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(Abstract: Dichromate binds to surface-active maghemite
nanoparticles (SAMNs) to form a stable core-shell nanostruc-
tures (SAMN@Cr"). The hybrid was characterized by Méss-
bauer spectroscopy, high-angle annular dark-field imaging,
electron energy-loss spectroscopy, and electrochemical tech-
niques, which revealed a strong interaction of dichromate
with the nanoparticle surface. Electrochemical characteriza-
tion showed lower charge-transfer resistance, better electro-
chemical performance, and more reversible electrochemical
behavior with respect to naked SAMNs. Moreover,

SAMN@Cr" is an excellent electrocatalyst for hydrogen per-
oxide reduction. Furthermore, an enzyme, namely, bovine
serum amine oxidase (BSAO: EC 1.4.3.6), was immobilized on
SAMN@Cr"' by self-assembly to give a ternary hybrid nano-
structured catalyst for polyamine oxidation (SAMN@Cr"-
BSAO). SAMN@Cr"-BSAO was applied for the development
of a reagentless, fast, inexpensive, and interference-free
polyamine biosensor, which was successfully exploited for
the discrimination of tumorous tissue from healthy tissue in
human crude liver extracts. )
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Introduction

Hybrid nanomaterials composed of different functional compo-
nents with different nanoscale functionalities have attracted in-
creasing interest due to their combination of physical and
chemical properties and potential applications in the areas of
electronics, photonics, catalysis, biotechnology, nanotechnolo-
gy, and biosensing.™ In particular, bimetallic core-shell nano-
structures composed of two distinct metals are emerging as
a new class of materials.”® Core-shell nanostructures are in-
creasingly attracting attention because of their versatile com-
positions and structures, which can be applied for different
purposes.” In addition, they not only show a combination of
the properties associated with the two different metals, but,
more interestingly, they display great enhancement of specific
physical and chemical properties due to synergistic effects.”®
Recently, we developed a novel wet-synthesis pathway for pro-
ducing a new type of superparamagnetic maghemite (y-Fe,0O)
nanoparticles, known as surface-active maghemite nanoparti-
cles (SAMNs), which exhibited well-defined crystalline structure,
peculiar surface characteristics, excellent colloidal stability, re-
versible direct binding properties without the necessity of any
additional coating modification, and unique spectroscopic and
electrochemical features.”® The aim of the present work was
the development of a novel electroactive surface for sensing
applications in biological systems. Hence, SAMNs were coated
with a chromium shell to produce a novel core-shell nano-
structure, namely, SAMN@Cr"', This bimetallic core-shell nano-
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material was characterized by Md&ssbauer spectroscopy, high-
angle annular dark-field imaging (HAADF), and electron
energy-loss spectroscopy (EELS) for elemental mapping in
a scanning transmission electron microscope in parallel with
energy-dispersive X-ray spectroscopy analysis and electro-
chemical techniques, which revealed efficient electrocatalysis
of hydrogen peroxide electroreduction and feasibility for
future applications using oxidase-based biosensors.

SAMN@Cr"" was further modified with bovine serum amine
oxidase (BSAO) by self-assembly. This enzyme, a copper/TPQ
AO, catalyzes the oxidative deamination of primary amino
groups of mono-, di-, and polyamines to aldehydes, at the ex-
pense of O, reduction to H,0,. The ping-pong catalytic mecha-
nism of copper/TPQ AOs can be divided into two half-reac-
tions:® enzyme (E) reduction by the substrate at the quinone
moiety (TPQ—TPQH,) and its reoxidation by molecular oxygen
[Egs. (1) and (2)]

Eox + RCH,NH; " — E,edNH3+ + RCHO (1)
EredNHs+ +0, +H,0 — B, + NH4+ +H,0, (2)

BSAO was able to directly bind on the SAMN@Cr"' surface by
self-assembly, forming an SAMN@Cr"-BSAO nanobioconjugate
(SAMN@Cr"-BSAO), which was used for the development of an
enzyme-based carbon-paste electrode (SAMN@Cr"-BSAO/CPE).
SAMN@Cr"'-BSAO/CPE was used for the development of a bio-
sensor by using immobilized BSAO as a bioelement that pro-
duces hydrogen peroxide during the catalytic cycle.

Polyamines are ubiquitous molecules among animal and
plant cells, and their content has been strongly correlated with
cell growth and cancer development."” They are involved in
numerous processes in carcinogenesis, such as cell prolifera-
tion and expression of genes responsible for tumor invasion
and metastasis."" The high concentration of polyamines in
cancer cells, as a consequence of alterations of cell metabo-
lism, is attracting the interest of researchers studying anticanc-
er therapies. Among all the neoplastic pathologies, hepatocel-
lular carcinomas stand out as the third most lethal cancer
worldwide."? SAMN@Cr"-BSAQ/CPE was used for the develop-
ment of a polyamine biosensor, which was successfully applied
for the discrimination of tumor tissues from healthy liver by
polyamine content in human crude biopsy liver extracts.

Results and Discussion
Surface coating of SAMNs with Cr,0,>~

As-prepared maghemite nanoparticles can easily form colloidal
suspensions when treated in an ultrasonic bath (see Support-
ing Information). Furthermore, as a colloidal suspension,
SAMNs can be superficially modified by simple incubation in
the presence of K,Cr,0, to form an SAMN@Cr"' hybrid nanoma-
terial. The amount of bound chromium was determined by
UV/Vis spectroscopy by monitoring the disappearance of solu-
ble Cr,0,% in solution. The derivatization of naked maghemite
nanoparticle suspensions (500 mgL™' SAMNs, 50 mL) was
tested in the presence of 100 pm K,Cr,0, as a function of pH
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in the range 2.0-9.0. In particular, when the coating reaction
was carried out at pH 3.0, the surface saturation coverage of
SAMNs was 44 mg of Cr,0,%~ per gram. Conversely, when the
coating reaction was carried out at pH values higher than
pH 9.0, the efficiency of the binding reaction decreased to
40% with respect to the amount of bound chromium at
pH 3.0. Noteworthily, both SAMNs and SAMN@Cr"' showed the
same stability in water, as colloidal suspensions, up to a con-
centration of 1.0gL™".

To characterize the chemical and physical interactions be-
tween iron oxide nanoparticles and chromate in the
SAMN@Cr"' nanoconjugate, in-field *’Fe Méssbauer spectrosco-
py at 5 and 300 K was employed (data not shown) and values
of the Mossbauer hyperfine parameters were determined. The
ratio of the spectral area of the octahedral sextet to that of the
tetrahedral sextet of 5:3 reflects the occupation of individual
sites by Fe*" ions. Taking into account the stoichiometric for-
mula of maghemite, given by (Fe’*)(Fe*",,;0,,)°0, where o
stands for vacancies and subscripts T and O represent tetrahe-
dral and octahedral positions, respectively, the prepared
SAMN@Cr"' nanoconjugate is consistent with perfectly stoichio-
metric maghemite, and thus chromium binding does not lead
to any significant structural alteration of the iron oxide nano-
particles.

High-resolution transmission electron microscopy (HRTEM)

The morphological organization of the nanoconjugate involv-
ing SAMNs and chromium (SAMN@Cr") is shown in the HRTEM
image (Figure 1A). From the micrograph, neither a visible alter-
ation nor degradation of the SAMNs occurred on chromium
uptake from aqueous solution. We investigated the nanoparti-

© B N W A N ®

Figure 1. A) HRTEM image of SAMN@Cr". B) HAADF analysis of SAMN@Cr"',
C) STEM-EELS image of an individual SAMN@Cr"" nanoparticle, showing the
presence of Cr. D) EDX analysis.
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cle morphology by HRTEM in environments containing differ-
ent amounts of dichromate salt and at different pH (from 3.0
to 7.0). The morphology observed (in terms of the average size
distribution and appearance of the nanoparticles) did not
reveal substantial differences in all cases, and thus only the
representative images for the system obtained at pH 3, which
shows the highest degree of chromium entrapment, are re-
ported herein. Moreover, SAMN@Cr"" was characterized by
HAADF and EELS for elemental mapping in a scanning trans-
mission electron microscope (STEM; Figure 1B and C), which
are highly sensitive to variations in the atomic number of
atoms in the sample (Z-contrast images). HAADF imaging was
performed in parallel with EDX analysis (Figure 1D). The Cu
signal comes from the grid used to deposit the sample for the
TEM study, and elements such as Si and Ca are readily detect-
ed even if present in traces in the distilled water (e.g., from
silica glass and CaCl,) used for nanoparticle dispersion. As
shown in Figure 1D, chromium is well represented and super-
imposed on iron oxide nanoparticles.

Chromium distribution on the nanoparticle surface (see Fig-
ure 1C) was estimated by dissecting STEM-EELS micrographs
into 1 nm? square areas and evaluating the Cr signals in each
area with Imagel) 1.49v software (NIH, USA). The total surface
area occupied by chromium in a selected 7880.0 A” region was
first assessed (see Figure ST in the Supporting Information),
and a value of about 16.0% of the analyzed image region re-
sulted, that is, 1268.1+17.5 A%

The BET surface area of the SAMNs was determined
(46.23 m?g™"), and the maximum amount of bound chromium
on SAMNs was assessed by Langmuir isotherm studies
(44 mgg™"). Thus, the average number of Cr,0,”" ions per unit
area was calculated to be 1.95 Cr,0,%" ions per square nano-
meter, corresponding to 3.8 Cr atoms per square nanometer.
Thus, the area occupied by a single chromium atom is 4.21 A2

To reveal the position and the distribution of chromium in
the sample, a grayscale threshold was used for the STEM-EELS
micrographs reported in Figure S1 in the Supporting Informa-
tion. The chromium signal per square nanometer was calculat-
ed (see Figure S2A in the Supporting Information), and result-
ed in 3.7+ 1.1 Cr atoms per square nanometer, homogeneous-
ly distributed on the nanoparticle surface. Moreover, a circular
region of interest 1.0 nm in diameter was selected in an STEM-
EELS micrograph of a single SAMN, and the nearest-neighbor
distance among chromium atoms on the nanoparticle surface
was evaluated with Imagel software (see Figure S2, panel B in
the Supporting Information). An average minimum distance
between chromium atoms of 3.9+0.9 A resulted. The average
distance was not statistically different (Neuman-Keuls multiple
comparison test at 0.05%) among all the analyzed 1 nm? areas,
and this suggests that bound Cr,0,*" ions were evenly distrib-
uted on the SAMN surface.

The study on the surface distribution of chromium on the
SAMNs is the key to mapping reactive iron(lll) sites of the
nanoparticles, since the ligand can be used as a probe for mir-
roring the presence of binding sites on the crystalline surface
structure. Further studies are in progress to elucidate the top-
ography of reactive iron(lll) sites on the SAMN surface.
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Electrochemical characterization of SAMNs and SAMN@Cr"'

The electrochemical properties of the hybrid material were
studied and compared with those of the naked iron oxide
nanoparticles.">™ Thus, the electrochemical behavior of
SAMN@Cr"" was characterized as a function of the amount of
Cr coating the nanoparticle surface. Nanoconjugates were pre-
pared by simple incubation of SAMNs (500 mgL™") and Cr,0,*
in water, with amounts of Cr,0,%” ranging from 17 to 40 mg
per gram of SAMNs. The thus-obtained self-assembled hybrid
nanomaterials were used to prepare modified carbon-paste
electrodes (CPEs). As already reported,”*'¥ all CPEs were pre-
pared by mixing 55 wt% graphite, 30 wt % silicone grease, and
15 wt% of the tested nanoconjugate. The CP-modified electro-
des were first characterized by electrochemical impedance
spectroscopy (EIS), which is a powerful tool for studying elec-
trode-surface modifications. The impedance-plane plots (Ny-
quist diagrams) shown in Figure 2 are characterized by two
distinct regions: 1) a semicircle at higher frequency, related to
the charge-transfer resistance R, of the electrode/electrolyte
interface, and 2) a linear region corresponding to semi-infinite
diffusion of species at the modified electrode (Warburg
region). The model circuit used in this study was a typical Ran-
dles circuit.">'®

The R values of unmodified CPEs and CPEs modified with
naked SAMNs were measured to be 151.2 and 129.6 Q, respec-
tively. A correlation between SAMN surface coating by Cr,0,*
and the electrochemical properties of the resulting nanoconju-
gate emerged. The R, values of CP electrodes modified with
SAMN@Cr"' linearly decreased as a function of Cr loading,
whereby the rate of decrease of R, was approximately 5.5 Q
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Figure 2. Nyquist plots of bare CPE, CPE modified with SAMNs, and CPE
modified with SAMN@Cr". All measurements were performed in an applied
frequency range from 0.1 Hz to 100 kHz, and an ac amplitude of 5 mV was
used. SAMN@Cr"' was prepared by incubating naked SAMNs (500 mgL™")
with different concentrations of K,Cr,0,. Black: CPE; red: SAMN/CPE; blue:
SAMN@Cr"/CPE (12 mg Cr g~' SAMN); magenta: SAMN@Cr"/CPE (17 mg
Crg ' SAMN); green: SAMN@Cr"//CPE (20 mg Cr g~' SAMN); orange:
SAMN@Cr"/CPE (23 mg Cr g~ SAMN); yellow: SAMN@Cr"//CPE (33 mg Crg™'
SAMN); gray: SAMN@Cr"/CPE (40 mg Cr g~' SAMN). The inset shows the
Randles equivalent circuit for the data fitting.
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per milligram of immobilized ligand per gram of SAMNs (see
Table S1 in the Supporting Information). At 40 mg of Cr,0,*~
per gram of SAMN, that is, the concentration of Cr,0,%" at
which the nanoparticle surface is completely saturated, R, was
halved with respect to unmodified SAMNs. Moreover, the con-
ductivity of the nanoconjugate exceeds that of the unmodified
carbon matrix, and this indicates that Cr immobilization on
SAMNSs facilitates electron transfer between the electrode and
the redox couple ([Fe(CN),]*"*7) in solution (see Table S1 in the
Supporting Information). This is quite an impressive result, con-
sidering that Cr represents only 4.0% of the total weight of
the nanoconjugate. Furthermore, this provides evidence of the
correlation existing between the electrochemical properties of
SAMNs and the reorganization of surface crystalline structure
by ligand binding.

Measuring the current response of unmodified CPEs and
CPEs modified with bare SAMNs in the presence of 5mm
[Fe(CN),]**~ resulted in values of 27.0 and 32.0 pA, respective-
ly. The current responses of CPEs modified with the hybrid
nanoconjugates prepared with amounts of Cr,0,>~ ranging
from 17 to 40 mg of Cr per gram of SAMN increased as a func-
tion of Cr coating. At higher Cr,0,>~ concentrations, the cur-
rent response followed a saturation behavior (see Figure 3).
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Figure 3. Current response of CPEs, CPEs modified with SAMNs, and CPEs
modified with different Cr coatings on SAMNSs, obtained by cyclic voltamme-
try. All experiments were performed in the presence of 5 mm [Fe(CN)> "~
at a scan rate of 50 mVs ™' Inset: Peak-to-peak potential for CPEs modified
with different Cr coatings on SAMNSs, obtained by cyclic voltammetry. For ex-
perimental details, see the Supporting Information.

At 40 mg of Cr,0,% per gram of SAMN, that is, close to the
maximum amount of bound chromium on SAMNSs, the current
response reached a plateau, which is further evidence of the
correlation between the surface coating of the nanoconjugate
and its electrochemical characteristics. In addition, studying
modified CPEs by cyclic voltammetry in the presence of 5 mm
[Fe(CN)s]**~ showed that Cr immobilization on SAMNs led to
a more reversible electrochemical behavior with respect to
bare SAMNs. In particular, the peak-to-peak potential differ-
ence of [Fe(CN),* ™~ decreased as function of Cr loading, and
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was close to 57 mV at the highest concentrations, with a ten-
dency to ideal reversible redox behavior (see Figure 4, inset).
The peak-to-peak potential of [Fe(CN),*"*~ for unmodified
CPEs and CPEs modified with bare SAMNs is quasireversible,
since values of 82 and 87 mV, respectively, resulted.
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Figure 4. Cyclic voltammograms of bare CPE (dots), SAMN/CPE (short
dashes), and SAMN@Cr"/CPE (solid line) at 20 mVs~", conducted in 0.1 m po-
tassium phosphate buffer, 50 mm KCl. Inset: cyclic voltammograms of
SAMN@Cr"/CPE in the presence of 1 mm (dotted), 2 mm (long dashes), and
3 mm H,0, (short dashes). For experimental details, see the Supporting In-
formation.

With occupation of the SAMN surface by Cr, the charge-
transfer resistance decreased, the current response in the pres-
ence of a redox couple increased, and the system became
more reversible. The modified CPs reached the ultimate elec-
trochemical characteristics when the surface of SAMNs was
completely saturated by Cr, and this indicates that Cr facilitates
electron transfer when it binds on the surface of maghemite
nanoparticles.

The SAMN@Cr”' nanoconjugate with the highest Cr surface
loading, namely, 40 mg of Cr per gram of SAMNs, was used to
prepare modified CPEs, which were tested by cyclic voltamme-
try in the applied potential range of —0.8 to +0.8V versus
SCE, along with SAMNs/CPE and CPE. In the potential range ex-
plored, SAMNs@Cr/CPEs showed different electrochemical fea-
tures with respect to SAMNs/CPE and CPE (Figure 4). In particu-
lar, a higher capacitive current, at 0.0V versus SCE, and
a higher cathodic current at negative potentials, probably due
to electrocatalytic properties toward oxygen reduction, were
observed.

Interestingly, as in the case of DNA binding on maghemite
nanoparticles, the effect of Cr binding on SAMN recalls the
electrochemical behavior produced by the introduction of an
ionic liquid, namely, 1-butyl-3-methyl imidazolium hexafluoro-
phosphate, on SAMN-modified CPEs,""” which suggests that Cr
improved the conductivity of SAMN-modified CPEs, as already
described for ionic liquids."® These significantly altered electro-
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chemical properties observed after chromium binding on
SAMNs are witness to a strong interaction of dichromate with
the nanoparticle surface.

Since the aim of the present work was the development of
a novel electroactive surface for sensing applications in biolog-
ical systems, SAMNs@Cr"//CP electrodes were characterized at
neutral pH in 0.1m phosphate buffer (pH 7.0) containing
50 mm KCl as supporting electrolyte. Furthermore, the electro-
catalytic behavior of SAMNs@Cr"-modified CPEs was tested on
three electroactive substances of biochemical interest, namely,
hydrogen peroxide, NADH, and the hydroquinone/benzoqui-
none (HQ/BQ) redox couple.

Cyclic voltammetry of SAMNs@Cr"/CPEs evidenced a negligi-
ble electrocatalytic activity toward NADH and HQ/BQ (data not
shown), indicating that Cr affected the electrocatalytic proper-
ties of SAMNs towards these two electroactive com-
pounds."*'" Conversely, as shown in the inset of Figure 4, in
the presence of hydrogen peroxide, SAMNs@Cr"/CPE showed
a strong cathodic current, starting at about —0.1 V versus SCE.
Moreover, the electrocatalytic performance of SAMNs@Cr"-
modified electrodes were evaluated by chronoamperometry in
the presence of H,0,, NADH, and HQ/BQ (see Table S2 and Fig-
ure S3 in the Supporting Information), and this confirmed that
SAMNs@Cr"'/CPE showed selectivity toward H,0,. The best
signal-to-noise (S/N) ratio for the electroreduction of hydrogen
peroxide was observed at —0.35 V versus SCE, and in the pres-
ent work this potential was applied for the chronoamperomet-
ric determination of H,0,.

The chronoamperometric response of the SAMNs@Cr"/CPE
as a function of H,O, addition at an applied potential of
—0.35 V is reported in Figure S3 in the Supporting Information.
The calibration plot was linear (i/nA=11.24—1.86[H,0,//um,
R>0.99) in the range 5-500 pum. Detection limit, sensitivity,
and response time were 2.47 um, —130.25 nAum~'em™, and
70 s, respectively (see Figure S3 in the Supporting Information).
The analytical performance of this H,O, sensor remained stable
for at least 12 months if stored at room temperature after use.
Thus, the SAMN@Cr"' core-shell nanoconjugate is a stable elec-
trocatalyst exploitable for the development of biosensors.

Immobilization of bovine serum amine oxidase on
SAMN@Cr"': preparation of the ternary hybrid nanostructure

BSAO belongs to the copper-containing amine oxidase family,
Cu-AO (EC 1.4.3.6), which is a heterogeneous class of enzymes
widely found in mammals, plants, and microorganisms.™ This
protein, which has been characterized as a dimer with a long
axis of 9.9 nm and a short axis is 6.2 nm (monomer: 762 amino
acids, 84757 kDa), was immobilized on the SAMN@Cr" surface
as described in the Supporting Information.

The amount of BSAO immobilized on SAMN@Cr" was deter-
mined by mass spectrometry. The mass profile of the tryptic di-
gestion of native and SAMN@Cr"-bound enzymes vyielded
57.0% sequence coverage (Figure S4 in the Supporting Infor-
mation). The 15 most representative peptides, characterized by
a Mascot score of greater than 35 (P<0.01) and accounting for
about 21.0% of the sequence coverage, were quantitatively
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compared to calculate the amount and specific activity of
bound BSAO (Table S3 in the Supporting Information). Mass
spectrometry indicated 36.7 pmol of BSAO per milligram of
SAMN@Cr".

After immobilization on SAMN@Cr", BSAO activity was deter-
mined by measuring the rate of hydrogen peroxide production
during spermine oxidation. In the case of SAMN@Cr", no
enzyme activity associated with nanoparticles was detected.
The kinetic parameters, according to Michaelis—-Menten, of
native and immobilized BSAO are reported in Table S4 in the
Supporting Information. The comparison of the enzymatic ac-
tivity of native BSAO and SAMN@Cr"-BSAO under the same ex-
perimental conditions indicated that BSAO was successfully im-
mobilized on SAMN@Cr”' and showed detectable catalytic ac-
tivity toward spermine (k,,=5.28 min~'). Immobilized BSAO
shows a catalytic constant of about 10.2% with respect to the
native enzyme, and the Michaelis constant K, was on the
same order of magnitude as that of the native enzyme. Ac-
cordingly, the binding process led to a 2.4-fold decrease in the
catalytic efficiency k/K, of BSAO.

SAMN@Cr"-BSAO was removed from the solution by applica-
tion of an external magnet, and activity measurements were
repeated with unaltered results. The SAMN@Cr"-BSAO biona-
noconjugate maintains its catalytic activity over repeated
washing cycles, in demonstration of the reusability of this
magnetically separable nanocatalyst. The ternary hybrid nano-
structure was stored in 0.1 m phosphate buffer, pH 7.0, contain-
ing 100 mm KCl, and the ferrofluid solution remained stable for
at least one month.

Application of SAMN@Cr"'-BSAO for polyamine biosensing

The SAMN@Cr"-BSAO ternary hybrid was used for the prepara-
tion of a biosensor by using immobilized BSAO as bioelement
that produces hydrogen peroxide during the catalytic cycle,
and a series of CPEs modified with SAMN@Cr"-BSAO was pre-
pared as described in Supporting Information.

The performance of SAMN@Cr"-BSAQ/CPE in the determina-
tion of H,0, was evaluated by chronoamperometry at —0.35 V
(vs. SCE). The modification of the SAMN@Cr" surface with
BSAO did not alter significantly the analytical performance of
SAMN@Cr"/CPE in H,0, determination, and the electrode sen-
sitivity and detection limit for hydrogen peroxide were unaf-
fected. Furthermore, the response of SAMN@Cr'-BSAQ)/CPE
was investigated on addition of spermine as a typical BSAO
substrate. In the spermine concentration range 0.1-0.70 mwm,
a sensitivity of 29.3 nAum 'cm? and a detection limit (S/N=
3) of 29.4 um were calculated (see Figure S5 in the Supporting
Information). The linear regression equation was: i/nA=
—0.325—0.427 [sperminel/um, R=0.998. The stability of the
(SAMN@Cr"-BSAQ)/CPE was investigated, and the half-life of
this reagentless polyamine biosensor was found to be longer
than two months.

The development of sensing strategies that discriminate
healthy and cancer tissues is a new diagnostic frontier. Thus,
the proposed system was tested on healthy liver tissue sam-
ples from patients undergoing partial hepatectomy, and on
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samples from patients affected by hepatocellular carcinoma,
correlated to type B and C hepatitis.

The chronoamperometric response of CPE modified with the
SAMN@Cr" nanoconjugate was evaluated on extracts of
biopsy samples from human tumor and healthy tissues at an
applied potential of —0.35V versus SCE. No effect of interfer-
ing species on electrode response was observed. Conversely,
the same measurements with CPEs modified with SAMN@Cr"-
BSAO led to a current response indicating that the presence of
immobilized BSAO as bioelement is uniquely responsible for
the detectable electroactive species in the real samples, that is,
hydrogen peroxide produced during polyamine oxidation by
BSAO.

Polyamine concentrations in biopsy samples were also as-
sessed by GC-MS (see Supporting Information). Polyamine con-
tents determined in normal liver and in hepatocellular carcino-
ma samples by the biosensor and GC-MS are reported in
Table 1. Both techniques gave polyamine contents in tumor tis-

Table 1. Amounts of polyamine from hepatic cancer patients and healthy
volunteers (n=3). Polyamine concentrations were determined in biopsy
specimens of normal liver and hepatocellular carcinoma tissues. Data are
expressed as nanograms of polyamine per milligram of tissue.

Sample Electrochemical biosensor GC-MS

control 434+ 69 534+16
tumoral A 1525430 993 +31
tumoral B 783182 700+22
tumoral C 990+ 109 729+23

sues (n=3) that were about one order of magnitude higher
than those in samples from healthy individuals, in agreement
with the findings of Leveque and co-workers on breast
cancer." The polyamine concentration in the vicinity of cancer
tissue is believed to play a role in cancer development. Thus,
the ability to monitor polyamine moving from the tumor to
adjacent regions (known as surrounding or peritumoral re-
gions) could be an interesting task for future studies.

Conclusions

The present work has provided an example of the unpredicta-
ble properties obtainable by combining nanoparticles with dif-
ferent compounds in binary systems and demonstrated the
possibilities offered by hybrid bimetallic nanocomposites as
a tool for designing and constructing new electrochemical sen-
sors. Previously, we reported on the presence and reactivity of
solvent-exposed coordinatively unsaturated iron(lll) centers on
the SAMN surface as well as their proclivity to undergo elec-
tron transfer."”2% In the current work, an optimized procedure
for the synthesis of a nanostructured SAMN@Cr" core-shell
hybrid was reported, and its structural characterization was
carried out by in-field M&ssbauer spectroscopy, HRTEM, and el-
emental mapping by HAADF imaging and EDX spectroscopy.
HAADF and EELS for elemental mapping in a scanning trans-
mission electron microscope in parallel with EDX spectroscopic

Chem. Eur. J. 2016, 22, 6846 — 6852 www.chemeurj.org

6851

CHEMISTRY

A European Journal

Full Paper

analysis mapped a chromium distribution mirroring the topog-
raphy of iron(lll) binding sites on the SAMN surface.

The electrochemical properties of the newly formed
SAMN@Cr"' core-shell hybrid were tested, and the electrocata-
lytic behavior of SAMN@Cr"-modified electrodes was studied
in the presence of substances of interest for biosensing appli-
cations. The core-shell hybrid showed improved electrocatalyt-
ic performance toward H,0, electroreduction with respect to
bare SAMNs, which indicates electrochemical selectivity of the
electrodes based on SAMN@Cr". Furthermore, the hybrid was
very stable and suitable for further functionalization and/or
biomolecule immobilization. Indeed, BSAO was immobilized on
the surface of SAMN@Cr", and its biological activity was well
preserved, and thus a ternary hybrid v-Fe,0,/Cr'/BSAO
(SAMN@Cr-BSAO) nanostructure was successfully synthesized.
Thus, the self-assembled coating of Cr" on SAMNs led to
a tuning of both chemical and electrochemical properties of
the iron oxide nanomaterial: the presence of chromate allowed
the binding of BSAO, which does not bind spontaneously to
the SAMN surface, and the electrochemical properties of the
SAMNs were drastically modified on formation of the self-as-
sembled Cr" shell.

Finally, the SAMN@Cr”-BSAO nanobioconjugate was em-
ployed for the development of an interference-free biosensor
for polyamine determination in liver cancer tissues. Several
studies have indicated that polyamines can be regarded as
elective markers of carcinogenesis, and high polyamine con-
centrations were correlated with cell proliferation and in-
creased expression of the genes responsible for tumor invasion
and metastasis.”’?* Moreover, hepatocellular carcinoma is still
the third most lethal cancer worldwide."? We found that poly-
amine content was two times higher in patients affected by
hepatocellular carcinoma in comparison with healthy individu-
als. The SAMN@Cr"-BSAO-based biosensor, which allows the si-
multaneous detection of total polyamines in a single measure-
ment, is an attractive diagnostic tool for cancer monitoring.

Experimental Section

Chemicals were purchased at the highest commercially available
purity and were used without further treatment. Iron(lll) chloride
hexahydrate (97 %), potassium dichromate (K,Cr,0,), sodium boro-
hydride (NaBH,), ammonia solution (35% in water), putrescine,
spermidine, spermine, N'-acetylspermine, 1,6-diaminohexane, ethyl
chloroformate, pentafluoropropionyl anhydride, diethyl ether, ethyl
acetate, and dichloromethane of pesticide grade were obtained
from Sigma-Aldrich, Italy. All other chemicals were of analytical
grade. Amine oxidase from bovine serum was purified to electro-
phoretic homogeneity according to Turini et al.*” Enzyme samples
were used with a minimum specific activity on benzylamine oxida-
tion of 0.38 IlUmg™".

Instrumentation, methods and characterization techniques are re-
ported in the Supporting Information.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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