Parallel optical read-out of micromechanical pillars applied to prostate
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Micro and nanomechanical resonators represent a promising platform for proteins label-free detection
because of their extreme sensitivity, fast response and low cost. Micro-pillars are columnar resonators
that can be easily arranged in dense arrays of several thousand sensors in a squared mm. To exploit such
a large density, however, a method for tracking independently micropillars resonance frequency is required. Here we present a detection method based on CCD imaging and software image analysis, which
can measure the resonance frequency of tens of pillars in parallel. Acquiring simultaneously the frequency shift of up to 40 sensors and applying a proper statistical analysis, we were able to overcome the
variability of the single measures improving the device sensitivity at low analyte concentration range.
As a proof of concept, this method has been tested for the detection of a tumor marker, the Prostate
Speciﬁc Membrane Antigen (PSMA). Pillars have been functionalized with an antibody against PSMA. The
tumor marker (PSMA) has been detected in a range of concentrations between 300 pM and 100 nM, in
buffer and in diluted bovine serum. The sensitivity of our method was limited only by the afﬁnity
constant of the antigen–antibody recognition. Moreover, this detection technique demonstrated to be
effective in the 1–6 nM range, which is the window of PSMA concentration of clinical interest.
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these advantages come from the small size of the sensor that is
often in the submicron range, thus reducing dramatically the
sensor mass and increasing the surface to volume ratio.
In the last decade, applications in different ﬁelds were demonstrated (Arlett et al., 2011; Bargatin et al., 2012; Pang et al.,
2012; Tamayo et al., 2013): single atom sensitivity was reached in
vacuum condition (Yang et al., 2006), applications in air and liquid
were proposed, with a detection limit reduced to attogram
(10  18 g) (Verd et al., 2007) and to nanogram (10  9 g) (Braun
et al., 2009) respectively.
Micromechanical pillars are vertical cantilevers used as mass
sensors in dynamic mode (Kehrbusch et al., 2008; Melli et al.,
2010). Because of the reduced lateral size, pillars can be arranged
in a dense array; when nearest neighbors are close enough and the
lateral surfaces are hydrophobic, a superhydrophobic Cassie–Baxter (CB) state is realized (Melli et al., 2011). When a solution is
introduced in a CB pillar array, gas is trapped between the lateral
walls and only the top surface of the pillars is in contact with the
solution, ensuring that the biochemical recognition process occurs

1. Introduction
The application of micro- and nano-electromechanical sensors
was proposed at the end of the 1990s and since then experienced a
constant development. Two principal strategies have been recognized involving micro and nanocantilevers or double clamped
beams. The static deﬂection mode, in which molecules adsorbed
on the sensor surface create an asymmetrical stress that results in
sensor bending (Fritz et al., 2000). Instead, in the dynamic mode,
the resonance frequency of the sensor is monitored and its variation upon mass adsorption is detected (Battiston et al., 2001). In
the latter conﬁguration, the main advantages are: the extremely
low limit of mass detection, the small amount of sample required
for operation and the label-free detection of molecular species. All
n
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reduces the base of the pillar to almost 700 nm and improves the
oscillation amplitude of the resonator. An example of the so fabricated matrix is reported in Fig. 1a. Fig. 1b shows a magniﬁed view
of a single pillar with the typical scallops created by the cyclical
etching process. In order to increase the sensitive area and the
oscillation amplitude, “T” shaped pillars were also fabricated
starting from Si(100) wafer coated with a 500 nm thick Si3N4 layer,
deﬁning a larger top area of 3 mm  4.5 mm. The fabrication process
differs from the one described above for the presence of a last
isotropic and selective SF6 dry etching step which thins the silicon
structure but not the topmost Si3N4 layer. The resulting structure
is exempliﬁed in Fig. 1c. This geometry offers a larger active layer,
with only a slight increase of the overall pillar mass, a larger oscillation amplitude and smaller resonance frequency, making them
easy to detect at the cost of a slightly lower sensitivity.
Finally the Ni layer was stripped from the top of the pillar, the
sample was cleaned in piranha solution, thermally oxidized to
relax possible residual stress and a layer of 5 nm Cr/20 nm Au was
deposited for further chemical reactions.
The described process results in 5 mm  5 mm silicon chips
with a 300 mm  300 mm patterned area in the center containing
an array of 640 pillars. The obtained chips can be handled with
tweezers and mounted on the read-out chamber. The production
costs of these devices, also in a prototypal stage, are extremely
low, therefore the devices were used as produced and disposed
after use.
Finally, in spite of the parallel fabrication process, pillars
showed different resonance frequency. This is due to several
sources of inhomogeneities in the lithographic process. Arrays of
micro- and nano-mechanical resonators were already reported to
have a rather broad distribution of resonance frequencies (Bargatin et al., 2012; Martinez et al., 2010; Sampathkumar et al., 2011). A
characterization of the pillar resonance frequency distribution is
discussed in Supplementary Information S2.

only on the top. This conﬁguration reduces drastically device deterioration and non speciﬁc adsorption which can change not only
the cantilever mass but also its stiffness, making measurement
interpretation difﬁcult (Tamayo et al., 2013). Moreover, we recently demonstrated that, at low concentration, when the biochemical recognition is diffusion limited rather than reaction
limited, if the sensor area is signiﬁcantly smaller than the analyte
diffusion length and the pillar spacing larger, a reduction of incubation times down to three order of magnitude can be obtained
(Melli et al., 2011; Nair and Alam, 2006).
Finally, pillars dense arrays can be exploited to implement a
multiple sensor. However, the complexity of addressing electrically each individual resonator grows exponentially as the
number of pillars increases. On the other hand, if a suitable optical
detection scheme is adopted, thousands of pillars, integrated in
few mm2 areas, could be monitored in parallel. This enables sensitivity improvements over individual pillars by averaging signals
coming from a multitude of devices in the array.
In this paper we report on an innovative read-out strategy
which enables monitoring the frequency resonance of tens of
pillars in parallel using a CCD imaging system and software image
processing. As proof of principle, we detected a tumor associated
antigen of Prostate Cancer (PCa), the Prostate Speciﬁc Membrane
Antigen (PSMA), both in physiological solution and bovine serum.

2. Material and methods
2.1. Pillars fabrication
Pillars are obtained by a deep dry etching of a patterned Si
wafer. Details of the fabrication procedure are reported elsewhere
(Borin et al., 2014). Brieﬂy, we started from a well cleaned Si(100)
wafer. A 20 nm thick Nickel mask was patterned by electron beam
lithography and electron beam evaporation, creating an hexagonal
lattice of 2 mm x 3 mm rectangles, corresponding to the top area of
the micropillars, with a center-to-center distance of 12 mm. The
vertical structure was obtained by Induction Coupled Plasma (ICP)
Deep Reactive Ion Etching (DRIE), using a BOSCH™-like approach
with SF6, Ar, and C4F8. The number of cycles deﬁnes the height of
the micropillars (around 12 mm). The recipe was optimized in order to obtain a controlled undercut (approximately 2–3°), that

2.2. Pillars hydrophobization
In order to achieve permanent superhydrophobic properties
(Cassie–Baxter state), pillar walls were coated with a hydrophobic
layer as discussed in detail in (Borin et al., 2014). In particular we
formed an alkanosilane coating through octadecyltrichlorosilane
(OTS) deposition from a 1 mM solution in dry toluene for 1 h. The

Fig. 1. (a) SEM image of a micropillars array obtained from deep plasma etching of a patterned silicon wafer, the tapered shape is visible. (b) Magniﬁed view of a single pillar
with the typical scallops created by the etching process. (c) SEM image of a “T” shaped pillar obtained adding an isotropic and selective dry etching step to the process.
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Fig. 2. (a) Optical image of a “T” shaped pillar array actuated by a piezo at the resonance frequency of one of them, in the middle a pillar is oscillating. (b) A schematic
representation of pillar detection: when pillars oscillate, the light reﬂection path is slightly deviated and the light intensity recorded by the CCD slightly decreased. (c) 53
traces corresponding to 53 different pillars as a function of actuation frequency. (d) Individual actuation mode. (e) Multiple actuation mode is obtained driving separate
frequencies in parallel through the same piezo actuator and detecting simultaneously more pillars with separate resonance frequencies.

process was performed inside a glovebox saturated with anhydrous nitrogen. After the OTS deposition, fabricated chips were
rinsed with toluene, acetone and isopropyl alcohol to remove
molecules not chemisorbed on the surface and then dried with a
nitrogen ﬂux.

working distance objective (Olympus LMPLANFL 50x/0.5); a cubic
beam splitter was used to direct the reﬂected light on a ½ in. CCD
camera (DBK 41BU02).
The pillar images were captured at 15 frames per second (fps)
and the image intensity in correspondence of the top of pillar was
acquired (see Fig. 2a and b); acquiring image intensity as a function of frequency, the dynamic response of the pillars can be obtained (see Supplementary Video).
Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.bios.2015.05.026.
The pillar motion was acoustically excited with a piezoelectric
crystal; excitation voltage ranged from 0.5 to 2 VPP and frequency
ranged from 1.3 to 1.9 MHz.
The number of pillars that can be measured in parallel depends
on the ﬁeld of view of the imaging system and on the size of the
pillars: in our system a maximum of 64 pillars were observed.
However, practically, not all the pillars showed an oscillation
amplitude large enough and only a subset of those included in the

2.3. Parallel read-out detection method
The resonance frequency detection was based on the following
observation. When the pillars oscillation amplitude is comparable
or larger than the optical resolution, the image appears blurred
and upon suitable illumination, darker (see Fig. 2a and b). Moreover, the higher the oscillation amplitude, the darker the image. In
order to have large enough oscillation amplitudes, the frequency
response was measured in a vacuum chamber with a base pressure below 10  4 mbar. A proper illumination of the sample was
obtained by a modiﬁed Köhler illuminator, which consisted of a
bulb halogen lamp, an optical ﬁber and a lens coupled with a long
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ﬁeld of view were measured. Fig. 2c displays 53 traces acquired in
parallel corresponding to 53 different pillars in the CCD image.

3. Results and discussion
3.1. Parallel detection

2.4. Pillar functionalization with D2B-SH

Sensor arrays represent an efﬁcient strategy to increase the
sensitive area and reduce the noise (Sampathkumar et al., 2011). In
particular for extremely low analyte concentration, rare binding
events are compensated increasing the number of detectors. When
the array size becomes large, however, the read-out should be
performed in parallel, otherwise the analysis time diverges.
In literature, several parallelization approaches have been
proposed for cantilevers. Starting from the optical lever scheme,
scanning lasers (Mertens et al., 2005), sample (Martinez et al.,
2010) or using multiple lasers sources (Arntz et al., 2003) were
proposed. However these approaches suffer of limited speed, low
cantilever density, high costs and complexity respectively. Recently, Ekinci’s group proposed a near ﬁeld optical technique
(Basarir et al., 2012) and one based on an interferometric effect
(Sampathkumar et al., 2011) demonstrating the characterization of
tens of sensors. Despite the powerful of these methods, the implementation of the optical setup is often challenging.
Pillar size, few μm squared, imposes the use of high numerical
aperture objectives to focus a laser on their top. Therefore, although the frequency response of individual pillars has been
characterized by optical lever techniques (Kehrbusch et al., 2008;
Melli et al., 2010; Melli et al., 2011), the implementation of laser
scanning systems is not straightforward. Moreover, pillars oscillate
in the device plane, and thus also interferometric detection cannot
be applied. On the other hand, a pillar array can be extremely
compact and can be imaged in a single ﬁeld of view of an optical
microscope. Our method offers the possibility of monitoring the
frequency response of hundreds of pillars in parallel. In this way
the advantages of the pillar approach, namely, faster kinetics,
higher sensitivity and reduced analytes volumes (Melli et al.,
2011), are further enriched by enabling sensitivity improvements
over single pillar resonators by averaging signals coming from a
multitude of devices in the array. Moreover, in this conﬁguration,
pillars with different resonance frequencies can be actuated simultaneously. Indeed the actuation signal could be formed by a
superposition of different frequencies that can be controlled independently. By a careful choice of the actuation signal all the
pillars can be driven simultaneously at the resonance frequency
and the evolution of the resonance frequency can be tracked in
parallel in real time (Figs. 2d and e). Finally the intensity of the
light impinging on a single resonator is orders of magnitude lower
than in the case of the optical lever, the order of 103 W/cm2 versus
the 105 W/cm2 of a 1 mW focused red laser. This would help to
reduce the laser heating effect that may be detrimental from both
the pillar mechanical properties and the stability of the analyte
adsorbed on the pillar active area (Lee et al., 2008).

In order to functionalize the pillar sensor against PSMA: i) a
layer of Au was evaporated on the pillar top layer immediately
before the functionalization procedure; ii) a monoclonal antibody
anti-PSMA (D2B) (Colombatti et al., 2010) was functionalized with
a thiol group (Selvestrel et al., 2013) to be linked to the Au surface;
iii) the chips were incubated for 10 min at room temperature in
20 μL of D2B solution at 70 nM in a vapor saturated environment
to avoid droplet drying; iv) the chips were rinsed in PBS, blown
dried in N2.and used for PSMA detection. Following this procedure,
and assuming a uniform coverage, we obtained, on the pillar top
an active layer of D2B with an areal density of 2  1012 mol/cm2.
Additional details regarding optimization of the D2B layer on the
top of pillar are reported in the Supplementary Information S1.
Remarkably, volume and concentrations as small as 1 mL and
0.7 nM can be used to functionalize our chip. These conditions
compared with those used in a standard immunoassay (100 mL and
1 mM) allowed a reduction of antibody requirement of more than
5 order of magnitude, which could be a great advantage when the
availability of antibody is extremely low or the production is
expensive.
2.5. PSMA detection
Before exposing the devices to PSMA solution, the surface was
incubated for one hour with a blocking agent, bovine serum albumin (BSA), 2%w/v: BSA intercalates between antibodies and
saturates all the remaining unspeciﬁc adsorption sites.
We performed the detection of a commercial PSMA recombinant protein, r-PSMA, (Cusabio – CN) produced in prokaryotic cells and therefore not glycosylated. The PSMA was diluted in
PBS containing 0.2% w/v of BSA (PBS þBSA), or in bovine serum
(FCS from Biochrom, Germany) to obtain spiked solutions at the
desired concentration. Bovine serum was preferred to human
serum, for the absence of any residual unknown concentration of
human PSMA that would introduce a systematic error in the
sensor characterization. To preserve the superhydrophobicity of
the system, bovine serum was diluted 1:20 in PBS (Borin et al.,
2014).
The chips functionalized with D2B were incubated for a ﬁxed
time in PSMA solution at target concentration, then they were sixfold rinsed in PBS, blown dried in N2 and loaded in the measurement system.
2.6. Data analysis

3.2. PSMA detection in buffer and serum

Pillar frequency spectra were ﬁtted with a Lorentzian curve
using IGOR Pro. The resonance frequency shift was obtained subtracting the peak frequency of Au coated pillar from the peak
frequency of the same pillar after biomolecular adsorption. To
calculate the molecular density (mol/cm2) we ﬁxed the pillar
sensitivity to 24 Hz/fg and used 150 kDa for the mass of D2B
(Colombatti et al., 2010) and 90 kDa for the mass of recombinantPSMA.
For each sample we measured at least 30 different pillars and
we reported the frequency shift mean and standard deviation of
the measured values.
One way ANOVA and t-student tests were performed by
GraphPad prism software, a p-Value p o0.05 was considered statistically signiﬁcant.

The effectiveness of the proposed approach was demonstrated
by detecting a tumor marker, the Prostate Speciﬁc Membrane
Antigen (PSMA).
PSMA is a transmembrane protein overexpressed by malignant
prostate tumor, whose expression is correlated with disease recurrence (Ross et al., 2003). In particular, PSMA serum level has
been proposed to discriminate between men affected by benign
prostatic hyperplasia (BPH) and PCa patients, whose PSMA serum
level is signiﬁcantly higher (6 nM) than in BPH (1 nM) (Xiao et al.,
2001). However the clinical utility of PSMA was hindered by the
lack of suitable assays (Hessels and Schalken, 2013). Enzyme- and
ﬂuorescence-based immunosensitive assays require the use of a
further secondary antibody, but the available candidates still needs
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coated pillars are displayed vs the PSMA concentration. The frequency shift comprises three contributions: D2B, BSA and PSMA.
On the right axis, corresponding values of PSMA density are
shown. The green line indicates the initial frequency shift due to
D2B functionalization, as reported in the Supplementary Information. The orange line indicates the frequency shift induced
by BSA passivation. The frequency shift induced at each PSMA
concentration is displayed with blue symbols. Moreover, in order
to provide consistent results, each PSMA concentration was repeated twice.
With 100 nM PSMA, the highest tested concentration, the net
shift calculated is around 900 Hz, which corresponds to a
2  1012 mol/cm2 PSMA molecules, meaning that almost all the
antibodies bind one antigen. Reducing the concentration of PSMA
to 10 nM only 15% of antibodies bind an antigen. The minimum
PSMA concentration that we were able to detected was around
1 nM. The data are ﬁtted with a second order Langmuir adsorption
curve providing a KD ¼18 nM, about three times greater than the
value showed by D2B on the native human PSMA (about
KD ¼ 6.5 nM) (Colombatti et al., 2010). However, this discrepancy
could be ascribed to a reduced binding capability of D2B versus the

further development to reach the desired sensitivity. For this
reason, a label free technique, such as micromechanical sensor
weighing, is still the approach of choice for PSMA detection.
To capture PSMA antigen, our pillars have been functionalized
with an antibody anti PSMA, the D2B, recently isolated by some of
us (Colombatti et al., 2010; Frigerio et al., 2013; Tykvart et al.,
2014). We exploited the high binding capability of D2B which
recognizes the extracellular domain of PSMA with a KD lower than
the value of the benchmark Ab J591 (Chang et al., 1999). The D2B
layer was formed starting from a 70 nM D2B solution in PBS (antibody density of about 2  1012 mol/cm2). Upon BSA passivation, a
further frequency shift of about 500 Hz was observed and we used
this frequency value as baseline for the following experiments.
We measured the resonance frequency shift in response to
7 different concentrations of PSMA, ranging from 300 pM to
100 nM, diluted in PBS þ BSA. In this ﬁrst series of measurements
we worked in presence of BSA, the most abundant protein in the
serum. The devices were prepared as described in paragraph 2.5.
For each concentration a new disposable chip was used, thus
avoiding any cross contamination effect. The results are displayed
in Fig. 3a, where the frequency shifts with respect to bare Au-

Fig. 3. (a) Results of PSMA detection in PBS, containing BSA 0.2%w/v, with D2B functionalized pillars devices. 7 concentrations, ranging from 300 pM to 100 nM, were tested,
full blue circles. On the left axis, frequency shifts induced at each PSMA concentration are displayed. On the right axis, corresponding values of PSMA density are shown.
Green line indicates the initial frequency shift occurring after D2B adsorption, while the orange one indicates the frequency shift induced by BSA passivation. Each value is
the mean shift and the error bar is the standard deviation of at least 30 independent pillars detected in parallel. Experimental data are ﬁtted with a second order Langmuir
curve (blue line) which provides a KD ¼ 18 nM. Red empty circles represent data acquired using three different devices to demonstrate the reproducibility of the detection
system. (b) Boxplot representation of data obtained detecting PSMA at 10 nM in PBS containing BSA 0.2%w/v, with D2B functionalized pillars using three different devices.
Statistical analysis, one way ANOVA test provides p ¼0.1132, means and variances are not signiﬁcantly different (signiﬁcance p o 0.05). (c) Box plot representation of data
obtained detecting PSMA in PBS at 100 nM with D2B functionalized pillars using three different devices. Statistical analysis, one way ANOVA test provides p ¼ 0.1489, means
and variances are not signiﬁcantly different (signiﬁcance p o 0.05). (d) Box plot representation of data obtained detecting 7 different concentrations of PSMA in PBS
containing BSA 0.2%w/v, with D2B functionalized pillars devices; concentrations ranging from 300 pM to 100 nM. Data distributions are compared by t-test (signiﬁcance
p o 0.05). Data at 300 pM, assumed as baseline, are compared with all the other concentrations. Data at 3 nM and 10 nM are also compared. Signiﬁcance is represented for
each couple as (*) signiﬁcant p r 0.05, (**) very signiﬁcant p r 0.01, (***) extremely signiﬁcant p o 0.001. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)
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statistical analysis, t-test (signiﬁcance p o0.05), among data obtained detecting PSMA in PBS þBSA at 7 concentrations (ranging
from 300 pM to 100 nM). The analysis showed that all the concentrations tested were from highly signiﬁcantly (p o0.01) to very
highly signiﬁcantly (p o0.001) different from the baseline, as reported in Fig. 3d. Moreover, t-test performed between data obtained for PSMA at 3 nM and 10 nM provided a p¼ 0.015 and
conﬁrmed that we are able to distinguish the response at a 3 nM
PSMA value (which seems to be associated to the absence of malignancy) from the response at a 10 nM PSMA value (which seems
to be associate to the presence of a prostate tumor) (Xiao et al.,
2001).
Summarizing, even if single measures have a certain variability
due to unspeciﬁc absorption, or biological noise, by detecting tens
of pillars in parallel, we can focus our attention on the data distribution rather than on individual measures, improving the sensor performances.
To analyze the capability of our device to measure the antigen
in physiological conditions, we detected PSMA in diluted bovine
serum. We used two PSMA concentrations, 10 nM and 100 nM and
a control sample without PSMA. The frequency shifts induced in
diluted serum are comparable with the shifts obtained in PBS
(data are shown in Fig. 4a). The control sample induced a shift
which is comparable with the baseline assumed after BSA passivation, while samples incubation at 10 nM and 100 nM induced
shifts slightly lower than in PBS, but still signiﬁcantly higher than
the baseline.
Finally, we performed a set of experiments of PSMA detection
in PBS þ BSA as function of the incubation time, using a 100 nM
PSMA concentration. The results displayed in Fig. 4b show that, by
reducing the incubation time by a factor 10, the PSMA detection
remains constant within the experimental error. This result is
consistent with the previous observations of Melli (Melli et al.,
2011) on the dynamics of the formation of a self-assembled
monolayer on the pillar surface. The dramatic reduction of the
incubation times required to reach surface saturation in the case of
micron sized isolated surfaces, is explained in the framework of
diffusion limited adsorption as the transition from a 1D diffusion
ﬁeld in the case of extended surfaces, to a 3D diffusion ﬁeld in the
case of micron sized surfaces.

Fig. 4. (a) Results of PSMA detection in diluted bovine serum, with D2B functionalized pillars devices. Full blue circles and blue line are the same already shown in
Fig. 3a, empty purple triangles represent data obtained detecting PSMA in diluted
bovine serum (1:20 in PBS). Two concentrations, 10 nM and 100 nM, and a control
sample (only bovine serum) were tested. (b) Dark squares show frequency shifts
induced by PSMA at 100 nM in PBS, containing BSA 0.2%w/v, as a function of the
antigen incubation time. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

4. Conclusions
We introduced a detection method that allows to monitor the
frequency shift of tens of pillars in parallel, which enables to
overcome the variability of single measures improving the sensor
performances. The application of such system for biomolecular
detection was demonstrated through the detection of PSMA antigen on speciﬁcally functionalized micropillars. The sensitivity of
our method is limited only by the afﬁnity constant of the antigen–
antibody recognition and is set in the nM range. Moreover, this
approach requires only one recognition event (in contrast to the
usual immunosensing assays that require also a secondary antibody), a sample volume as small as 10 mL, an antibody concentration as small as 0.7 nM and greatly reduced incubation
times thanks to the sensor small size that involves a 3D diffusion
ﬁeld.

recombinant protein, used in these experiments, with respect of
the native one used during the immunization process to generate
D2B.
To demonstrate the reproducibility of the system, the detection
of PSMA at 10 nM and 100 nM in PBS þ BSA was performed using
three different chips fabricated in different production batches:
these data are shown as red empty circles in Fig. 3a.
Since the output of the pillar array for each PSMA concentration
can be seen as a population of identical sensors subject to identical
exposure, the results from different concentrations or from different experiments with the same concentration can be statistically compared to evaluate the signiﬁcance.
For both concentrations, data distributions are reported as box
plot in Fig. 3b and c. The agreement among measurements conducted on our replicated devices was analyzed performing an
ANOVA test (signiﬁcance p o0.05) that provided a p ¼0.11. As result, means are not signiﬁcantly different or, in other words, the
measures are reproducible.
To evaluate the difference in the pillar response, when incubated with different PSMA concentrations, we performed a
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