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Multiplexing in Point-of-Care (POC) diagnostics is crucial for a comprehensive readout of multifactorial
diseases such as cancer or fast-acting complications such as heart attacks. In multiplexed POC (MPOC)
testing, groups of sensors are functionalized with different biological probes, enabling the simultaneous
capture and detection of various analytes. Current literature demonstrates MPOC systems using
microfluidics, capable of compartmentalizing only a few sensing regions. In contrast, miniaturized
robotic spotting (microspotting) theoretically enables the independent functionalization of every sensor
in a microarray. However, its use is still challenging in biosensors which require the combination of
different materials at the surface because microspotted droplets tend to move to areas of higher surface
energy, thus affecting the spotting precision. To counteract this phenomenon, we have combined
shapes of gold-patterned films for the functionalization of magnetoresistive (MR) sensors and
simultaneous trapping of droplets over the sensing regions, previously passivated with silicon nitride
(SisN4). Due to the higher hydrophobicity of gold when compared to SisNg4 the droplets remain
immobilized inside the gold frames and functionalization of the sensors is accurately achieved. With this
strategy, we demonstrate the microspotting of different DNA probes and antibodies and the specific

hybridization and binding of complementary DNA targets and proteins, attached to magnetic beads. This
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Accepted 1st September 2017 combined trapping and functionalization system shows promise in the implementation of MR-based

systems in multiplexing applications. This work can also be of interest to the wider community working
in the development of other surface-based assays, also developed through microfabrication techniques,
as the same trapping methodology is conceivable for adaption to other biochip formats.
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1. Introduction

The implementation of microsystems capable of multiple ana-
lyte detection from a single sample is gaining increased
importance at the Point-of-Care (POC). A recent review pub-
lished by Gerald A. Urban and co-workers broadly highlights the
importance of such systems in POC applications." In compar-
ison to tests performed in centralized laboratories, the use of
miniaturized POC systems enables on-the-spot testing where
the patient needs, rapid analysis, the use of a smaller volume of
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reagents/samples which is, in general, associated with lower
costs.>?

Because of these advantages, miniaturized POC systems are
gaining increased interest in applications where time is critical,
for instance, in the emergent triage of imminent diseases (e.g.
heart attacks);* regions where laboratory facilities are nonexis-
tent and resources are low (e.g., developing countries);* or as
a methodology for analysis of multifactorial diseases such as
cancer for rapid treatment decision.® In most of complex
diseases, the diagnosis of a single biomarker does not provide
a definitive diagnostic and multiplexing approaches are
required.”

Several bio-sensing technologies can be adapted for this
purpose and many formats are available. Although some
exceptions exist, most of the sensor methodologies are broadly
classified into label-based and label-free. In our group, we
research the potential implementation of magnetoresistive
(MR) sensors in bio-sensing applications. MR sensors detect
target entities when attached to magnetic nanoparticles (MNPs)
and are included in the classification of label-based systems.?
When compared to traditional label-based technologies, usually
employing optical labels (e.g. colorimetric, fluorescent or
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chemiluminescent), MR sensors offer advantages in terms of
sensitivity because biological entities and bio-fluids (blood,
urine, serum) naturally lack any detectable magnetic content
and thus, magnetic signals are obtained solely from
magnetically-labeled targets.” In contrast, the excitation and
emission spectra of fluorescent or chemiluminescent labels
may overlap with different biomolecules or optical properties of
the media, generating a background signal, diminishing its
sensitivity, usually problematic in the analysis of low abundant
species from highly complex samples.’* Label-free methods,
such as Surface Plasmon Resonance (SPR), Quartz Crystal
Microbalances (QCM) or electrochemical sensors, present
outstanding limits-of-detection (LOD) and provide real-time
readings." However, as duly noted by J. L. Arlett ad co-
workers, the detection of a given analyte mixed in a pool of
other molecules, i.e. a complex sample, is not straightforward
and the biological noise floor (signal created from the sum of all
the noise sources) largely arises from the non-specific binding
(NSB) of interfering molecules to the surface, possibly leading to
false-positives.™

Thus, apart from surface recognition, target labeling is still
desirable as it grants a second degree of specificity, making the
use of MR biochip-based platforms appealing in bio-sensing.
MR sensors can easily be integrated in cost-effective and
portable systems, providing real-time measurements with high
sensitivity and specificity, similarly to the aforementioned
techniques.'>"*

Because MR sensors are fabricated using typical integrated
circuits (IC) technologies, and in the scope of this work,
hundreds or thousands of biochips can be fabricated simulta-
neously and each biochip can contain as well hundreds to
theoretically thousands of sensors,'>** opening the possibility
of truly developing multiplexed POC (MPOC) systems for diag-
nostic purposes. In this case, each sensor or group of sensors in
an array, must be functionalized with different DNA capture
probes, aptamers or antibodies, enabling the simultaneous
capture and detection of various analytes.

During the last years, various MR biochip formats were re-
ported for the detection of different molecules such as nucleic
acids, proteins, chemical analytes, or other biological entities
such as bacteria, microvesicles or human cells.'”>* However,
although arrays of dozens to hundreds of MR sensors have been
fabricated and reported, the simultaneous multiplexed detec-
tion of analytes has not been yet deeply explored. Current
literature demonstrates MPOC MR biochip systems suitable for
a combinatorial analysis of few samples, aided by the integra-
tion of microfluidics as compartmentalization modules.'”*>?*
Extensive examples comprising other sensing technologies have
also been described, including the already mentioned optical,
SPR and electrochemical sensors.>*2¢ Nonetheless, the focus of
this work centers on expanding the use of MR sensors for
multiplexing purposes due to their large-scale fabrication ease.

Contrarily to the use of microfluidics, assisted miniaturized
robotic spotting (microspotting), enables the independent
biomolecular functionalization of every sensor in an array since
it surpasses the space limitations inherent to the integration of
microfluidics with micropatterned sensors.
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Compared to traditional liquid dispensing systems, micro-
array spotters allow one to dispense extremely small volumes
(50 pL to 950 nL) of biological samples, in microtiter plates, on
glass slides or on polymer-based chips. Microspotters have
proven to be successful and well adapted for the preparation of
conventional DNA microarrays and cell-based matrixes, allow-
ing to save resources and maximize the number of assays per
experiment.””*® However, the integration of microspotting with
most of the emergent microsystem technologies present a few
challenges. All integrated sensing devices, either MR sensors or
other microfabricated technologies, require the deposition of
different thin films and/or micropatterns at the surface for
functionalization and passivation, amongst other functions.***
The presence of different materials gives rise to different
wettability properties along the surface area of a chip. Moreover,
at the microscale, droplets are spherical and surface tension
forces are predominant, making the droplets to move for areas
of higher surface energy (where attractive forces are predomi-
nant), thus affecting greatly the spotting precision.**-¢

To design a stable microspotting methodology, we have
combined the deposition of gold pads over the sensors,
commonly reported by our group as the element of choice for
bio-functionalization,®**** to design as well, patterned gold
traps to enclose the dispensed droplets on top of the sensing
sites, achieving both functions in one step. In various sensing
methodologies (e.g. SPR, electrochemistry, Bio-FETs), gold
surfaces are commonly used as the material of choice for
functionalization. As an example, microspotting of molecules
on gold surfaces of SPR sensors was previously performed.*” We
want to demonstrate, nonetheless, as a step further in the field,
the effect of gold traps in terms of efficient droplet separation
and fixation, compared to similar structures, free of barriers,
and using the same methodology. For this purpose, samples of
DNA probes and antibodies are used and, after microspotting,
the specific hybridization/binding to complementary target
DNA or proteins, previously attached to magnetic beads, is
assessed. We start our study with manual spotting using a DNA
probe-target model previously reported by our group, for vali-
dation and translation to our microspotting technique. Our
study is then expanded for the validation of antibody-protein
interactions, using in overall two different robotic systems
and two types of magnetic nanoparticles (MNPs), namely
streptavidin-coated dextran-based 250 nm and streptavidin-
coated bionized-nanoferrite Texas-Red Fluorescent 100 nm
MNPs.

2. Materials and methods

2.1 Gold patterned substrates and MR sensors
microfabrication

For spotting optimization and validation, three different
substrates made of a bilayer of Ti 5 nm/Au 40 nm were fabri-
cated. One consisted of a monolayer of bare gold, diced in 7 x 15
mm? individual pieces (Disco, DAD-321) (Fig. 1a), and two were
previously passivated with silicon nitride (Si3N,) 300 nm,
defined by lift-off and diced in 7.4 x 7.4 mm?” individual pieces
(Fig. 1b and c). The micropatterned substrates consisted of (b)
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individual gold squares with various dimensions (200 x 200
pm?; 100 x 100 um?; 50 x 50 pm?; 20 x 20 um? and 10 x 10
um?) and (c) several structures of four 10.9 x 40 um? patterns of
gold, mimicking the gold pads deposited on top of MR sensors,
enclosed by gold frames of 300 x 300 pm, 60 pm? wide. All
substrates were meticulously rinsed with isopropanol (IPA),
ultra-pure milli-Q grade water and blown-dried with compressed
air. For further cleaning from residual organic contaminants,
ultraviolet light/ozone plasma was applied for 15 min at 28 mW
cm 2 (UVO cleaner, Jelight™, USA). Two biochip sensor designs
were fabricated, with 30 MR sensors each, arranged in arrays of
six groups of five sensors with the following stack deposited by
ion beam deposition in a Nordiko 3000 tool: Ta 1.5/NiFe 3.6/
CoFe 2.5/Cu 2.1/CoFe 3.3/Mnlr 11/Ta 10 (thicknesses in nm) as
described by Dias et al. 2016.** Each group of MR sensors are
passivated with a SizN, layer of 300 nm and both biochip
configurations include four “bioactive” sensors, with the
described gold layer (40 nm) deposited on top, plus a reference
sensor, without gold and inert for our functionalization chem-
istry (based on thiol-gold interaction) (Fig. 1d). Biochips were
also fabricated with a patterned gold frame of 300 x 300 um?, 60
um? wide enclosing MR sensors in its interior (Fig. 1e).

2.2 Robotic arraying systems

Two microspotting systems were used: (1) the Nanoplotter
NpC2.1 (GeSim™) and (2) the SciFlexArrayer S3 (Scienion™).
Although each system comprises its own user interface speci-
fications, both are composed by: (1) a liquid handling station;
(2) the automated robotic apparatus and (3) humidity and
temperature controllers. Their mechanism of operation relies
on a piezoelectric dispensing non-contact system capable of
handling ultra-low volumes of samples (nano-to picoliter
range). The liquid handling station includes system liquid
reservoirs, tubing and pumps connected to the piezo-

a) b)
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dispensing pipettes used for the automatic washing of the
system and pipette tips, controlled aspiration of the required
volume of samples and spotting onto pre-designated sites at
a substrate's surface. Both automated robotic apparatus are
enclosed by a lid, for environment control, which accommo-
dates different modules: a target tray for handling and posi-
tioning of substrates for spotting; a washing and a drying
station for maintenance of the piezoelectric pipette tips;
a robotic xyz-stage arm where the tips are installed, a cooled
microplate holder where 96- or 384-well plates are positioned to
store the samples used for spotting in different wells. Addi-
tionally, each system comprises a stroboscope and water
sensitive paper to monitor or optimize the drop size, drop
velocity and drop trajectory and a microscope connected to
a CCD camera for image visualization and acquisition of the
formed spots. In the Nanoplotter NpC2.1, a z-sensor tip may be
temporally connected to measure the height distance before
placing the piezoelectric pipette in the xyz stage. The z distance
was adjusted to a separation height of 5297 pm in the Sci-
FlexArrayer S3 and of 42.56 um in the Nanoplotter NpC2.1. A
piezoelectric pipette capable of dispensing 50 pL up to 600 pL
per droplets was used in the Nanoplotter NpC2.1 (Pico-Tip ],
GeSim) while in the sciFlexArrayer a pipette capable of
dispensing 50 pL up to 800 pL per droplets was used (sciDrop
Pico, SciFlex). Both microspotters are controlled by software
products developed by each of the providers. Spotting plans are
created and read by the robotic apparatus which control all
aspects related to the motion of the xyz-stage arms and liquid
handling stations for each microspotting procedure.

2.3 Microspotting process

Although picoliter volumes of samples are dispensed onto each
of the substrates, for a precise aspiration of the samples into the
pipettes, it is recommended to have a substantial volume of
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Illustration of the microfabricated gold and biochip structures. (a) Illustration of a bare gold substrate without micropatterns; (b)

micropatterned gold substrate without frames and passivated with SizN4; (c) micropatterned gold substrate with gold frames surrounding areas
of gold for functionalization; (d) an MR biochip without gold frames surrounding the sensing regions. (e) An MR biochip with gold frames

deposited and enclosing the sensors in their interior.
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samples available. Therefore, prior to the microspotting
procedure, 100 uL of the DNA probe solutions or antibodies, at
the different concentrations used, were dispensed into different
wells of the microtiter plates. TRIS-10 mM-EDTA 1 mM (TE
buffer) complemented with 5% glycerol was the buffer used for
oligonucleotide surface immobilization while for the immobi-
lization of antibodies, phosphate buffer 10 mM pH 7.4 (PB
buffer), supplemented with 5% glycerol was used. Glycerol is
important to avoid the evaporation of the droplets after
spotting.

In this work, two oligonucleotide strands, serving as DNA
probes, were synthesized and purchased from StabVida Portu-
gal, and designated here as SH-Probe115:

(5’SH-TTTTTTTTTTTTTTTGTAGGTACCCTGAGGTCAGG-3')
and SH-Probe247: (5'SH-TTTTTTTTTTTTTTTGATCTGCAG
TGGCTCACGCCTGT-3'). They are complementary, respec-
tively, to DNA fragments ALU115 and ALU247, as previously
validated by manual spotting (T. Dias et al., 2016).>* The
oligonucleotide DNA probe samples were diluted sequentially
to 10 uM, 5 uM, 3 uM and 1 uM in TE-buffer and used for the
microspotting, immobilization and hybridization assays on
gold-patterned substrates and biochips. Purified anti-human
fibronectin antibody was microspotted over prepared
biochips for the capture of cellular fibronectin (c-Fn) and later
detection using a biotinylated anti-human fibronectin anti-
body attached to magnetic beads in a magnetic sandwich-like
assay. A non-related human fibronectin antibody anti-human
platelet derived growth factor-CC (PDGF-CC) was also micro-
spotted and used as a negative control (all purchased from
Immunostep™). The antibodies were diluted to a concentra-
tion of 250 ug mL™" in PB buffer.

Both systems were optimized for the spotting of 10 droplets
of 56 pL each, making a total volume of 560 pL per spot. For
these conditions, the nozzle piezoelectric parameters were
adjusted to a voltage, pulse width and frequency of 44 V, 17 ps
and 100 Hz for the Nanoplotter NpC2.1 and 87 V, 56 us and
500 Hz for the SciFlexArrayer, respectively in the piezoelectric
pipette to dispense the droplets.

The temperature and humidity were controlled by a chilling
and a humidifying system connected to the Nanoplotter
chamber and maintained along the experiments. It was found
that a temperature of 17 °C and a relative humidity of 60% was
able to prevent the condensation of water molecules inside the
target chamber and prevent the evaporation of spotted samples,
achieving therefore an equilibrium state important for surface
functionalization during an incubation period of 2 h. The
surface was blocked with bovine serum albumin (BSA) 1% to
avoid unspecific adsorption outside the bioactive sensing
regions (the gold pads) before the microspotting of the anti-
bodies. DNA does not adsorb to silicon nitride (Si3N,), thus BSA
was only used, at 5%, in the experiments performed on bare gold
substrates. Between the spotting of different probes or anti-
bodies, the tip of the pipettes was cleaned by series of automatic
immersions in the washing units and dried after. Before the
spotting of each sample, functionality tests were also performed
during the procedure, using the stroboscope and the water
sensitive paper test, to optimize the droplet dispensing. The
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stroboscope analyzes the droplets shape and dispensing effi-
ciency (flow of the fluids and if any time delay is observed which
could be explained by the formation of air bubbles). The water
sensitive paper test evaluates if (after passing the stroboscope
test) the alignment of the dispensed droplets was correct.

All structures were symmetrically spaced from each other. The
center-to-center spot spacing was 300 um for the gold patterned
structures depicted in Fig. 1b and 500 pm for the gold patterned
structures in Fig. 1c and sensors shown in Fig. 1d and e.

2.4 Biomolecule target conjugation with 250 nm and 100 nm
MNPs

By asymmetric PCR, single-stranded ALU115 and ALU247 bio-
tinylated targets were prepared. The reaction mixture, amplifi-
cation program and purification method are provided in the
ESL Streptavidin-coated 250 nm (Nanomag-D 250 nm) and
100 nm (BNF-Dextran-redF) MNPs (supplied by Micromod™)
were washed from stocking preservatives with the aid of
a magnetic concentrator (DynaMagTM-2 supplied by Invi-
trogen) following a standard procedure and using PB-buffer
during the process. The MNPs were diluted 10x from the
stock concentration in PB-Tween-20 0.05% buffer. From the
prepared suspension of beads, 10 pL were placed in contact
with 1 pL of the solution containing the amplified DNA frag-
ments at a concentration of 50 ng uL~" (measured using the
NanoValue Plus Spectrophotometer, GE Healthcare). To main-
tain consistency within the experiments, the biotinylated anti-
human fibronectin antibody was diluted to 50 ng pL~" and all
the samples were incubated with MNPs for 1 h at RT and under
agitation. After functionalization of the MNPs with antibodies,
a step for blocking with BSA 5% was performed during an
incubation period of 40 min. At last, a final step for the capture
of the magnetically labeled DNA targets and antibodies was
performed by placing them on the magnetic concentrator and
discharge of the reminiscent supernatant before the resus-
pension of the conjugates in 10 uL of PB-buffer.

2.5 DNA hybridization and protein binding with surface
microspotted probes

The complexes of MNPs attached to DNA molecules were
dispensed over previously prepared gold substrates and biochips
and were let to settle down and react for 45 min in a humid
chamber. For the antibody-protein assays, 1 pL fibronectin
(10 pg mL™") was manually spotted over the surface function-
alized sensors and incubation occurred for 45 min before
dispensing the MNPs conjugated to biotinylated anti-fibronectin
antibody. After incubation, in both cases, washing of the
unbound or weekly bound complexes at the reactionary surfaces
was performed. The density of beads over the gold substrates or
biochips was analyzed by optical or fluorescent microscopy.

2.6 Optical microscopy and image] analysis

The gold substrates and biochips were analyzed by optical
microscopy. The accumulation of MNPs due to the specific
hybridization of DNA targets or specific sandwich binding of
antibodies to fibronectin can be visualized by the density of

This journal is © The Royal Society of Chemistry 2017
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beads in the formed spots. To further and more accurately
analyze the MNPs density on the gold surfaces, Image] was
used. Images from outside the microspotted areas were
analyzed and used as the background reference values for
comparison with the spotting densities on the microspotted
areas. A relative surface coverage density was determined. The
percentage values obtained with Image]J are not absolute values
but represent a relative comparison among different spots
(equally analyzed).

2.7 Fluorescent microscopy analysis

Fluorescent microscopy was employed for discrimination
between MNPs and residual salts at the surface using the
streptavidin-coated bionized-nanoferrite Texas-Red Fluorescent
100 nm MNPs. Wide-field Fluorescence Microscopy was
employed, by excitation of Texas-Red using an upright micro-
scope for excitation and emission at appropriate wavelengths for
wide red spectrum analysis (Nikon™). After computer digitali-
zation, fluorescent images were recorded and analyzed.

2.8 Contact angle measurements

The contact angle () of TE and PB droplets on gold and SizN,
substrates was measured in a Drop Shape Analyzer DSA100
(Kruss) using the sessile drop method. Constant volumes of
2 pL were manually spotted over the surfaces after cleaning with
isopropanol, Mili-Q water and UV-ozone exposure for 5 min at
55 °C. Droplet profiles were automatically detectable, and the

analysis was recorded using the DSA3® software. All
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measurements were performed at room temperature and the
droplets were fitted to the Young-Laplace equation.

3. Results and discussion

3.1 Microspotting enables surface functionalization and
biomolecule capture

Initially, the hybridization of conjugates SH-Probe115-ALU115
and SH-Probe247-ALU247 and the non-specific interaction of
SH-Probe115-ALU247 and SH-Probe247-ALU115 was assessed
by manual spotting on bare gold substrates (Fig. 1a and 2a). The
fragments ALU115 and ALU247 were previously attached to
250 nm MNPs (as explained in the Materials and Methods
Section 2.3). As expected, complementary conjugates of manu-
ally spotted DNA probe-target fragments hybridized as seen
through the accumulation of magnetic beads on the spotting
areas (brighter spots) while the conjugation of probes with non-
complementary targets led to an insignificant accumulation of
beads on the spotting areas (darker spots). The experiment was
further extended for microspotting to assess if the hybridization
behavior of the conjugates were comparable at the microscale. A
spotting plan was created (Fig. 2b) and employed directly on
bare gold substrates for hybridization with target ALU115
without blocking (Fig. 2c) or after blocking the gold free spaces
at the surface with BSA 5% (Fig. 2d). In both cases, SH-Probe247
was microspotted in rows identified as A and A’ and SH-
Probel15 in rows identified as B and B’ (duplicates in both
cases). Four different concentrations of DNA probes were
dispensed according to the spotting plan, 10 uM, 5 uM, 3 uM

1 2 3 4

SH-probe 247 SH-probe 247 SH-probe 247 SH-probe 247
A (10 pM) (5 uM) (3pM) (1pM)

SH-probe 247 SH-probe 247 SH-probe 247 SH-probe 247
A (10 pM) (5uM) (3pM) (1uM)
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Fig. 2 Manual spotting and microspotting for DNA capture. (a) Manual spotting of 1 uL of SH-probes 115 and 247 (5 pM) on two bare gold
substrates and (left) reaction with target ALU115 and (right) reaction with target ALU247. (b) Plan designated for translation of manual spotting into
microspotting. (c) Microspotting assay for immobilization of DNA probes and reaction with complementary and non-complementary targets
ALU115 and ALu247. (d) Microspotting assay for immobilization of DNA probes and reaction with complementary and non-complementary

targets ALU115 and ALU247 using BSA 5% as blocking agent.
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and 1 uM, respectively identified by 1, 2, 3 or 4. DNA sponta-
neously adsorbs to gold if free spaces are available at the
surface. Because no blocking agents were utilized in the
experiment correspondent to Fig. 2c, target ALU115 adsorbed
outside the microspotted areas, accumulating as well in those
regions the conjugated magnetic beads. In Fig. 2d, no adsorp-
tion of DNA outside the microspotted areas have occurred due
to the blocking with BSA. In the microspotted areas, a higher
blocking efficiency for the unspecific cross-reaction or adsorp-
tion of ALU115 was achieved by increasing the concentration of
non-complementary probe SH-Probe247 whereas by increasing
the concentration of the complementary probe SH-probe115 an
increased capture of specific target fragments occurred. This
experiment corroborates our previous findings on the role of
DNA probes as simultaneous blocking agents of unspecific
fragments and capture of specific targets if used at optimal
conditions, without the need of blocking agents.** Moreover, we
proved that microspotted DNA probes retain their functionality
in terms of surface binding and specific target recognition
(Fig. 2c and d). In cases where blocking agents are required,
microspotting is proved to be equally compatible.

Spotting target
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3.2 Spotting precision is affected by the combination of
different materials at the surface

After analyzing the suitability of the microspotted probes for
surface immobilization and efficient target capture, we analyzed
the effect of the surface materials present in our biochips for the
precise spotting of samples as an initial approach for multi-
plexing. At first, and to show that when microspotting is per-
formed on a monolayer of a single material (the bare gold
substrates), the surface energy is homogenous throughout the
substrate and the dispensed droplets remain immobilized
accurately on the spotted sites (Fig. 3al). However, when two or
more materials are used and micropatterns are designed
(Fig. 1b and c), droplets show a different behavior. The images
presented in Fig. 3all, show the exact same amount of volume
dispensed per spotting site (560 pL total) as in Fig. 3al, however,
these structures combine gold and Si3;N,, at the surface, to
simulate the surface materials found in our MR biochips. In all
images shown, the Nanoplotter NpC2.1 was programmed to
spot directly on top of the gold structures. However, as can be
observed (Fig. 3al-III), the droplets moved out of the spotting
areas towards the SizN, and, at times, joined together, proving

Trapped droplet

Droplet movement from spotting position

d)

&

Particle agglomeration after microspotting

=
3

~
o

MNPs surface coverage (%)
% 8

Complementary
SH-Probe115-ALU115

Non-complementary
SH-Probel115-ALU247

Fig. 3 The effect of surface materials and micropatterns on spotting precision. (a) Microspotting of TE-buffer on a bare gold substrate. Droplets
remain immobilized on the dispensing sites as there are no variations in surface energy along the substrate. (b) I, Il and Ill — microspotting over
microfabricated gold structures passivated with SizN4. Droplets move out of the gold structures towards the silicon nitride surface. (c) I, land Ill —
structures showing the microspotting of droplets inside micropatterned gold traps designed to enclose sensors in their interior. (d) Image
showing a biological assay when the structures in (c) were functionalized with SH-probel15 and interaction with complementary target fragment
(left) and interaction with a non-complementary fragment (right). (e) ImageJ quantification of the particles aggregation after complementary
binding and non-complementary interaction with target fragments.
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how standard microspotting in biochips is rather difficult to
implement in MPOC testing for analysis of different analytes.

Taking advantage of the seemingly higher hydrophobicity of
gold in comparison to Siz;N,, we fabricated trapping structures
made of gold as an attempt to immobilize the dispensed
droplets inside these traps and to promote the contact of the
samples with the gold pads deposited on top of the MR sensors,
used for surface functionalization. As can be seen in Fig. 3c(I-
III), the droplets containing DNA probes remained trapped
inside the gold microfabricated structures and are also func-
tional for hybridization with complementary target DNA
(ALU115) while they block the non-complementary target
(ALU247) (Fig. 3d and e).

3.3 Surface-liquid contact angle measurements

To support our results and to prove that gold films can be used as
a trapping system to enclose droplets of samples when Si;N, is
used as a passivation layer, contact angle measurements of the
buffers used in our experiments for DNA immobilization

a)

View Article Online
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(TE-buffer) and antibody immobilization (PB-buffer) in contact
with bare gold substrates and bare Si;N, substrates were per-
formed (Fig. 4). A contact angle (6) of 27.3 + 0.6° was obtained
when PB buffer was placed in contact with gold substrates
(Fig. 4a and e); 25.6 + 0.7° when TE buffer was also placed in
contact with gold substrates (Fig. 4c and e); 14.3 + 0.3° when PB
buffer was placed in contact with Si;N, substrates (Fig. 4b and e)
and, finally, 19.3 &+ 0.5° when TE buffer was placed in contact
with Si;N, substrates (Fig. 4d and e). Despite of the relatively
different contact angle of TE buffer and PB buffer in both
surfaces, they vary accordingly when placed over the gold or Si;N,
substrates.

The higher contact angle measured for the interfaces with
the gold substrates when compared to the interfaces with Si;N,
suggests that the droplets would likely remain trapped inside
the gold traps, in contact with the SizN, as the higher the
contact angle is, less are the chances for the liquid droplets to
spread out onto the surface, justifying why the gold traps

e
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ol e

PB buffer in Si;N, surface
0 =14.2°
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Fig.4 Contact angle measurements of 2 uL droplets of TE buffer and PB buffer over gold (Au) and SizN,4 substrates. (a) PB buffer sample in a Au
surface; (b) PB buffer sample in a SizsN4 surface, (c) TE buffer sample in an Au surface, (d) TE buffer sample in a SizN4 surface. (e) Contact angle

measurement for various samples (min = 6; max = 16).
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effectively prevent the microspotted droplets from moving in
contrast to when they are absent.

Additionally, despite of the higher contact angle between the
droplets and the gold substrates, the measured values are small,
meaning that the molecules in the liquids will preferentially
interact with the surface, justifying why gold can be combined
simultaneously for trapping of molecules and be used
successfully for surface functionalization.

3.4 Patterned gold traps opens a new multiplexing approach
in biochips

As mentioned so far, our MR biochips have gold films deposited
for surface functionalization and SizN, for passivation of the
surrounding areas. However, our MR biochips are more
complex than the substrates mentioned so far, as they encom-
pass as well a combination of ferromagnetic and non-magnetic
materials for sensor fabrication along with aluminum contacts
which altogether may exert additional effects on the dispensed
droplets. To validate our previous results, we have performed
the microspotting of DNA probes and antibodies on biochips
designed with and without the gold traps (Fig. 5al and blI).

a) No trapping
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The same amount of liquid was dispensed on all assays.
Fig. 5all and bII represent the spotting of DNA probes in TE-
buffer. Without the gold traps, all droplets ended up moving
from the spotting position, losing contact with the sensors for
functionalization. The effect on droplet stability over the
dispensed sites in the presence of the traps is clearly shown.
Moreover, in Fig. 5alll apart from the spotting of DNA probe
samples in the left column, antibodies diluted in PB buffer were
microspotted and all droplets, undesirably, mixed together. In
Fig. 5bIII the use of gold traps prevented the droplets to spread
out and mix.

3.5 Specific target binding to microspotted probes

Finally, the microspotted DNA probes and antibodies were
reacted with MNPs conjugated to complementary DNA frag-
ments and fibronectin plus the conjugates of beads attached to
biotinylated anti-human fibronectin antibody. Analysis of the
results show that positive signal was obtained, as expected, after
incubation of complementary probe-target DNA and negative
after incubation of non-complementary probe-target (Fig. 6a).
The same occurred for the binding of fibronectin at the surface.

b) Trapping system

1)

)

Fig. 5 Microspotting of droplets in biochips. (a ) The biochip system without gold micropatterned traps. (a Il) Image showing the microspotting
of DNA probe samples over the sensing regions. All the droplets moved out from the designated spotting regions as signalized in the image. (a Ill)
Microspotting of DNA probe samples (left) and antibody samples (right). In the left column, the droplets moved from the dispensed sites and out
of contact with the sensors and in the right column (microspotting of antibodies), different solutions mixed together. (b I) The biochip system
with the gold micropatterned traps. (b Il) Image showing the microspotting of DNA probe samples accurately inside the gold micropatterned
traps and in contact with the sensors for functionalization. (b Ill) Image showing the microspotting of antibody solutions and their fixation over
the gold microfabricated traps.
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a) ALU247 detection b) Fibronectin detection
250 nm MNPs T-Red 100 nm MNPs 250 nm MNPs T-Red 100 nm MNPs
Positive Positive Positive Positive

N

Negative Negative

Negative Negative

Fig. 6 Multiplexing target analysis after microspotting and target binding attached to 250 nm magnetic beads and 100 nm fluorescent magnetic
beads Texas-Red. (a) SH-Probe247 was microspotted over the sensors demonstrated as positive assays and SH-Probell5 was microspotted over
the sensors demonstrating a negative assays. A solution of target fragment ALU247 previously attached to magnetic beads was put in contact
with the surface of the biochip and hybridization occurred with complementary SH-Probe247 as seen through the agglomeration of beads over
the sensors and through fluorescence analysis (positive) and no hybridization occurred with SH-probel15 (negative). (b) Anti-human fibronectin
antibody was microspotted over the sensors demonstrated as positive assays and a non-related anti-human platelet derived growth factor-CC
antibody was microspotted over the sensors demonstrating a negative assays. Target cellular fibronectin was immobilized over the function-
alized sensors and an anti-human fibronectin antibody previously attached to magnetic beads was put in contact with the surface of the biochip
and target binding occurred in a sandwich-like assay when the sensors were functionalized with anti-human fibronectin antibody as seen
through the agglomeration of beads over the sensors and through fluorescence analysis (positive) and no target binding occurred when the

sensors were functionalized with anti-human platelet derived growth factor-CC antibody (negative).

After incubation, fibronectin successfully attached to the
microspotted anti-human fibronectin antibody while it did not
interact with the non-related antibody anti-human platelet
derived growth factor-CC (Fig. 6b). Both for DNA and protein
detection, efficient droplet fixation and surface functionaliza-
tion was thus achieved showing that this methodology may
overcome the challenges associated to the microspotting and
multiplexing over complex microfabricated structures.

4. Conclusions and future work

Our initial attempts to perform microspotting of different
droplets on top of the sensors, were inconsistent or failed, as the
droplets moved out of the sensors surface region and/or
different droplets ended up mixing together. By realizing that
the droplets were moving preferentially towards the SizN,, we
took use of our established method for gold deposition over the
sensors surface for the fabrication of traps that could increase,
in a restricted space, the contact of the droplets with the SizN,
but, at the same time, promoting as well the contact with the
sensors for functionalization. With this work, we prove that
simply by combining gold structures as traps and pads for
functionalization (in a single step) with the aid of robotic
spotting, various sensors can be functionalized with different
probes for the capture of various molecules, as much as needed,
for the demanding applications in MPOC of multifactorial
diseases as it will allow to perform the correlation of a panel of
different biomarkers in a single biochip. With the prepared gold
traps, there are no additional costs or fabrication steps
involved. As for the future, we are using this methodology for

This journal is © The Royal Society of Chemistry 2017

the analysis of a relevant panel of six different proteins for rapid
response to stroke attacks. If successful, it will prove to be an
advance in the field of MPOC systems and a step towards their
implementation in pre-clinical and clinical test studies.
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