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Oxidative polymerization of tyrosol by horseradish peroxidase (HRP)–H2O2 afforded an insoluble product

(oligotyrosol, OligoTyr) consisting of mixture of linear oligomers (up to 11-mer) with limited benzylic

branching points, as evidenced by ESI-MS and solid state 13C NMR analysis. OligoTyr proved to be

significantly more active than tyrosol in several antioxidant assays and was not toxic to human

osteosarcoma SaOS-2 cells, stimulating alkaline phosphatase (ALP) activity at day 7 in a similar manner as

tyrosol. However, when loaded at 5% w/w into highly porous polylactic acid (PLA) scaffolds featuring

hierarchical structures, OligoTyr caused a significant increase in the ALP activity of SaOS-2 cells

compared to PLA alone, while tyrosol was completely inactive. A release of ca. 5% from PLA was

determined after 1 week in a physiological medium. No significant influence on calcium release from

PLA scaffolds containing 5% b-tricalcium phosphate was observed.
1. Introduction

The oxidative polymerization of phenolic compounds to
produce more or less regular mixtures of oligomeric species is
a process of great potential scientic and practical interest due
to the broad degree of structural diversity and properties that
may ensue from phenol coupling chemistry. Although phenol
polymerization can be carried out with a range of chemical
oxidants, including typically ferricyanide and persulfate, a most
convenient alternative route would rely on the ability of perox-
idase enzymes to catalyze in a highly efficient manner the
oxidative coupling of phenols and substituted phenols under
biomimetic conditions.1 Enzyme-based polymerization
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processes attract growing interest due to their environmental
compatibility associated with the use of catalytic amounts of the
enzyme and H2O2 as an easily available low cost oxidant. The
reaction on monophenolic substrates proceeds via one-electron
oxidation leading to the generation of phenoxyl radicals inter-
mediates which evolve via sequential oxidative coupling steps.2

Examples of biocatalytic synthesis of oligo- and polyphenols
include the horseradish peroxidase (HRP)-catalyzed polymeri-
zation of phenol,3–5 m-cresol,6 bisphenol A,6 cardanol,7 tyrosine
esters,7 and guaiacol,8 HRP- and soybean peroxidase (SBP)-
catalyzed oxidative polymerization of m-substituted phenol
derivatives,9 and fungal laccase polymerization of methox-
yphenols10 (for reviews on enzymatic synthesis of polyphenols,
see ref. 11–13).

Although increasing interest is currently being focused on
themanifold technological opportunities offered by bioinspired
phenolic polymers, e.g. for the preparation of resins and coat-
ings14–16 or for the stabilization of polymers,17,18 comparatively
less attention has so far been devoted to the use of polymers of
natural phenolics as antioxidant additives for biocompatible
scaffolds for biomedical applications, e.g. tissue engineering
and bone regeneration. Antioxidant compounds have recently
been exploited in tissue engineering as promoters of osteoblast
differentiation,19 since they can counteract the inhibitory effects
of reactive oxygen species (ROS) on the process of bone
formation by osteoblastic cells.20–23 Natural polyphenolic
compounds, such as resveratrol and green tea catechins, have
been shown to increase alkaline phosphatase (ALP) activity and
collagen mineralization by enhancing calcium deposition in
mesenchymal stem cells.24,25 Olive oil polyphenols such as
RSC Adv., 2016, 6, 2993–3002 | 2993
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oleuropein and hydroxytyrosol can stimulate the deposition of
calcium in osteoblastic MC3T3-E1 cells.26

Despite the useful property of natural polyphenols to
enhance bone formation, a major drawback is that they are
rapidly metabolized and excreted from the body, making
controlled release at the site of bone loss an important goal.

Recently, considerable interest has been directed to three-
dimensional porous scaffolds made of biomaterials such as
polycaprolactone (PCL) and polylactic acid (PLA) for antioxi-
dant release in biological tissues.27–31 PLA is one of the few
biodegradable polymers approved for human use by the FDA
that has reached the clinical application stage,32 and offers
advantages including commercial availability, low cost and
easy purication procedures. Moreover, PLA enables imple-
mentation of highly porous nanostructures under suitable
preparation conditions.33,34 A few examples in the literature
report preparation of electrospun PLA or PLA/polyethylene
oxide bers incorporating polyphenols like genistein or caf-
feic acid with improved antioxidant properties for use in
wound healing.35,36

Accelerated bone regeneration has been reported by sup-
plementing PCL or PLA scaffolds with bioactive molecules like
zoledronate,37 hyaluronic acid,38 dexamethasone,39 cipro-
oxacin,40 and polyphenols,25,41 that increase proliferation and
differentiation of mesenchymal stem cells into osteoblasts and
promote osteoblast proliferation and calcium deposition.
However, in most cases a major issue is related to the facile and
uncontrolled release of low molecular weight phenols from the
scaffold into the contact medium. Accordingly, a convenient
solution to this issue may derive from the use of phenolic
polymers rather than monomers. These polymers would not
only exhibit lower tendency to be released from the scaffolds but
may display a greater chemical stability and similar or even
better antioxidant activity. It has been recently demonstrated in
this connection that phlorotannins are good supplemental
bioactive agents for enhancing the bone tissue growth of PCL/b-
tricalcium phosphate (b-TCP) composite scaffolds as mono-
mers, being more active in the oligomeric forms.42 Although
phlorotannins are available in large amounts from brown algae
by facile and reproducible isolation protocols, their purication
from other polyphenols requires expensive chromatographic
treatments.42

An attractive candidate for the preparation of all-natural
antioxidant phenolic polymers is tyrosol (2-(4-hydroxyphenyl)
ethanol). Tyrosol is one of the most representative phenolic
constituent of extra virgin olive oil and has been the focus of
increasing interest over the past decades because of a range of
biological and pharmacological properties, such as antimicro-
bial, antithrombotic and anti-inammatory activities.43–45

Recently, high tensile strength, aromatic–aliphatic poly-
carbonates based on tyrosol and homovanillyl alcohol, that
exhibit enzymatic surface erosion by lipase, were reported to
support cell attachment and proliferation of human mesen-
chymal stem cells (hMSCs).46 Most of the benecial properties
of tyrosol have been ascribed to its potent antioxidant and
scavenging properties against ROS and reactive nitrogen species
generated in settings of oxidative stress.43,47,48
2994 | RSC Adv., 2016, 6, 2993–3002
In this paper we report the rst preparation and character-
ization of a polymer of tyrosol, OligoTyrosol (OligoTyr), via
a convenient HRP/H2O2-catalyzed oxidation process, and
disclose the potential of OligoTyr incorporated into a PLA-
scaffold for use in bone tissue engineering. Specic aims of
this study include: (a) preparation, structural characterization
and evaluation of the antioxidant and osteogenic properties of
OligoTyr; (b) preparation and characterization of a PLA–Oligo-
Tyr composite scaffold at high porosity; (c) evaluation of Oli-
goTyr release kinetics from PLA–OligoTyr scaffold in vitro.

2. Experimental section
2.1 Materials and methods

All chemicals were purchased from Sigma-Aldrich and were
used without any further purication. PLA, trademark Nature-
works® 4043D (D-isomer content z 4.3% as declared by the
producer) was purchased from Resinex Srl, Italy.

1H NMR spectra were recorded on a Bruker spectrometer.
Chemical shis values were referenced to TMS.

Solid-state 13C cross polarization-magic angle spinning (CP-
MAS) spectra were collected at 125.77MHz on a 500MHz Bruker
BioSpin NMR Spectrometer Avance™ 500, operating at a static
eld of 11.7 tesla and equipped with a 4 mm MAS probe,
spinning the sample at the magic angle, at speeds up to 15 kHz
that, with the addition of high power 1H decoupling capability,
allows to decrease or eliminate homo and heteronuclear
anisotropies. All the samples were prepared by packing them in
zirconia (ZrO2) rotors, closed with Kel-F caps (80 mL internal
volume) and the spinning speed (MAS) was optimized at 12 kHz,
aer some experiments run in the range 4–12 kHz. Cross-
polarization (CP) spectra, under Hartmann–Hahn conditions,
were recorded with a variable spin-lock sequence (ramp CP-
MAS), and a relaxation delay of 2 s; a 1H p/2 pulse width of
4.0 ms was employed. Contact time was varied in the range 1.5–
2.5 ms. In some experiments high power proton decoupling was
applied during acquisition without cross polarization.

MS spectra were collected on a LCQ Advantage Thermo
Fisher Mass Spectrometer equipped with a ESI source (spray
voltage: 4.5 kV, capillary temperature: 275.90 �C, sheat gas ow
rate: 15 arbitrary units; nebulizer pressure: 50 psi, fragmentor
voltage: 50 V, gain 1.0). Spectra were obtained from samples
dissolved in methanol. MALDI mass spectra were obtained
using a Bruker Daltonics Microex MALDI-TOF apparatus, and
a-cyano-4-hydroxycinnamic acid as matrix.

UV-vis absorption measurements were performed with
a PerkinElmer Lambda 35 UV/VIS or a Jasco V-730
Spectrophotometer.

The molecular weight of acetylated OligoTyr and PLA were
determined by gel permeation chromatography (GPC) using
a size exclusion chromatography (SEC) system having Waters
1515 Isocratic HPLC pump and a four Shodex GPC KF column
set, with a Waters 2487 Dual l Absorbance detector using a ow
rate of 1 mL min�1 and 20 mL as injection volume. The detector
was set at 280 nm. Samples were prepared dissolving 5 mg of
sample in 1 mL of anhydrous dichloromethane. o-Dichloro-
benzene was used as internal standard (retention time 46 min).
This journal is © The Royal Society of Chemistry 2016
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Polystyrene samples (450–7600 Da) from American Polymer
Standards, Mentor, OH, were used as standard for the deter-
mination of OligoTyr molecular weight. For the determination
of PLA molecular weight another set of polystyrene samples
(9730–1600 000 Da) from the same producer was used (number
average molecular weight (Mn): 90 702 Da; weight average
molecular weight (Mw): 171 573 Da; polydispersity index: 1.89).

Thermogravimetric analysis (TGA) was performed with
a PerkinElmer TGA4000 using temperature program (30–600
�C) at 20 �C min�1 under a nitrogen ow of 20 mL min�1.

Analytical and preparative TLC were carried out on silica gel
plates (0.25 and 0.50 mm, respectively).

2.2 Preparation of OligoTyr

Tyrosol (400 mg) was dissolved in the minimum quantity of
methanol and added to 0.1 M phosphate buffer (pH 6.8) (19 mL)
to a nal concentration of 150 mM. A solution (3 mL) of HRP
(188 U mL�1, nal concentration 25 U mL�1) (nal monomer to
enzyme molar ratio ¼ 50 000) and 30% hydrogen peroxide (694
mL, nal concentration 300 mM) were added in two aliquots at 1
h time intervals. Aer 2 h under vigorous stirring the mixture
was centrifuged (3000 rpm, 15 minutes), the resulting precipi-
tate was washed three times with water and lyophilized to give
a yellowish powder (305mg, 75% yield w/w). Acetylated OligoTyr
was prepared by treatment of 10 mg of sample with acetic
anhydride (500 mL) and pyridine (10 mL) at room temperature
overnight.

2.3 Isolation of dimer and trimer of tyrosol

Tyrosol (90 mg) was dissolved in the minimum quantity of
methanol and added to 0.1 M phosphate buffer (pH 3.0) (720
mL) to a nal concentration of 1 mM. Ceric ammonium nitrate
(726 mg, 2 molar equivalents) was added in two aliquots at 1 h
time intervals. Aer 2 h under vigorous stirring the mixture was
extracted with ethyl acetate (3 � 500 mL) and the combined
organic layers were dried over Na2SO4 and taken to dryness.
The residue (42 mg) was treated overnight with acetic anhy-
dride (1.5 mL) and pyridine (75 mL). Aer removal of the
solvents, the residue (59 mg) was dissolved in chloroform and
fractionated by preparative TLC (eluant cyclohexane/ethyl
acetate 1 : 1 v/v) to give the acetylated dimer 1 (Rf 0.59, 6 mg,
4% yield) and trimer 2 (Rf 0.50, 6 mg, 4% yield) as light yellow
oil in pure form.

1. 1H NMR (400 MHz, CD3OD): d 1.98 (s, 3H), 2.00 (s, 3H),
2.96 (t, 2H, J ¼ 6.8 Hz), 4.28 (t, 2H, J ¼ 6.8 Hz), 7.10 (d, 1H, J ¼
8.4 Hz), 7.14 (d, 1H, J ¼ 2.0 Hz), 7.29 (dd, 1H, J ¼ 8.4, 2.0 Hz).
ESI(+)MS: m/z 443 ([M + H]+).

2. 1H NMR (400 MHz, CD3OD): d 2.00 (s, 9H), 2.01 (s, 3H),
2.04 (s, 6H), 2.96 (m, 6H), 4.27 (m, 6H), 7.11 (d, 2H, J ¼ 8.4 Hz),
7.16 (br s, 2H), 7.17 (s, 2H), 7.30 (dd, 2H, J ¼ 8.4, 2.0 Hz). ESI(+)
MS: m/z 663 ([M + H]+).

2.4 2,2-Diphenyl-1-picrylhydrazyl (DPPH) assay

The assay was carried out as described,49 using a 200 mM solu-
tion of DPPH and a 0.69mgmL�1 solution of OligoTyr or tyrosol
(both in methanol). Trolox was used as reference compound.
This journal is © The Royal Society of Chemistry 2016
OligoTyr, tyrosol or Trolox (200 mL) was added to DPPH (2 mL)
and the absorbance at 515 nm was determined aer 20 min.

2.5 Ferric reducing/antioxidant power (FRAP) assay

The assay was carried out as described,50 using a 20mM solution
of FeCl3� 6H2O in water, a 10 mM solution of 4,6-tris(2-pyridyl)-
s-triazine (TPTZ) in 40 mM HCl, and a 0.69 mg mL�1 solution of
OligoTyr or tyrosol as above. Trolox was used as reference
compound. A solution made up of acetate buffer (pH 3.6) (3 mL)
plus Fe3+ solution (300 mL) and TPTZ solution (300 mL) was
treated with 10–30 mL of tyrosol, OligoTyr or Trolox solution and
aer 10 min the absorbance at 593 nm was measured.

2.6 Hydroxyl radical scavenging assay

The assay51 was carried out using the following solutions: 20
mM FeCl2 � 4H2O in 40 mM HCl, 20 mM Na2EDTA in water, 50
mM H2O2, 10 mM salicylic acid in 0.2 M phosphate buffer (pH
7.4), 268 U mL�1 catalase in 0.2 M phosphate buffer (pH 7.4),
and 0.69 mg mL�1 OligoTyr or tyrosol as above. The solution of
OligoTyr and tyrosol were further diluted in water to a nal
concentration of 0.3, 1, 3, 7 or 14 mg mL�1. To 1.5 mL of 0.2 M
phosphate buffer (pH 7.4) 500 mL of salicylic acid, 250 mL of
EDTA, 250 mL of Fe2+, 2 mL of water, OligoTyr or tyrosol at the
desired concentration and 500 mL of the H2O2 solution were
added. Aer 10 min 500 mL of the catalase solution was added
and the mixtures were analyzed by HPLC. Ascorbic acid was
used as reference compound. HPLC analysis was carried out on
an octadecylsilane column 250 � 4.60 mm (5 mm) using
a gradient based on 10 mM phosphoric acid (pH 2.5)/
acetonitrile (from 10% to 60%, 0–35 min) as the eluant, at
a ow rate of 0.7 mL min�1; detection wavelength was set at 280
nm. Percent inhibition was determined by quantitative analysis
of dihydroxybenzoic acids in the presence and in the absence of
the antioxidant (OligoTyr, tyrosol or ascorbic acid).

2.7 Preparation of PLA scaffolds

All scaffolds were prepared using PLA aer purication. PLA
was dissolved in dichloromethane and then re-precipitated in
methanol to remove processing additives e.g. antioxidants.
Scaffolds were prepared according to two different methods:

Method A. PLA (0.1 mg mL�1) and OligoTyr (5% w/w on PLA)
were dissolved in THF in a 100 mL glass ask. Methanol was
added at room temperature under mechanical stirring up to 95/
5 v/v THF/methanol ratio. The solution was frozen by immer-
sion of the ask into liquid nitrogen and was then poured in
warm water. The solid PLA scaffolds that separated were
recovered aer removal of the solvent by ltration.

Method B. PLA (0.1 mg mL�1) and tyrosol or OligoTyr (5% w/
w on PLA) were dispersed in 1,4-dioxane in a 100 mL glass ask
at room temperature and taken under mechanical stirring
overnight. The resulting homogeneous dispersion was frozen by
immersion of the ask into liquid nitrogen and the solvent was
removed by sublimation at room temperature under vacuum
(2.5 � 10�3 bar). In other experiments PLA scaffolds containing
b-tricalcium phosphate (b-TCP) (5% w/w on PLA, porosimetry
d50 ¼ 100 nm) with or without OligoTyr were prepared.
RSC Adv., 2016, 6, 2993–3002 | 2995
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2.8 UV/VIS analyses

For determination of the content of OligoTyr in PLA/OligoTyr
scaffolds, these latters (3 mg) were dissolved in dichloro-
methane–methanol 1 : 1 v/v (3 mL) and the absorbance at 286
nm was determined. The content of OligoTyr was estimated
against a calibration curve built using solutions of OligoTyr in
the same solvent.

For pKa determination, a 0.6 mg mL�1 solution of tyrosol or
OligoTyr in DMSO was diluted 20 times in 0.1 M phosphate
buffer at different pHs in the range pH 5–12 and the UV-vis
spectrum was recorded.
2.9 Porosity and swelling measurements

The porosity of the PLA scaffold prepared according to method
B was determined using two different gravimetric methods. In
the rst one, related porosity was calculated by eqn (1) using the
density of the dry scaffold (rs) and the density of raw PLA (rPLA),
determined as the ratio between the dry mass and the volume of
the scaffolds:

Porosity (%) ¼ [1 � (rs/rPLA)] � 100 (1)

The dry weight of the scaffolds was determined using a high
precision balance CPA225D Sartorius, the volume was evaluated
by geometrical calculation using a caliper.

In the second method the porosity was evaluated using
eqn (2):

Porosity (%) ¼ {(mw � mD)/[(mD/rPLA) + mw]} � 100 (2)

wheremw is the wet weight of the scaffold (contact time between
scaffold and water: 96 h) and mD is the dry mass. In this case,
the porosity was evaluated as the total amount of water absor-
bed by the scaffold. Swelling of the wet sample was also evalu-
ated using eqn (3):

Swelling (%) ¼ [(mw � mD)/mD] � 100 (3)
2.10 Cell culture and in vitro assays

In vitro experiments were carried out using the human osteo-
sarcoma cell line SaOS-2 (American Type Culture Collection,
Rockville, Md-USA). Cells were grown and subjected to the
calcein-AM assay for cell viability aer 24 h.52 Briey, cells were
settled overnight in 96-well plates, incubated with variable
amounts of the materials, and read in an Innite 200 Pro plate
reader (Tecan, Wien, Austria), at 485 nm lexc/535 nm lem. Finely
ground materials were used in order to obtain suspensions at
different nominal concentrations.

Alkaline phosphatase (ALP) assay was carried out as previ-
ously reported.53 Cells were exposed to tyrosol or OligoTyr
dispersed in water at 5 mg mL�1 or alternatively to PLA scaffolds
using the materials pulverized in liquid nitrogen (25 mg) and
dispersed on the bottom of the well in 96-well plates, and grown
for 7 days. At the end of the experiments, cells were incubated
with p-nitrophenol phosphate for 10 min, quenched with 0.5 N
2996 | RSC Adv., 2016, 6, 2993–3002
NaOH solution, and thereaer, the concentration of p-nitro-
phenol was determined with a plate reader at 405 nm. Data were
analysed with the R package, version 3.0.1 (http://www.r-
project.org/foundation/). Values of IC50 and 95% condence
intervals were calculated using a downhill logistic curve.

2.11 Analysis of OligoTyr release from PLA scaffolds

Preweighted PLA scaffolds were incubated in phosphate-
buffered saline (PBS) at 30 mg mL�1 under static conditions
at 37 �C. The absorbance of released OligoTyr was read at 7 day
intervals at 286 nm. The concentration of the released mate-
rial was obtained from standard curves built using OligoTyr
solutions of known concentrations and calculated on the
basis of the amount of compound loaded in the PLA scaffold.
The release was followed over a 28 days period with refreshing
of the medium every 7 days. Experiments were run in
triplicate.

2.12 Analysis of calcium release from PLA scaffolds
containing b-TCP

Preweighted PLA scaffolds were incubated in PBS at 30 mg
mL�1 under static conditions at 37 �C as above. The amount of
calcium released was determined using the o-cresolphthalein
complexone (CPC) method.54 Briey, the working solution was
prepared by dissolving 5 mg of CPC and 100 mg of quinolin-8-
ol in distilled water, to which a few drops of concentrated
hydrochloric acid were added. The pH was then adjusted to 4.0
with sodium hydroxide, and the solution was diluted to 200 mL
with distilled water. Aliquots of the PBS solution were period-
ically withdrawn and added to the working solution, and the
absorbance at 580 nm was measured. The concentration of the
calcium released was obtained from standard curves built
using calcium solutions of known concentrations. The
percentage released was calculated based on the initial amount
of calcium loaded into the scaffold. Experiments were run in
triplicate.

2.13 Evaluation of PLA crystallinity

The crystalline content of PLA was evaluated by differential
scanning calorimetry (DSC). DSC analyses were conducted on
PLA puried as described in Section 2.7 under a nitrogen ow
using a Mettler Toledo DSC 1 instrument. The sample was rst
heated from 25 �C to 200 �C at 10 �C min�1, le for 5 min at
200 �C to remove possible residual solvent present aer
purication, then cooled from 200 �C to 25 �C at�10 �Cmin�1,
le for 2 min at 25 �C and then subjected to a second thermal
cycle as above. The crystalline weight fraction (Xc) of the
sample was determined as previously described55 according to
eqn (4):

Xc ¼ [(DHm � DHcc)/DH
o
m] � 100 (4)

where DHm is the heat of fusion measured on the second
heating, DHcc is the cold crystallization heat and DHo

m is the
melting enthalpy of the 100% crystalline polymeric matrix (93 J
g�1).56 A crystalline fraction of 0.4% was determined.
This journal is © The Royal Society of Chemistry 2016
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3. Results and discussion
3.1 Synthesis and structural characterization of OligoTyr

OligoTyr was prepared by HRP/H2O2 oxidation of 150 mM
tyrosol in phosphate buffer, pH 6.8. The polymer was obtained
in ca. 75% yield on a weight basis as a yellowish solid, fairly
soluble in methanol, fully soluble in THF and DMSO, and fairly
insoluble in water. It showed a broad absorption maximum
centered at 286 nm (mass extinction coefficient ¼ 38.9 L g�1

cm�1) and a shoulder at 325 nm in methanol.
Thermogravimetric analysis (TGA) showed a substantial

thermal stability of the material up to 250 �C (Fig. S1†).
To determine the average molecular weight, OligoTyr was

subjected to acetylation and the resulting material analyzed by
non-aqueous size exclusion chromatography (SEC): a weight-
average molecular weight (Mw) of 2861 Da and a poly-
dispersity index of 1.28 was found, indicating a homogeneous
distribution of the oligomer species (Fig. S2†).

ESI(�)MS analysis (Fig. S3†) showed well-detectable clusters
of peaks in the mass range up to 2000 m/z, suggesting the
presence of signicant levels of oligomers up to at least the
undecamer stage, peaking at the heptamer. High batch-to-batch
reproducibility in the oligomer distribution was observed.
Analysis of the clusters of the pseudomolecular ion peaks [M �
H]� revealed a repetitive unit of 136 Da which by comparison
with the molecular weight of tyrosol of 138 Da suggested a linear
polymerization mode typical of monophenols. Similar distribu-
tion of oligomers was also observed byMALDI analysis (Fig. S4†).

Other valuable structural information was obtained by solid
state 13C NMR run in the cross polarization-magic angle spin-
ning (CP-MAS) modality. Preliminarily, the spectrum of tyrosol
was run under the same modality (Fig. S5†). In addition to the
signals around 38 and 63 ppm due to the hydroxyethyl chain,
signals around 115 (C-3, C-5), 130 (C-1, C-2, C-6) and 153 (C-4)
ppm were well apparent in close analogy to the 13C spectrum
run in solution. The CP-MAS spectrum of OligoTyr (Fig. 1)
showed intense signals corresponding to the hydroxyethyl chain
around 38 and 63 ppm, indicating that this moiety is not
Fig. 1 13C CP-MAS NMR spectrum of OligoTyr.

This journal is © The Royal Society of Chemistry 2016
signicantly involved in the polymerization reaction, although
less intense resonances at 48 and 86 ppm were also present.
Intense broad signals at around 131 and 152 ppm were well
apparent whereas the 115 ppm signal was signicantly abated
suggesting that the 3 and 5 positions of tyrosol were involved in
the coupling.

In order to obtain further information on the mode of
polymerization of tyrosol and on the structure of the oligomeric
constituents of OligoTyr, other experiments were directed to the
isolation of the oligomeric products formed in the early stages
of the oxidation of tyrosol. However, no chromatographically
dened compounds could be detected in the HRP/H2O2 reac-
tion under a variety of conditions.

Aer several attempts, a procedure was eventually developed,
involving 1 mM oxidation of tyrosol with 2 molar equivalents of
ceric ammonium nitrate in 0.1 M phosphate buffer followed by
extraction with ethyl acetate and acetylation with Ac2O/pyridine
at room temperature. TLC analysis of the mixture thus obtained
showed the presence of two main species eluted at Rf 0.59 and
0.50 (eluent cyclohexane/ethyl acetate 1 : 1) which could be
isolated in pure form from a large scale reaction and subjected
to spectral characterization. The 1H NMR spectrum of the Rf

0.59 product displayed an ABX system (7.10, d, J ¼ 8.4 Hz; 7.14,
d, J¼ 2.0 Hz, 7.29, dd, J¼ 8.4, 2.0 Hz) typical for a 2,4-substitued
phenol. In addition, two 2H triplets at d 4.28 and 2.96 and two
singlets for acetyl groups were distinguishable in the high eld
region. Based on these and ESI(+)MS data (pseudomolecular ion
peak [M + H]+ at m/z 443) the product was formulated as the
acetylated dimer 1.

The ESI(+)MS spectrum of the product at Rf 0.50 exhibited
a pseudomolecular ion peak [M + H]+ at m/z 663, indicating
a fully acetylated trimer of tyrosol. Consistent with this
conclusion was the 1H NMR spectrum showing an ABX system
and a singlet at d 7.17 in the low eld region. The compound
was therefore identied as the acetylated trimer 2.
RSC Adv., 2016, 6, 2993–3002 | 2997
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Table 1 Antioxidant properties of tyrosol and OligoTyr

Sample
DPPH
reductiona (%)

Trolox eqs
(FRAP assay)

OH radical scavenging
assay (IC50, mg mL�1)

Tyrosol 24 � 1 0.054 � 0.002 0.73 � 0.01
OligoTyr 48 � 2 0.072 � 0.002 1.16 � 0.02

a Calculated at a 0.06 mg mL�1 sample concentration.
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Based on these results and on the ESI(�)MS and NMR data,
the representative structure shown in Fig. 2 was proposed for
OligoTyr, which was formulated as a mixture of oligomers
deriving from a linear polymerization mode with some
branching points likely accounting for the observed resonances
at 48 and 86 ppm in the CP-MAS spectrum.

As previously reported for dityrosine,57 a lowering of the pKa

value from 10.3 for tyrosol to 7.1 for OligoTyr, as determined by
UV-vis analysis of the spectra recorded at different pHs (see
Fig. S6†), was observed. This suggests that dissociation at the
phenol site of OligoTyr is favored over tyrosol due to resonance
stabilization of the resulting anion in good agreement with the
structure proposed for OligoTyr.

3.2 Antioxidant properties

The antioxidant properties of OligoTyr were investigated with
respect to tyrosol and reference compounds using commonly
used assays such as: (a) the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) assay, which determines the H-donor capacity of the
antioxidant as quencher of the stable DPPH free radical;49 (b)
the ferric reducing/antioxidant power (FRAP) assay, which
measures the ability of the antioxidant to reduce a Fe3+–tripyr-
idyltriazine complex to the Fe2+ form;50 (c) the salicylate assay,
which determines the ability of the compound to act as OH
radical scavenger by inhibiting hydroxylation of salicylic acid by
the Fenton reagent to give 2,3- and 2,5-dihydroxybenzoic acids
(HPLC quantitation).51 In the DDPH assay, OligoTyr was found
to exert a modest but signicant antioxidant effect as compared
to trolox (97 � 1% reduction), superior to that of the parent
compound tyrosol (Table 1). At a nal concentration range of 2–
30 mg mL�1, OligoTyr exhibited a 1.3-fold higher reducing
capacity toward 1.7 mM FeCl3 in 0.3 M acetate buffer (pH 3.6) in
comparison with tyrosol. In the OH radical scavenging salicylate
assay OligoTyr proved to be more efficient than ascorbic acid
(IC50 0.81 � 0.02 mg mL�1) in inhibiting salicylate
hydroxylation.

From the above set of experiments it could be concluded that
OligoTyr has an antioxidant capacity superior to that of the
parent compound tyrosol, likely due to the stabilizing effect of
Fig. 2 Proposed representative structures of OligoTyr oligomers
responsible for the main peaks of the ESI(�)MS and CP-MAS spectrum.
The order of the structural units is arbitrary. Shown are the main
carbon resonances observed in the CP-MAS spectrum.

2998 | RSC Adv., 2016, 6, 2993–3002
the aromatic rings in ortho position to the phenoxyl radical in
the oligomeric structures.
3.3 Biocompatibility and osteogenic properties

The biocompatibility of OligoTyr was preliminarily assessed in
comparison to tyrosol by determining the calcein-AM cell
viability on human osteosarcoma cell line SaOS-2 at 24 h.52 The
value obtained (IC50 > 500 mg mL�1) indicated a very low cyto-
toxicity of OligoTyr as well as of tyrosol.

As a further experiment, the induction of alkaline phos-
phatase (ALP) activity, an early marker of osteoblastic differen-
tiation, was evaluated.53 Fig. 3 shows that ALP activity was
signicantly higher in cells grown for 7 days in the presence of
tyrosol and OligoTyr, with respect to untreated cells.

Taken together, these results demonstrated more potent
antioxidant properties of OligoTyr with respect to tyrosol with
comparable biological activity. Accordingly, in further experi-
ments the bioactivity of OligoTyr was investigated in comparison
with tyrosol following encapsulation into PLA scaffolds. Prior to
biological experiments, the effects of OligoTyr-loading on the
morphological properties of PLA scaffolds were investigated.
3.4 Preparation and characterization of OligoTyr loaded PLA
scaffolds

PLA scaffolds were initially prepared by dissolving PLA and
OligoTyr (this latter at 5% w/w loading) in THF/methanol at
Fig. 3 ALP activities measured in the incubation medium of SaOS-2
cells after 7 days growth in the presence of tyrosol (Tyr) and OligoTyr
(5 mg mL�1). Data are expressed as mean � SD (n ¼ 8–16) of p-
nitrophenol optical density (OD) at 405 nm, standardized as percent of
control. *p < 0.01 with respect to control, according to multiple t test
with Bonferroni correction.

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Top: SEM micrographs of scaffolds obtained from pure PLA
(left) and PLA + 5% OligoTyr (right). Bottom: close-up of the scaffolds
shown in the upper row.
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95 : 5 v/v ratio, freezing the solution and then recovering the
sponge-like PLA material that separated aer pouring the
frozen mass into warm water. The OligoTyr loaded PLA scaf-
folds thus obtained were analyzed by scanning electron
microscopy (SEM) in comparison with pure PLA (Fig. S7†).

Both materials were porous and showed a “network” struc-
ture, but with some differences in the morphology. In partic-
ular, in the OligoTyr loaded scaffold small crystals were
apparent due likely to OligoTyr remained undissolved in the
PLA matrix (see magnication of the images in Fig. S7†). The
amount of OligoTyr actually loaded in the scaffold was evalu-
ated by UV/vis spectrophotometry. OligoTyr concentration was
found to vary signicantly within the scaffold depending on the
sampling site, and in all cases was lower (4–4.5%) than the
theoretical one based on a 5% w/w loading. This indicated that
the dispersion of OligoTyr in PLA was non-homogenous and
that some leakage of OligoTyr occurred during scaffolds prep-
aration. On this basis this method (method A) was judged not
reliable and a different protocol (method B) was developed. In
order to ensure a satisfactory solubilization of OligoTyr into
PLA, 1,4-dioxane was chosen as the solvent. As a rst advantage
it shows a sublimation temperature (284.1 K)58 far higher than
that of THF (164.8 K),59 allowing for a convenient removal of the
solvent from the bulk material under reduced pressure. In
addition, dioxane has already been reported to afford PLA
hierarchical scaffolds.60–62 Method B involved complete solubi-
lization of either PLA and OligoTyr in dioxane followed by
freezing in liquid nitrogen and removal of the solvent by
sublimation at room temperature under vacuum. A 5% loading
could be easily obtained under these conditions. For compar-
ison PLA composites containing tyrosol at 5% loading were also
prepared but the materials were not fully characterized nor
further investigated as induction of ALP activity on osteosar-
coma cell lines (see below) clearly showed the superior prop-
erties of OligoTyr.

Fig. 4 shows SEM images of scaffolds obtained from PLA +
5% w/w OligoTyr compared with pure PLA. No OligoTyr crystals
were visible even at the higher magnication in the PLA scaf-
folds obtained by this method. Given the preparation protocol,
the content of OligoTyr in the scaffold was assumed to be
identical to the theoretical loading.

The porosity of the PLA scaffolds prepared according to
method B was determined using two different gravimetric
methods. In the rst one, related porosity was calculated by eqn
(1) using the density of the dry scaffold (rs) and the density of
raw PLA (rPLA), determined as the ratio between the dry mass
and the volume of the scaffolds:

Porosity (%) ¼ [1 � (rs/rPLA)] � 100 (1)

In the second method the porosity was evaluated using
eqn (2):

Porosity (%) ¼ {(mw � mD)/[(mD/rPLA) + mw]} � 100 (2)

wheremw is the wet weight of the scaffold aer 96 h contact with
water and mD is the dry mass. In this case, the porosity is
This journal is © The Royal Society of Chemistry 2016
evaluated as the total amount of water absorbed by the scaffold.
Thus, this latter method allows to estimate the internal
connections of the pores inside the scaffold.

A porosity of 86.7% was calculated by eqn (1) whereas the
value obtained using eqn (2) was 54.5%. Such a difference can
be explained considering the reduced accessibility of the
internal cells of the scaffold, combined with the low wettability
of PLA that, based on its static water contact angle (65�),63 is
halfway between highly hydrophilic (contact angle 0�) and
hydrophobic (contact angle > 90�) materials. Porosity and
swelling measurements were repeated on PLA scaffolds over
a period of 120 h. Results are presented in Table 2, indicating
that the kinetic of water absorption is low, reaching a plateau
only aer 96 h. These properties are not likely modied by
OligoTyr given the low loading chosen. It is not expected that
OligoTyr affects the wettability of the scaffold since it is fairly
insoluble in water; furthermore the scaffolds with and without
OligoTyr addition have closely similar structures with the same
average pore size.

3.5 Osteogenic properties of OligoTyr/PLA and tyrosol/PLA
scaffolds

To assess the potential of OligoTyr/PLA and tyrosol/PLA scaf-
folds as osteogenic promoters, cells were grown for 7 days on
the composites nely ground. Data in Fig. 5 show that 5% Oli-
goTyr caused a small but signicant increase in the ALP activity
compared to PLA alone, while 5% tyrosol was completely
inactive.

To gain an insight into the effect of 5% OligoTyr on ALP
stimulation by PLA, the release of OligoTyr from the PLA scaf-
folds and the effects on calcium release were next examined.

3.6 Release of OligoTyr from PLA scaffolds

The rate of release of OligoTyr from PLA scaffolds at 5% loading
was monitored at 37 �C in physiological medium (phosphate-
buffered saline, PBS) by UV spectrophotometry. A 5.2% release
was observed aer 7 days incubation, while a cumulative 10.3%
RSC Adv., 2016, 6, 2993–3002 | 2999

http://dx.doi.org/10.1039/c5ra23004g


Table 2 Porosity and swelling properties of PLA scaffold in contact
with water at different times

Time (h)

2 24 96 120

Porositya (%) 37.1 46.7 54.7 54.5
Swelling (%) 59.0 87.6 120.8 119.8

a Calculated by eqn (2).

Fig. 6 Release of calcium from pure PLA (squares) and PLA containing
5% OligoTyr (triangles) scaffolds.
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release was observed aer 4 weeks incubation (Fig. S8†). From
these data it appears that, though a quite limited amount of
OligoTyr is released over the timespan of the ALP activity assay
(7 days), an appreciable ALP activity stimulation is observed.

The controlled and prolonged release from PLA scaffolds is
likely the result of the entrapment of the phenolic polymer into
PLA, which acts as a barrier for the release in PBS. This is in line
with the reduced accessibility of the internal cells of the scaffold
indicated by the swelling and porosity properties of the material
(Table 1). These results conrm that encapsulation of OligoTyr
into a PLA scaffold is a convenient means of achieving
controlled release of the bioactive phenolic polymer into the
biological tissue, a desirable property for therapeutic uses.25
3.7 Effect of OligoTyr on calcium release from PLA scaffolds

In the last series of experiments the effect of OligoTyr on the
release of calcium from PLA scaffolds was investigated. b-Tri-
calcium phosphate (b-TCP) was chosen to prepare the
composite since this biomaterial has been widely used in view
of its osteoconductive properties and cellular activities for
regenerating bone tissues.42,64 PLA scaffolds containing 5% w/w
b-TCP with or without 5% OligoTyr loading were investigated.
As shown in Fig. 6, the composite scaffold showed a linear, slow
release of the cation, reaching a ca. 70% value aer 4 weeks.
Interestingly, compared to PLA alone, it could be concluded that
Fig. 5 ALP activities measured in the incubation medium of SaOS-2
cells after 7 days growth on pulverized PLA and the composites. Data
are expressed as mean � SD (n ¼ 8–16) of p-nitrophenol absorbance
at 405 nm, standardized as percent of PLA. *p < 0.01 with respect to
PLA, according to multiple t test with Bonferroni correction. PLA/Tyr¼
PLA + 5% tyrosol; PLA/OligoTyr ¼ PLA + 5% OligoTyr.

3000 | RSC Adv., 2016, 6, 2993–3002
5% OligoTyr not only does not interfere with calcium release
from PLA scaffolds, but can actually induce a small increase, in
line with a lack of chelating action which is critical to permit
a continuous ux of cationic nutrients throughout the damaged
area.

4. Conclusions

A novel phenolic polymer (OligoTyr) has been synthesized by
biomimetic enzymatic oxidation of tyrosol and extensively
characterized for its antioxidant capacity and potential appli-
cations in bone tissue engineering. OligoTyr proved more effi-
cient than tyrosol in several antioxidant assays and showed
good potential in promotion of osteogenesis as a stimulator of
alkaline phosphatase (ALP) activity in cellular systems. Incor-
poration in suitably engineered 3D PLA scaffolds at high degree
of porosity capable of controlling the release of the active
polyphenol in physiological medium further adds to the
potential of this approach for implementing biodegradable,
bioresorbable materials for sustaining bone regeneration or as
active llings for repairing bone defects. The slow release of
calcium ions from OligoTyr-loaded PLA scaffold is an additional
valuable feature of this composite that may be worth exploiting
for biological supplementation purposes.
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