under these experimental conditions, hydroxytyr-
osol esters 8–10 were synthesized as the main reaction
products from acceptable to high yield (from 49% to 80%),
besides low amount of tyrosol esters 5 and 6–7, and unreacted
substrate (Table 5). As a general trend, the highest conversion
of 1 and yield of compounds 8–10 were obtained in the
presence of Catalyst II, further confirming the beneficial effect
of Con A as molecular spacer (Table 5, entries 4–7 versus
entries 1–3). Irrespective from the experimental conditions, a
low amount of tyrosol esters 5–7 was also obtained. In order to
evaluate the possible occurrence of substrate-tunneling effect
between the active sites of the two enzymes, the performance

Scheme 2. Synthesis of tyrosol oleate 5 by reaction of tyrosol 1 and oleic
acid 2 in the presence of Catalyst I and Catalyst II. The tyrosinase activity of
Catalyst I and Catalyst II was inhibited by performing the reaction under
argon atmosphere.

Scheme 3. Synthesis of hydroxytyrosol esters 8–10 from tyrosol 1 and
carboxylic acids 2–4 in the presence of Catalyst I and Catalyst II. The
reaction was performed under dioxygen atmosphere to activate also
tyrosinase.
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of Catalyst II was compared with that of Catalyst III and
Catalyst IV, prepared by the individual immobilization of MJL
and Ty on OLNPs/CH/Con A intermediate (the preparation and
structural characterization of Catalyst III and Catalyst IV are
reported in SI#4). The treatment of 1 and 2 under previously
reported experimental conditions in the presence of a mixture
of Catalyst III and Catalyst IV, bearing the same total amount
of the two enzymes as in Catalyst II, afforded hydroxytyrosol
ester 8 in low yield, besides to appreciable amount of tyrosol
ester 5 and hydroxytyrosol 12 (Table 5, entry 8 versus entry 4).
The presence of relevant amount of 5 and 12 in the reaction
mixture suggested that the occurrence of the substrate-
tunneling effect cannot be completely ruled out. As a general
trend, the yield of esters 8–10 increased by decreasing the
number of carbon atoms in the side-chain of the molecule
(Table 5, entry 4 versus entries 6–7). The role of carboxylic acids
in the efficacy of esterification of tyrosol and hydroxytyrosol
under biocatalytic conditions is reported, focusing on the
deleterious effect exerted by the increase of the number of
carbon atoms in the efficacy of the transformation.[63] Note that,
the treatment of 1 with Catalyst II in the absence of ascorbic
acid afforded a mixture of hydroxytyrosol ester 8 and quinone
11 in a similar yield (Table 5, entry 5), opening the possibility to
apply this procedure for the synthesis of hydroxytyrosol
quinone esters.

The reusability of Catalyst II was evaluated after its
recovering at the end of the reaction (centrifugation, followed
by washing with PBS) and its re-using in the next runs. As a
general trend, Catalyst II retained a relevant reactivity after 5
runs in the synthesis of hydroxytyrosol ester 8 as a selected
example (Table 5, entries 9–13). The decrease in conversion of
the substrate observed during the recycling experiments (c.a.
20% with respect to the first run) may be probably due to the
partial thermic denaturation of Con A,[64,65] responsible for the

occurrence of unfavorable conformational changes of immobi-
lized enzymes.

Conclusion

Lignin nanoparticles supported lipase M and tyrosinase enzy-
matic cascade efficiently catalyzed the synthesis of lipophilic
hydroxytyrosol esters 8–10 by one-pot esterification and ortho-
hydroxylation of tyrosol 1 with carboxylic acids 2–4. The highest
yield was obtained in the presence of Concanavalin A
(Catalyst II), which controlled the optimal orientation and
distance between the two enzymes, favoring the occurrence of
substrate-tunneling effect. As confirmed by previous studies,
the presence of Con A on the surface of lignin nanoparticles
shielded the conformational changes caused by the direct
enzyme-nanoparticles interaction.[44] Noteworthy, Con A selec-
tively binds the carbohydrate region of glycoproteins such as
lipase M and tyrosinase in peptide sequences which are not
directly involved in the catalytic activity of the enzymes.[40]

Probably, the synthetic pathway started from the esterifica-
tion step, in accordance with the isolation of low amount of
tyrosol esters 5–7 as side-products, as well as by the absence of
hydroxytyrosol in the reaction mixture. In addition, the same
reaction performed with MJL and Ty supported alone on
different batch of lignin nanoparticles afforded, in a selected
case, hydroxytyrosol ester 8 in yield lower than Catalyst II,
confirming the efficacy of the enzymatic cascade in the overall
transformation. It is interesting to note that both MJL and Ty
showed, once supported on lignin nanoparticles, kinetic
parameters (Km and Vmax) higher than the native counterpart, in
accordance with the beneficial effect we previously observed in
the stabilization of peroxidase and glucose oxidase by lignin
nanoparticles.[1,4] The yield of the reaction products was found
to be dependent from the chemical complexity of the
carboxylic acid, the highest yield being obtained in the
presence of medium length chain derivatives. Catalyst II was
stable enough to be recovered and used for at list five
successive runs. This procedure opens a new entry for a green
and low-cost valorization procedure of olive oil wastes contain-
ing tyrosol in order to improve the overall amount of bioactive
lipophilic hydroxytyrosol ester derivatives.

Experimental Section

Materials

Organosolv lignin (OL) was purchased from Chemical Point
(Oberhaching, Germany). Chitosan (medium molecular weight:
100.000-300.000), 2-(4-Hydroxyphenyl)ethanol (Tyrosol), octanoic
acid, lauric acid, oleic acid, Amano lipase M from Mucor javanicus
(300 U/mg), Concanavalin A (Con A) type IV from Canavalia
ensiformis (Jack bean), mushroom tyrosinase from Agaricus bisporus
(1000 U/mg), 4-nitrophenyl laurate, L-tyrosine, trizma base (primary
standard and buffer) and sodium sulfate anhydrous (Na2SO4), were
purchased from Sigma Chemical Co. (St Louis, MO, USA). Reagents
including n-hexane, 2-methyltetrahydrofuran, and ethanol were
purchased from Sigma Chemical Co. (St Louis, MO, USA) and were

Table 5. Synthesis of lipophilic hydroxytyrosol esters 8–10 from 1 by
Catalyst I and Catalyst II[a]

Entry Catalyst Carboxylic
acid

Product(s) Conversion[b]

[%]
Yield[c] [%]

1 I 2 5 (8) 24 6.1 (18)
2 I 3 6 (9) 32 8.0 (24)
3 I 4 7 (10) 38 5.1 (33)
4 II 2 5 (8) 53 4.2 (49)
5 II 2[d] 5 (8) [11] 53 5.3 (25)

[25]
6 II 3 6 (9) 70 7 (63)
7 II 4 7 (10) 86 6 (80)
8 III–IV 2 5 (8) [12] 70 32.4 (9)

[27]
9 II 2 8 51 (Run n.1)[e] 49
10 II 2 8 49 (Run n.2) 47
11 II 2 8 43 (Run n.3) 39
12 II 2 8 38 (Run n.4) 35
13 II 2 8 35 (Run n.5) 29

[a] All experiments were conducted in triplicate. [b] Conversion of tyrosol
1. [c] The yield was evaluated on the basis of the recovered mmol of
reaction product. [d] Reaction performed in the absence of ascorbic acid.
[e] Catalyst II was recovered by centrifugation and re-used in next runs.
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used without further purification. Sodium phosphate buffer (PBS
0.1 M, pH 7) and Tris-HCl (0.1 M, pH 7.4) were prepared using Milli-
Q water (1=18.2 MΩcm a 25 °C; TOC <10 μgL� 1, Millipore,
Molsheim, France). Spectrophotometric analysis was performed
with Cary 60 UV-Vis spectrophotometer equipped with a single cell
peltier thermostated cell holder, Agilent, Santa Clara, USA. Data
were elaborated with Cary Win UV software. Chemical reactions
were monitored using thin layer chromatography on precoated
aluminium silica gel Merck 60 F254 plates and a UV lamp (λmax

=254 nm) was used for visualization

Preparation of Catalyst I

Organosolv lignin nanoparticles (OLNPs) were prepared by pre-
viously reported nanoprecipitation procedure.[2] Briefly, CH solution
(5 mg, 1.0 mgmL� 1 in diluted acetic acid 1.0% v/v) that was added
dropwise to OLNPs (5 mg, 1.0 mgmL� 1) in Milli-Q water under slow
magnetic stirring (200 rpm) for 2 h at room temperature. The final
suspension was centrifuged (2616 g, 20 min) and rinsed with
deionized water, followed by centrifugation (2616 g, 20 min) and
freeze-dry to yield OLNPs/CH intermediate. The yield of OLNPs/CH
intermediate is defined as total amount in weight of nanoparticles
recovered with respect to the total amount of the two components
(lignin and CH) (yield 96%). In order to prepare Catalyst I, the
OLNPs/CH intermediate (1.5 mgmL� 1) were dispersed in sodium
phosphate buffer (PBS 1.0 mL; 0,1 M, pH 7) and added of the
appropriate amount of MJL (25 U; 3.0 mgmL� 1) and Ty (25 U;
1.0 mgmL� 1) dissolved in PBS (0.1 M; pH 7) under gentle stirring
(200 rpm). The mixture was stirred at 4 °C in orbital shaking for 24 h
and the suspension was centrifuged and washed two times with
PBS (pH 7, 0.1 M) to afford Catalyst I (yield 85%). Note that the
enzymes were not released from Catalyst I in the reaction
conditions (that is 2-MeTHF and PBS), as evaluated by Bradford
analysis of the supernatant after recovery of the catalyst by
centrifugation.

Preparation of Catalyst II

For the preparation of Catalyst II, 0.5 mL of Con A solution
(1.0 mgmL� 1) in PBS (0.1 M, pH 7.3) was added to OLNPs/CH
intermediate (1.5 mgmL� 1) in PBS (1.0 mL; 0,1 M, pH 7) under
gentle sonication conditions at 25 °C, followed by the addition of
MJL (25 U; 3.0 mgmL� 1) and Ty (25 U; 1.0 mgmL� 1) dissolved in PBS
(0.1 M; pH 7). The mixture was stirred at 4 °C in orbital shaking for
24 h. The solution was centrifuged and washed two times with PBS
(pH 7; 0.1 M) to afford Catalyst II (yield 88%).

Field emission scanning electron microscopy (FE-SEM)
characterization.

The field emission scanning electron microscopy (FE-SEM) of
Catalyst I and Catalyst II was acquired on FESEM ZEISS Gemini-
SEM500, operated at 5 kV after drop 20μL (with deionized water) of
sample dispersion on specimen stubs, air dried and coated with
gold by sputtering with AGAR (Auto Sputter Coater). Before the
observations, the sample received a deposition of chromium thin
film (5 nm) by sputter coating using a QUORUM Q 150T ES plus
coater.

Hydrodynamic diameter and ζ-potential analyses

The hydrodynamic diameter and ζ-potential values were evaluated
in H2O by dynamic light scattering (DLS) using a Zetasizer Nano ZS
(Malvern Instruments, Malvern, UK) apparatus, equipped with an

He� Ne laser (633 nm, fixed scattering angle of 173°, 25 °C).
Measurements were performed in triplicate at 25 °C.

Fourier-transform infrared spectroscopy (FT-IR)

Catalyst I and II were analyzed by attenuated total reflection
Fourier transform infrared (ATR-IR) spectroscopic using an Agilent
Cary 630 FT-IR spectrometer (UATR unit cell) averaging 32 scans
(resolution of 4 cm� 1).

Kinetic and activity parameters

The enzymatic activity and kinetic parameters of MJL and Ty were
determined by using the p-NPL[47,48] and dopachrome assay,[49]

respectively. In particular, the activity of MJL was evaluated by
measuring the increase in absorbance (λmax 405 nm) produced
during the release of para-nitrophenol in the hydrolysis of para-
nitrophenyl laurate (p-NPL) in Tris-HCl (0.1 M, pH 7.4) at 25 °C for
15 min. In a typical experiment, free MJL (25 U), or in alternative,
Catalyst I and Catalyst II (1.5 mgmL� 1 in PBS, 0.1 M, pH 7) were
added to p-NPL solution (0.1 mL; 20 mM; CNCH3: water 1 : 1) in Tris-
HCl. The international unit of lipase activity was defined as the
amount of enzyme necessary to hydrolyse 1.0 μmol of p-NPL in
1.0 min at 25 °C and optimal pH. The activity of Ty was measured
by the dopachrome assay (λmax 475 nm) in PBS (pH 7; 0.1 M) at 25 °C
for 10 min. In a typical experiment, free Ty (25 U), or in alternative
Catalyst I and Catalyst II (1.5 mgmL� 1 in PBS, 0.1 M, pH 7), were
added to L-tyrosine solution (1.0 mL; 2.5 mM) in PBS (pH 7; 0.1 M).
The international unit of tyrosinase activity was defined as the
amount of enzyme necessary to oxidize 1.0 μmol of L-tyrosine in
1.0 min at 25 °C and optimal pH. Kinetic parameters (Km and Vmax) of
MJL, Ty and Catalyst I and Catalyst II were determined by
measuring the activity of the appropriate enzyme (25 U) kept
constant using different concentration of p-NPL (from 0 to 10 mM)
in Tris-HCl (pH 7.4) and L-tyrosine (from 0.1 to 0.33 mM) in PBS
(pH 7), respectively.

Förster resonance energy transfer (FRET)

The detailed procedure for the labelling of MJL and Ty and for the
calculation of the FRET effect are reported in supporting (SI#3). The
confocal images of Catalyst I and Catalyst II were obtained by
ZEISS LSM-710 NLO confocal system equipped with a Plan
Apochromat 100×/1.40 oil DIC M 27 objectives.

Synthesis of tyrosol oleate 5 by esterification of tyrosol 1
with Catalyst I and II

The reactions were performed starting from different amount of
tyrosol 1 (0.25, 0.14 and 0.36 mmol) and oleic acid 2 (0.25, 0.25 and
0.12 mmol) in the appropriate organic solvent (5.0 mL) and PBS
(0.1 mL) containing Catalyst I–II (165 μg) at 50 °C for 48 h under
argon atmosphere. The reactions were monitored at regular
intervals of time by thin layer chromatography (CH2Cl2: MeOH
9.8:0.2). At the end of the reaction the catalyst was recovered by
centrifugation (6000 rpm) for 20 min, and the organic phase was
evaporated under reduce pressure. The crude was dissolved in
EtOAc (5.0 mL) and washed with NaCl saturated solution, dried over
anhydrous Na2SO4 and evaporated. Reaction products were recov-
ered after chromatographic purification using CH2Cl2: MeOH as
eluent. The reaction with free MJL was also performed as a
reference. Briefly, different amount of tyrosol 1 (0.25, 0.14 and
0.36 mmol) and oleic acid 2 (0.25, 0.25 and 0.12 mmol) were
reacted in the appropriate organic solvent (5.0 mL) and PBS
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(0.1 mL) with MJL (25 U) at 50 °C for 48 h. The reactions were
monitored at regular intervals by thin layer chromatography
(CH2Cl2: MeOH 9.8:0.2). At the end of the reaction the organic phase
was recovered and evaporated under reduce pressure. The crude
was dissolved in EtOAc (5.0 mL) and washed with NaCl saturated
solution, dried over anhydrous Na2SO4 and evaporated.

4-Hydroxyphenethyl oleate (tyrosol oleate) 5. Yield 50% (47 mg);
yellow oil. 1H NMR (400 MHz, [D]CDCl3): δ=0.90 (3H, m, CH3), 1.29-
1.30 (20H, m, CH2), 1.59 (2H, m, CH2), 2.02 (4H, m, CH2), 2.30 (2H, m,
O=C-CH2), 2.88 (2H, m, CH2), 4.26 (2H, m, OCH2), 5.37 (2H, m,
CH=CH), 6.79 (2H, d, J 9.0 Hz, Ph� H), 7.09 (2H, d, J 8.4 Hz, Ph� H)
ppm. 13C NMR (100 MHz, CDCl3) δ: 14.8 (CH3), 23.2 (CH2), 25.4 (CH2),
28.2 (CH2x2), 28.7–30.8 (CH2, x8), 32.4 (CH2), 34.2 (CH2), 36.3 (CH2),
66.4 (CH2), 117.2 (CH x2), 128 (CH x2), 129.9 (C), 130.8 (CH, x2), 156.3
(C), 173.2 (C) ppm. MS (EI) m/z 402.62

Synthesis of hydroxytyrosol esters 8–11 by cascade
enzymatic transformation of tyrosol 1 and carboxylic acids 2–
4

The reactions were performed starting from tyrosol 1 (0.25 mmol)
and the appropriate carboxylic acid 2–4 (0.25 mmol) in 2-MeTHF
(5.0 mL) and PBS (0.1 mL) containing Catalyst I–II (165 μg) and
ascorbic acid (0.5 mmol) under dioxygen atmosphere (O2) at 50 °C
for 48 h. The reaction was monitored at regular times by thin layer
chromatography (CH2Cl2: MeOH 9.8:0.2). At the end of the reaction
the catalyst was recovered by centrifugation (2616 g) for 20 min,
followed by evaporation of the solvent under reduced pressure.
The crude was dissolved in EtOAc (5.0 mL) and washed with NaCl
saturated solution, dried over anhydrous Na2SO4 and evaporated.
Reaction products were recovered after chromatographic purifica-
tion using CH2Cl2: MeOH as eluent. In one selected case, tyrosol 1
(0.25 mmol) was reacted with 2 (0.25 mmol) and Catalyst II (165
μg) in absence of ascorbic acid under previously reported
experimental conditions. The work-up of the reaction was per-
formed in the same conditions previously described to yield
hydroxytyrosol ester 8 and hydroxytyrosol quinone ester 11. As an
alternative, tyrosol 1 (0.25 mmol) and oleic acid 2 (0.25 mmol) in 2-
MeTHF (5.0 mL) and PBS (0.1 mL) were reacted in the presence of
Catalyst III (165 μg) and Catalyst IV (165 μg) and ascorbic acid
(0.5 mmol) under dioxygen atmosphere (O2) at 50 °C for 48 h. The
reaction was monitored at regular times by thin layer chromatog-
raphy (CH2Cl2: MeOH 9.8:0.2). The work-up of the reaction was
performed as reported in the previous procedures. The reusability
of Catalyst II was evaluated after its recovering at the end of the
reaction by centrifugation at 15000 g for 10 mins, followed by
washing with PBS (pH 7.0, 0.1 M) and re-using it in next runs.

4-Hydroxyphenethyl dodecanoate (tyrosol laurate) 6. Yield 7%
(6 mg); yellow oil. 1H NMR (400 MHz, [D] CDCl3): δ=0.90 (3H, m,
CH3), 1.29 (16H, m, CH2), 1.62 (2H, m, CH2), 2.31 (2H, m, O=C CH2),
2.88 (2H, m, CH2), 4.27 (2H, m, OCH2), 6.80 (2H, d, J 9.0 Hz, Ph� H),
7.07 (2H, d, J 8.4 Hz, Ph� H) ppm. 13C NMR (100 MHz, [D]CDCl3) δ=

12.8 (CH3), 22.5 (CH2), 25.4 (CH2), 28.2-30.5 (CH2, x6), 32.4 (CH2), 34.3
(CH2, x2), 66.4 (CH2), 116.2 (CH, x2), 130.9 (C), 132.8 (CH, x2), 156.3
(C), 173.9 (C) ppm. MS (EI) m/z 320.47.

4-Hydroxyphenethyl octanoate (tyrosol octanoate) 7. Yield 6%
(4.26 mg); yellow oil. 1H NMR (400 MHz, [D]CDCl3): δ=0.94 (3H, m,
CH3), 1.26-1.30 (8H, m, CH2), 1.64 (2H, m, CH2), 2.31 (2H, m, O=C
CH2), 2.89 (2H, m, CH2), 4.26 (2H, m, OCH2), 6.79 (2H, d, J 9.0 Hz,
Ph� H), 7.09 (2H, d, J 8.4 Hz, Ph� H) ppm. 13C NMR (100 MHz,
[D]CDCl3): δC=14.8 (CH3), 22.7 (CH2), 25.4 (CH2), 28.2–30.5 (CH2, 3x),
34.3 (CH2), 35.2 (CH2), 66.4 (CH2), 115.9 (CH, x2), 130.9 (C), 132.8 (CH,
x2), 156.3 (C), 174.2 (C) ppm. MS (EI) m/z 264.37.

3,4-Dihydroxyphenethyl oleate (Hydroxytyrosol oleate) 8. Yield 49%
(48 mg); colourless oil. 1H NMR (400 MHz, [D]CDCl3): δ=0.88 (3H, m,
CH3), 1.27-1.33 (20H, m, CH2), 1.66 (2H, m, CH2), 2.03 (4H, m, CH2),
2.37 (2H, m, O=C-CH2), 2.83 (2H, m, CH2), 4.24 (2H, m, OCH2), 5.35
(2H, m, CH=CH), 6.67 (1H, dd, J 7.9 Hz, Ph� H), 6.76 (1H, d, J 2.1 Hz,
Ph� H), 6.81 (1H, d, J 8.0 Hz, Ph� H) ppm. 13C NMR (100 MHz,
[D]CDCl3) δ=14.5 (CH3), 23.2 (CH2), 25.4 (CH2), 27.2 (CH2 x2), 28.5–
30.1 (CH2, x8), 30.2 (CH2 x2), 31.5 (CH2), 34.3 (CH2), 35.2 (CH2), 66.7
(CH2), 116.2 (CH), 117.9 (CH), 122.5 (CH) 130.9 (CH x2), 131.7 (CH),
145.8 (C), 146.3 (C), 173.2 (C) ppm. MS (EI) m/z 418.62.

3,4-Dihydroxyphenethyl dodecanoate (Hydroxytyrosol laurate) 9.
Yield 63% (46 mg); yellow oil. 1H NMR (400 MHz, [D]CDCl3): δ=0.90
(3H, m, CH3), 1.28–1.32 (16H, m, CH2), 1.63 (2H, m, CH2), 2.37 (2H, m,
O=C-CH2), 2.83 (2H, m, CH2), 4.25 (2H, m, OCH2), 6.65 (1H, dd, J
7.9 Hz, Ph� H), 6.76 (1H, d, J 2.1 Hz, Ph� H), 6.79 (1H, d, J 8.0 Hz,
Ph� H) ppm. 13C NMR (100 MHz, [D]CDCl3): δ=13.9 (CH3), 22.5 (CH2),
24.8 (CH2), 28.2–29.8 (CH2 x6), 32.8 (CH2), 34.3 (CH2), 35.8 (CH2), 65.4
(CH2), 116.2 (CH), 117.2 (CH), 120.2 (CH), 131.9 (C), 142.3 (C), 145.1
(C) 173.2 (C) ppm. MS (EI) m/z 336.47.

3,4-Dihydroxyphenethyl octanoate (Hydroxytyrosol octanoate) 10.
Yield 80% (56.8 mg); colourless oil. 1H NMR (400 MHz, [D]CDCl3): δ=

0.90 (3H, m, CH3), 1.27–1.29 (8H, m, CH2), 1.66 (2H, m, CH2), 2.35 (2H,
m, O=C-CH2), 2.83 (2H, m, CH2), 4.23 (2H, m, OCH2), 6.76 (1H, dd, J
7.9 Hz, Ph� H), 6.77 (1H, d, J 2.1 Hz, Ph� H), 6.81 (1H, d, J 8.0 Hz,
Ph� H) ppm. 13C NMR (100 MHz, [D]CDCl3): δ=13.8 (CH3), 23.2 (CH2),
24.8 (CH2), 29.3–29.5 (CH2 x2), 31.8 (CH2), 33.9 (CH2), 34.5 (CH2), 64.8
(CH2), 115.7 (CH), 116.3 (CH), 121.2 (CH), 130.9 (C), 145.3 (C), 146.3
(C), 173.4 (C) ppm. MS (EI) m/z 280.36.

2-(3,4-Dioxocyclohexa-1,5dien-1-yl) ethyl oleate (hydroxyl tyrosol
quinone oleate) 11. Yield 25% (26.5 mg); yellow oil. 1H NMR
(400 MHz, [D]CDCl3: δ=0.88 (3H, m, CH3), 1.28 (21H, m, CH2), 1.62
(2H, m, CH2), 2.10 (4H, m, CH2), 2.29 (2H, m, CH2), 2.80 (2H, m, CH2),
4.13 (2H, m, CH2), 5.30 (2H, m, CH=CH), 5.89 (1H, s, Ph� H), 6.80 (1H,
s, Ph� H), 7.25 (1H, s, Ph� H) ppm. 13C NMR (100 MHz, [D]CDCl3): δ=

14.3 (CH3), 23.2 (CH2), 25.2 (CH2), 27.2 (CH2 x2), 28.5–29.9 (CH2 x8),
32.3 (CH2), 34.2 (CH2), 39.1 (CH2), 64.7 (CH2), 113.5 (CH), 127.5 (CH),
130.7 (CH x2), 153.8 (CH), 156.3 (C), 173.8 (C), 180.4 (C), 183.1 (C)
ppm. MS (EI) m/z 416.60.

3,4-dihydroxyphenethyl alcohol (hydroxytyrosol) 12. Yield 10%
(10.6 mg); white solid. 1H NMR (400 MHz, [D]CDCl3): δ=2.77 (2H, m,
CH2), 3.85 (2H, m, CH2), 4.58 (OH, m), 6.67 (1H, s, Ph� H), 6.77 (1 h, m,
PH� H), 6.84 (1H, s, Ph� H) ppm. 13C NMR (100 MHz, [D]CDCl3): δ=

39.2 (CH2), 61.1 (OCH2), 115.9 (CH), 116.4 (CH), 122.2 (CH), 131.5 (C),
144.5 (C), 145.6 (C) ppm. MS (EI) m/z 154.06.
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