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Abstract

Detection of reagent-free specific biomolecular interactions through sensing of nanoscopic
magnetic labels provides one of the promising routes to biosensing with solid-state devices. In
particular, Hall sensors based on semiconductor heterostructures have shown exceptional magnetic
moment sensitivity over a large dynamic field range suitable for magnetic biosensing using
superparamagnetic labels. Here we demonstrate the capability of such micro-Hall sensors to detect
specific molecular binding using biotin-streptavidin as a model system. We apply dip-pen
nanolithography to selectively biotinylate the active areas of InAs micro-Hall devices with
nanoscale precision. Specific binding of complementarily functionalized streptavidin-coated
superparamagnetic beads to the Hall crosses occur via molecular recognition, and magnetic
detection of the assembled beads is achieved at room temperature using phase-sensitive micro-
Hall magnetometry. The experiment constitutes the first unambiguous demonstration of magnetic
detection of specific biomolecular interactions with semiconductor micro-Hall sensors, and the
selective molecular functionalization and resulting localized bead assembly demonstrate the
possibility of multiplexed sensing of multiple target molecules using a single device with an array
of micro-Hall sensors.
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1. Introduction

Biomolecular sensing platforms based on solid-state devices and electrical/magnetic
transduction offer many potential advantages over existing assays that employ optical
signatures, such as fluorescence. Most significantly, they promise unprecedented speed and
portability and may be valuable for applications including rapid, in-home medical diagnosis
and battlefield detection of biological/chemical agents. Detection of specific biomolecular
interactions through sensing of nanoscopic magnetic labels provides one of the most
promising routes towards biosensing with solid state devices [1-12]. Among these, Hall
sensors based on semiconductor heterostructures have shown exceptional magnetic moment
sensitivity over a large dynamic field range suitable for magnetic biosensing using
superparamagnetic labels [9-12]. Important general attributes of semiconductor
microelectronics, such as high performance/sensitivity, high-density integration, and mass
manufacturability, make it technologically and economically attractive to explore their use
as ultrasensitive, real-time, portable and inexpensive biological sensors. A necessary step in
realizing biosensing is the integration of chemical and biological (soft) molecules with solid
state devices. Typically, the active area of a device should be decorated with linker
molecules, and the binding of complementary target molecules then lead to an electrical or
magnetic signal. So far, the functionalization and assembly processes in magnetic sensors
involve blanket assembly of linker molecules on the device without any specificity to the
active region of the device. This scheme may be usable in the detection of a single type of
target molecules; however, simultaneous detection of multiple target molecules using a
single device with a sensor array requires selective functionalization of each sensor with
respective linker molecules. Figure 1 shows the schematic diagrams depicting the magnetic
sensing schemes for labeled and label-free biomolecules. In both cases, linker molecules
(e.g., DNA strands, antibodies, etc.) are first deposited on the active area of a device. In the
case of detection of labeled molecules, the target molecules (complementary DNA strands,
antigens, etc.) are attached to magnetic particles. Selective assembly of the magnetic
particles onto the device through specific molecular binding, detected magnetically, verifies
the presence of the complementary target molecules as shown in figure 1(a). Figure 1(b)
shows a scheme for detection of label-free biomolecules by functionalizing the device and
magnetic particles with two different, non-interacting molecules, both of which are
complementary to different parts of the target molecule. A magnetic signal can be obtained
only when the label-free target molecules are present in the solution.

Constant miniaturization and nanoscale engineering of solid-state devices have resulted in
remarkable improvement in their sensitivity. Of the magnetic sensors, magnetoresistive and
Hall devices offer the best room-temperature performance and are most adaptable for
operation in an agueous environment. Miniaturized magnetoresistive and Hall devices both
offer high room-temperature magnetic moment sensitivities adequate for the detection of
individual micron and even sub-micron magnetic particles [8, 12—14]. Comparing the two,
magnetoresistive devices typically have better magnetic field sensitivity but their response
saturates at low applied magnetic field; Hall sensors, especially those based on
semiconductor heterostructures, offer exceptional magnetic moment sensitivity over a large
dynamic field range which is particularly useful in enhancing the detectable magnetic
moment of superparamagnetic beads [9-12]. So far, magnetic detection of micron or sub-
micron sized beads with excellent sensitivity has been demonstrated with both types of
sensors, and prediction of detection of much smaller magnetic particles has been made. Until
now, however, the magnetic beads were either physically placed on a device’s active region
utilizing a micromanipulator [11, 12] or assembled via non-selective blanket self-assembly
[10]. The non-selective assembly presents a significant drawback if these devices are to be
used in practical multiple target sensing applications. Assembling biomolecules onto
selective areas of micro- and nano-scale devices has been one of the major challenges in
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developing solid-state devices for biological sensing involving finite numbers of magnetic
nanoparticles or beads. For magnetic sensors, this difficulty restricted investigations to
statistical counting of an ensemble of particles on the device’s active region [15]. The
development of various tools for parallel or serial deposition of organic molecules - micro-
contact printing (uCP) [16-18], and dip-pen nanolithography (DPN) [19-21] in particular —
has made highly specific assembly of biological molecules onto the active area of micro-
Hall devices with nanoscale precision and registry possible.

Herein, we detect superparamagnetic beads tethered to the active regions of a micro-Hall
device through biotin-streptavidin linkage. The biotin-streptavidin system is used as a model
system due to specificity of the interaction, its implications on other ligand-receptor pairs,
and its widespread use in linking other biomolecules. We apply DPN to selectively
biotinylate the active areas of InAs micro-Hall devices with nanoscale precision to create a
bio-molecular template for the attachment of streptavidin-coated superparamagnetic beads.
Specific binding of complementarily functionalized, streptavidin-coated superparamagnetic
beads onto the biotinylated micro-Hall crosses occur via biomolecular recognition. Magnetic
detection of the assembled beads using ac phase sensitive Hall magnetometry [12], much
smaller in size in comparison to those reported in literature, is achieved at room temperature.
The experiment constitutes an unambiguous demonstration of magnetic detection of specific
biomolecular interactions with semiconductor micro-Hall sensors; in particular, the selective
functionalization, specific assembly, and successful magnetic detection have demonstrated
the efficacy of the micro-Hall devices as a sensing platform for simultaneous detection of
multiple molecular targets.

2. Experimental Details

Commercial magnetic beads (Bangs Laboratories, Inc.) were first characterized using
scanning electron microscope (SEM), superconducting quantum interference device
(SQUID) magnetometry and x-ray diffraction (XRD) to determine the size of the beads, size
and type of the constituent nanoparticles, magnetic moment of the nanoparticles, etc. The
quality of streptavidin coating on the beads was verified via biotinylation of a plain Au
surface, attachment of the streptavidin-coated beads and further biotinylation with
fluorescently labeled biotin. Fluorescence was observed only in the presence of streptavidin-
coated beads, confirming biotin-streptavidin binding. The beads, which consist of
superparamagnetic nanoparticles embedded in a polymer matrix, are widely used for tagging
biological molecules. SEM experiments showed that the beads used in our experiments had
diameters ranging from ~150 — 250 nm, and consisted of Fe304 nanoparticles as confirmed
from XRD. The mean diameter of the latter was determined to be 15 nm by fitting the
measured magnetization of the beads to the Langevin function. The nanoparticles are
distributed in a sphere of non-magnetic matrix covered with a shell of dextran, and
functionalized with streptavidin which can be used for assembly via biotinylated ligands.
For the assembly and detection, we first established the specificity of the surface chemistry
and the yield of the bead self-assembly on macroscale substrates, then worked out the
precise procedure for selective functionalization of micro-Hall devices by DPN on patterned
mimic structures, and finally demonstrated directed self-assembly and magnetic detection of
biologically tagged superparamagnetic beads on actual InAs QW micro-Hall devices.

2.1. Large scale directed assembly of biologically functionalized beads

To identify the appropriate surface chemistry and optimal concentration of streptavidin-
coated beads in the solution, and also to obtain bead assembly with macroscale regularity
while controlling the average number of beads in each pattern and minimizing nonspecific
binding, we first performed millimeter-scale assembly of streptavidin-coated magnetic
beads. We used two different methods - uCP and DPN - for generating organic molecular
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templates with self-assembled monolayer (SAM) of 16-mercaptohexadecanoic acid (MHA)
on Au substrate. uCP is a suitable method for generating microscale molecular templates
over macroscale area, limited only by size of the mold used for the fabrication of
elastomeric stamp [22]. The elastomeric stamp was fabricated from polydimethylsiloxane
(PDMS) from Dow Corning Corp (Sylgard 184) [23]. To make a patterned stamp, PDMS
was thoroughly mixed with the curing agent at a ratio of 10:1 by weight and the mixture was
poured onto the photoresist master mold generated via photolithography on Si substrate. It
was then cured at 60°C for 12 hours. The stamp was sonicated in acetone after having been
peeled off from the master and rinsed in ethanol. It was then coated evenly with MHA
molecules by applying 1 mM MHA solution (in ethanol) using a cotton swab. To remove
excess molecules on the surface, the stamp was lightly rinsed with ethanol and blown-dry
with dry N. The substrate used for the molecular template was Si/SiO, with thermally
deposited film of 5 nm Ti/20 nm Au. MHA templates were created on Au by bringing the
MHA-coated elastomeric stamp in contact with the Au substrate for 8 seconds. Finally, the
sample was immersed in 1 mM 1-octadecanethiol (ODT) solution (in ethanol) for 2 min to
passivate the areas without MHA molecules.

Chemisorption of thiolated molecules such as MHA and ODT when they come in contact
with a Au surface results in a very stable molecular platform for hierarchical directed
assembly of biological molecules [24]. Due to the high yield of molecular template
patterning on macroscale, pCP offers a clear advantage for studying surface chemistry
because it readily enables the examination of reproducibility and faithfulness of the
molecular pattern generation, and the extent of nonspecific binding in the assembly process.
Figure 2(a) shows the lateral force microscopy (LFM) image of the resulting molecular
pattern. The carboxylic group of MHA was activated by reacting with 1-ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride (EDC) in the presence of N-
hydroxysuccinimide (NHS) to form semi-stable amine reactive NHS ester as shown in
figure 2(b)[25]. In the reaction pathway, the o-acylisourea ester formed during the reaction
of carboxylic group and EDC is very unstable and may alternatively undergo hydrolysis in
aqueous solution to regenerate the carboxylic group [25]. To prevent this unwanted
hydrolysis reaction, the sample with MHA/ODT molecular patterns was immersed in a vial
with 300 pL of 200 mM NHS solution prepared in 100 mM morpholinoethanesulfonic acid
monohydrate solution (MES buffer) adjusted to pH 6.5. 300 pL of freshly prepared 100 mM
EDC solution (prepared in 100 mM MES buffer) was added to the vial for EDC to react with
the hydroxyl group of MHA and form a zero length linker, o-acylisourea which immediately
reacts with NHS to form semi-stable NHS ester as shown in figure 2(b). After 30 minutes of
the reaction, the sample was rinsed with MES buffer, sonicated in ethanol, and then rinsed in
ethanol and deionized water. Finally the sample was dipped in a biotin hydrazide solution,
prepared by making 50 mM solution in dimethylformamide (DMF) and diluting in MES
buffer to 5 mM, for 12 hours to form stable amide bond between biotin hydrazide and NHS.
After biotin molecules are immobilized on the MHA patterns, the sample was rinsed in MES
buffer and then in phosphate buffer saline (PBS) solution (pH 7.4). The presence of ODT
passivation layers outside the MHA patterns confines the assembly of biotin hydrazide
exclusively to MHA regions, effectively eliminates nonspecific interactions, and results in a
template for hierarchical directed assembly of streptavidin-coated superparamagnetic beads
which is performed immediately after biotinylation of MHA patterns.

The magnetic beads were cleaned before being used for assembly through repetitive
magnetic segregation and resuspension in PBS solution at 7.4 pH. The beads were
segregated using a permanent magnet and the supernatant liquid was exchanged with PBS
solution. The beads were resuspended in PBS by vortexing. This process was repeated at
least 5 times. At the end, PBS solution was added to obtain the desired concentration. Then
20 pL of bead solution was pipetted onto the sample to cover the entire surface and was left
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on the sample for 3 hours, with the sample constantly agitated to enhance the biotin-
streptavidin interaction. The sample was then rinsed in deionized water to remove the
unattached beads and blown dry with N». The results of the bead assembly were examined
with non-contact AFM and SEM. The stable biotin-streptavidin linkage between assembled
biotin and streptavidin on the beads immaobilize the beads onto the organic molecular
templates. Figure 2(c) shows an SEM image of such an assembly over a large area.
Evidently, a high degree of specificity and excellent yield were achieved: over macroscopic
areas there was very little nonspecific binding of the beads on the ODT regions, while on the
biotinylated MHA patterns there was relatively uniform, high density coverage.
Physisorption of some beads during the assembly process could occur due to surface
roughness. These nonspecifically attached beads can be easily removed by rinsing
vigorously with deionized water or slight ultrasonication, and the chemisorbed beads
through biotin-streptavidin binding were unaffected by such treatment. The density of the
bead assemblies can be effectively controlled by the bead concentration in the solution and
is demonstrated in a separate experiment. Figures 3(a) and 3(b) show results of bead
assembly on two identical templates from bead solutions of 50 mg/mL and 20 mg/mL
concentrations respectively; the SEM images reveal a clear correlation between the average
number of assembled beads in a pattern and the bead solution concentration.

To establish the specificity of the bead assembly as originating from biotin-streptavidin
binding and rule out nonspecific interactions, we carried out a control experiment in which
two substrates with biotinylated-MHA/ODT and unbiotinylated-MHA/ODT patterns
respectively were exposed to a solution of fluorescently-labeled (Alexa Fluor 488 from
Molecular Probes Inc) streptavidin. After the assembly, fluorescence microscopy revealed
strong fluorescence on the biotinylated sample from the well-defined MHA regions, while
the unbiotinylated sample showed negligible fluorescence across the entire substrate. These
results provided evidence that the highly selective assembly of magnetic beads on the
biotinylated template is indeed due to the binding between biotin and streptavidin.

2.2. Directed assembly of biologically functionalized beads with high spatial registry

While the method of uCP is an efficient way of exploring surface chemistries for the
assembly, it cannot be easily used for generating molecular patterns on a prefabricated
device with sufficient spatial resolution and registry. Once the appropriate surface chemistry
is identified, DPN can be used for molecular patterning with the help of nanoscale imaging
and registering capabilities of an atomic force microscopy (AFM). The alignment procedure
and DPN deposition parameters were first worked out on mimic micro-Hall devices created
on Si substrates. The device structures were defined by standard electron-beam lithography,
which provides the flexibility of generating any number of crosses of defined size. To
perform DPN on a prefabricated Hall device, an AFM tip coated with MHA was used. An
AFM tip was coated with MHA molecules by holding it in 1 mM MHA solution (in ethanol)
for 30 sec and then blowing dry with N». If necessary, the coating process was repeated to
get sufficient molecular coating on the tip. When the tip and the substrate are brought in
contact, the organic molecules on the tip is deposited to the substrate due to concentration
gradient between substrate and tip. The diffusion on the substrate is governed by the relative
strength of intermolecular interaction and molecule-substrate interaction [20]. Circular or
square MHA patterns were created on a Hall cross by keeping the tip stationary on the
substrate for a desired duration or scanning it with an appropriate speed, respectively. The
size of the pattern can be calculated by using isotropic diffusion in case of molecules with
strong interaction with the substrate (e.g., MHA on Au). The area of the pattern is directly
proportional to the time of contact of the tip to the substrate [20],

Nanotechnology. Author manuscript; available in PMC 2011 June 27.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Manandhar et al.

Page 6

r=+t/m

where, r is the radius of the circular molecular pattern and t is the time of contact. To
confine deposition of MHA molecules exclusively to the active area of a micro-Hall cross,
the coordinates of the cross were obtained by pre-scanning (with the MHA-coated tip) two
other crosses at the ends of the same device, and then bringing the tip directly into contact
with the center of the cross of interest, as shown in figure 4(a). Finally, ODT passivation of
the rest of the device surface, biotinylation of the MHA, and directed assembly of
streptavidin-coated magnetic beads were performed as described earlier. Figure 4(b) shows
an SEM image of two Hall crosses at the center of the mimic device, with seven beads
assembled on one cross and a single bead on the other; the inset to figure 4(b) shows a close-
up view of the cross with a single bead. Most importantly, ODT passivation resulted in
minimization of nonspecific binding; in the areas around the device, no beads were found in
the ODT passivated region. In a separate control experiment, we fabricated an array of 28
mimic Hall crosses and completely coated with ODT by dipping the sample in 1 mM ODT
solution, without any MHA patterns. No beads were observed in any of the micro-Hall
crosses. Combined with the fluorescence microscopy results described earlier, this confirms
that the presence of the streptavidin-coated magnetic beads are the direct result of the biotin-
streptavidin linkage and not due to any nonspecific binding or simple physisorption onto the
Crosses.

2.3. Directed assembly of biologically functionalized beads on micro-Hall devices

The hierarchical directed assembly and detection experiment on an InAs quantum well
(QW) micro-Hall device was performed after the alignment procedure and the deposition
parameters were worked out. The micro-Hall device with 1 pm X 1 pm crosses was
fabricated from an MBE-grown InAs QW wafer using photolithography and wet etching.
Details of the fabrication and initial characterization of the devices have been described
elsewhere [26]. The patterned device was first sputter-coated with 60 nm of SiO, to provide
both electrical insulation for the device from the Ti (5 nm)/Au (20 nm) layer which was
subsequently deposited on the SiO,, and also for protection of the device from the solutions
used during assembly of the beads on the micro-Hall crosses. The Au surface served as a
platform for the molecular assembly as described before. An MHA SAM was formed
selectively on the cross region by scanning the MHA-coated AFM tip over the center area of
each cross as illustrated in figure 4a. The active area of each Hall cross was located before
DPN by prescanning the two crosses at the ends of the pattern as done in the mimic device
with the MHA-coated tip. After DPN of MHA on the active area of the micro-Hall crosses,
the rest of the Au surface was then passivated using ODT, and biotinylation of MHA and
directed assembly of streptavidin-coated beads were performed as described before in
Section 2.1 and shown in figure 2(b). Figure 5(a) shows an SEM image of two micro-Hall
crosses at the center of the device after bead assembly. The biotinylated MHA regions are
visible at the center of the crosses. It is evident that the assembly had a high degree of
registry and specificity and had resulted from the specific biotin-streptavidin binding. On
one cross, three beads assembled while none were present on the other; the difference is well
within the fluctuations in the assembly density as revealed in figure 3(b), since a 10 mg/mL
bead solution, half as concentrated as the one for figure 3(b), was used here for the
assembly.
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3. Results of magnetic detection of superparamagnetic beads

As demonstrated in figure 5(a), three superparamagnetic beads assembled on the micro-Hall
cross were detected using ac phase sensitive Hall magnetometry. Details of the setup and the
detection method have been reported earlier [12, 26]. Here the Hall device was biased with a
dc current of 30 pA and an ac magnetic field (Bg, 3.76 mT at 96.3 Hz) was applied
perpendicular to the sensor plane. The signal was measured by a lock-in amplifier with a
time constant of 1 sec and a 12 dB roll-off giving equivalent bandwidth, Af, of 0.125 Hz. In
this initial state, ac Hall voltage arising from a direct detection of By was nulled by using the
zero-offset option of the lock-in amplifier. An NdFeB magnet was then placed over the
setup to generate a dc magnetic field of 70.6 mT at the Hall crosses. In the presence of the
superparamagnetic bead(s), the dc field induces a drop in the measured ac Hall voltage, a
consequence of monotonically decreasing susceptibility of the bead with increasing
magnetic field as given by [12]

A‘;HOCA M

where, AM is the difference in the induced ac magnetizations of the bead before and after
the static field has been applied. Figure 5(b) shows the result of the detection experiment
performed on the micro-Hall cross with 3 assembled beads. The application of the dc field
resulted in a drop in the ac Hall voltage of 0.19 pV (red curve), which corresponds to an
average stray magnetic field of 33.05 uT. In contrast, the Hall cross without magnetic beads
did not exhibit any change in the ac Hall voltage when the dc magnetic field was applied
(blue curve). The rms voltage noise, determined from standard deviation of the ac Hall
voltage, was 16.1 nV, which corresponds to a minimum detectable stray magnetic field of
2.86 uT. Hence with the presence of 3 beads on the cross, the signal-to-noise ratio was 11.6
(21.3 dB). The magnetic detection results provided a definitive indication of the presence of
superparamagnetic bead(s) on the functionalized Hall cross and hence provided
confirmation of the specific biotin-streptavidin binding.

The beads shown in figure 5(a) are 224 nm, 240 nm, and 146 nm in diameter; their
contributions to the average stray magnetic field can be calculated by integrating the
magnetic flux of the dipole field from each bead using the following equation [9, 11]

M.V 22 222 — 2_ .2
B.(x, )= [[E2 2 "y
i (x24y2+72)?

where X, y, z are the position of a bead from the center of the cross, Mg and V are the
saturation magnetization and the volume of the bead. In our experiment where the beads are
situated relatively in the center region of the cross, the average field due to each bead
depends more strongly upon the size of the bead whereas the location of the bead has less
impact on the value of the average field as suggested by the above equation. In the present
setup, our calculation shows that the Hall voltage noise of 16.1 nV is equivalent to the signal
from a similar bead of a diameter of 130 nm placed at the center of the cross; and a bead of
164 nm diameter would give a detectable signal with a signal-to-noise ratio of 2. On the
other hand, since the low-frequency noise of the InAs micro-Hall devices is dominated by 1/
f noise, at a higher frequency (~90 kHz), the noise level can be reduced to the thermal noise
limit (~ 4.2 nV and a noise-equivalent magnetic field sensitivity of 0.19 uT), which would
improve the magnetic moment sensitivity of the Hall devices to the equivalent of a single
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Fe304 nanoparticle of less than 20 nm in diameter. The Hall detection of the binding of a
single superparamagnetic nanoparticle would then be a definitive indicator of specific
interactions between only a small number of biomolecules—just two or three in the limit—
during the assembly process.

4. Conclusions

To summarize, we have demonstrated highly specific directed self-assembly of streptavidin-
coated superparamagnetic beads on Au films with organic molecular templates, as well as
effective biofunctionalization of InAs QW micro-Hall devices with nanoscale spatial
registry using DPN, which enabled selective assembly of the magnetic beads onto the active
areas of a micro-Hall device through specific biotin-streptavidin binding. With the
successful demonstration of magnetic detection of biotin-streptavidin as a model system for
complementary pairs of ligand-receptor proteins, this work can be readily extended to the
detection of other biomedically significant complementary biomolecular pairs (e.qg.,
complementary strands of DNA, antibody-antigen, etc.). The selective molecular
functionalization of the micro-Hall device led to highly localized binding of the magnetic
labels and minimal nonspecific binding. This result reveals the possibility of functionalizing
different micro-Hall crosses with different linker molecules and hence simultaneously
detecting multiple target molecules in a solution with a single device. Furthermore, the
signal-to-noise ratio exhibited in our measurements indicated the feasibility of detecting a
single superparamagnetic nanoparticle down to ~ 20 nm, which could pave the way for
single molecule detection and single-molecule dynamics study using magnetic tweezers.
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Figure 1.

Schema for detection of magnetically labeled (a) or label-free (b) biomolecules (not to
scale). Linker molecules are deposited on the functionalized, active regions of SiO5-
insulated micro-Hall devices (two are shown in each panel); other areas are passivated to
minimize nonspecific binding elsewhere. Complementary target molecules of interest bind
from solution under analysis, yielding a magnetic signal when superparamagnetic beads
(orange spheres in both panels) bind at the active areas of Hall devices, i.e., when either
target molecules coat the magnetic beads (a) or in a sandwich assay where the magnetic
beads are coated with a third molecule that also binds to secondary sites on the unlabeled
target molecules (b).
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(a) Lateral force microscopy (LFM) image of MHA/ODT patterns. Dark regions are uCP
patterned MHA on Au. Bright surround results from backfilling with ODT. (b) Reaction
pathway for biotinlyation of MHA’s carboxylic group, and possible side reactions for the
intermediate following activation with EDC/NHS. (c) SEM image of the assembly of 110
nm diameter streptavidin-coated superparamagnetic beads on biotinylated MHA patterns.
Biotin-functionalized MHA binds streptavidin with high affinity, thus immobilizing
streptavidin-coated superparamagnetic beads over the MHA patterns. The surrounding ODT
monolayer effectively passivates the rest of the surface by minimizing nonspecific binding

of beads outside of the MHA patterns.
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Figure 3.

Concentration dependence of the directed assembly of streptavidin-coated
superparamagnetic beads onto biotin-MHA patterned surfaces. Biotin-MHA patterns were
generated via uCP as illustrated in figure 2. The sample in (a) was treated with a bead
solution (50 mg/mL) that was 2.5 times more concentrated than the sample in (b).
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Figure 4.

(a) Schematic depiction of molecular functionalization of micro-Hall devices using DPN. To

confine the MHA deposition exclusively to the active regions of Hall crosses, the two

crosses at the edges were first scanned with an MHA-coated AFM tip to register coordinates
of the micro-Hall device. Without losing contact with the substrate the tip was brought to the

center of the other Hall crosses to generate MHA patterns. For this sample, molecular

patterns were produced by diffusion of MHA from a stationary AFM tip. (b) SEM image of

two mimic Hall crosses with a single (right) or seven (left) superparamagnetic beads

assembled at the centers of the crosses. The inset shows the single bead assembly at higher

magnification.
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Figure 5.

(a) SEM image of a micro-Hall device that was patterned from an InAs QW wafer via
photolithography and wet etching, then coated with an insulating layer of SiO,, followed by
a Au layer for molecular interfacing. MHA was patterned by DPN (figure 4), then
biotinylated (figure 2), and is evident as dark squares in the central, active regions of the
Hall crosses; the surrounding Au surface was passivated with ODT (figure 2). Three
streptavidin-coated magnetic beads assembled on the biotinylated region of the left cross. (b)
ac Hall voltage as a function of time for the two crosses shown in (a). Due to the presence of
magnetic beads on the left cross, the ac Hall voltage Vi, (red) decreased by ~0.19 uV when
a dc magnetic field B = 70.6 mT was applied. In contrast, no change in Hall voltage Vo
(blue) was observed when B was applied to the empty cross.
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