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A shell of nanostructured ferric tannates was spontaneously developed on the surface of naked maghe-
mite nanoparticles (SAMNSs, the core) by a simple wet reaction with tannic acid (TA). The as obtained
core-shell nanomaterial (SAMN@TA) displays specific electrocatalytic and surface properties, which sig-
nificantly differ from parent maghemite. Thanks to the known proclivity of TA to interact with proteins,
SAMN@TA was proposed as a support for the direct immobilization of an enzyme. A ternary functional
nanobioconjugate (SAMN@TA@TvL) was successfully self-assembled by incubating laccase from

I;fg:gﬁrsisr: Trametes versicolor (TvL) and SAMN@TA. The SAMN@TA®@TvL hybrid was kinetically characterized with
Laccase respect to the native enzyme and applied for building an easy-to-use analytical device for the detection
Tannic acid of polyphenols. The electrochemical biosensor allowed the determination of polyphenols by square wave

voltammetry in mixed water-methanol solutions. The system sensitivity was 868.9 + 1.9nA uM~!, the
LOD was 81 nM and the linearity range was comprised between 100 nM and 10 uM. The proposed
approach was successfully applied to detect phenolics in blueberry extracts as real samples. Results sug-
gest that SAMN@TA could be a promising, low cost and versatile tool for the creation of nano-bio-
conjugates aimed at the development of new electrochemical sensing platforms.

© 2019 Elsevier B.V. All rights reserved.
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approaches can be employed for macromolecule immobilization
purposes including physical absorption and electrostatic interac-

1. Introduction

The conjugation of biological molecules to solid electrodes is
commonly proposed for the development of biosensing devices
[1]. Nevertheless, enzyme stability and activity should be main-
tained upon binding and the immobilization process should not
affect the analytical performances of the electrode. In this scenario,
nanomaterials are increasingly proposed as solid supports for elec-
troanalytical applications and a number of core-shell nanostruc-
tures can be ideally obtained by the combination of enzymes and
different nanoparticles [2]. In addition, a wide choice of chemical

Abbreviations: BSA, bovine serum albumin; DLS, dynamic light scattering; FRAP,
fluorescence recovery after photobleaching; SAMN, surface active maghemite
nanoparticle; TA, tannic acid; TEM, transmission electron microscopy; TvL, Trametes
versicolor Laccase.
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tions as well as covalent immobilizations (e.g. ether, thio-ether,
amide or carbamate bonds) [3-5]. Notwithstanding, enzyme con-
jugation to nanomaterials remains object of intense study as the
immobilization strategy strongly influences the final hybrid prop-
erties with hardly predictable consequences on the catalytic per-
formances [6]. In fact, the binding process can lead to drastic
structural alterations of the enzyme, hence affecting the catalytic
properties [7-9]. In the worst situation, the conjugation to a solid
surface could induce protein denaturation and, consequently, the
complete loss of the biological activity [10]. Thus, the preservation
of catalytic activity of an enzyme is not a trivial task and is of cru-
cial importance for providing effective nano-bio-conjugates with
exploitable biological properties [11,12]. As an example, novel
nanoparticles with peculiar surface properties were proposed as
versatile building blocks to facilitate the immobilization process
of biomolecules via self-assembly aimed at guaranteeing the
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preservation of enzyme activity, without requiring any chemical
procedure or the use of additional coupling agents [13-15].

Tannic acid (TA) is known to interact with proteins forming sol-
uble and insoluble complexes [16], and was already used as surface
modifier for the functional coating on iron oxide nanoparticles
(surface active maghemite nanoparticles, SAMNs) where the
resulting core-shell hybrid (SAMN@TA) resulted one of the most
robust tannic acid conjugate to date [17]. This was due to the dras-
tic reorganization of the crystalline structure of the nanoparticle at
the boundary with the solvent, leading to the formation a complex
ferric tannate network and endowing novel electrocatalytic prop-
erties [18]. Herein, the immobilization of an enzyme (laccase from
Trametes versicolor, TvL) was carried out for the first time using
SAMN@TA as solid support by self-assembly in water, leading to
a SAMN@TA@TvL ternary hybrid combining the magnetic proper-
ties of maghemite nanoparticles and the electrocatalytic features
of ferric tannate, still maintaining the biological activity of laccase.

Laccases (benzendiol:oxygen oxidoreductases; EC 1.10.3.2) are
multi-copper oxidases, widely distributed among plant and fungal
species [19]. Their physiological role has not been completely
understood and probably depends on the specific species. They
generally present a broad substrate specificity, and can oxidize
phenols, anilines, benzenthiols and phenothiazines [20], being
molecular oxygen the electron acceptor of a four electron process
leading to water production as final reduction product [21]. Among
fungal laccases, a high variability was observed in the polymor-
phism, induction mechanism, chemical-physical properties and
catalytic activity [22-24].

Various laccase based biosensors were already applied for the
detection of phenolic compounds in plant extracts [25-28]. Alter-
natively, tyrosinases were also used as bioelements for this pur-
pose [29,30].

Phenolic substances constitute a large group of natural com-
pounds, widely distributed in fruits and vegetables. Many of them
are derived from the processing of vegetal products and in a variety
of industrial processes, e.g. in the manufacturing of plastics, paper,
dyes, drugs, pesticides and antioxidants [31-33]. It should be con-
sidered that some phenolics are pollutants of concern, being highly
toxic [34]. For these reasons, their determination is of great impor-
tance and rapid and sensitive procedures for their detection are of
growing interest.

The present work reports on the preparation and characteriza-
tion of the SAMN@TA@TvL ternary hybrid, and on its application
for the development of an immersion probe amperometric biosen-
sor for polyphenols detection. Noteworthy, the final biosensor con-
figuration was obtained by simply immobilizing SAMN@TA@TvL
on a commercially available gold electrode by means of an external
magnet.

The here presented system, besides being a cost-effective
option for the determination of polyphenols, envisages the poten-
tial of SAMN@TA as a platform for creating novel enzymatically
active and magnetically drivable nano-bio-conjugates.

2. Experimental
2.1. Chemicals

All reagents were of the highest commercially available purity
and were used without further purification processes. Preliminary
kinetic measurements were carried out in Britton-Robinson buffer,
consisting of a mixture of 0.033 M H3BOs, 0.033 M H3;PO,4 and
0.033 M acetic acid, set at the desired pH with 1 M NaOH. Doubly
distilled water was used. Final measurements were carried out in
citrate buffer at optimized pH (pH 5.0). TvL was from Sigma-
Aldrich (Italy) and purified by FPLC using a Superdex 200-10/300
column, a flow rate of 0.5-1.0 mL min~! and 0.25 M NaCl in citrate

buffer at pH 6.0 as carrier. Enzyme purity was checked by SDS-
PAGE and it was >90%, after staining with Coomassie Brilliant Blue
from Serva (Heidelberg, Germany). All other reagents were from
Sigma-Aldrich (Italy).

2.2. Instrumentation

Optical spectroscopy measurements were performed by a Cary
50 spectrophotometer (Varian Inc., Palo Alto, CA, USA) in quartz
cuvettes (1 cm p.l.). Transmission electron microscopy (TEM)
images were acquired by a JEOL 2010 microscope operating at
200 kV with a point-to-point resolution of 1.9 A. Before measure-
ment, ethanol suspensions of SAMN@TA and SAMN@TA@TvL were
treated by ultrasound for 5 min. A drop of the dilute suspension
was placed onto a holey-carbon film supported by a copper-
mesh TEM grid and air-dried at room temperature. A series of
Nd-Fe-B magnets (N35, 263-287 kJ/m> BH, 1170-1210 mT flux
density by Powermagnet - Germany) was used for all the nanopar-
ticles separation procedures as well as for immobilization of the
magnetic nanomaterial on the electrode (see paragraph 2.10. Elec-
trochemical measurements and paragraph 3.4. Development of a
polyphenol biosensor).

2.3. Real sample preparation

Fresh blueberry samples (1.0 g) obtained from a local market
were homogenized by an Ultra Turrax T 25 digital homogenizer
(IKA®-Werke GmbH & Co. Germany) for 30s in 20 mL methanol.
The as-obtained homogenate was filtered and stored at —80 °C
until use.

2.4. Determination of polyphenols by spectrophotometry

Polyphenol concentration, expressed as hydroquinone concen-
tration, was determined by the FRAP and Folin-Ciocalteau methods
[35,36]. Each measurement was performed in triplicate.

2.5. Determination of polyphenols by HPLC

Polyphenols (quercitin-3-gal, quercitin, kaempferol, delfinidin-
3-glu, cyanidin-3-glu, petunidin-3-glu, malvidin-3-glu, catechin,
epicatechin, gallic acid, hydroxybenzoic acid, chlorogenic acid, caf-
feic acid, coumaric acid, ferulic acid, cinnamic acid) were separated
and quantified using an HPLC equipped with a diode array detec-
tor. The liquid chromatography apparatus utilized for the analyses
was a Jasco X-LC system consisting of a model PU-2080 pump, a
model MD-2015 multiwavelength detector, a model AS-2055
autosampler, and a model CO-2060 column oven. ChromNAV chro-
matography data system was used as analytical software. The sep-
aration was obtained on a Tracer Extrasil ODS2 (5 mm, 250 6
45 mm - Teknokroma) operating at 35 °C. The flow rate was set
at 1mLmin~'. The mobile phase consisted of 0.1% formic acid
(A) and methanol (B). All standards were dissolved in 50% metha-
nol and the calibration curves were generated with standards at
concentrations ranging from 0.06 to 60 mg L.

2.6. Kinetic characterization of native and immobilized TvL

The catalytic activities of TvL was studied using 1,2-dihydroxy-
benzene, 1,3-dihydroxy-benzene and 1,4-dihydroxy-benzene as
substrates. Enzyme activity measurements were carried out in
33 mM Britton Robinson buffer, pH 2.5-7.0 [37], and the pH was
adjusted by additions of 1.0 M NaOH stock solution. Enzyme activ-
ity was measured by spectrophotometry, monitoring the rate of
formation of 1,4-benzoquinone from 1,4-dihydroxy-benzene
(€245nm = 2.2 x 10* M~ cm™!) and the disappearance the substrate



M. Magro et al./Bioelectrochemistry 132 (2020) 107418 3

in the case of 1,2-dihydroxy-benzene (&€575nm=2.4x 10> M™!
cm™'). Enzyme activity was also followed by measuring oxygen
consumption by a Yellow Springs oxygen electrode during sub-
strate oxidation. Measurements were carried out in a 4.5 mL gas
tight cell under continuous agitation at room temperature. The sto-
ichiometric ratio, A[S]/A[O;], was calculated by injection of known
amount of substrates (A[S]) in the oxygraphic cell and measuring
the decrease of O, concentration (A[O,]), being [S] <« [0;]. Enzyme
activity toward 1,3-dihydroxy-benzene was measured only by
oxygraphy. Enzyme catalytic parameters were obtained from ini-
tial rate of substrate oxidation measured within the first 5 min
from substrate addition to the reaction solution. All measurements
were carried out at room temperature (22 £ 1 °C) in the presence of
0.1 mM EDTA. Three replicates were performed to calculate the
kinetic parameters.

2.7. Protein determination

Laccase concentration was determined according to the Brad-
ford procedure [38], using bovine serum albumin for calibration.

2.8. Preparation of the SAMN@TA®@TvL hybrid by self-assembly

The SAMN@TA core-shell nanostructure was prepared as
already described [18]. Tannins are known to interact with pro-
teins. In particular, tannin-protein complexes are normally formed
by hydrogen bonds and hydrophobic interactions [39]. Thus, the
SAMN@TA complex was used for the immobilization of the laccase
from Trametes versicolor.

Preliminarly The suspension of SAMN@TA was prepared by son-
icating a weighted amount of SAMN@TA powder in a known water
volume. The suspension was stable in water for months. Thus, this
mother suspension was used to obtain all other suspensions by
dilution.

The immobilization of TvL on SAMN@TA was carried out by a
simple self-assembly in water under end-over-end mixing at
4.0 °C. In this view, it is important to mention that the process
was performed in water as saline solutions could destabilize col-
loidal suspensions of nanomaterials. [40]. Loosely bound enzyme
was removed by repeated washing cycles with the aid of an exter-
nal magnet. After the incubation period, nanoparticles were sepa-
rated by the application of an external magnet and the presence
of the biomolecule in the supernatant was checked by spectropho-
tometric assays (by Bradford colorimetric method and/or enzy-
matic activity). After three washing cycles, the activity of the
immobilized enzyme was constant and no detectable enzyme
release was observed in the solution (residual activity in the wash-
ing buffer was less than 1%).

In order to appreciate the spontaneous evolution of the system
into a nanobioconjugate, SAMN@TA suspensions, spanning from
0.2 to 1.5 mg mL~! were incubated in the presence of a constant
enzyme concentration (2.5ugmL™'). After 1h incubation, the
nanomaterial was recovered from the aqueous milieu by the appli-
cation of an external magnet. The measurement of the enzymatic
activity under substrate (1,4-dihydroxybenzene) saturation condi-
tions was used to assess the concentration of unbound TvL in solu-
tion after the magnetic removal. According to enzyme activity
measurements, native TvL progressively disappeared from the
solution as a function of SAMN@TA concentration roughly follow-
ing an exponential decay (see Fig. 1). Native TvL in solution was
completely bound on nanoparticles at around 0.5 mg mL~! SAMNS.

In order to maximize the surface concentration of the enzyme
on the final hybrid, the incubation was performed using
20 pg mL~! TvL and 0.5 mg mL~! SAMN@TA. At the end of the incu-
bation, the enzyme in solution resulted of 11.5 ugmL™!, corre-
sponding to 23 mg bound laccase g~!' SAMN. The quantification
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Fig. 1. Sequestration of TvL by SAMN@TA. The phenomenon was studied by
measuring the enzymatic activity on 1,4-dihydroxybenzene as substrate following
the production of 1,4-benzoquinone by spectrophotometry at A =245 nm. Mea-
surements were carried out in 50 mM citrate buffer, pH 5.0, containing of 0.1 mM
EDTA, in the presence of 2.5 ug mL~! TvL, at room temperature (22 1 °C).

of the immobilized enzyme was also performed using the Bradford
method, using a calibration curve built with bovine serum albumin
(BSA). In this case, the mass ratio of bound laccase on SAMN@TA
was 24 mg g~ ! SAMN, in very good agreement with the enzyme
activity assay. Therefore, the calculated immobilization yield
resulted 58.8 + 1.3%.

2.9. Dynamic light scattering (DLS) measurements

DLS measurements, namely zeta potential and size distribution,
of the SAMN@TA and SAMN@TA@TvL hybrids were measured by a
Zetasizer Nano particle analyser ZEN3600 (Malvern Instruments,
UK) in water at pH = 7.0, at T = 22 °C. Statistical analysis of the size
distribution was obtained by using a lognormal function. All mea-
surements were carried out at least in triplicate.

2.10. Electrochemical measurements

Electrochemical experiments were carried out by a computer-
controlled electrochemical system (Autolab PGSTAT 12, Eco-
Chemie, The Netherlands). Gold electrodes were kindly provided
by Tectronik s.r.l. (Italy). They were constituted of two gold work-
ing electrodes (W1 and W2) and a pseudo-reference gold counter-
electrode (RE-CE). The working electrode presented a diameter of
2 mm (see Fig. 2).

The SAMN@TA@TvL was magnetically immobilized on W1 sur-
face and W2 was used as control electrode (see Fig. 2).

SAMN@TA, SAMN@TA@TvL modified gold electrodes as well as
unmodified gold electrode were placed in an electrochemical cell
(30 mL) containing 50 mM citrate buffer, containing 0.1 M KNOs,
and connected to the potentiostat. Square wave experiments were
carried out using conventional counter (Pt) and reference (SCE)
electrodes. Electrochemical measurements were carried out under
continuous stirring at constant temperature (22.0+0.2°C). All
experiments were repeated at least five times. The limit of detec-
tion (LOD) was calculated according to Miller and Miller [41].

3. Results and discussion

3.1. Characterization of the SAMN@TA@TvL hybrid

The SAMN@TA complex and the enzyme nanoconjugate
(SAMN@TA@TvI) were characterized by dynamic light scattering
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W1 m—) < \/\/2
RE-CE

10 mm

Fig. 2. Photographic image representing the electrode used for the development of
the biosensor.

(DLS) and zeta potential ({) measurements. The hydrodymamic
size of SAMN@TA and of SAMN@TA@TvL complexes, determined
by DLS measurements, were 309.24+6.08 nm, and
328.18 + 2.27 nm, respectively (see Fig. 3 a and b). The measure-
ments of the zeta-potential at room temperature and at pH=7.0
showed that the enzyme immobilization was accompanied by a
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substantial increase of ¢, in term of absolute value, from -
23.6+9.0mV for SAMN@TA (conductivity 0.0139 mS cm™! in
water at 22 °C) to —34.5 = 8.2 mV for SAMN@TA@TvL (conductivity
0.1533 mS cm~! in water at 22 °C). These results, besides witness-
ing the enzyme binding occurrence, indicate that both aqueous
suspensions of SAMN@TA and SAMN@TA@TvL can be considered
as stable accordingly to the scale reported by Patel and Agrawal
[42].

Moreover, the SAMN@TA@TVL ternary hybrid was characterized
by transmission electron microscopy (TEM). The development of
core-shell nanostructures can be appreciated by observing the
morphology of the material, actually consisting in crystalline
spherical objects enveloped in a less electron-dense organic cover-
age (see Fig. 3c and d). In particular, the presence of a double layer
around the core can be distinguished and can be attributed to an
inner shell of ferric tannates and an outer shell attributable to
the immobilized enzyme (see Fig. 3d).

The FTIR spectra of bare SAMNs and SAMN@TA, before and after
the laccase immobilization, are shown in Fig. 4. All the spectral
profiles present three main vibrations in the 500-700 cm™! region
related to the Fe-O stretching arising from the metal oxide lattice,
thus confirming the preservation of the maghemite core in
SAMN@TA and SAMN@TA@TvL hybrids. The broad band between
3000 and 3700 cm™! centred at ~ 3400 cm™! derives from hydro-
xyl stretching vibrations [43], while the 1640 cm~! band, visible
only in pristine SAMNSs, is due to adsorbed water on iron oxides
and corresponds the H-O-H bending vibration [44,45].

The SAMN@TA hybrid, besides the typical maghemite vibra-
tions, exhibited a series of bands in the 1000-1750 cm™! region,

124
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Fig. 3. Characterization of the SAMN@TA and SAMN@TA@TvL hybrids by dynamic light scattering (DLS) and transmission electron microscopy (TEM). (a, b) Hydrodynamic
size of SAMN@TA (a) and SAMN@TA@TvL complex (b) by DLS analysis; (c, d) TEM micrographs of SAMN@TA (c) and SAMN@TA@TvL complex (d). The presence of organic

shells are visible (see arrows).
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Fig. 4. FTIR spectra of (a) bare SAMNs, SAMN@TA and TA (inset: highlight of the 900-1750 cm ™' region) and (b) SAMN@TA and SAMN@TA@TVL (inset: highlight of the 900-

1500 cm™! region).

plausibly due to the vibrational contributions of the carbonyl and
phenolic groups of the ferric tannate layer. Specifically, the
1400-1750 cm ™! region is consistent with the presence of the aro-
matic backbone of pure TA. In particular, the four main vibrational
bands can be ascribed as follows: 1701 cm™! to the C=0 symmet-
ric stretch [46-48], 1605 cm™! to OH bending vibration [49], and
the couple at 1534 and 1443 cm™! to the stretching vibrations of
the C=C skeletal ring of aromatic rings [47,50]. The bands at
1100-1300 cm™! can be assigned to C—O stretching vibrations
[46-48], while the two small bands at 753 and 870 cm™! to the
C=C vibrations of aromatic rings [46,51].

Several IR bands of TA were shifted to higher wavenumbers
upon the formation of the SAMN@TA hybrid and vibrational fea-
tures of carbonyl groups (C=0 and C—O) resulted subjected to
the most significant variations, indicating their involvement in
the interaction with SAMN surface [46,52]. Differently, only minor
modifications were observed on hydroxyl groups features. Note-
worthy, the C=C vibrations of aromatic rings cannot be identified
in the hybrid, evidencing their participation in the interaction with
the surface of SAMNSs. It is important to recall that the interplay
between SAMNSs and tannic acid led to a drastic reorganization of
the nanoparticle surface leading to the development of a shell
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constituted of a complex network of ferric tannates [18]. The pre-
sent FTIR results substantiated the important role played by C=0
and C=C functionalities of TA in the peculiar nanostructured
interface.

Notwithstanding most enzyme bands overlapped with the ones
of the ferric tannate shell, complicating the punctual identification
of single functional group contributions, the comparison of the IR
spectra of SAMN@TA before and after the spontaneous binding of
laccase showed the appearance of new additional features in the
final nano-bioconjugate (Fig. 4b and inset). Firstly, a new IR band
at 1150 cm™! due to preserved hydroxyl vibrations of the phenolic
group of the enzyme can be observed in the complex [53].

Noteworthy, a slight reorganization of the ferric tannate shell
emerged from the analysis of the main IR profile. Besides a band
shift from 1065 cm™! to 1078 cm™!, a significant shape modifica-
tion occurred to a double band falling in the 1300-1400 cm™!
region. This feature was characterized by two maxima at 1320
and 1350 cm™! in the parent SAMN@TA spectrum. The enzyme
docking led to the disappearance of the vibration at 1320 cm™!,
likely due to carbonyl groups of TA, accompanied by the broaden-
ing of the component at 1350 cm™!. Intriguingly, such a broaden-
ing to higher wavenumbers can be correlated to the combination
of C-N in-plane bending of amide I and symmetric C—O stretching
of ferric tannates [54].

It should be mentioned that the interaction with a solid surface
usually requires a structural adaption of the enzyme and, in the
worst situation, this reorganization results in the protein denatura-
tion and to the complete loss of its biological properties [10]. Spec-
troscopic results suggested that the ferric tannate layer on the
nanoparticles could be characterized by plasticity properties. This
fascinating facet of the interaction between proteins and tannates
may be helpful for minimizing structural modifications of enzymes
and, therefore, for containing possible negative impact on catalytic
activity. This aspect deserves a deeper investigation and will be
object of further studies.

3.2. Kinetic characterization of native TvL and of the SAMN@TA@TvL
hybrid

The catalytic activity of TvL was characterized with model
compounds, as substrates, mimicking natural phenolics, namely
1,2-dihydroxy-benzene, 1,3-dihydroxy-benzene and 1,4-dihydroxy-
benzene isomers, as a function of pH (see Supplementary Informa-
tion). Specifically, oxygraphic measurements were carried out on
the three substrates, whereas spectrophotometric determinations
were  performed on  1,2-dihydroxybenzene  and 1,4-
dihydroxybenzene. Indeed, this technique was not suitable for
1,3-dihydroxybenzene, as its enzymatic oxidation is not optically
detectable as its oxidation product is not a quinone. For further mea-
surements, 1,4-dihydroxybenzene was used as reference substance.

Considering that the maximum catalytic activity of TvL was
around pH 5.0, 50 mM citrate buffer, pH 5.0, was used as medium
buffer for the subsequent experiments. Furthermore, in the view of
the final electrochemical biosensor configuration, which require a
supporting electrolyte in the buffer solution, and considering that
laccases are copper proteins frequently inhibited by inorganic
anions [55], enzyme activity on 1,4-hydroquinone as substrate
was checked in the presence of different anions in the form of
potassium salts. In particular, KCl, KClIO4 and KNO3 were tested.
The enzyme was influenced by salt additions and results are sum-
marized in Table S1 (Supporting Information). The enzyme was
heavily inhibited by chloride ions as already reported for other
copper proteins [55]. Possibly, the effect is due to the binding prop-
erties of chloride on copper ions in the enzyme active site [20]. The
potassium salt showing the highest catalytic efficiency (keq/Kin)
was KNOs, and this salt was used as supporting electrolyte for elec-

trochemical measurements
Information).

Successively, the enzymatic activity of the SAMN@TA@TVL tern-
ary hybrid was studied by spectrophotometry on 1,4-
dihydroxybenzene as substrate. Measurements indicated that TvL
was successfully immobilized on SAMNSs, showing a detectable cat-
alytic activity. Moreover, the catalytic activity of the hybrid was
compared with that of native TvL under the same experimental
conditions, and the kinetic parameters were calculated (see
Table S2 in Supporting Information). The conjugation of the
enzyme with the nanoparticles led to one order of magnitude
decrease of the catalytic constant, k., while the K, value was
halved. Consequently, the catalytic efficiency, kq./Kn, decreased
of around one order of magnitude with respect to the native
enzyme. It should be mentioned that the catalytic activity of
SAMN@TA@TVL hybrid was measured under different stirring con-
ditions evidencing that it was not diffusion controlled.

It is generally assumed that immobilization of enzymes can
modify the macromolecular structure resulting in a decrease of
catalytic constant and the role of structural alterations on the cat-
alytic properties of laccases was excellently reviewed [56]. Possi-
bly, the observed reduction of the catalytic constant, k., of the
enzyme in the SAMN@TA@TVL ternary hybrid (see Table S2 in Sup-
porting Information) can be explained in terms of a modification of
the enzyme structure upon immobilization. In fact, in laccases even
slight alterations of the copper site geometry can drastically affect
the electron transfer rate during substrate oxidation catalysis [56].
Differently, the observed K,, decrease (corresponding to an
increase of laccase affinity for the substrate) upon immobilization
is quite rare. Nevertheless, it was already reported for the laccase
from Trametes versicolor and interpreted in terms of an increased
suitability of the enzyme active site towards substrate recognition
[57].

At the same time, immobilization on a solid support can
increase the stability of immobilized enzymes [12]. Indeed, the
storage stability of the hybrid, at 4.0° C, was 6 months as checked
by monitoring the enzymatic activity by Uv-Vis
spectrophotometry.

(see Table S1 in Supporting

3.3. Development of a polyphenol biosensor

The SAMN@TA@TvL hybrid was used as biological recognition
element for the development of a biosensor aimed at the oxidation
of phenolic compounds, using a gold working electrode as electro-
chemical transducer (see Fig. 1). The functioning principle of the
biosensor is based on the enzymatic oxidation of polyphenols by
the immobilized TvL with the concomitant formation of oxidized
phenolic species. The electro-reduction of these compounds at
the gold electrode completed the detection system.

Firstly, the electrochemical behavior of the gold electrode was
studied, using 1,4-hydroquinone (enzyme substrate) and 1,4 ben-
zoquinone (product of enzyme oxidation) as electroactive sub-
stances by Square Wave Voltammetry (SWV). The appearance of
a concentration dependent SWV peak at around -0.20 V for benzo-
quinone reduction (see Fig. 5) and at +0.44 V for hydroquinone oxi-
dation (data not shown) witnessed the electrocatalytic behavior of
the two organic molecules at the gold working electrode.

The redox behavior of the 1,4-hydroquinone/1,4-benzoquinone
redox couple was reconsidered upon modification of the working
electrode with SAMN@TA. For this purpose, 4 uL of 500 mgL™!
SAMNG@TA were deposited on the gold electrode surface and the
hybrid was immobilized by means of a magnet positioned on the
opposite side of the electrode. Noteworthy, SAMN@TA was able
to silence the electrode response toward the 1,4-hydroquinone
electro-oxidation, while 1,4-benzoquinone reduction was detected
at —0.15 V (see Fig. 5). Interestingly, the nanomaterial layer led to a
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Fig. 5. SWV of 1,4-benzoquinone on unmodified gold electrode (a) and on SAMN@TA modified electrode (b). Insets: The corresponding calibration plots. Measurements were
carried out in 50 mM sodium citrate buffer (pH 5.0), containing 50 mM KNOs as supporting electrolyte. Experimental SWV parameters were: +0.6 V initial potential, —0.5 V
end-point potential, 5 mV potential step, 20 mV amplitude, 25 Hz frequency, 5 s equilibration time, 125 mV s~! scan rate. The concentrations of 1,4-benzoquinone was: (a)

0.1 mM, (b) 0.2 mM, (c¢) 0.5 mM, (d) 1 mM, (e) 2 mM, (f) 5 mM.

slight improvement of the electrocatalytic performances toward
1,4-benzoquinone reduction with respect to the unmodified elec-
trode. Indeed, under these conditions, the sensitivity resulted
50+02nA pM~! and 6.0+0.5nA pM~!, and the LOD were
4.2 pM and 3.5 puM for the pristine and the modified gold electrode,
respectively (see Fig. 5).

Finally, the gold working electrode surface was functionalized
with the SAMN@TA@TvVL hybrid. The best working conditions were
investigated by monitoring the biosensor response as a function of
the volume (in the 2-8 pL range) of the nano-bioconjugate suspen-
sion (500 mg L~!) used for the depositions on the electrode surface.
The best analytical performance was achieved by dropping 4 pL of
a 0.5 mg mL~! suspension (corresponding to 46 ng of TvL) of the
biologically active ternary hybrid, using a permanent magnet for
the bioelement immobilization on the electrode.

The electrochemical system responded to the additions of 1,4-
hydroquinone at -0.2V, evidencing the production of 1,4-
benzoquinone by the catalytic activity of immobilized laccase.

b) -14

-OI,4 -0I,3 -Ol,2
E/V (vs SCE)

-0,1 0,0

The peak current intensity linearly increased in the 0.1-10 uM
1,4-hydroquinone concentration range (see Fig. 6).

These results, confirmed the efficient production of 1,4-
benzoquinone by the immobilized laccase and its reduction at
the working electrode at a relatively low applied potential. The
sensitivity of the electrode modified with SAMN@TA@TVL, with
respect to hydroquinone, was 868.9 + 1.9nA yM~!, and the LOD
was 81 nM. Moreover, the reproducibility of the biosensor was
evaluated and resulted of about 5.0% on 5 different modified elec-
trodes. Therefore, in consideration of the building immediacy, cost
effectiveness and analytical performances, the proposed biosensor
represents an interesting option among analogue systems available
in literature (see Table 1).

3.4. Application of SAMN@TA@TVL for the electrochemical
determination of polyphenols in real samples (blueberry extracts)

The gold/SAMN@TA@TvL electrode was used to determine
polyphenols in real samples (blueberry extracts) by square wave
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Fig. 6. Response of the SAMN@TA@TvL modified gold electrode. (a) SWV of 1,4-hydroquinone addition on the SAMN@TA@TvL modified gold electrode. The concentrations of
1,4-hydroquinone was (a) 0.1 uM, (b) 0.3 uM, (c) 0.5 pM, (d) 1 pM, (e) 2 puM, (f) 3 uM, (g) 5 uM, (h) 8 uM, (i) 10 uM; (b) Pseudo-Michaelis-Menten curve obtained by testing
the biosensor response in a wide substrate concentration range (0.1-5.0 mM). Inset: Calibration plot. Measurements were carried out in 50 mM sodium citrate buffer (pH
5.0), containing 50 mM KNOs as supporting electrolyte. Experimental SWV parameters were: +0.6 V initial potential, —0.5 V end-point potential, 5 mV potential step, 20 mV

amplitude, 25 Hz frequency, 5 s equilibration time, 125 mV s~ ! scan rate.
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Table 1

Comparison of the sensing performances of different electrochemical biosensors based on TvL for polyphenol detection.
Electrode assembly Electrode surface Analytical technique Detection limit Linear range Sensitivity Ref.

(nM) (M) (pADM )

bacterial cellulose - Au nanoparticles GCE DPV 5.71 0.03-0.1 0.3029 [58]
NiCu alloy nanoparticle - carbon nanofibers GCE LSV 90 0.4-2.37 1.5 [59]
Graphene-chitosan composite film GCE CA 260 20-100 7.066 [60]
ZnO loaded carbon nanofibers GCE SWv 9.5 0.5-2.06 28.5 [61]
Fe304-Si0, nanoparticles CPE CA 15 0.1-137.5 0.2118 [62]
Multi-walled carbon nanotube GCE CA 600 2-1000 0.0177 [63]
Sol-gel 3D polymer (MPTS) Au CA 250 0.9-20 2.84 [64]
PVA-AWP SPE CA 1070 1.1-130 9.44 [65]
Graphene-cellulose microfibers (GR-CMF) SPCE cv 85 0.2-209.7 0.932 [66]
SAMN@TA Au SWV 81 0.1-10 0.87 This work

Note: Au, gold electrode; CA, chronoamperometry; CPE, carbon paste electrode; CV, cyclic voltammetry; DPV, differential pulse voltammetry; GCE, glassy carbon electrode;
LSV, linear sweep voltammetry; MPTS, (3-mercaptopropyl)-trimethoxysilane; PVA-AWP, polyvinyl alcohol-azide-unit pendant water-soluble photopolymer; SPCE, screen
printed carbon electrode SPE, screen printed electrode; SWV, square wave voltammetry.
Note: Au, gold electrode; CA, chronoamperometry; CPE, carbon paste electrode; CV, cyclic voltammetry; DPV, differential pulse voltammetry; GCE, glassy carbon electrode;
LSV, linear sweep voltammetry; MPTS, (3-mercaptopropyl)-trimethoxysilane; PVA-AWP, polyvinyl alcohol-azide-unit pendant water-soluble photopolymer; SPCE, screen
printed carbon electrode SPE, screen printed electrode; SWV, square wave voltammetry.

voltammetry. The sample was diluted 1 to 200 for the measure-
ments and the polyphenol concentration in the real samples was
1.26 £ 0.55 mM, expressed as hydroquinone equivalents.

The polyphenol content in the blueberry extract was compared
with measurements by conventional methods, such as the ferric
reducing antioxidant power (FRAP) [35], the Folin-Ciocalteu
method [36] and by HPLC as described in the Experimental Sec-
tion (see Table 2).

Differences among the polyphenol determination methods are
evident in Table 2. It should be considered that conventional
methods used in the present study to assess the polyphenol con-
tent in real samples follow complex oxidation reactions. More-
over, the composition of plant products is very complex and
many antioxidant compounds besides polyphenols, spanning
from vitamins to thiol containing substances, with possible syner-
gistic interactions, can be found. Indeed, the number of methods
used to measure polyphenols in reals samples is over one hun-
dred, even if no validated assay was universally accepted, and
several reviews have been published on this topic expressing
variable opinions [67,68]. According to the reaction mechanism
of the method used, different side-reactions may perturb the
obtained values. In the present study, FRAP method and the
Folin-Ciocalteu reagent were applied for measuring the total
polyphenolic content in samples. Both methods are based on
the measurement of electron transfer reactions, and are not selec-
tive for polyphenolic components [69]. For comparison, HPLC
measurements were carried out. In this case, the difference with
respect to the biosensor can be attributed to the fact that chro-
matographic measurements revealed only known polyphenolic
substances with commercially available standards, while TvL pre-
sents a very low substrate specificity, thus catalyzing the oxida-
tion of a wider polyphenol spectrum [70].

Finally, the stability of the biosensor response was tested for 9 h
per day and storing overnight at 4 °C. Under these operative condi-
tions, the response of the biosensor was stable for 6 months.

Table 2
Measurement of the polyphenol content in blueberry
extract by different methods.

Method Polyphenol content (mM)
FRAP 8.70 £2.20
Folin-Chocalteau 0.42 £ 0.04
HPLC 0.46 +0.01
Biosensor 1.26 £ 0.55

4. Conclusions

In the present work, a functional core-shell hybrid nanoparticle
was developed (SAMN@TA). The maghemite core conferred mag-
netic drivability to SAMN@TA, while reactive ferric tannates con-
stituting the shell, thanks to the chemical properties endowed by
parent TA, offered a versatile surface for anchoring biologically
active macromolecules. In this view, the suitability of the TA coat-
ing on magnetic nanoparticles as docking surface was demon-
strated using TvL as a model enzyme, and a new enzymatic
active nano-bioconjugate (SAMN@TA@TvL) was successfully pre-
pared by self-assembly in water. The SAMN@TA@TvL ternary
hybrid was employed to develop an electrochemical biosensor by
its simple magnetic immobilization on a gold electrode (gold/
SAMN@TA@TvL) and used for polyphenols biosensing. Previously,
catalytic parameters of the native enzyme were studied in order
to optimize the biosensor response, and the proposed system
was able to detect polyphenols with a sensitivity of 868.9 + 1.9nA
uM~! and a detection limit of 81 nM.

The biosensor here presented, coupling cost effectiveness and
fabrication simplicity to good analytical performances, represents
a valid option in comparison to analogue biosensor designs avail-
able in literature.

Thanks to the low substrate specificity and the high activity of
the laccase from Trametes versicolor, the proposed biosensor can
be potentially used for the detection of polyphenols in a large num-
ber real samples. However, the advantages of SAMN@TA are of
general interest and the proclivity of TA to interact with proteins
suggests that SAMN@TA can be proposed as a versatile solution
for the direct immobilization of enzymes and for the construction
of novel electrochemical sensing platforms.
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