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. Introduction

Since the first pioneering work by the Naval Research Labo-
atory group in 1998 [1], magnetoresistive biosensors based on
he detection of biological entities labeled with magnetic beads
ave emerged as a promising new platform technology for biosens-

ng. Giant magnetoresistance (GMR), tunneling magnetoresistance
TMR), anisotropic magnetoresistance (AMR) and Planar Hall Effect
PHE) sensors have been successfully applied to the detection of sin-
le magnetic particles [2–5] as well as to the focusing and detection
f magnetic beads labeling target molecules in a biological sample
6]. In case of GMR devices, the detection of biomolecules with con-
entration down to the femtomolar [7] and zeptomolar [8] ranges
as been achieved employing different techniques. The achieve-
ent of such extremely low limit of detection (LOD) essentially

elies on two factors: (i) the optimization of the biochemistry con-
ected to molecular recognition on the surface area, including the
rocess of labeling with magnetic beads, and (ii) the optimization
f the sensor sensitivity to magnetic beads.
The first issue deals with the implementation of a suit-
ble biological assay for the target molecule (analyte) to be
etected: sandwich immunoassay for proteins, direct single strand

∗ Corresponding author. Tel.: +39 0313327308; fax: +39 0313327617.
E-mail address: daniela.petti@polimi.it (D. Petti).
recognition for DNA or even competitive assays such as in the
case of ELISA. More relevant for magnetoresistive biosensors is the
detection scheme. In the so-called “post-hybridization method”,
initially used by the NRL group and adopted also in the present
work, target biomolecules are labeled with biotin. First, molecular
recognition between probes and targets takes place on the sensor
surface, sometimes using a sandwich assay with the biotin attached
to the second molecule sandwiching the analyte [9]. Then, mag-
netic beads coated with streptavidin are flushed over the sensors,
allowing for a selective labeling of the sensor only where molecular
recognition has taken place. In the magnetically assisted hybridiza-
tion method, instead, target molecules are first labeled with beads
which can then be used to magnetically concentrate the targets
over the sensor area [10]. In this way lower LODs can in principle
be achieved, thanks to pre-concentration, but the perturbation of
the magnetic bead on the molecular recognition imposes the use
of small nanoparticles. In this work, we will not deal with these
biochemical aspects of the assays. Instead we will present an inno-
vative method for patterning DNA probes only over the sensor area.
This is related to the second fundamental issue for achieving a low
LOD: the optimization of the sensor sensitivity to magnetic beads
while keeping an almost linear response to their concentration.
In order to achieve such a high sensitivity, different aspects must
be taken into account. First of all, the working point of the sensor
must be carefully chosen in connection with the shape of the resis-
tance vs. external field sensor transfer curve R(H). The parameter

http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2014.04.055&domain=pdf
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o be maximized in case of lock-in detection and bead excitation
y a small AC magnetic field does not coincide with the sensor sen-
itivity: S0 = (R�0)−1(dR/dH). The highest sensitivity to magnetic
eads is indeed achieved by biasing the sensor in the region of its
haracteristics where the product between the DC bias field and
he second derivative of R(H) is maximum [11]. The second crucial
spect to be taken into account is the position and size of the bio-
ogically active area (i.e. the region where the biological probes are
mmobilized) with respect to the sensor. As it will be discussed in
he following paragraphs, the average magnetic field generated by
he beads over the sensor area strongly depends on their position,
hanging even its sign if generated by a particle inside or outside
he sensor [12]. This raises issues in quantifying the immobilized
eads upon biomolecular recognition, and thus in determining a
traightforward relationship between the sensor signal and the
nalyte concentration. For this reason, controlling the beads distri-
ution over the sensor, via selective patterning of probes, is critical
or achieving a high and linear sensitivity to beads, which in turns
nsures a low LOD.

Over the last decade, several methods for patterning
iomolecules in micrometer size structures have been developed,
uch as micro contact printing [13], capillary force lithography
14], dip pen nanolithography [15] and nano-spotting [16]. A pop-
lar method for defining bio-active regions on magnetoresistive
ensors is based on the selectiveness of thiol chemistry [7]. A
old layer is microfabricated and properly aligned over the sensor
urface, and then selective gold functionalization is achieved
hanks to spontaneous assembly of chemically reactive alkene
hiols only on gold, thus leading to the formation of so called self-
ssembled monolayers (SAM) [17–19]. However, the formation
f a well-assembled monolayer is not always straightforward, as
t strongly depends on the purity of the alkanethiol being used.
he presence of even low levels of contaminants can result in a
isordered, non-ideal monolayer [20]. Furthermore, the additional
tep consisting in the microfabrication of a gold overlayer can
e critical in terms of cost and compatibility with the sensor

ayout. In the great majority of cases, the gold layer constitutes
n additional film above the insulating protecting layer which
nsures biocompatibility and protects the sensor from the wet
iological environment. This contributes to move the beads away
rom the active sensing layer, thus reducing the overall sensitivity.

Alternative strategies, not requiring the physical deposition
nd patterning of gold, consist in the use of photo-activated
sters derived from N-hydroxysuccinimide (NHS) [21]. Pattern-
ng of aminohexyl modified DNA oligonucleotides is achieved
hrough the selective photochemical reaction of a hydrogen-
erminated silicon surface with alkenes functionalized with
-hydroxysuccinimide ester groups [22]. However, this technique

s suitable only to silicon surfaces and the absence of a physical
ask increases the risk of unspecific binding outside the patterned

rea.
In this paper, we present a novel approach to surface functional-

zation with micron or sub-micron resolution, which consists in the
hotolithographic patterning of a polymeric layer suitable for probe

mmobilization deposited by dip coating. The method presents rel-
vant advantages with respect to state of the art techniques. Being
ptical lithography a widely accessible process, available in all
icrofabrication facilities, and providing sub-micron resolution, an

asy scale up to mass production is possible. On the other hand,
he use of a functional polymeric coatings compatible with many
ifferent substrates (e.g. SiO2, Au, SiN, TiO2, . . .) [23] allows for a
igh flexibility and versatility, at variance with thiol-based chem-
stry which is strictly limited to gold. Finally, the use of an entirely
et process, including the polymer dip-coating and wet chemistry

ssociated to photolithography, is fully compatible with low-cost
assive production.
In our method a photoresist pattern acts as a mask for a peculiar
self-adsorbent bioreactive polymer, which binds only to the areas of
the chip surface not covered by the photoresist upon development
in the organic solvent. In this way the subsequent DNA probe immo-
bilization by spotting is effective only in the area coated by the
polymer. The critical point of this approach is the need for organic
solvents during the lithographic process which can denature probes
immobilized on the polymeric coating. In case of DNA probes, how-
ever, their high stability even in organic solvents allows to easily
overcome this issue. Being the polymer stable in acetone, its bio-
conjugation properties are not altered by the photoresist lift-off
process which removes the photoresist while not affecting the DNA
probe functionality for subsequent molecular recognition. In case
labile probes are used, the spotting process can be performed after
the lift-off procedure, so that any harsh chemical treatment on the
probes is avoided. In principle this allows to extend this method to
any kind of probe molecules.

The polymer used in this work is a reactive ter-copolymer
obtained by radical polymerization of N,N-dimethylacrylamide
(DMA), N-acryloyloxysuccinimide (NAS) and 3-(trimethoxysilyl)
propyl methacrylate (MAPS), (DMA-MAPS-NAS).[24] This copoly-
mer, introduced initially to immobilize oligonucleotides on the
surface of microarray slides, suits the present application as (i) it
forms a selective coating on the SiO2 substrate by simple adsorption
from an aqueous solution, not being affected by the photoresists
proximity, (ii) it perfectly withstands lift-off in acetone.

The effectiveness of the proposed bio-patterning technique is
demonstrated in DNA recognition experiments run in a microflu-
idic cell. The magnetic signal arising from molecular recognition
events in bio-patterned sensors is found to be more than two times
higher than in non-patterned sensors. This work demonstrates
the huge potential of optolithographic bio-patterning for improv-
ing the quantification capability of magnetoresistive biosensors
for molecular recognition. Besides, the very same technology for
bio-patterning could be of high interest for many other biosensing
approaches requiring on-chip probe immobilization over selected
areas.

2. Materials and methods

2.1. Sensor and microfluidics

MTJ stacks with the structure (thicknesses in nm from now
on) Si/SiO2(1000)/Ta(5)/Ru(18)/Ta(3)/Ir22Mn78(20)/Co60Fe40(2)/
Ru(1.1)/Co40Fe40B20(3)/MgO(2)/Co40Fe40B20(1)/Ru(5)/Ta(5), were
deposited by magnetron sputtering in an AJA Orion8 system
with a base pressure of 2 × 10−9 Torr. CoFe and MgO layers were
deposited in RF mode, while all the other layers were deposited in
DC mode.

After the stack deposition, arrays of 8 MTJ sensors were fabri-
cated using optical lithography and the same layout as in [11,25].
The junction areas were defined by ion milling in the shape of
rectangles, with lateral dimensions of 2.5 × 120 �m2, where the
shorter side is parallel to the magnetic easy axis of the pinned
bottom reference layer, oriented along the y-axis in Fig. 1A.
After e-beam evaporation of Cr(7)/Au(300) contacts, the samples
were annealed at 330◦ C at a 10−6 Torr pressure for 1 h in a
400 mT magnetic field applied along the positive y-direction. Then,
a SiO2(50)/Al2O3(80)/SiO2(200) multilayer was deposited in RF
mode from SiO2 and Al2O3 targets to electrically insulate the sensor
stack and protect it against fluids dispensed on the chip during the

experiment. The R(H) curve of a MTJ sensor is shown in Fig. 1B, for
H applied parallel to the y-axis. The tunneling magnetoresistance is
50%, while the low-field sensitivity S0 = (R�0)−1(dR/dH) is 12%/mT
in the linear region.



Fig. 1. (A) Optical image of a single sensor showing the geometry of the applied mag-
netic fields. (B) Sensor resistance R(H) measured applying a 10 mV voltage across the
junction. (C) Sketch of the microfluidic system providing also the electrical contact
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were injected into the microfluidic cell at a flow rate of 50 �l/min.
After filling the cell, the pump was switched off and we waited
o the array of eight sensors.

The microfluidic apparatus (Fig. 1C) consists in a click-on cell
omprising a Polycarbonate (PC) chip holder on top of which a
2 mm3 microfluidic chamber is defined by a Polydimethylsilox-
ne (PDMS) gasket and a PC cover equipped with retractable tips
or contacting the bottom and top electrodes of each sensor.

.2. Biochemical reagents

Nanomag®-D, 250 nm diameter streptavidin coated magnetic
eads, 75–80% (w/w) magnetite in a matrix of dextran (40 kD) were
btained from Micromod, Germany.

For the biotin–streptavidin binding and washing, phosphate
uffer (PB) 0.1 M pH 7.4 with 0.02% of Tween20® was used.

TRIS, ethanolamine, SSC, ammonium sulfate, SDS, PBS, N,N-
imethylacrylamide (DMA) and [3-(methacryloyl-oxy)propyl]
rimethoxysilane (MAPS) were purchased from Sigma (St. Louis,

O). N,-acryloyloxysuccinimide (NAS) was obtained from Poly-

ciences (Warrington, PA). Oligonucleotides were synthesized by
WG-Biotech AG (Ebevsberg, Germany).
2.3. Probe immobilization, selective functionalization and
oligonucleotides hybridization

In Fig. 2A the selective bio-functionalization process is sketched.
6 × 120 �m2 rectangles centered over the sensor areas were
opened employing standard inverse optical lithography. After the
spinning of a 1.4 �m thick layer of AZ 5214E photoresist (step
1), the sample underwent a soft baking at 110◦ C for 1′30′′, fol-
lowed by UV exposure (Hg I line (365 nm) of a mercury lamp)
with a dose of 25.4 mJ/cm2 through the photolithographic mask.
Then, the sample underwent the reversal baking at 117 ◦C for 1′40′′

and the flood UV exposure with a dose of 254 mJ/cm2 (step 2).
The sample was then developed for 20′′ in AZ726MIF (step 3). The
chip was then coated with a functional copolymer (step 4) made
of dimethylacrylamide (DMA), N-acryloyloxysuccinimide (NAS)
and 3-(trimethoxysilyl) propyl methacrylate (MAPS), copoly(DMA-
MAPS-NAS). The copolymer synthesis procedure, first introduced
by Pirri et al. [24], was recently revised by Sola et al. [26]. The coat-
ing provides active ester moieties suitable for immobilization of
amino modified oligonucleotides and, at the same time, prevents
non-specific adsorption of biological fluids components. The chip
was immersed for 30 min in a 1% w/v solution of copoly(DMA-
MAPS-NAS) in an aqueous solution of ammonium sulfate at 20%
saturation then rinsed with water and dried under vacuum at 80 ◦C.
The sensor areas were then entirely spotted (step 5) with a 23-
mer synthetic oligonucleotide with the following sequence: 5′-
GCCCACCTATAAGGTAAAAGTGA-3′, modified at the 5′ end with C6
amino linker, giving rise to about 1012 binding sites per cm2 on
the chip surface [24]. The oligonucleotide was dissolved in 150 mM
sodium phosphate buffer pH 8.5 at different final concentrations
(ranging from 1 �M to 1 pM) and spotted using a non-contact
microarray spotter SCENION sci-FLEXARRAYER S5 assembled with
an 80 �m nozzle. Spot volume of each drop, temperature and
humidity were 400 pL, 22 ◦C and 50% respectively. After overnight
incubation in the humid chamber, allowing the oligonucleotide
binding, the photoresist was stripped in acetone (step 6). Finally,
the surface was blocked with a solution of bovine serum albumin
(1% w/v) in phosphate saline buffer (PBS) for 1 h. This treatment pre-
vents non-specific binding of biomolecules during the subsequent
DNA hybridization phase.

In contrast, non-patterned sensors (i.e. the conventionally func-
tionalized sensors) underwent only step 4 and 5 in Fig. 2A, followed
by the final blocking step with BSA.

The sensor chip was then incubated with a
complementary oligonucleotide target of sequence 5′-
TCACTTTTACCTTATAGGTGGGC-3′, labeled with biotin at the
5′ end. The sensor surface was fully covered for 2 h with a 1 �M
solution of the oligonucleotide target dissolved in the hybridiza-
tion buffer (2× saline-sodium citrate (SSC), 0.1% w/v sodium
dodecylsulphate (SDS) and 0.2 mg/ml of BSA). Finally, the chip was
washed for 5 min with the washing solution (2× SSC, 0.1% w/v
SDS), rinsed in 0.2× and 0.1× SSC buffer and dried under a nitrogen
stream.

Reference sensors were spotted (in step 5) with an
oligonucleotide having the same sequence of the target (5′-
TCACTTTTACCTTATAGGTGGGC-3′) but modified at the 5′ end with
a C6 amino linker.

2.4. Magnetic labeling and detection

Magnetic nanoparticles dispersed in phosphate buffer (PB)-
Tween solution (∼108 particles/�l) and coated with streptavidin,
for 15 min to allow particle sedimentation, as well as selective
immobilization over the sensor surface where the target molecules



Fig. 2. (A) Sketch of the optolithographic process for the selective bio-functionalization. (B) Rectangular shapes on a Si/SiO2 substrate, bio-patterned following the same
procedure employed for the selective functionalization of the sensors. The fluorescence signal is given by a Cy3 dye labeling the complementary target DNA. (C) SEM images
of the whole sensor area (top image) and zoomed view of the functionalized area (bottom) after the biomolecular recognition. In this case a 1 �M DNA target concentration
was used. The selectively functionalized area is covered by the nanoparticles (250 nm Nanomag®-D) immobilized on the surface through the streptavidin biotin interaction.
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D) AFM image of the sensor after biomolecular recognition and AFM profile: the pe
he chip.

xposed biotin. Finally, the sensor was washed several times
ith PB/Tween20 to remove unspecific, weakly bound magnetic
anoparticles. During all these operations the magnetoresistive
esponse of the sensor was recorded. As it depends on the magnetic
tray field from the beads, this allows monitoring the concentration
f beads during the detection experiment and correlating it to the
oncentration of the target analyte.

The magnetoresistive signal was acquired through a double
odulation technique in order to improve the sensor sensitivity

nd minimize the 1/f noise [27]. The current through the sen-
ors was modulated at a frequency f1 = 1.101 kHz by applying an
C voltage to the series of a load resistance (2 k�) and of the
ensor connected to ground. The voltage drop across the sensor,
roportional to the sensor resistance, was sent to the lock-in. An
xternal magnetic field Hext was applied parallel to the sensing
xis, which corresponds to the y-direction in Fig. 1B. Hext was the

um of two contributions: a DC field to bias the sensor in the opti-
um point of its characteristics [11] and a small oscillating field

t f2 = 39 Hz to excite the magnetic beads. Thanks to this double
odulation, the sensor signal proportional to the concentration of
m 100 to 200 nm correspond to the nanoparticles that are fragmented after drying

beads above the sensor appears in the output voltage as a compo-
nent at the frequency (f1 ± f2), which can be easily extracted via a
lock-in amplifier.

A multiplexer was used to sequentially address the eight differ-
ent sensors while current was permanently flowing through all the
junctions, in order to ensure a good thermal stabilization.

3. Results and discussion

In order to assess the importance of the beads distribution on the
sensor signal and identify the optimal area of the sensing surface,
we simulated the magnetic field produced by beads at different
positions over the sensor. Following previous works [12], we calcu-
lated the average magnetic field generated in correspondence of the
sensor free layer by a single magnetic bead (MNP) magnetized along
the y-direction, in suspension at a distance z above the chip surface.

The last one is not flat, due to the presence of an additional SiO2
layer (100 nm thick) outside the sensor area (3 �m wide), ensuring
electrical insulation between the electrical contacts and the sensor
plane. In the simulations this is taken into account considering two



Fig. 3. Average magnetic field HDC produced by a single bead on the sensor as a
function of the bead position in the xy plane with respect to the 3 × 120 �m2 sensor
area (in purple). For taking into account the actual geometry of the microfabricated
sensor, we considered two different z-distances from the surface for beads outside
(zo = 700 nm) and upon the sensor area (zu = 600 nm). (For interpretation of the ref-
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Fig. 4. Comparison between the normalized signal from the spotted (A) and selec-

Typical signals from the magnetoresistive sensors during a DNA
rences to color in this figure legend, the reader is referred to the web version of
his article.)

ifferent z-distances for beads outside (zo = 700 nm) and upon the
ensor area (zu = 600 nm). In Fig. 3, the average magnetic field, nor-
alized to the magnitude of the maximum average field Hmax, is

lotted as a function of the MNP position with respect to the center
f the sensor. It is worth noting that the average field has the same
ign as the external magnetizing field when the MNP is outside the
ensor area and opposite sign when the MNP is above the sensor
rea. Therefore, considering a homogeneous distribution of beads
e.g. an infinite monolayer of MNP) at the same height z (constant)
bove the sensor, the positive and negative contributions perfectly
ompensate each other, thus giving rise to a not detectable signal.
urthermore, whereas the signal arising from the MNP above the
ensor area is almost independent on the position, the contribution
f MNPs outside the sensor area strongly depends on the MNP loca-
ion, thus hindering a straightforward quantitative analysis. This
alculation makes clear the importance of a micrometric precision
n the spatial control over the beads distribution, both for maximiz-
ng the magnetic signal and for enabling accurate quantitative data
nalysis (check Ref. [28] for details about the calculations). From
ur calculations, the optimum width of the selectively functional-
zed area, centered on top of the sensor, should be about 3.7 �m.
ndeed, in this condition, the beads within the functionalized area
ontribute to the total field with a signal of the same sign, thus
aximizing their magnetic signal.
In order to experimentally validate these findings, DNA–DNA

ybridization experiments were carried out using patterned
agnetoresistive sensors coated and spotted according to the pro-

edure described above. Before performing the magnetic detection
xperiments on selectively functionalized sensors, the effective-
ess of the selective bio-patterning technique has been assessed
n SiO2/Si substrates and standard fluorescence experiments [29].
ectangular-shaped areas with different dimensions were selec-
ively functionalized with probe DNA and subsequently blocked
ith BSA as described in Section 2.3. The surfaces were then incu-

ated with the complementary target DNA labeled with a Cy3 dye,
ollowing the same procedure employed for the sensors. Fig. 2B
hows the fluorescence image of the patterns observed with a flu-
rescence scanner (ScanArray Lite, Perkin Elmer, MA, USA). The
ffectiveness of our technique in ensuring an extremely high con-
rast in the concentration of biomolecules inside and outside the
atterns is confirmed by the absence of fluorescence outside the

unctionalized area in contrast with the strong signal inside the
atterns. The ratio of the fluorescence intensity (proportional to
he immobilized target DNA molecules) inside and outside the
tively functionalized (B) sensors during a biomolecular recognition experiment. The
binding signal is �SH . In the inset: optical image of the sensor area after sedimen-
tation.

bio-patterned areas is more than 320. In addition, the uniformity
of the fluorescence signal within the single pattern and among dif-
ferent patterns indicates a good control and reproducibility of the
process on a large scale.

Magnetic detection bioassays on both non-patterned and
patterned magnetoresistive sensors have been performed, in order
to compare their performances and correlate the results with the
calculations.

The morphology of the bio-patterned sensor surfaces, after the
molecular recognition assay, was evaluated by Scanning Electron
Microscopy (SEM). Fig. 2C shows images taken at different magni-
fication on the sensor area. In the top part, the whole bio-patterned
region (which is located on top of the sensor area) is uniformly cov-
ered by the Nanomag®-D 250 nm diameter MNP used for labeling.
It is worth noting the almost complete absence of MNP non-
specifically bound to the surface outside the patterned area. In the
bottom part, a zoom-view of the functionalized area shows the
single MNPs and MNPs fragments bound to the surface. The MNP
fragmentation occurs after the drying of the chip due to the fact
that the MNPs are not stable in dry environment. An Atomic Force
Microscopy (Fig. 2D) investigation shows peaks ranging from 50 nm
up to 250 nm, thus confirming the uniform distribution of MNPs
over the functionalized surface. The high specificity of the proposed
method is confirmed by the low root mean square roughness (RRMS)
value of 4.26 nm calculated over a 5 × 5 �m2 non-functionalized
area, which is comparable to the one measured on the bare sample,
before the functionalization process (data not shown).
bioassay are shown in Fig. 4 and 5, normalized to the sedimentation
signal �S. The baseline signal is initially acquired for 15–20 min
and then streptavidin-coated beads are injected and let to settle
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Fig. 5. Normalized signal from the positive (panel A) and reference (panel B) sensors.
A 1 pM DNA target concentration was used. In the reference sensor, the baseline is
own. In our experimental configuration, the bead sedimentation
eads to a decrease in the voltage signal as described in [11]. After
aturation (i.e. full sedimentation), the beads are left to interact
ith the immobilized biotinylated target for 15 min. Finally, the

hip is washed until the signal of the reference sensors in the array
ecovers its baseline and stays stable over time. The difference
etween the baseline and the final signal level in the other sensors

s then proportional to the target concentration.
In Fig. 4 the detection of 1 �M of target concentration in case of

onventional (panel A) and selective (panel B) functionalization is
resented. In the insets, the optical images of the two sensors after
erforming the hybridization and washing steps are shown. The

mmobilized beads cover either the entire spotted area extending
ll around the sensor (Fig. 4A) or only a rectangle above the sensor
ctive area in case of localized functionalization (Fig. 4B).

In both experiments A and B, the difference between the two
aselines, before injecting the beads and after washing, gives the
ignal �SH which is related to the concentration of target DNA
mmobilized on the sample surface. The absolute values of the
ignals, which are related to the same DNA target concentration,
epend on the different sensor sensitivities arising from the intrin-
ic characteristic of each sensor. In order to allow a comparison,
ach �SH signal is normalized to the bead sedimentation signal �S
see Fig. 4).

In case of conventional and selective functionalization, the
SH/�S ratios are 0.37 ± 0.01 for the non-patterned sensor and

.75 ± 0.04 for the patterned one, indicating a twofold increase
n the binding signal on the bio-patterned sensor. This is in nice
greement with our simulation of the sensor response shown in
ig. 3, which takes into account the actual sensor geometry. First
e must consider that, due to some technical limitations, in these

xperiments the selectively functionalized area is about 6 �m wide.
ccording to calculations presented in Fig. 3, we are thus exceeding

he optimum width matching the flat negative part of the sensor
esponse (3.7 �m for our sensor geometry, see above) and par-
ially capturing the opposite signal coming from beads outside the
ctive sensor area. Secondly, the bead distribution is not planar,
ecause of the presence of an additional SiO2 layer (100 nm thick)
utside the sensor area (3 �m wide) (see above). This causes the
eads immobilized over the sensor area to be closer to the sen-
or free layer and to generate a higher signal than those outside,
laced 100 nm above. The different height of beads inside and out-
ide explains why we can detect a non-negligible signal in case of
on-patterned samples. Although a uniform, infinite, planar distri-
ution of beads would give a zero net magnetic signal on the sensor
rea, the beads outside contribute here with a much lower signal
han those upon the sensor area. From Fig. 3, the ratio between
he signal from patterned and non-patterned sensors should be on
he order of 3.6, which is in nice agreement with the experimental
alue of 2 if we consider that the bead distribution in both cases
resents a sort of concentration on the sensor edges due to the
tray field originating from the magnetic layers [11,28]. Apart from
he sensitivity, it is worth noting another difference between the
wo signals. In case of non-patterned sensors (Fig. 4A), the positive
ensor presents an increase of the signal after the initial sedimen-
ation (around 4000 s), which is not a measurement artifact, since
o thermal or electrical drift affect the baselines recorded before
nd after the experiment. Noteworthy, this signal rise is almost
bsent in the selectively functionalized sensors (Fig. 4B for 1 �M
nd Fig. 5A for 1 pM analyte concentration) as well as in the refer-
nce sensors (figure not shown). This suggests that the signal rise
an be ascribed to the rearrangement of the beads upon the sensor

rea due to the chemical interaction with the functionalized sur-
ace. The initial pronounced signal decrease during sedimentation
s due to the focusing action of the stray field of the sensors which
ttracts the beads mainly upon its area [11], giving rise to a negative
recovered after the washing steps, while in the positive one the binding signal �SH

is highlighted. In the inset, SEM images of the two sensors after the experiment.

contribution to the total magnetic field sensed by the sensor (see
Fig. 1B). Once the beads are in close proximity to the surface, a sec-
ond mechanism takes place, i.e. the binding of the beads over the
functionalized surface due to the streptavidin–biotin interaction.
Due to chemically driven bead diffusion over the sensor chip, some
of them move out of the sensor area and are immobilized there
by chemical interaction. The signal rise after 4000 s, in Fig. 4A, can
thus be ascribed to the immobilization of beads outside the sensor
area, which partially cancels the negative signal coming from bead
on top of the sensor. In the bio-patterned sensor this cancelation,
and thus the rise in the signal, is absent because the bead immobi-
lization takes place mainly upon the sensor area, where the beads
contribute negatively to the sensor signal. The absence of this spu-
rious signal evolution in patterned sensors is another advantage
brought by selective bio-patterning.

The slight increase of the signal in the patterned reference sen-
sor (lower panel in Fig. 5), which can be observed about 300 s after
the signal drop due to the initial sedimentation, has a different ori-
gin. It is due to the sedimentation of beads outside the sensor area,
which gives rise to a positive contribution to the sensor signal (see
Fig. 3). The sedimentation outside the sensor area is slower than the
sedimentation upon the sensor area, because of the absence of the
focusing effect of the sensor stray field. Therefore, bead sedimenta-
tion outside the sensor (and thus the slow increase in the positive
contribution to the signal) keeps going also after the sedimentation
on top of the sensor reached saturation.

The good yield of the selective functionalization process and
the reproducibility of the experiment have been confirmed by per-
forming biomolecular recognition experiments on other selectively
bio-functionalized sensor chips, acquiring the signal coming from

three different sensors sequentially. Also, the characteristic curve
of the �SH/�S signal for different target DNA concentrations is
provided (see Supplementary material). Fig. 5 shows the results
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btained on a chip employing the same selective functionalization
rotocol described above, for 1 pM concentration of the target DNA
sed in the bioassay. The sensor and reference signals during the
xperiment are respectively reported in panels A and B of Fig. 5. In
he insets, the SEM images of the sensor surface after the bioassay
re reported. In this case the binding signal �SH/�S is 0.31 ± 0.02
nd is obtained after several washing steps, allowing a full recovery
f the baseline signal in the reference sensor. The absence of beads
n panel B of Fig. 5 confirms that multiple washes are effective in
emoving the non-specifically bound beads. By comparing the �SH

ignals from the positive and reference sensors, after normalization
o the sedimentation signal �S, it is possible to calculate the bioas-
ay signal to background ratio for a pM concentration of the analyte:
/Nb = 23. This clearly indicates that selective bio-patterning cou-
led to our MTJ based magnetoresistive sensors allows to achieve a

imit of detection largely below 1 pM, i.e. in the fM range, without
re-concentration of the target. To our knowledge, while with mag-
etoresistive sensors and assisted hybridization a limit of detection
f 1 fM has been reached [7], without target focusing detection of
NA concentrations only in the pM range [7,30] or higher [31] has
een demonstrated so far. In this context, our results indicate that
oupling selective functionalization with MTJ based magnetic sen-
ors provides a suitable biosensing platform for highly sensitive,
uantitative DNA recognition.

. Conclusions

In this paper we reported on a straightforward photolitho-
raphic technique which allows the realization of micron-sized
io-patterned areas exploiting a lift-off resistant bio-reactive poly-
er. Such technique was employed to selectively functionalize

rrays of MTJ-based magnetoresistive biosensors. DNA detection
ioassays were run in a controlled microfluidic environment, both
ith patterned and non-patterned sensors.

A sizable enhancement of the magnetic biosensing platform
erformances, in terms of sensitivity and signal stability, can be
chieved through the proper selection of the functionalized area.
n particular we observed a twofold increase of the binding signal
rom selectively functionalized sensors with respect to the conven-
ionally functionalized ones. Exploiting selective bio-patterning a
OD below 1 pM has been found in case of DNA detection without
arget pre-concentration. This remarkable result indicates the rel-
vance of our selective bio-patterning method for improving the
uantification capabilities and LOD of magnetoresistive biosens-

ng platforms. In addition, more generally, our approach provides
n easy and effective solution to the present technological need of
ighly controlled immobilization of biomolecules in micron-sized
reas of biochips, biosensors and LOC devices.
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