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1. Introduction

Surface-functionalization methods are currently attracting at-
tention in such areas as biomedical applications, biosensing,
protein adsorption, biomimetic and bioactive films, biomineral-
ization, and cell adhesion, proliferation, and differentiation.[1–9]

The most common methods to carry out surface functionaliza-
tion are self-assembled monolayer (SAM), electro- and photo-
polymerization, plasma polymerization, and layer-by-layer (LbL)
deposition.[10–13] For example, LbL produces films of controlla-
ble thickness and permeability, although it involves multiple
deposition steps and is time-consuming.[12–16] However,

common methods may be complex, limited to certain specific
surfaces, laborious, and sometimes poorly reproducible.

For biosensor construction, the effective immobilization of
enzyme is the key step. Despite many advances in enzyme bio-
sensors, it is still a challenge to search for some new materials
and methods to improve their simplicity, sensitivity, selectivity,
and stability. Thus, new and green functionalization ap-
proaches that allow easy and reproducible modifications are
needed. Polymerization of catecholamines, such as dopamine
(DA), is an important and versatile building block for the
design of mussel-inspired synthetic adhesives and coating
films,[17–21] which offer a new multiplatform for further derivati-
zations.[22–26] In addition, oxygen-assisted polymerization is very
soft, without the need for any complicated equipment or
severe reaction conditions as in the case of other methods
(thermal and photopolymerization). Most importantly, DA poly-
merization in aerated basic solution forms an adherent poly-
(dopamine) (pDA) film over a wide variety of organic and inor-
ganic surfaces. This wide applicability and ease of use is the
reason this film has generated a growing interest and have
been many reports on the use of pDA for biosensor applica-
tions.[27–32] However, the structure of this polymeric film is not
yet elucidated.[33–37] The polymerization of dopamine to pDA
under slightly basic conditions is probably formed by the reac-
tion of the primary amino groups and quinone groups of oxi-
dized DA through the formation of Schiff bases and/or Michael
addition adducts. In the early stages of the study of the film,
some authors suggested a mechanism pathway similar to eu-
melanin synthesis, but this is still a matter of scientific
debate.[33, 36] DA oxidation leads to dopaminochrome through
a multistep reaction pathway that produces complex networks
of polymers with free catechol groups. These catechol groups

Novel core-shell quinone-rich poly(dopamine)–magnetic nano-
particles (MNPs) were prepared by using an in situ polymeri-
zation method. Catechol groups were oxidized to quinone by
using a thermal treatment. MNPs were characterized by using
X-ray diffraction, X-ray photoelectron spectroscopy, atomic
force microscopy, magnetic force microscopy, UV/Vis, Fourier-
transform infrared spectroscopy, and electrochemical tech-
niques. The hybrid nanomaterial showed an average core di-
ameter of 17 nm and a polymer-film thickness of 2 nm. The
core-shell nanoparticles showed high reactivity and were used

as solid supports for the covalent immobilization of glucose
oxidase (Gox) through Schiff base formation and Michael addi-
tion. The amount of Gox immobilized onto the nanoparticle
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was used to determine glucose in blood samples and was
checked against a commercial glucometer.
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are responsible for the strong adhesion of the polymer net-
work.

However, the presence of residual quinone groups allows
further modification by nitrogen derivatives and thiol residues
through Schiff base formation or Michael-type addition, re-
spectively.[37] Thus, reactive quinones at the surface of pDA
films may be used as anchoring points for further chemical
modification and/or immobilization of biologically active mac-
romolecules (e.g. antibodies, enzymes, aptamers, factor
growths).[4, 17, 24, 33, 36–41] Taking in to account that free quinones
are responsible for such immobilization, it could be interesting
to increase the amount of these reactive groups in the film
and thus to increase the number of anchoring points for fur-
ther modifications. Thus, Luo et al.[42] (2013) showed that a qui-
none-rich pDA film can be obtained by using thermal oxida-
tion; by using this approach, these authors reported a clear in-
crease in endothelium cell proliferation and platelet adhesion.

In contrast to classical materials, nanoparticles properties
with high surface area are no longer determined by their bulk,
but by their nanoscale architecture, and in recent years have
witnessed their applications in various fields, such as electro-
chemistry and catalysis.[43, 44] The immobilization of enzymes on
the surface of magnetic nanoparticles (MNPs) offers numerous
advantages, including the enhancement of the enzymatic load-
ing and the reduction of the mass-transfer processes. In recent
years, many publications that use different approaches can be

found, which shows the great interest in the scientific com-
munity.[45–49]

MNPs also provide a favorable microenvironment for electro-
chemical devices in which enzymes may exchange electrons
directly with the transducer,[50, 51] which improves the sensitivity
and selectivity of electrochemical biosensors.[52] Although en-
zymes have been successfully immobilized onto MNPs, the ex-
pected high stability and activity still cannot be met due to
the loss of enzymatic functions.[53, 54]

Based on this idea, we have shown for the first time, to the
best of our knowledge, that by using quinone-rich pDA films
we can improve the analytical response in biosensor devices.
We used iron oxide MNPs as nanosized supports for the qui-
none-rich pDA film. Thus, glucose oxidase (Gox) was covalently
immobilized on the quinone-rich pDA-modified MNPs.

Finally, enzyme-modified MNPs were transferred onto the
surface of a Prussian Blue (PB)-modified screen-printed elec-
trode, in which the enzymatic response was studied by detect-
ing the enzyme-generated H2O2 at low applied potentials.

2. Results and Discussion

The strategy used to prepare the functionalized MNPs and the
Gox-based biosensor is explained in the Experimental Section
and is illustrated in Figure 1.

Figure 1. Schematic illustration of the synthesis of core-shell Fe3O4@pDA150/Gox nanoparticles and the construction of the Fe3O4@pDA/Gox-modified screen-
printed carbon electrode (SPCE).
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2.1. Characterization of Core-Shell
Fe3O4@pDA150 Nanoparticles

2.1.1. X-ray Diffraction (XRD)

Fe3O4 nanoparticles, synthesized by coprecipitation of Fe2 +

/Fe3 + ions in alkali media, Fe3O4@pDA, and Fe3O4@pDA150
nanoparticles were characterized by X-ray diffraction (Fig-
ure S1A in the Supporting Information). Fe3O4 nanoparticles
showed diffraction peaks at 21.55, 30.35, 35.49, 43.39, 53.90,
57.41, and 62.908, which correspond to the (111), (220), (311),
(400), (422), (551), and (440) Bragg reflections, respectively. This
pattern confirmed the polycrystalline nature of Fe3O4 with
a cubic spinel structure. The presence of very broad peaks indi-
cated the ultrafine nature and small crystallite size of the nano-
particles. Thus, the crystallite size was calculated by using the
Debye–Scherrer equation and the full-width at half diffraction
(FWHM) value of the (331) XRD diffraction line, and presented
a value of 17.2 nm. The lattice parameter (a) and interplanar
spacing (dhkl) were determined by using Bragg’s law and were
found to be 8.400 and 2.529 �, respectively, which are very
close to the reported values for pure magnetite (8.394 and
2.531 �, respectively).[55] The X-ray photoelectron spectroscopy
(XPS) analysis (see Section 2.1.2) was also used to determine
the atomic ratio of iron and oxygen, which was approximately
0.8, which is close to the theoretical value of 0.75 and verifies
the formation of Fe3O4. A similar XRD pattern was observed for
the polymer-modified core-shell nanoparticles (Figure S1B),
which suggests that the crystalline structure of the nanomate-
rial was not affected by coating with the polymer thin film. To
obtain a quinone-rich pDA-film, MNPs were heated at 150 8C
for 1 h and changed to a rusty color, probably due to the oxi-
dation of the external shell and the generation of a g-Fe2O3

shell on the MNP surface. Nevertheless, XRD did not show any
change (Figure S1C), because the XRD patterns of magnetite
(Fe3O4; JCPDS card 75-0449) and maghemite (g-Fe2O3; JCPDS
card 39-1346) are almost identical.[56] Additional analysis tech-
niques were performed to characterize this phase transition
and the catechol/quinone conversion after thermal treatment.

2.1.2. XPS

XPS was used to examine the shell structure of these nanopar-
ticles because core electron lines of ferrous and ferric ions can
be detected and distinguished by using this technique. Fig-
ure 2A shows the results of the XPS spectrum of Fe3O4@pDA,
thus magnetite was confirmed according to the typical charac-
teristic peaks of Fe 2p3/2 and Fe 2p1/2 at 710.9 and 724.5 eV, re-
spectively.[56] A relatively weak peak for Fe 3p line at 55.9 eV
was also detected. C 1s and N 1s peaks at 284.6 and 398.9 eV,
respectively, confirmed the polymerization of pDA onto the
MNP surface. The detailed spectra for Fe 2p3/2, Fe 2p1/2, and O 1s
were investigated to obtain a more detailed study of the pro-
cesses that occur during thermal oxidation. After heat treat-
ment, the peak position of Fe 2p3/2 and Fe 2p1/2 bands shifted
to a lower binding energy by about 1 eV and confirmed the
phase transition from magnetite (Fe3O4) to maghemite (g-

Fe2O3; Figure 2B).[57] This conversion probably occurs on the ex-
ternal shell of the nanoparticle and the core is still Fe3O4,
which is why we continue to use this nomenclature after ther-
mal oxidation (Fe3O4@pDA150).

This affirmation is based on previous publications in which
other authors found that Fe3O4 nanoparticles were only partly
transformed into g-Fe2O3 under 200 8C for 3 h and needed
a temperature of 600 8C for 3 h to completely transform into
Fe2O3.[58] Figure 2C shows the high-resolution spectra for O 1s
in Fe3O4@pDA and Fe3O4@pDA150, in which a clear shift to
lower binding energies is also observed after thermal treat-
ment. This observation has been justified by other authors as
a result of the greater contribution from the quinone (C=O,
531.4 eV) than the catechol (C�OH, 533.0 eV) groups in the
biofilm after thermal oxidation.[42] Finally, the high-resolution
spectra for O 1s were deconvoluted (Figure S2). The peak cen-
tered at 530.5 eV was assigned to the Fe�O lattice, whereas
the other two peaks at approximately 531.5 and 533 eV were
assigned to C=O and C�OH groups, respectively. The quinone/
catechol ratio was determined and revealed a quinone contri-
bution of approximately 60 %. This value is two times higher
than the amount reported by Luo et al.[42] for unmodified films
and it is in good agreement with data reported for thermally
oxidized films (�50 %) by these authors.

2.1.3. Atomic Force Microscopy (AFM)

Typical AFM images of the highly oriented pyrolytic graphite
(HOPG) surfaces immersed in the three different MNP-contain-
ing solutions are shown in Figure 3. The images show the for-
mation of granular deposits formed by aggregated nanoparti-
cles that partially cover the substrate surface. It should be
noted that, even for the larger aggregates, individual particles
can be easily detected as building blocks, which confirms that

Figure 2. A) XPS spectra of Fe3O4@PDA core–shell MNPs. Inset: The expand-
ed spectrum of the N 1s core line. B) High-resolution XPS spectra of Fe 2p3/2

and Fe 2p1/2 core-level lines for Fe3O4@PDA and Fe3O4@PDA150. C) High-res-
olution XPS spectra of O 1s core-level lines for Fe3O4@PDA and
Fe3O4@PDA150.
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they still conserve their singularity and have not sintered. Un-
covered MNPs tend to adsorb (physisorption) mainly at HOPG
steps, whereas the basal plane remains practically unaltered, as
can be seen in Figure 3A. The size distribution is presented as
a histogram in Figure 3B and summarized in Table S1. After
modification with the PDA film (Figure 3C), MNPs still decorate
HOPG steps although it can be observed that these particles
spread out to the HOPG terraces and start to aggregate, which
gives rise to ramified islands. By comparing the averaged sizes
registered before and after modification with the biopolymer
(Figure 3B and D and Table S1), it can be concluded that the
PDA film thickness is approximately 1 to 2 nm, which is in
good agreement with the High-resolution transmission elec-
tron microscopy (HRTEM) data (Figure S3). Interestingly, after
the heat treatment, the ramified islands seemed to collapse
and form an almost complete particle monolayer on the HOPG
surface (Figure 3E). The histogram depicted in Figure 3F exhib-
ited no significant differences to that obtained before the ther-
mal treatment. The mechanisms involved in the formation of
the MNP films will be clarified below. Naked magnetite nano-
particles are mainly found at defects and steps of the HOPG.

It should be noted that contributions from electrostatic in-
teractions and hydrogen bonding could play a key role at
HOPG step edges, at which different types of functional
groups are present, which thus explains the preferential ad-
sorption at these defects compared with the mostly inert basal
plane.

However, the 2D arrangement shown by Fe3O4@pDA (Fig-
ure 3C) and Fe3O4@pDA150 (Figure 3E) can be justified in
terms of the p–p interactions that exist between the basal
plane of graphite and the aromatic subunits located at the sur-
face of MNPs, and this arrangement is significantly enhanced

by the contribution from the in-
creased rate of aromatic quinone
due to the thermal treatment.

Therefore, the heating treat-
ment not only markedly contrib-
utes to the efficient chemisorp-
tion of Gox onto the MNP surfa-
ces, but it also collaborates in
the selective adsorption on the
highly hydrophobic and inert
basal plane of HOPG. This strat-
egy could also be applied to
modify other graphitic-like surfa-
ces, such as carbon nanotubes
(CNTs) and reduced graphene
oxide (RGO).[59, 60]

2.1.4. Magnetic Force
Microscopy (MFM)

As reported elsewhere, MFM is
a valuable technique that can be
used to detect, characterize, and
identify magnetic domains pres-
ent in the sample, in particular

those defined by the assembly of MNPs.[61, 62] In fact, MFM
imaging has been successfully used to characterize the mag-
netic properties shown by bidimentional self-assembled mela-
nin–iron biofilms and Ni-aggregated nanoparticles both sup-
ported on a HOPG basal plane.[63, 64]

In this context, the size of the magnetic particle is a signifi-
cant factor that has a surprisingly strong effect on its magnetic
properties. Thus, magnetite particles ranging from 35 to 80 nm
in diameter must be considered to be single-domain mag-
nets.[65]

However, magnetite particles with diameters below 30 nm
seem to exhibit superparamagnetic behavior because they do
not have sufficient volume to ensure a stable magnetic
moment and, therefore, thermal energy can reverse the mag-
netic moment.[66]

Taking into account the diameter values expressed as histo-
grams and collected in Table S1, the range of the magnetite
nanoparticles described here should correspond to superpara-
magnetic particles. Images that show topographic, phase con-
trast, and magnetic phase contrast features (registered at
50 nm above the sample), are shown in Figure 4A–C, respec-
tively. Figure 4A and B exhibits a clear correspondence be-
tween the presence of the aggregated nanoparticles and dark
zones related to them in the phase contrast image, whereas
the unmodified HOPG basal plane clearly corresponds to the
bright zones. However, Figure 4C shows globular-like magnetic
domains of a few hundred nanometers that show alternated
phase contrast, that is, dark and bright phase contrast areas
(highlighted with blue and red dashed circles), which are at-
tributed to attractive and repulsive interactions between tip
and sample, respectively. Indeed, the red and blue circles indi-
cate different regions with similar morphological and phase

Figure 3. Top: Typical 1.0 � 1.0 mm2 AFM images recorded for A) Fe3O4, C) Fe3O4@PDA, and E) Fe3O4@PDA150 parti-
cles adsorbed on HOPG. Bottom: Histograms showing particle size distributions for B) Fe3O4, D) Fe3O4@PDA, and
F) Fe3O4@PDA150.
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contrast features (Figure 4A, B), but an opposed magnetic
phase contrast (Figure 4C) formed by aggregated nanoparticles
that exhibit parallel magnetization. Analogue ferromagnetic-
like behavior due to the 2D assembly of these functionalized
magnetite nanoparticles has also been observed for assemblies
of 12 nm nanoparticles that consist of a core of Co surrounded
by a 1 nm shell of oleic acid on Si.[67]

3.2. Enzymatic Immobilization onto Core-Shell
Fe3O4@pDA150 Nanoparticles

3.2.1. UV/Vis Spectroscopy

The immobilization step was studied by using UV/Vis spectros-
copy.[52] In this sense, UV/Vis analyses were done for each com-
ponent (Fe3O4, pDA, and Gox) and for the final modified nano-
particles (Fe3O4@pDA150/Gox), and the results are shown in
Figure 5A. The enzyme solution presented a characteristic ad-
sorption band at around l= 264, 355, and 450 nm, whereas
the pDA solution showed a typical adsorption band around
l= 310 nm that resulted from the formation of the quinone in-

termediate and the polymerized film. The surface modification
of the Fe3O4 nanoparticles with these adducts can be con-
firmed by comparing the spectra of the raw and modified
nanoparticle solutions. UV/Vis analysis of Fe3O4@pDA150/Gox
samples revealed that two peaks at l= 260 and 310 nm were
superimposed on the characteristic broad adsorption peak of
Fe3O4 nanoparticles, which suggested that the nanoparticles
were successfully covered with the pDA film and further modi-
fied with the Gox enzyme.

At this point, we quantified the amount of Gox immobilized
covalently onto different MNP configurations. Our optimized
bio-nanoparticles (Fe3O4@pDA150/Gox) were compared with
two other configurations in which 1) Gox was directly ad-
sorbed onto the MNP surface through the combined contribu-
tion of electrostatic interactions, hydrogen bonding, Van der
Waals forces, and hydrophobic interactions (Fe3O4/Gox) ; 2) Gox
was covalently attached to the pDA-modified MNP surface
without thermal oxidation of catechol groups to quinone
(Fe3O4@pDA/Gox). Thus, the amount of the Gox retained on
the nanoparticle surface was calculated as the difference be-
tween the initial and final enzymatic concentration in the enzy-
matic solution after the immobilization step onto the MNP sur-
face.

Visible spectra (Figure S4) obtained for all configurations
presented a decrease at l= 450 nm due to the immobilization
of Gox, with this change being more noticeable for the
Fe3O4@pDA150/Gox configuration and confirming the excellent
immobilization properties of the quinone-rich film.

The amount of immobilized enzyme was estimated to be
approximately 21, 32, and 55 mg mg�1 supports for Fe3O4/Gox,
Fe3O4@pDA/Gox, and Fe3O4@pDA150/Gox, respectively.

3.2.2. IR Spectroscopy

A more detailed study was done by using Fourier-transform in-
frared (FTIR) spectroscopy. Figure 5B shows spectra for each in-
dividual component (Fe3O4, DA, pDA150, and Gox) and for the
final modified nanoparticles (Fe3O4@pDA150/Gox). DA shows
relatively broad and strong bands in the 3000 to 3400 cm�1

region, assigned to the aromatic O�H asymmetry stretching vi-
bration of CH2 groups. Other peaks worth mentioning are
found at 1602 (overlap of C=C resonance vibrations in aromat-
ic ring) and 1519 cm�1 (N�H scissoring vibrations). Interesting-
ly, the C=C resonance was enhanced and widened whereas the
peak related to N�H scissoring vibrations at 1519 cm�1

became weaker for pDA150. Some authors have hypothesized
that, during thermal treatment, intramolecular cyclization
occurs and forms indole derivatives, which lead to enhanced
peak intensity at 1602 cm�1 and decreased peak intensity at
1519 cm�1.[68] Furthermore, the decreased 1519 cm�1 peak
might also be ascribed to the oxidation of primary amino
groups under thermal conditions (Figure S5). Moreover, the
spectra for pDA150 also display a large relative absorbance in
the 1500 to 1100 cm�1 region, which is attributable to substan-
tial C�O and C�N functional groups.[42, 68] FTIR spectra of Fe3O4

nanoparticles showed a main adsorption band at around
580 cm�1, which corresponds to the Fe�O stretching modes of

Figure 4. Typical 600 � 600 nm2 MFM images recorded for Fe3O4@pDA150
adsorbed on HOPG. A) Topographical image, B) contrast phase image, and
C) contrast phase image at lift scan height of 50 nm. Blue and red dashed
circles indicate MNP aggregates that show different magnetic phase con-
trast : darker areas are negative and brighter areas are positive.

Figure 5. A) UV/Vis adsorption spectra of free Gox, pDA, Fe3O4, and
Fe3O4@pDA150/Gox nanoparticle solutions. B) FTIR transmittance spectra of
KBr, DA, pDA150, Gox, Fe3O4, and Fe3O4@pDA150/Gox nanoparticles.
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the magnetite.[52] Furthermore, Fe3O4@pDA150/Gox nanoparti-
cles showed an additional band in the range of 1000 to
1700 cm�1, which may be ascribed to 1) the aromatic rings of
pDA (1614 cm�1), 2) the amide I and amide II stretching bands
(1639, 1535 cm�1 respectively), or 3) a broad adsorption band
around 1200 cm�1 ascribed to the C�N stretching in the new
Schiff bases formed during pDA polymerization and enzymatic
immobilization.[6, 69]

3.3. Characterization of the Core–Shell Fe3O4@pDA150/Gox-
Based Biosensor

To study the analytical application of the magnetic core-shell
Fe3O4@pDA150/Gox nanoparticles, they were transferred onto
the surface of a Prussian Blue (PB)-modified screen-printed
electrode by using a neodymium magnet on the bottom part
of the working electrode. Cyclic voltammetry (CV) in the ab-
sence of glucose (Figure S6A) displayed a well-defined catho-
dic and anodic peak centered about �50 mV, which corre-
sponded to the PB$Prussian White (PW) transition
[Eq. (1)]:[70, 71]

fFe4
III½FeIIðCNÞ6�3gðPBÞ

4 e�þ4 Kþ
�����!fK4Fe4

II½FeIIðCNÞ6�3gðPWÞ ð1Þ

An increase in the concentration of glucose systematically
enhanced the cathodic current (Figure S6B), whereas the
anodic current displayed a parallel decrease (Figure S6C). This
observation indicates a catalytic reduction reaction that can be
ascribed to the reduction of the enzyme-generated H2O2 to
water, as previously reported.[70, 71]

The dependence of the peak currents on the scan rate (Fig-
ure 6B) and the square root of the scan rate (Figure 6C) were
also studied. In this way, the biosensor was cycled in the pres-
ence of 1 mm glucose from 25 to 1000 mV s�1 (Figure 6A). The
present analysis showed that the anodic and cathodic current
peaks were linearly proportional to the v1/2 value, which is ex-
pected for a diffusion-controlled process.[72]

Figure 7 shows the chronoamperograms and the calibration
curves obtained for 0.0 to 16 mm glucose (in phosphate buffer
solution (PBS), pH 7.4, Eapp =�0.10 V) by using our nonopti-
mized DPR-700/Fe3O4@pDA150/Gox configuration. Data
showed a linear dependence at low glucose concentrations
and saturation at high concentrations, in agreement with the
Michaelis–Menten kinetics.[73]

3.3.1. Optimization of Different Parameters and its Effect on
the Biosensor Response

Certain important parameters were studied to optimize the
biosensor response (DPR-700/Fe3O4@pDA150/Gox).

3.3.1.1. Potential Work

The effect of the applied potential on the amperometric re-
sponse of the enzyme electrode against 1 mm glucose was
evaluated in the range from �300 to 200 mV (Figure S7A).The
choice of applied potential at the working electrode is funda-

mental to achieve the lowest detection limit and to avoid the
possibility of interference in biosensor applications, such as as-
corbic and uric acid that are present in biological samples. The
biosensor showed a practically constant and higher current
value from �300 to �150 mV, the cathodic current was then
decreased steadily by increasing the applied potential, and
reached a value close to zero at 200 mV. This behavior agrees
with the CV data discussed above and with the electrocatalytic
behavior reported previously for PB-modified electrodes.[70, 73]

In view of these results, �150 mV was selected as the opti-
mum value for the applied potential.

3.3.1.2. MNP Loading

The amount of loaded nanoparticles during the preparation of
the enzyme electrode was optimized to achieve the maximum
sensitivity for the amperometric biosensor. The effect on the
amperometric signal of the modified-magnetic beads amount
immobilized on top of the working electrode surface is shown
in Figure S7B. As can be seen, an increase in the amperometric
signal was observed up to 60 mg and the signal decreased for
higher loadings, which was probably due to an increase in the

Figure 6. A) Cyclic voltammograms of DPR-700/Fe3O4@pDA/Gox at different
glucose concentrations. B) Detail of the cathodic current peak and C) the
anodic peak against scan rate.
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electron transfer resistance for large modified-magnetic-bead
loadings; thus, 60 mg was fixed during the present study.

3.3.1.3. Effect of pH

The effect of pH on the amperometric response of the biosen-
sor was also checked in the range of pH 5.0 to 9.0 (Figure S8A).
The biosensor current exhibited an almost bell-shaped behav-
ior, with the highest response at pH 7.4, although the signal
only decreased by 15 % close to the extreme values, which
shows good enzymatic stabilization.

3.3.1.4. Temperature

Temperature is an important factor that affects the activity of
the immobilized enzyme and thus the sensitivity of the biosen-
sor. Therefore, the effect of temperature on the biosensor re-
sponse was evaluated from 20 to 70 8C with 0.5 mm glucose in
PBS. The response current increased with a rise in temperature,
as shown in Figure 8A, and reached a maximum value at 55 8C,
which may result from an increase in the activity of the immo-
bilized Gox with the increase in temperature. The enzyme ac-
tivity decreased over 55 8C due to the deactivation of Gox. The
apparent activation energy was calculated according to the Ar-
rhenius Equation [Eq. (2)]:

ln k ¼ ln A� Ea

RT
ð2Þ

in which k is the rate constant, Ea is the activation energy, A is
the frequency factor, R is the universal gas constant, and T is

the absolute temperature. As the steady-state current (i) is pro-
portional to the rate constant k, the Arrhenius formula can be
expressed as [Eq. (3)]:

ln i ¼ ln i0 �
Ea

RT
ð3Þ

Thus, the apparent activation energy, calculated from the
slope of Figure 8B, was found to be 28.27 kJ mol�1, which is
similar to the values of 26.52 and 28.9 kJ mol�1 obtained by
previously by Bhatti and Saleem, and Odebunmi and Owa-
lude.[74, 75] It is clear from the Arrhenius plot (Figure 8B) that
Gox has a single conformation up to the transition tempera-
ture.

3.3.2. Biosensor Sensitivity for the Optimized Configuration
and Comparison with Other Biosensor Configurations

After improving the enzymatic loading with respect to other
MNP configurations and the biosensor response, the next step
was to demonstrate the benefit of the quinone-rich film-modi-
fied MNPs on the analytical properties of our biosensor.

Consequently, our optimized configuration, DPR-700/
Fe3O4@pDA150/Gox (1), was compared against three other
configurations: DPR-700/Fe3O4@pDA/Gox (2), DPR-700/Fe3O4/
Gox (3), and DPR-700/Gox (4), in which Gox was directly ad-
sorbed onto the DRP-700 screen-printed electrode (Figure S9A
and S9B). Thus, the analytical parameters, such as sensitivity,
limit of detection (LOD), limit of quantification (LOQ), linear
range (LR), and other enzymatic parameters, were compared
(data are summarized in Table 1).

Figure 7. A) Chronoamperograms obtained for 0.0–16 mm glucose (in PBS,
pH 7.4) with DPR-700/Fe3O4@pDA150/Gox (Eapp =�0.15 V). B) Calibration
curve and linear fitting (inset) obtained for the previous data (Fig. 7 A). Figure 8. A) Dependence of the temperature on the current response for

0.5 mm glucose (in PBS, pH 7.4) with DPR-700/Fe3O4@pDA/Gox. B) Semi-log
Arrhenius-type plot obtained for the previous data (Fig. 8 A).
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All biosensors presented a linear range up to 1 mm, and
DPR-700/Fe3O4@pDA150/Gox (1) showed the highest sensitivity
of approximately 8.7 mA m

�1 cm�2, which is almost one order
of magnitude greater than the DPR-700/Gox configuration and
a LOD (S/N = 3) of 0.02 mm. This sensitivity is in the same
range as other biosensors reported in the bibliography, in
which Gox was immobilized on titanium-containing MCM-41-
modified screen-printed electrodes (5.4 mA m

�1 cm�2).[76] Gox
was immobilized in a composite film of poly(o-aminophenol)
and carbon nanotubes (11.4 mA m

�1 cm�2),[77] in which Gox and
HRP were immobilized in a bienzyme electrode based on
a redox clay matrix (14.9 mA m

�1 cm�2).[78] The other two con-
figurations (DPR-700/Fe3O4@pDA/Gox (2) and DPR-700/Fe3O4/
Gox (3)) showed lower sensitivity and higher LODs and LOQs.
These differences may be justified by taking into account the
high reactivity of the quinone-rich film and the different enzy-
matic loading for each configuration reported above. Finally,
DPR-700/Gox (4) showed the worst sensitivity and LOD due to
its low enzymatic loading (see below).

3.3.3. Enzymatic Characterization of the Glucose Biosensor

The apparent Michaelis–Menten constant (KMapp), which indi-
cates the enzymatic affinity for glucose, was calculated from
the electrochemical version of the Lineweaver–Burk equation
for each configuration [Eq. (4)]:[79]

1
Iss
¼ 1

Imax
þ KMapp

Imax
C ð4Þ

in which Iss is the steady-state current after the addition of sub-
strate, C is the bulk concentration of the substrate, and Imax is
the maximum current. KMapp values for all configurations were
lower than the values reported for the free enzyme (20–
30 mm).[80] However, the figures for Gox entrapped in polypyr-
role films (19.0 mm)[81] and Gox in Nafion film (14.9 mm)[82] sug-
gested that the enzymatic immobilization had no detrimental
effect on enzyme affinity. Nanostructured configurations pre-
sented better affinities (�1.7 mm) than DRP700/Gox configura-
tion (�2.7 mm), which confirmed the beneficial effect, the en-

hancement in enzymatic loading, and the reduction in the
mass-transfer processes. Those values were close to data re-
ported previously for Gox immobilized on gold/pDA-modified
MNPs (1.67 mm)[29] and smaller than for Gox immobilized on
highly ordered polyaniline nanotubes (2.37 mm).[83] Finally, the
Vmax value (calibration plateau or maximum current measured
under saturated substrate conditions) for all configurations
was also evaluated. This is an excellent parameter to evaluate
the total amount of Gox immobilized in the different configu-
rations.

Likewise, Table 1 shows a notable difference in the enzymat-
ic loading between the nanostructured systems and the DPR-
700/Gox configuration, in which Gox was directly adsorbed on
the SPE surface. In the same way, the use of pDA improves the
enzymatic loading on the MNP surface compared with the
Fe3O4/Gox configuration, and presented a higher value when
highly reactive quinone-rich film-modified MNPs were used.

Finally, we checked the linear correlation between the esti-
mated amount of immobilized enzyme with the spectroscopy
approach (see Section 3.2.1) and the Vmax value obtained exper-
imentally after biosensor calibration for each configuration.
Surprisingly, the data showed a high coefficient of determina-
tion (r2 = 0.998), which confirms the excellent correlation be-
tween the two methods.

3.3.4. Interference Studies and Reproducibility of the
Biosensor

Reducing agents present in biological samples may be electro-
chemically oxidized and interfere with the detection of glu-
cose. Thus, the biosensor’s response against physiological in-
terferences, such as ascorbic acid (AA) and uric acid (UA), was
studied. Different glucose solutions were prepared with 5 mm

glucose in the absence and presence of AA (100 mm), UA
(300 mm), and both AA and UA (glucose and interference con-
centrations were selected to be close to their respective con-
centrations in blood samples). The solutions were then diluted
in PBS (1:10) to obtain a glucose concentration in the linear
range of the biosensor. Data showed only reasonably small in-
terference of between 1 and 3 % (Figure S8B), within the range
of uncertainty (see below), which confirms the excellent ability
of Prussian Blue to detect enzyme-generated H2O2 at low po-
tential at which common interferences in clinical analysis are
not easily reduced or oxidized.

The reproducibility and repeatability of the optimized bio-
sensor (DPR-700/Fe3O4@pDA150/Gox) was conducted by calcu-
lating the sensitivity against glucose across a concentration
range of 0 to 1 mm. The relative standard deviation (RSD) for
a series of five successive measurements was 4.63 % (repeata-
bility) and for five individual biosensors was 7.37 % (reproduci-
bility). These values showed that the present approach is
highly reproducible for biosensor construction.

3.3.5. Measurement of Glucose in Blood

The analytical usefulness of our enzyme-modified MNPs was
demonstrated and evaluated by determining the glucose con-

Table 1. Enzyme kinetic and analytical parameters of different glucose
biosensor designs. Sensitivity was obtained in the range of 0–1 mm,
mean�SD (n = 4 biosensors). The limit of detection and limit of quantifi-
cation were calculated as 3 � SD and 10 � SD of the background current,
respectively. Calibration curves were obtained by applying �0.15 V
against the pseudoreference electrode in air-saturated PBS (pH 7.4)

Biosensor[a] Sensitivity
[mA m

�1·cm�2]
r2 LOD

[mm]
LOQ
[mm]

KM

[mm]
Vmax

[mA]

1 8.74�0.35 0.998 0.020 0.067 1.713 2.787
2 5.54�0.17 0.997 0.064 0.212 1.752 1.757
3 2.38�0.41 0.998 0.149 0.496 1.741 1.172
4 0.91�0.16 0.996 0.282 0.942 2.773 0.426

[a] Biosensors denoted as 1: DPR-700/Fe3O4@pDA150/Gox, 2 : DPR-700/
Fe3O4@pDA/Gox, 3 : DPR-700/Fe3O4/Gox, and 4 : DPR-700/Gox.
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centration in blood samples. One volunteer measured his glu-
cose concentration, after biosensor calibration, by depositing
a drop of blood (diluted 1:10 in PBS) onto the working, pseu-
doreference, and counter electrodes (n = 5). Taking into ac-
count the factor dilution, the glucose concentration was found
to be (6.25�0.54) mm (mean�SD). This value was confirmed
by using a commercial glucometer (OneTouch� UltraEasy�, Life-
Scan). The same volunteer measured his glucose levels five
times after blood extraction by depositing a drop of blood on
the commercial sensor, with this value being (6.35�0.42) mm.
Based on these results, no significant difference was found
using the two above-mentioned devices (p = 0.7522).

In another experiment, six volunteers measured their glu-
cose concentration using both devices (Table 2). On this occa-
sion, the glucose values found ranged from 4 to 8 mm. These
variations in the results may be justified because three volun-
teers measured their glucose level without having had break-
fast (low glucose level) ; another two tested 1 h after breakfast
(middle values), and one volunteer (higher value) tested 1 h
after a full lunch. Finally, recovery of our DPR-700/
Fe3O4@pDA150/Gox biosensor compared with the commercial
glucometer were satisfactory (96–102 %) and presented a high
coefficient of determination (r2 = 0.983). Thus, these results
confirmed the potential application of our biosensor to mea-
sure glucose in real complex samples, such as blood.

3.3.6. Stability of Biomagnetic Nanoparticles

The storage stability of the Fe3O4@pDA150/Gox nanoparticles
(stored in PBS, pH 7.4, 4 8C) was investigated in 1 mm glucose.
Figure S10 shows the control chart with the central value set
as the mean value of the five measurements carried out on
the first day, and the upper and lower limits of control as three
times the standard deviation of the central value (�3 SD). Even
after storage for 45 d, the DPR-700/Fe3O4@pDA150/Gox biosen-
sor did not show significant loss in amperometric response,
which confirms that the quinone-rich pDA film may be suitable
for a long storage period because it stabilizes the enzyme con-
formation and prevents its denaturation.

4. Conclusions

This work describes the first amperometric magneto-biosensor
for the specific and sensitive detection of glucose based on

quinone-rich pDA-modified MNPs. An easy method to modify
MNPs and to increase the amount of quinone groups by using
thermal oxidation is presented. This quinone-rich film may be
used to immobilize further bioactive molecules, such as anti-
bodies and enzymes.

The present approach shows that the amount of Gox immo-
bilized is almost two times higher compared with nonoxidized
films and, thus, its sensitivity and LOD were improved. Modi-
fied and unmodified MNPs were characterized and enzymatic
immobilization was studied in detail. To improve the biosensor
response, certain experimental variables were optimized. Phys-
iological interference was minimized, due to the low potential
applied during the enzymatic transduction.

Finally, the applicability of the biosensor was assessed by
the determination of glucose in blood samples and checked
against a commercial glucometer.

Experimental Section

Glucose oxidase (Gox) from Aspergillus niger (EC 1.1.3.4, Type VII-S),
purchased as a lyophilized powder, FeCl3, FeSO4·7 H2O, NaOH, and
dopamine (DA) were obtained from Sigma and used as supplied.
Electrochemical experiments were performed in 10 mm phosphate,
2.7 mm KCl, 137 mm NaCl, pH 7.4 buffer solutions (PBS). DA solu-
tion was prepared in PBS (adjusted at pH 8.5). Stock solutions of
glucose (250 mm) were prepared in water, left for 24 h at RT to
allow equilibration of the anomers, and then stored at 4 8C. PB
screen-printed carbon electrodes (DPR-710) were purchased from
DropSens. Electrochemical measurements were performed by
using a DRP-STAT200 potentiostat and data were acquired by
using Dropview software (DropSens). Transmittance spectra (UV/
Vis) were recorded by using two different spectrophotometers in
the range of l= 200–1000 nm with respect to water in a Transpec�-
photodiode array spectrophotometer and in the range of l= 320–
700 nm in a Benchmark Plus microplate spectrophotometer (Bio-
Rad). The first one was used to obtain a better characterization of
the modified MNPs by using a higher spectral range. However, the
second one (with a microplate system with 200 mL each one) at
l= 450 nm was employed to determine the amount of immobi-
lized enzyme with a higher accuracy due to the low volume of so-
lution employed (�1.5 mL). FTIR spectra were recorded with re-
spect to air by using a Varian 670-IR spectrophotometer in the
range 4000–400 cm�1. X-ray diffraction (XRD) patterns were record-
ed by using a Philips Panalytical X’Pert powder diffractometer with
CuKa (l= 1.540 �) radiation. The XPS spectra were collected by
using an ESCALAB 250 spectrometer with monochromatized AlKa

X-ray radiation (hn= 1486.6 eV).

All binding energies are reported with reference to the binding
energy of the C 1s core level spectrum, which corresponds to the
containment carbon at 284.6 eV.

HRTEM was performed by using a JEOL JEM-3000 F microscope.
Imaging to characterize both the dimensions and magnetic proper-
ties of functionalized magnetite nanoparticles was performed by
using atomic force microscopy (AFM) and magnetic force micros-
copy (MFM), respectively. Highly oriented pyrolytic graphite
(HOPG) substrates were immersed in different magnetic-nanoparti-
cle-containing Milli-Q water solutions for 30 min. The resulting
nanoparticle-modified HOPG surfaces were then removed from the
solution, carefully rinsed with Milli-Q water, and dried under nitro-
gen before characterization. Samples were imaged by using AFM

Table 2. Determination and comparison of glucose in blood samples
against a commercial glucometer.

Volunteer One Touch Biosensor[a] Recovery [%]

1 4.83 4.68 96.89
2 4.93 4.75 96.35
3 5.12 5.11 99.80
4 6.12 6.20 101.31
5 6.15 5.93 96.42
6 6.86 7.02 102.33

[a] DPR-700/Fe3O4@pDA150/Gox (1).
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operating in tapping mode in air with a Multimode microscope
and a Nanoscope V control unit from Bruker at a scan rate of 1.0–
1.2 Hz. To this end, etched silicon tips (RTESP, 271–311 kHz and 40–
80 N m�1) were used. MFM images were performed by interleaving
the topographic scan (operating in soft tapping conditions) with
the “Lift mode” scan. Images were taken at a scanning rate of 1 Hz
with tips coated with magnetic CoCr film (MESP, 1–5 N m�1) work-
ing at a drive frequency of �75 kHz. PB-modified screen-printed
(DPR-700) electrodes were used as a conventional three-electrode
system for CV and chronoamperometry (CA) analyses. These elec-
trodes incorporate a conventional three-electrode configuration
printed on ceramic substrates (3.4 � 1.0 cm). The working electrode
was composed of PB/carbon ink (disk-shaped, 4 mm diameter) and
the counter electrode was carbon ink, whereas the pseudorefer-
ence electrode and electric contacts were silver. A small number of
Fe3O4@pDA150/Gox nanoparticles were dispersed in PBS (50 mL),
transferred onto the surface of the working electrode of DPR-700,
and the supernatant was removed. This was done by keeping the
DPR-700 horizontal and placing a neodymium magnet on the
bottom part of the electrode to localize in a reproducible way the
Fe3O4@pDA150/Gox nanoparticles onto the working surface, which
thus avoided variations in the bead layer thickness or spreading
area of the electrode surface between different measurements. To
study the biosensor response against glucose concentration,
a drop (�50 mL) of glucose solutions with different concentrations
were deposited onto the working, pseudoreference, and counter
electrodes and a working potential of �150 mV was applied for
160 s. To measure the glucose concentration in blood samples, the
blood samples were previously diluted in PBS (1:10). All experi-
ments were performed at RT.

Quinone-Rich Fe3O4@pDA150/Gox Nanoparticles

Fe3O4 nanoparticles were prepared by using a chemical coprecipi-
tation method under a N2 atmosphere. FeCl3 (3.24 g) and
FeSO4·7 H2O (2.78 g) were dissolved in aqueous HCl (200 mL,
1.2 mm) by ultrasound treatment. Then aqueous NaOH (300 mL,
1.25 m) was added dropwise under vigorous stirring over 30 min to
form a black Fe3O4 precipitate. After vigorous stirring for another
30 min, the precipitate was magnetically decanted and washed
thoroughly with ultrapure water until the supernatant solution
reached neutrality (pH �7). For coating with pDA, Fe3O4 (500 mg)
was dispersed in a solution of DA (25 mL, 10 mm) in PBS (pH 8.5)
under continuous stirring for 3 h. After that, pDA-modified nano-
particles (Fe3O4@pDA) were magnetically decanted and washed
thoroughly with ultrapure water to remove unreacted DA. The re-
sulting black powder was heated in an oven at 150 8C for 1 h to
oxidize the catechol groups to quinone groups, and a quinone-rich
pDA film was obtained (Fe3O4@pDA150). Modified MNPs were then
dispersed in water in an ultrasound bath for 30 min before further
modifications. To immobilize the enzyme, Fe3O4@pDA150 (30 mg)
was dispersed in a solution of Gox (1 mg mL�1) in PBS (5 mL,
pH 7.4) for 4 h under agitation at RT. The Gox-modified nanoparti-
cles (Fe3O4@pDA150/Gox) were magnetically decanted and washed
thoroughly with PBS to remove unreacted Gox, then further redis-
persed in PBS at a final concentration of 15 mg mL�1. The enzyme-
modified nanoparticles were kept at 4 8C until use. Fe3O4/Gox and
Fe3O4@pDA/Gox-modified MNPs were prepared and compared
against our optimized configuration. The amount of Gox bound in
the different MNPs was determined from the difference between
the initial and residual Gox found in the solution after immobiliza-
tion. The band adsorption of Gox at l= 450 nm was used in this
study. Isolated pDA was obtained under the same conditions by
using a reaction time of 24 h for further characterization studies. Fi-

nally, pDA was washed three times with double-distilled water and
dried overnight at 40 8C.
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