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Highly sensitive sensors are one of the enabling technologies for the biomarker detection in
early stage diagnosis of pathologies. We have developed a self-sensing nanomechanical force
probe able for detecting the unbinding of single couples of biomolecular partners in nearly
physiological conditions. The embedding of a piezoresistive transducer into a nanomechanical
cantilever enabled high force measurement capability with sub 10-pN resolution. Here, we present
the design, microfabrication, optimization, and complete characterization of the sensor. The
exceptional electromechanical performance obtained allowed us to detect biorecognition specific
events underlying the biotin-avidin complex formation, by integrating the sensor in a commercial
atomic force microscope. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4812469]

Biorecognition processes between receptors and their
conjugate ligands are very important in biology. These bio-
molecules can build up very specific complexes displaying a
variety of functions such as genome replication and tran-
scription, enzymatic activity, immune response, and cellular
signaling. The unambiguous one-to-one complementarity
exhibited by these biological partners is widely exploited
also in biotechnology to develop biosensors for early stage
diagnostic applications in the environmental and biomedical
fields."* The molecular processes at the basis of biorecogni-
tion are driven by forces based on a combination of non-
covalent interactions,3 which determine the mechanical and
thermodynamic features of the involved complex. Many dif-
ferent techniques are currently used to study the strength and
the kinetics of these interactions, both in bulk and at the sin-
gle molecule level.*> Among other techniques, a prominent
role is played by the atomic force spectroscopy (AFS), in
which a biomolecular complex is forced to unbind upon
application of a pulling force at nanoscale.®’ This methodol-
ogy allows probing intra- and intermolecular forces with
high sensitivity, in physiological conditions and without
labeling. In particular, one interacting biological partner is
immobilized on a flat substrate, while the other is covalently
attached to an atomic force microscope (AFM) cantilever
tip; then the functionalized tip is brought in contact with the
substrate and a complex may be formed. Successively, the
tip is retracted from the substrate and when the external
applied force overcomes the molecular interaction forces,
the dissociation takes place and the tip jumps off sharply to a
non contact position. Such a jump-off process provides an
estimation of the unbinding force, if the cantilever spring
constant is known. In the resulting force-distance (F-z)
curves, the force is monitored indirectly by measuring the
cantilever deflection as detected by a laser focused on the
probe and reflected into a position-sensitive photodetector.®
Very high resolution down to sub-nanometer and piconewton
level is achieved,9 thanks to this external optical read-out
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method. However, the use of this method is quite time con-
suming and complicated especially as it regards focusing of
the laser on the AFM probe. Moreover, its reliability may
result severely hampered in turbid physiological media.

In this respect, the integration of a suitable deflection
transducer into the cantilever would allow measurements to be
conducted more quickly both in translucent and turbid media,
facilitating multiplexing and integration of the system into a
fluid cell. Such a device would reveal itself very versatile and
could be applied also in a new type of very high sensitive bio-
sensors able to detect even a single molecule, becoming thus
important in ultrasensitive detection of biomedical markers
for early stage disease diagnosis. Embedding an electrical
read-out into the cantilever, such as a resistor' *'! or a metal-
oxide-semiconductor field effect transistor (MOSFET),IZ’13
exploiting the piezoresistive effect of silicon,'*'> can serve to
this purpose. In this system, the deflection is measured directly
by the resistance variation. Such silicon cantilevers with pie-
zoresistive transduction have been fabricated by Tortonese
et al.' at the beginning of 1990s. Later, many other research
groups used this principle to develop displacement or force
sensors for multiple applications: AFM,'®""® magnetometry,*
cell mechanics measurements,ﬂ*23 environmental, chemical
and biological sensing,”*’ materials and surfaces characteri-
zation,”®* etc.***! Even though Harley and Kenny developed
a self-sensing probe capable of a resolution of 0.5 pN in air
more than 10 years ago,*® just very recently, Doll and Pruitt
fabricated a piezoresistive cantilever, which has a resolution
of around 10 pN in liquid environment.** In order to electri-
cally insulate the sensor, they passivated the dies with 200 nm
of parylene only after the end of the batch fabrication process
with clear process and mechanical drawbacks.

In this perspective, we have designed self-sensing force
probes and we have developed the microfabrication process
to obtain batch fabricated nanomechanical cantilevers with
embedded piezoresistors, compatible with liquid environ-
ment and endowed with sub-10 pN resolution. In Figures
I(a) and 1(b), we report the electrical scheme and a SEM
image of the finished device, respectively. These sensors
have been optimized for measuring a point force applied at

© 2013 AIP Publishing LLC
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FIG. 1. (a) Sensor electrical scheme. Four piezoresistors are arranged in a !/4 active wheatstone bridge configuration: two are embedded into the cantilevers
and two into the chip substrate. The bridge can be balanced by two 1 kQ potentiomenters in series with the substrate resistors. (b) SEM image of the cantilevers
and close up of the cantilever end. (¢) SEM image of the substrate. Each substrate chip hosts 4 rows of 100 um high pillars. On the top of each pillar, a 10 um

high tip is defined. The radius of the tip varies between 10 nm and 300 nm.

the cantilever free end, by using an electromechanical model,
reported elsewhere,” to estimate the force sensitivity and
the electrical noise. The result is that the sensitivity scales
proportionally to the piezoresistive factor, inversely to the
bending stiffness of the beam and that, to maximize the sen-
sitivity itself, the piezoresistor should be as thin and as far as
possible from the neutral axis of the structure. We choose,
therefore, to start the microfabrication from a SOI wafer
with a 340 nm thick (100) active layer to reduce as much as
possible the bending stiffness and the cantilever spring con-
stant. In view of the need of obtaining a very shallow p-n
junction for the piezoresistor, we opted for n-doped silicon,
which in addition can offer 45% higher longitudinal piezore-
sistive factor () compared to the p-doped silicon.>* For low
n-doped silicon, the 7 is maximum for the (100) crystallo-
graphic direction with a value of 102 x 10~ "' Pa~'. Arsenic
was chosen for implantation because of its lower penetration
range and diffusion coefficient compared to phosphorus. A
small dopant diffusion coefficient is very important in this
case, since the activation of the impurity is done with a high
temperature thermal treatment. Considering these character-
istics, arsenic was the best candidate to obtain very shallow
p-n junctions. The process has been described in detail else-
where.'"% In summary, after the implantation of arsenic and
the following annealing, the cantilevers were defined by dry
etching and interconnected by aluminum. A 100 nm-thick
layer of low stress silicon nitride was deposited to electri-
cally insulate all the conducting areas of the device. Finally,
the chip structure was defined by deep reactive ion etching
(DRIE) of the bulk silicon from the wafer until reaching the
buried oxide (BOX), that was then removed by using a
custom made HF vapor etcher.

In order to attain high force resolution, we optimized
three different key process steps. A relatively low tempera-
ture dopant activation thermal treatment at 950 °C for 75 min
allowed us to obtain a junction depth of less than 150 nm. A
combination of dry etching and wet etching has been used
for the back end of line process to avoid any possible dam-
age of the piezoresistors. In addition, we found that the HF
vapor provided a fast and quite homogeneous etching across
the wafer and that revealed itself as the best option to elimi-
nate completely the oxide. In some chips, the silicon nitride-
insulating layer was damaged, yet this process left very clean
cantilever surfaces (Fig. 1(b)) in comparison with dry

etching. Although other researchers faced problems related
with the BOX cracking during the release process that led to
the breaking of the cantilevers,”® we did not encounter simi-
lar problems. This is probably due to the protective hard
backed photoresist deposited on the component side.

At the same time, substrate chips with sharp tips have
been fabricated by a combination of two lithographies, two
DRIE and one RIE processes and a final sharpening silicon
oxidation.”* In this way, we obtained chips with 10 um high
tips with a curvature radius between 10nm and 300 nm on
the top of 100 um high pillars (Fig. 1(c)). The presence of
a sharp tip, which is typically fabricated on the cantilever,
is of key importance to perform single molecule AFS
experiments.®

The electrical, mechanical, and electromechanical char-
acterization of the sensors have been performed completely
on the wafer.>® Figures 2(a) and 2(b) show typical sensitivity
and noise power spectral density measurements of a device
biased at a constant voltage of 5 V. With the microfabrication
process optimization, we obtained probes with a sensitivity
of 400 = 50 uV/um and a voltage noise of 3.7 = 0.7 uV for
the 1Hz-10kHz bandwidth with a Hooge factor a of
3+0.6 x 10~ for the 1/f component.”” The noise spectral
density of the device immersed in water, shown in Figure
2(b), shows that the silicon nitride layer provides a good insu-
lation for the conductors. The sensor can attain a resolution
of 9+ 3 pN (and 14 = 4 nm) for the 1 Hz-10kHz bandwidth
by considering a spring constant of 0.62 = 0.04 pN/nm,
which has been calculated from the measured cantilever
dimensions and Young moduli of the materials.*?

Such achieved high force resolution is appropriate to
study the interaction involved in the formation of a molecu-
lar complex using the AFS measuring approach. For this pur-
pose, highly controlled displacements during the F-z curves
are needed and therefore we integrated the sensor into a
PicoLe 5100 AFM (Agilent Technologies) to take advantage
of the high mechanical stability of this equipment and the
highly reliable displacement of the piezo actuator. To this
purpose, a custom AFM nose cone (probe holder) was
designed and realized by rapid prototyping to allow the posi-
tioning of the sensor (Fig. 3(a)). The silicon dies were glued
and wire bonded on a custom made 0.4 mm thick printed cir-
cuit board (PCB). On the PCB backside, it was glued also a
0.1 mm thick steel sheet. All the conductors were passivated
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FIG. 2. (a) Sensitivity measurement. An AFM probe performs an F-z curve
on the cantilever under test. The approach and retract curves are represented
in black and red, respectively: from the slope of the retract curves, we calcu-
late a sensitivity of 394 uV/um. (b) Sensor noise power spectral density
(PSD) in air. Considering the 1Hz-10kHz bandwidth, we have a noise of
3.7 uV in air (black) and 3.8 4V in water (blue). The Hooge and thermal
noise fittings are reported in gray.

by a mono component room temperature curable silicone
coating (Dow Corning® 3140 RTV). The board was held
firmly by a neodymium magnet embedded in the nose cone
and inserted into a low profile zero insertion force (ZIF) con-
nector. The sensors were biased by 4 AA rechargeable bat-
teries (Eneloop — Sony) that provided a low noise constant
voltage of 5V, and the output differential voltage was

Appl. Phys. Lett. 102, 253701 (2013)

balanced by two 1 kQ wire wound potentiometers (Fig. 1(a)).
This voltage was amplified 2000 times and low pass filtered
at 10kHz by a commercial low noise preamplifier (SR560 —
Stanford Research). The resulting signal was used as feed-
back to approach the cantilever to the sample substrate.

The sensors were tested in de-ionized water (milli-Q
water) for several hours in order to verify their performance
in liquid medium. Several F-z curves were recorded in order
to calculate their sensitivity. Figure 3(b) shows the typical dif-
ference between the F-z curves in air and in liquid environ-
ment. During the approach in air, there is a jump-to-contact
preceded by a region of attractive forces. During the retrac-
tion, the restoring force of the cantilever does not exceed the
adhesion force and therefore the cantilever remains in contact.
In water, instead, there is neither jump-on-contact nor jump-
off-contact. As expected, no significant sensitivity variation in
liquid respect to air was observed, i.e., 354 uV/um and
359 uV/um, respectively. The peak-to-peak noise (Fig. 3(c))
did not change significantly when the liquid was grounded. If
the water had floating potential, we noticed instead a relevant
increase in the 50 Hz peaks with noise average level rising
from 18 uV to 42 uV. These sensitivity and noise values well
agree with the values extracted from the on-wafer
characterization.

We used this set-up to investigate the biorecognition
processes in the well-studied avidin-biotin complex.’**°
For this purpose, we used a previously developed functional-
ization procedure.35’40 Substrates and cantilevers were
cleaned by hot acetone, exposed to UV light, and then cova-
lently functionalized with biotinylated bovine serum albumin
(b-BSA) and neutravidin, respectively. In both cases, the
proteins were linked to the aldehyde groups of the glutaral-
dehyde that was linked to the amino groups of the (3-amino-
propyDtriethoxysilane (APTES). Non-specific binding sites
were blocked by ethanolamine. All the cleanings and func-
tionalizations were performed by immersing the substrate in
Petri dishes and the cantilevers into microcapillaries.*’

Just after the functionalization, the sensor and the sample
were placed in the nose cone and in the AFM fluid cell,
respectively. After pouring 500 ul of phosphate buffer saline
(PBS) solution (strength of 50mM and pH=7.5) into the
cell, the cantilever and the substrate were aligned using the
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FIG. 3. (a) Force sensor chip onto the nose cone. The die is bonded onto the PCB which is held by a magnet placed into the nose cone. (b) F-z measurement in
air (black and red curves) and water (blue and light blue). Approaching the sample in air, a jump-on contact event is detected (black line). Retracting the canti-
lever for 1 um is not sufficient to overcome the adhesion force, therefore there is no jump-off-contact (red curve). In water, instead, there are no jump phenom-
ena and the sensitivity has no significant variation. From the slopes, we calculated sensitivities of 354 ¢V/um and 359 pV/um for air and water environments,
respectively. (c) The peak to peak noise has a value of 18 £V in air (between 0 and 6 s) and in grounded PBS solution (between 12 and 18 s). When the solution
is not grounded (between 6 and 12 s), the noise is more than 2 times higher. There is no significant noise variation between air and grounded PBS.
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FIG. 4. AFS curves obtained functionalizing the cantilever by b-BSA and the substrate by neutravidin. (a) No event is detected. (b) Non-specific event. The
slope of the retract curve is constant before the jump-off. (c) Specific unbinding event between biotin and neutravidin. The slope of the retract curve varies

before the jump off. The unbinding force is around 70 pN.

optical microscope and the micromanipulators of the AFM.
The cantilever was subsequently engaged to the sample sur-
face, approached further to the sample for 0.9 um at a con-
stant speed of 1 um/s for a maximum force of around 500 pN,
and after 100 ms, retracted for 1.8 um at a loading rate of 4.3
nN/s. At the same time, the differential output voltage of the
sensor was recorded. Hundreds of curves were acquired for
each experiment. In most of them, no unbinding event is visi-
ble since the retraction curve follows faithfully the approach
curve (Fig. 4(a)). The jump-off event in Figure 4(b) should be
attributed to a non-specific adhesion between the substrate
and the cantilever since the curve has a constant slope.** In
Figure 4(c), instead, the slope is changing before the jump-
off-contact. In this case, the average unbinding force resulted
to be 44 = 12 pN. Unbinding forces between 50 pN and 100
pN for biotin-avidin complex and similar loading conditions
have been reported in the literature;’ therefore, this value
could arise from specific unbinding events occurring between
biotin and neutravidin. Due to the fact that the probe spring
constant is 3 orders of magnitude lower than the one of the
typical probes used in the AFS experiments, the jump-off
contact occurs at a length between 200 and 300 nm, which is
higher than the literature values.” Anyhow, further improve-
ments in the microfabrication process would enable cantile-
vers with higher spring constant and sub-10 pN resolution.
Finally, it is worth nothing that, in comparison with similar
piezoresistive force cantilevers fabricated by other groups,
we offer a probe which is compatible with liquid media,*®
which has higher resolution®'*? and it is produced by more
straightforward fabrication process.***

In conclusion, we have developed and batch-
microfabricated a force sensor based on a cantilever with an
embedded piezoresistive transducer, capable of a sub 10 pN
resolution (for a bandwidth in the 1 Hz-10kHz range) in lig-
uid media. We performed single molecule AFS experiments
after integrating the sensor into a commercial AFM to take
advantages of the mechanical stability and high precision
displacement of this equipment. We detected the forces
related to the avidin-biotin complex formation, highlighting
the possibility of biomolecule label-free recognition in
nearly physiological conditions and at single molecule reso-
lution. Beside the very high sensitivity attained, the sensor
can be used with no restrictions in opaque media; it can be
easily integrated in microfluidic cells and displays a high
multiplexing potentiality.
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and partly supported by the PRIN-MIUR Project No. 2009
WPZMA4S and by AIRC (Grant IG10412).
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