
Multifunctional Core@Satellite Magnetic Particles for
Magnetoresistive Biosensors
Raffaele Campanile, Adriano Acunzo, Emanuela Scardapane, Antonio Minopoli, Veronica C. Martins,
Rocco Di Girolamo, Susana Cardoso, Raffaele Velotta, Bartolomeo Della Ventura,
and Vincenzo Iannotti*

Cite This: ACS Omega 2022, 7, 36543−36550 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Magnetoresistive (MR) biosensors combine distinctive features
such as small size, low cost, good sensitivity, and propensity to be arrayed to
perform multiplexed analysis. Magnetic nanoparticles (MNPs) are the ideal
target for this platform, especially if modified not only to overcome their
intrinsic tendency to aggregate and lack of stability but also to realize an
interacting surface suitable for biofunctionalization without strongly losing
their magnetic response. Here, we describe an MR biosensor in which
commercial MNP clusters were coated with gold nanoparticles (AuNPs) and
used to detect human IgG in water using an MR biochip that comprises six
sensing regions, each one containing five U-shaped spin valve sensors. The
isolated AuNPs (satellites) were stuck onto an aggregate of individual iron
oxide crystals (core) so that the resulting core@satellite magnetic particles
(CSMPs) could be functionalized by the photochemical immobilization
technique�an easy procedure that leads to oriented antibodies immobilized upright onto gold. The morphological, optical,
hydrodynamic, magnetic, and surface charge properties of CSMPs were compared with those exhibited by the commercial MNP
clusters showing that the proposed coating procedure endows the MNP clusters with stability and ductility without being
detrimental to magnetic properties. Eventually, the high-performance MR biosensor allowed us to detect human IgG in water with a
detection limit of 13 pM (2 ng mL−1). Given its portability, the biosensor described in this paper lends itself to a point-of-care
device; moreover, the features of the MR biochip also make it suitable for multiplexed analysis.

1. INTRODUCTION
In the past two decades, magnetic biosensors based on giant
magnetoresistance (GMR) have drawn much attention for
their simplicity in the nanofabrication process, very large
functional area, and high linearity.1−3 These sensors are
compatible with CMOS integrated circuit technology, allowing
them to be manufactured with an integrated electronic
readout, produced in mass quantities (potentially at a low
cost), and deployed in a disposable format for point-of-care
(PoC) testing.4,5 GMR spin-valve (SV)�consisting of two
ferromagnetic layers separated by a nonferromagnetic layer�
are usually preferred since they can operate at lower magnetic
fields than those required for multilayer systems.6 In this
magnetoresistive (MR) biosensor, the stray field from each
magnetic nanotag attached to the target produces a local
change in the magnetic field, which, in turn, gives rise to a
resistance change across the ferromagnetic layers. Thus, in
order to increase the sensitivity of the biosensor, it is crucial
that the magnetization of the nanotag be as large as possible.
Superparamagnetic nanoparticles (NPs) (approximately 20

nm for iron oxide NPs) have small magnetization in the field of
15−20 Oe�which is the intensity typically used to bias the

sensors within the linear regime�and require progressively
more sensitive sensors and measurement systems.2 To
circumvent such a limitation, magnetic clusters of NPs can
be adopted since they show an enhanced and cooperative
magnetic response that leads to an enhanced saturation
magnetization and a reduced coercive field at low temper-
ature.7,8 Regardless of the size, magnetic surfaces require long
biochemical procedures for their functionalization that can
hardly be scaled up for industrial applications.9 Such an issue
can be effectively addressed by realizing the so-called core-
satellite structures consisting of an iron oxide core with gold
nanoparticles (AuNPs) adhered to its surface.10 This can be
considered an ideal coating11 since gold is present like “spots”
on the surface, making the functionalization to link
bioreceptors easier12�relying on the gold surface chemistry
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and biocompatibility13�while preserving the magnetic proper-
ties.
Here, we demonstrate that clusters of magnetic nano-

particles (MNPs) with AuNP satellites [core@satellite
magnetic particles (CSMPs)] are effective tags for realizing
high-sensitive GMR-based biosensor since the GMR signal is
enhanced by the larger magnetic moment. To this end, we
covered commercial MNPs made of Fe3O4 clusters (diameter
≈ 250 nm) with AuNPs of a smaller size (diameter
approximately 15−20 nm) (Figure 1a). We found that the
coating procedure conferred greater stability to the resulting
CSMP clusters with no adverse effect on the magnetic
properties. Thus, they could be used to produce the change
of the magnetic field in close proximity of the MR biochip
(Figure 1b). Moreover, given the excellent magnetic properties
of CSMPs, the sensing scheme proposed in this work allowed
to significantly increase the signal intensity, paving the way to
further improvements in the limit of detection (LOD) and
sensitivity even with other similar devices.
The lab-on-a-chip device was comprised of 6 sensing

regions, each one containing 5 U-shaped SV sensors (30 SV
sensor in total).14 Each sensing region could be functionalized
with a different antibody so that the biosensor was suitable for
both signal redundancy and simultaneous monitoring of
different antigens (6 targets at the same time) for high-
throughput and/or multiplexed analysis. The biochip featured
a unique and highly portable detection platform15 specifically
designed to be used as a PoC device.
The biochip surface was functionalized by the well-

established photochemical immobilization technique (PIT).16

This technique, based on a selective UV activation of
antibodies (Abs), has proven to be an effective and competitive
methodology since it is rapid and user-friendly and leads to
strong (covalent) and conveniently oriented bonds of Abs on
the sensor surfaces without affecting the intrinsic selectivity of
the bioreceptors.17−20 This is the first time that PIT is used in
combination with a MR sensor and CSMPs and, as a proof of
principle, we applied the biosensor to the detection of human
IgG in water for which we achieved a LOD of 13 pM.

2. RESULTS AND DISCUSSION
2.1. CSMP Synthesis. The indirect gold coating proposed

by Moraes Silva et al.21 was modified by optimizing the
concentrations of some reactants and by quickly cooling the
final solution to avoid undesired aggregation. More specifically,
the CSMPs were synthesized by dissolving the tetrachloroauric
acid with positively charged PEGylated iron oxide composite
particles. In a typical synthesis, 100 μL of magnetic particles
[10 mg/mL] were added to a solution containing 15 mL of
ultrapure water (Milli-Q) and 50 μL of a HAuCl4·3H2O (10
mg mL−1). The solution was heated until 95 °C with vigorous
stirring by using a mechanical motor stirrer (Heidolph RZR
50, Germany) rather than a standard magnetic stirrer to avoid
nonspecific magnetic interaction. Once the temperature was
reached, 1 mL of sodium citrate (100 mM) was added to
induce acid reduction, as well as to produce the gold seeds,
which anchored the PEG around the CSMPs. The citrate
molecules acted both as a reducing agent and a capping agent,
negatively charging the CSMPs and giving them the repulsive
force that avoids the self-aggregation phenomena.22

The color changed 2 minutes after the second addition of 50
μL of a HAuCl4·3H2O at the same concentration. The color
changed from an initial brown (Figure S1a) of the magnetic
particles to a burgundy red (Figure S1b). The variation in the
color was due to the growth of the gold around the gold seeds
previously glued to the PEGylated MNPs. Eventually, the
solution was cooled in ice by maintaining the same stirring
speed.
When the room temperature was reached (about 10 minutes

were required), CSMPs underwent 5 washing steps in which a
magnet was used to remove the excess reagents and products
dissolved in the supernatant. After the magnetic separation, the
particles were resuspended in 10 mL of a buffer solution made
of ultrapure water and Tween 20 (0.005%), the latter being a
surfactant particularly used in the biosensing field to avoid
nonspecific interactions. As a result of such a procedure, a
colloidal solution of 10 mL of CSMPs (5 × 109 CSMPs mL−1)
was formed. It is worth mentioning that CSMPs in that buffer
could stabilize and allow us to store them for several weeks.

Figure 1. a) Commercial MNP (Fe3O4 MNP) clusters (diameter ≈ 250 nm) were coated with smaller AuNPs (diameter approximately 15−20
nm). The resulting CSMPs were functionalized by means of the PIT. (b) Schematic representation (not in scale) of the MR chip detection system.
The gold pad over the SV sensor was functionalized by PIT as well. The Abs on the chip surface captured the targets in solution. Subsequently,
functionalized CSMPs recognized the target, and a “sandwich” was formed. The fringe magnetic field due to CSMPs changed the magnetization of
the free layer of the SV sensor, and the resulting flux difference was detected as a resistance change.
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2.2. CSMPs Characterization. 2.2.1. Morphology. Trans-
mission electron microscopy (TEM) measurements allowed us
to determine the morphology and shape of the particles. TEM
micrographs were obtained using an FEI Tecnai G2 S-twin
apparatus operating at 200 kV (LaB6 source). The particle
powder samples were dispersed in water, and then a small
quantity of the solution was added to the carbon-coated
copper grid (200 mesh) and let evaporate. Figure 2 shows the
micrographs of the bare MNP clusters as taken from the stock
(panels a−c) and CSMPs (panels d−f). The irregular shape of
the MNP cluster is quite common for clustered-type
PEGylated iron oxide composite particles.23,24 Nevertheless,
since the detection signal relies upon the contribution of a
large number of CSMPs that are close to the surface (Figure
1b), their uneven size distribution does not affect the device
performance. For CSMPs, small AuNPs (diameter approx-
imately 15−20 nm) are clearly visible [panel (f)] on the
surfaces of the larger MNP clusters (diameter ≈ 250 nm) as a
result of the coating protocol.
The presence of Au and Fe3O4 crystalline phases is also

demonstrated by the X-ray diffraction (XRD) spectrum
reported in Figure S2. XRD measurements were performed
on dried NPs using nickel-filtered Cu Kα radiation (λ = 1.5418
Å) with a Philips automatic powder diffractometer.
2.2.2. DLS Measurements. In order to analyze the

hydrodynamic behavior of CSMP suspension, dynamic light
scattering (DLS) measurements were performed (Zetasizer
Nano ZS instrument, Malvern Instruments Company). Figure
3a shows the size distributions of bare MNP clusters (black
line) and CSMPs (red line) in ultrapure water. The size
distribution for bare MNP clusters is unimodal, with the
hydrodynamic diameter peaking at 260 nm, whereas the size
distribution of the CSMPs is bimodal, with major and minor
modes well separated from each other. For the major mode,
the hydrodynamic diameter peaked at 350 nm, a value larger
than that measured for bare MNP clusters as a result of the
presence of the AuNPs on the surface. The secondary peak of
CSMP size distribution is due to aggregates with a diameter
larger than 1 μm and are byproducts of the gold coating
process; however, their quick sedimentation allowed us to
easily remove them from the solution.
2.2.3. Surface Charge Properties. Zeta potential measure-

ments were carried out by the Zetasizer Nano ZS instrument

(Malvern Instruments Company). The assessment of the zeta
potential is crucial to gain insights into the stability and charge
surface modifications of the colloidal solution of MNP clusters
due to the gold coating.25 As Figure 3b (black line) shows, the
bare MNP clusters in an aqueous solution exhibit a zeta
potential distribution peaked at around −3 mV. Such a low
absolute value of the zeta potential is generally related to the
instability of the colloidal solution.25 On the contrary, the zeta
potential distribution peak observed for CSMPs in water was
about −30 mV (Figure 3b, red line), thus explaining the high
stability of the colloidal solution, which was confirmed by the
possibility that we had to use them several weeks after their
synthesis. The negative shift of the Z-potential distribution is

Figure 2. TEM micrographs at different magnification of (a−c) MNP clusters from the stock and (d−f) CSMPs. AuNPs with diameter
approximately 15−20 nm are clearly visible on the surface of MNP clusters whose length scale is approximately 250 nm [panels (c,f)].

Figure 3. Black and red colors refer to the aqueous solutions of MNP
clusters and CSMPs, respectively. (a) Size distributions retrieved from
DLS measurements. (b) Zeta potential distributions. (c) Experimental
(solid lines) and simulated (dashed lines) extinction spectra of MNP
clusters and CSMPs, respectively. The extinction peak at 567 nm
signaled the growth of AuNPs onto the MNP cluster surfaces after the
coating process. (d) Hysteresis loops obtained by a VSM. Data are
normalized to the total mass without subtracting the gold
contribution.
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consistent with the typical values of stable AuNP colloidal
solutions in water.26

2.2.4. Optical response. The coating process induced a
color change from brown (MNP clusters, Figure S1a) to
burgundy red (CSMPs, Figure S1b). The presence of AuNPs
on the surface of the MNP clusters was also confirmed by the
spectroscopic measurements (Jenway 6715 UV/VIS spectro-
photometer). The results are shown in Figure 3c, in which the
continuous lines refer to the experimental extinction spectra of
MNP clusters (black) and CSMPs (red), respectively. While
the extinction spectra of the MNP clusters do not show any
extinction peak, the spectra of the CSMPs show a prominent
resonance at 567 nm as a result of the presence of AuNPs. It is
worth to mention that CSMPs solution was cleaned by
magnetic separation several times (Section 2.1) to ensure that
free AuNPs in solution were removed, and only AuNPs grafted
to MNP clusters contributed to the spectrum shown in Figure
3c.
In order to corroborate the experimental results, we

simulated the optical response of an aqueous solution
containing core@satellite particles by the finite-difference
time-domain method,27 which we recently used to simulate
the optical behavior of AuNPs grafted to a virus.28 A detailed
description of the simulation workspace is reported in
Supporting Information (Figure S3a), whereas the results are
shown in terms of extinction cross-section (σext) in Figure 3c
for MNP clusters (dashed black) and CSMPs (dashed red),
respectively.
The excellent agreement between theory and experiment

was achieved by considering MNP clusters as prolate spheroids
(axes lengths 250 nm × 130 nm × 130 nm). The dimensions
were optimized against the experimental MNP cluster
extinction spectra by keeping constant the major axis (250
nm), a value provided by the seller company but also
confirmed by DLS measurements. The optimization procedure
and the dependence of the extinction spectra on the spheroid
dimensions are discussed in the Supporting Information
(Section S3, Figure S3c). It is worth noticing that the
extinction spectrum of MNP clusters is quite sensitive to the
particle geometry; for instance, a sphere with a comparable
dimension yielded a significantly different spectrum (Figure
S3b).
The CSMPs were simulated with AuNPs with a 15 nm

diameter�an average value resulting from the analysis of the
TEM images� and the excellent agreement shown in Figure
3c was achieved with a degree of covering of 85% (Figure
S3d). This result corroborates the claim that CSMPs are made
of MNP clusters coated by AuNPs with a high degree of
covering.
2.2.5. Magnetic Properties. The magnetic properties of

both MNP clusters and CSMPs were assessed with a vibrating-
sample magnetometer (VSM) (DSM 880, Microsense). The
hysteresis loops (Figure 3d) were measured at 300 K, and the
saturation magnetizations turned out to be 55 and 51 emu g−1

for MNP clusters and CSMPs, respectively. The weakening of
the magnetic properties of MNPs when coated with gold is a
well-known phenomena29,30 that arises from the diamagnetic
nature of gold; thus, an unavoidable trade-off between the gold
coating and high magnetic moment has to be reached if MNPs
are to be used in a biological environment. In our case, we
were able to synthesize CSMPs for which the saturation
magnetization was only reduced by 10%. The fragmented
rather than uniform gold coating is one of the main reasons

that make CSMPs a better choice than fully coated MNP since,
in this way, there is no “heavy” diamagnetic layer, and the
initial magnetic properties are essentially kept. In the
biosensing experiment we carried out, the applied magnetic
field was 35 Oe, a value that falls within the linear range of the
hysteresis curve.
2.3. Biosensing Results. 2.3.1. Detection of Human IgG

in Water. The dose−response curve was obtained by
measuring the GMR signal (ΔV·V−1), as described in Section
4.5, at several IgG concentrations. The results are reported in

Figure 4a together with the best fit of the experimental data
provided by the three-parameters Hill’s equation31

V
V

a x
x k

n

n n= [ ]
[ ] + (1)

that yielded a = 4.7 ± 0.5, k = 105 ± 70 ng mL−1, n=0.6 ± 0.1
(negatively cooperative binding), with R-squared equal to 0.98.
The dose-response curve exhibits signal saturation at
concentrations higher than 1 μg mL−1, thus showing that the
MR biochip, in combination with CSMPs, is able to provide a
quantitative measurement over three decades. The error bars
originate from biological variability, and each data point of the
dose−response curve is the result of the average of over 30
values from 2 different chips (one duplicate), each of them
with 15 sensing surfaces. Since each experiment was performed
with a different biochip, the uncertainties reported in Figure 4a
include the chip-to-chip difference arising from the fabrication,
thereby confirming the robustness of the biosensor against the
differences in kit components of the biosensor. Since the
experiments were carried out on different days, the goodness of
fit reported in Figure 4a also demonstrates satisfactory day-to-
day repeatability.
The LOD assessed by means of 3 standard deviation (red

shaded area Figure 4a) turned up to be 2 ng mL−1 (13 pM). It
is worth pointing out that the GMR signal at a concentration in
the order of 1 ng mL−1 is approximately 3 × 10−3, a value

Figure 4. (a) Dose−response curve. Experimental data were fitted to
eq 1. Each data point was duplicated with a different biochip. (b)
Sensor specificity. The signal obtained with Abs other than human
IgG is compatible with blank.
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significantly larger than that obtained with a similar
experimental layout but with “ordinary” magnetic beads.32

The relatively large GMR signal entailed by CSMPs is also
comparable to that achieved by other groups who obtained
approximately 500 ppm at 250 pg/mL for both human IL633

and Human NT-ProBNP.34 However, compared to our
detection scheme (Figure 1), the latter approach required an
additional step since the MNPs tethered the secondary Abs
rather than the analyte.
2.3.2. Specificity Assay. The specificity of the immuno-

sensor was proved by testing the detection of compounds
similar to human IgG by using the same experimental
procedure. Thus, we measured the response of the sensor to
mouse IgG, goat antihuman IgG, and rabbit antichicken IGY
with the same experimental procedure used for the detection
of human IgG but at a higher (500 ng mL−1, i.e., 3.3 nM), as
well as lower (10 ng mL−1, i.e., 67 pM) concentration so as to
circumvent the occurrence of a possible hook effect.
Remarkably, Figure 4b shows that the signals obtained with
analytes other than human IgG were in the same range as the
control signal and significantly different from what was
obtained for the human IgG at the same concentration.

3. CONCLUSIONS
We report the use of CSMPs as a versatile substrate for
efficient detection by a magneto resistive chip. The CSMPs
were realized by inducing gold self-assembling onto a cluster of
MNP so that they could exhibit strong magnetization and high
stability in a colloidal solution. The presence of AuNPs on
their surface allowed us to exploit a gold surface functionaliza-
tion technique (PIT) to tether oriented Abs onto CSMPs,
making them immunoreactive and capable of inducing a strong
response by a magnetic transducer.
In fact, we used CSMPs in a biosensing procedure relying on

an MR biochip to realize a device whose sensitivity is enhanced
by the large magnetic moment of CSMP that is kept even
when they are decorated by AuNPs. As a proof of concept, we
detected human IgG in an interesting range for biomedical
applications (1−1000 ng mL−1) with a LOD of 2 ng mL−1 (13
pM). The target (human IgG) was captured by an MR chip
functionalized with antihuman IgG, and then CSMPs
(functionalized with anti-human IgG) were used to form a
“sandwich.” The close distance between the CSMPs and the
chip surface induced a magnetization change of the SV sensor
that, in turn, yielded a detectable resistance variation (GMR
effect).
As for all the immunoassays, the specificity was very high,

and essentially no signal could be detected with proteins other
than human IgGs. Since the detection principle relies on the
formation of a sandwich, we can safely expect that 13 pM is
still a reachable LOD even when smaller analytes are targeted.
This means that with an analyte of a few hundreds of Daltons,
our biosensor may reach an LOD of a few pg mL−1. Moreover,
thanks to the chip geometry and detection scheme, we point
out that the proposed biosensor inherently lends itself to
multiplexed analysis with up to six different analytes.

4. EXPERIMENTAL SECTION
4.1. Reagents and Materials. The ultrapure water used in

the preparation of any solution was Milli-Q (resistivity 24 MΩ
cm). Tetrachloroauric acid (HAuCl4·3H2O), sodium citrate
(Na3C6H5O7), and polysorbate 20 (Tween 20, C26H50O10)

were purchased by Sigma-Aldrich. All the Abs used for this
study were purchased from ImmunoReagents. Bovine serum
albumin (BSA) was purchased from Pierce. The PEGylated
iron oxide composite particles were purchased from MicroMod
(product name nanomag-D, product code 09-54-252). They
have a core−shell-like structure with a core of magnetite and a
dextran shell. The magnetite core consists of aggregates of
individual iron oxide (magnetite) crystals with diameters of 5−
15 nm. Their dextran surface has been modified with PEG 300
in order to limit the unspecific protein from binding on the
particle surface.
4.2. GMR Sensor Fabrication and Cleaning. The MR

biochip contains 6 sensing regions enclosed in a gold squared
frame (300 × 300 μm2), each one containing 5 U-shaped SV
sensors (80 × 2.6 μm2) coated with a gold pad (35 × 13 μm2)
for a total of 30 SV sensors (Figure S4). The 6 sensitive
regions are arranged in two parallel rows, three on the left side
and three on the right side. The several microfabrication steps
involved in the manufacturing of the SV biochips have been
previously described.35 Briefly, the SV materials were deposited
by an ion beam in a Nordiko 3000 tool36 on a 150 mm
diameter silicon wafer, passivated with 100 nm of alumina
(Al2O3 deposited by sputtering from a ceramic target, with a
power of 200 W, 4.5 mTorr). The SV multilayer structure was
the following: Ta 20 nm/NiFe 25 nm/CoFe 28 nm/Cu 26
nm/CoFe 24 nm/MnIr 70 nm/Ta 50 nm. The sensors were
patterned using direct write laser lithography (Heidelberg
DWL 2.0, diode laser wavelength 405 nm), transferred to the
substrate by ion milling etching [Nordiko 3000, using an Ar+
beam with 29 mA (92 μA/cm2), acceleration V+ = 500 V,
extraction V− = 200 V, at a pressure p = 2.4 × 10−4 Torr and
beam-to-surface angle = 70° for 400 s], and protected with a
350 nm thick Si3N4 passivation layer deposited by PECVD in
an Oxford tool (SiH4 = 20 sccm, N2 = 20 sccm, N2O = 980
sccm, at a pressure of 1 Torr and 300 °C), where the gold pads
deposited were then defined over the sensors. Before every
biosensing experiment, the chips underwent a cleaning process.
The sensing region was rinsed multiple times with ultrapure
water and isopropyl alcohol. Once dried with an air
compressor, they were exposed to an ultraviolet light/ozone
plasma for 15 min at 28 mW cm−2 at 5 mm separation from
the UV lamp inside a UVO cleaner machine from Jelight
(Irvine, CA, USA). The biochips could be recycled several
times using the abovementioned procedure.
4.3. Functionalization Protocol. In this experiment, half

of the sensors were functionalized with goat antihuman IgG (in
order to detect human IgG), and the remaining half was
functionalized with donkey antisheep IgG (negative control).
To the best of our knowledge, this is the first time that the
PIT16 was employed in combination with MR sensors. The
PIT is a powerful and fast methodology whose effectiveness
has already been confirmed in several biosensing applica-
tions.17,18,37,38 It is based on selective UV activation of Abs that
leads to a strong covalent binding to noble metal surfaces that
improve the detection efficiency of the immunosensor,
orienting the Abs with the fragment antigen-binding site
(Fab) exposed to the solvent. The functionalization procedure
via the PIT involved the following steps: (1) a quartz cuvette
containing 1 mL of Abs dissolved in ultrapure water (25 μg
mL−1) was irradiated by UV light lamp (Trylight) for 30 s
(Figure S5), which is the optimal irradiation time for PIT; (2)
immediately after irradiation, the solution was manually
spotted on the chip surface, one droplet covering the 3
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sensing regions (goat antihuman IgG for sensors from 1 to 15,
donkey antisheep IgG for sensors from 16 to 30); (3) the
substrates were left at room temperature inside a humid
chamber for 10 min after which (4) the unbound Abs were
washed with ultrapure water.
Once the unbound Abs were removed, 30 μL of a solution

of 5% BSA was deposited on the surface of the chip in order to
fill any unoccupied area left after functionalization in order to
minimize nonspecific contributions. The chip was incubated
for 1 h, after which it was washed with ultrapure water. Using a
different protocol, the CSMPs were also functionalized by the
PIT. First, a volume of 2 mL of the solution resulting from the
above-mentioned coating protocol was concentrated in a
volume of 100 μL by means of magnetic separation. Separately,
a 100 μL of Abs solution (10 μg mL−1) was irradiated by UV
light for 30 s and later was added in 10 spikes (5 μL each) to
the CSMP solution. The functionalized CSMPs were gently
stirred for 10 min. As a final step, the CSMPs were
magnetically separated from the solution in order to remove
the Abs in excess and resuspended in 10 μL of water to be
conveyed into the microfluidic circuit that crosses the sensors.
4.4. Biochip Setup. The biochip detection platform was

fabricated as previously described.39 Briefly, the system is
divided into five main sections: the chip insertion site, copper
coil for the magnetic drive, battery, USB connector, and box
containing the detection electronic circuit (Figure S6). The
removable microfluidics circuit, made of polydimethylsiloxane
(PDMS), is placed above the chip with the possibility to be
connected to any pumping system. The metal box has the
purpose of shielding the circuits from external signals that
could cause interference with the measurement process.
The platform was built to be an autonomous, versatile, and

secure system able to perform real-time signal processing using
standard communication technologies. To this end, the
detection electronic circuit is composed of three main
modules: a sensing and processing module (SPM), an
autonomous communication module (ACoM), and an
analyzer module (AnM). Thanks to SPM and ACoM modules,
the platform can be directly connected to a PC and fully
controlled using the specially designed graphic user interface
(GUI) (Figure S7). The SPM is equipped with a sensor
interface block that performs multiplexing and conditioning of
the signal of each sensor.39 In particular, the electric current
generator that drives and biases the circuit interrogates each
biochip sensing site independently.
The ACoM module contains a data transfer manager and a

set of standard interfaces for wire and wireless communication.
The transfer manager is responsible for communicating data
and commands from and to the SPM and the AnM. ACoM
controls the state of the battery and recharges it whenever
necessary, draining the energy from external power suppliers or
communication buses (e.g., USB connection to the PC). Both
SPM and ACoM were implemented onto two printed circuit
boards of equal size (32 cm2) and stacked inside a steel noise
shielding enclosure. AnM is the module that has full control
over the embedded system. Taking advantage of the AnM
module, the acquired signals are processed in real time and
transmitted to a digital analyzer that enables the user to control
and follow the experiment. AnM is also responsible for the
capability of the platform to connect to the internet, allowing
communication to remote databases by using WebServices.
All the electronic circuitry for addressing, driving, and

reading out signals from SV or magnetic tunnel junctions

sensors is implemented using off-the-shelf components. The
developed platform is portable (15 cm × 13 cm × 4 cm) and
capable of operating autonomously for nearly 8 h. The battery
can be recharged by the PC using the same connection used to
operate the platform.
4.5. Experimental Procedure. 30 μL of a solution

containing the antigen to be detected at fixed concentrations
was spotted on the sensor, whose surface was functionalized
with Abs and blocked with BSA, as described in Section 4.3.
After being incubated for 1 h, the chip was washed with
ultrapure water and inserted in the specifically designed MR
biochip platform (Section 4.4). A U-shaped PDMS micro-
fluidic channel 800 × 300 μm2 (width × height) was placed
over the chip to transport the functionalized CSMPs over the
sensing area.
The measurements started with a voltage baseline

acquisition of around 5−10 min. When the signal was stable,
the CSMP solution, functionalized and concentrated, as
described in Section 4.3, was conveyed to the microfluidic
circuit by means of a syringe pump (New Era Pump systems)
at a flow rate of 50 μL min−1(Figure S8). The flux was stopped
when the solution completely filled the channel, meaning the
CSMPs were over the sensing area. After 10 minutes, once the
voltage signal of the sensors was saturated, the unbound
CSMPs were washed out with water at a flow rate of 150 μL
min−1 for 5 min. If there were differences between the initial
baseline voltage (Vbaseline) and the final voltage after the
washing (Vwashing), a binding signal ΔV was obtained.
The binding voltage difference (Vbaseline − Vwashing) was

measured both for the detection (ΔVp) and the negative
(ΔVn) control sensors (Figure 5). Then, the mean value of the

voltage variation for the negative control sensors ΔVn was
subtracted from ΔVp for each positive sensor, and finally, each
ΔV was divided by the baseline voltage value of each sensor.
The sensors were biased with a 1 mA CD current, and the
magnetic drive was set to 35 Oe DC. An additional time-
varying magnetic field was employed with 13.5 Oe rms AC at
211 Hz.
For each sensor, a transfer curve, as the one shown in Figure

S9, was acquired. The transfer curve shows the resistance of
the chip versus the applied DC magnetic field from −120 to

Figure 5. Typical dynamic response of the MR biosensor (sensor-
gram). The y-axis shows the potential difference across the chip, and
the x-axis shows the time interval. The green line represents the
response of the sensor in each of the following steps: (I) voltage
baseline acquisition (flow rate 50 μL min−1), (II) CSMPs interacting
with the sensor (static), and (III) washing step (flow rate 150 μL
min−1).
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120 Oe. The magnetic drive field was chosen so as to fix the
working point in the linear region of the transfer curve. The
data were sequentially recorded at a bandwidth of 4 Hz and 2
samples per sensor.
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