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a b s t r a c t

Microcantilever biosensors have been proposed in the last years as very sensitive mass detectors, but
few works focused on the precision and specificity of such tools. We measured the repeatability and
reproducibility of our cantilever-based system, proponing the combination of results coming from both
the first and second mode of vibration. Then, we optimized two biodesigns (a receptor-based and an
antibody-based) to the detection of Angiopoietin-1, a possible marker in tumor progression. The reported
results show that our microcantilever-based system can detect Angiopoietin-1 masses of the order of few
hundreds of picograms with less than 0.5% of relative uncertainty. We showed that the evaluation of the
protein surface density (number of molecules per cm2) could reveal interesting features concerning the
rotein detection
recision
pecificity

multimerization state of the targeted protein. We also performed negative controls (dipping the sample
in PBS without proteins) and specificity tests (dipping the sample in PBS with a “false” antigen). The
related frequency shifts coming from non-specific interactions were found to be at least one order of
magnitude lower than typical variations due to specific protein binding. Thanks to its fine precision and
optimal specificity, our microcantilever-based system can be successfully applied as a quantitative tool
for systems biology studies such as the comprehension of angiogenic machinery and cancer progression.
. Introduction

Proteomics opens new perspectives in many research areas of
ife sciences. In particular, in the field of medicine, proteomics
ctivities might accelerate the discovery of new drug targets and
rotein disease markers useful for in vitro diagnostics (Vitzthum et
l., 2005). This will lead to new pharmaceutical treatment oppor-
unities and to reliable diagnostic information, which is essential
or choosing the appropriate therapy. Besides providing reliable
nformation about a person’s condition and supporting therapeutic
pproach, proteomics plays a fundamental role in basic research,

specially for a better comprehension of disease mechanisms and
volution (Emmert-Buck et al., 2000). For instance, in order to
ccurately diagnose and closely monitor complex diseases, such as
ancer, the quantitative detection of multiple proteins is necessary.

� To be presented at the 1st Biosensing Technology Conference, Bristol, UK, 10–12
ovember 2009.
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Protein analysis techniques currently used can be generally divided
into four different categories: (1) radioactive, chemiluminescent,
or fluorescent reporting of antigen–antibody binding (Zhu et al.,
2000); (2) time-of-flight mass spectroscopy (Davies et al., 1999); (3)
electrophoresis separation (Heegaard and Kennedy, 1999); and (4)
detection of changes in surface properties due to antigen–antibody
binding (Dahint et al., 1999; Mullett et al., 1998; Nicholson et al.,
1999). Despite the virtue of these approaches with respect to pre-
cise protein quantification, problems remain with respect to the
need of labeled molecules, cost and time for the analysis. Therefore,
the development of label-free biosensors for sensitive and specific
detection of protein analytes still represents an open challenge.

In the last few years, there has been a growing interest of
bio and immuno-sensors using functionalized micromachined can-
tilevers to detect the presence of specific compounds (Waggoner
and Craighead, 2007). In general, microcantilevers (MCs) can oper-

ate either as surface stress sensor or as a microbalance. The former
measures the deflection originated from the stress generated in
binding of the target molecules to the receptors on the MC surfaces,
while the latter is used to detect the mass of the entities anchored to
the cantilever surface using the decrease in the resonant frequency.

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:carlo.ricciardi@polito.it
dx.doi.org/10.1016/j.bios.2009.10.006
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n recent years, it has been demonstrated that this technique in
tatic mode is suitable to detect a single base pair mismatch in
NA hybridization experiments (Fritz et al., 2000) as well as tran-

cription factors (Huber et al., 2006), and prostate-specific antigen
PSA) at clinically relevant conditions and concentration (Wu et al.,
001), without amplification or labeling of the sample. In dynamic
ode, vibrating cantilever beams have been used to detect ultra-

mall masses, ranging from femtogram down to the attogram range
Waggoner and Craighead, 2007). Determination of a single virus
article was performed in vacuum (Gupta et al., 2004) and quan-
itative detection in clinical ranges of PSA and specific C-reactive
rotein (CRP) has been reported (Lee et al., 2004).

In this work, we present the development of a microcantilever-
ased biosensor suitable to perform quantitative and precise
etection of specific proteins. We chose Angiopoietin-1 (Ang-1) as
ur target molecule representative of the wide range of angiogenic
actors, whose expression level is largely investigated in different
umors. Angiogenesis – the process of new blood vessel growth

plays an essential role in the development of tissues in the
ertebrate embryo, and is also involved in a wide variety of phys-
ological and pathological conditions in adults, including wound
epair, metabolic diseases, inflammation, cardiovascular disorders,
nd tumor progression. In particular, the system represented by
he tyrosine kinase receptor Tie-2 and its primary activating ligand
ng-1 is crucial for angiogenesis and for vascular maintenance in

he embryo and in the adult. We performed Ang-1 binding exper-
ments by hybridization reaction both with a human recombinant
rotein Tie-2/Fc and with the anti-Ang-1 monoclonal antibody (Ab).
e achieved measurements with relative uncertainty lower than

.5%, thanks to the combination of results coming from both the
rst and second mode of vibration, and showed that the evaluation
f the protein surface density (number of molecules per cm2) could
eveal interesting features concerning the multimerization state of
ng-1.

. Materials and methods

.1. Reagents

Recombinant Protein A and Protein G, purified from Bacillus
nd Streptococcus respectively, were from PIERCE. Human recom-
inant proteins Tie-2/Fc, Ang-1 and VEGF-A165 were obtained
rom R&D Systems; Tie-2/Fc and Ang-1 were provided as 6XHIS-
agged. The anti-Tie-2 (sc-324) polyclonal Ab was from Santa Cruz
iotechnology; the anti-Ang-1 (A0604) mAb was from Sigma; the
nti-6XHIS (552565) mAb was from BD Pharmingen; goat anti-
ouse IgG (H + L) HRP-conjugated Ab and goat anti-rabbit IgG Fc
RP-conjugated Ab were from CHEMICON International. Protein A
epharose CL-4B, Protein G Sepharose 4 Fast Flow, and 3,3′,5,5′-
etramethylbenzidine (TMB) were purchased from GE Healthcare
io-Sciences. Dulbecco’s Phosphate-Buffered Saline (PBS; BE17-
12F) was procured from BioWhittaker/Cambrex.

3-Aminopropyltriehoxysilane (APTES, anhydrous, 99%, Aldrich),
lutaraldehyde (GA, 25%, v/v, water solution) and toluene (anhy-
rous, 99.8%, Aldrich) were used without any further purification.

Sulphuric acid (95–97%, w/w) and hydrogen peroxide (30%,
/w) were also purchased from Sigma–Aldrich. Ortoboric acid and

odium chloride used to prepare borate buffer were ACS reagents
essay ≥99.5%) and were obtained from Sigma–Aldrich.
.2. Design of in vitro biochemical assays preparatory for
C–protein binding experiments

Enzyme Linked ImmunoSorbent Assay (ELISA) experiments
ere specifically designed to verify silicon surface–protein bind-
lectronics 25 (2010) 1193–1198

ing specificity and immobilized protein activity; pull-down assay
and immunoprecipitation (IP) experiments were used to establish
the optimal experimental conditions for the Receptor–Ligand and
the Ab–Antigen biodesigns, respectively (see Supplementary text
and figures).

2.3. Microcantilever fabrication and measurement set-up

Arrays of microcantilevers (MCs) with dimensions of
400–800 �m in length, 50–120 �m in width and 2–3 �m in
thickness were fabricated using a combination of surface and
bulk micromachining process, as described in detail elsewhere
(Canavese et al., 2007).

For the excitation of the MCs, a small piezoelectric disk (PI
Ceramic) was used. A function generator (HP 33120A) produced
a sinusoidal signal that was amplified and sent to the piezoelec-
tric actuator, to give us the possibility to control the frequency of
the oscillation. The actuator was linked to a holding cell, the can-
tilevers were attached to the actuator with double sided tape, and
the cell was evacuated to a minimum pressure of 5 × 10−4 mbar
by a series of a membrane and turbomolecular pump (MINI-Task
System, Varian Inc. Vacuum Technologies). Cantilever vibrational
characteristics were measured with the optical lever technique.
The position of a focused laser beam reflected off the top side of
the cantilever onto a position sensitive detector (PSD) was moni-
tored. The current output of the PSD was amplified and converted
into a voltage output, sent to a lock-in amplifier (EG&G 7260)
for signal extraction and filtering, and stored to a personal com-
puter, together with the stimulus signal for the function generator.
The procedure was controlled in a LABVIEW® environment, while
data were fitted with a Lorentzian curve and analyzed by software
OriginTM.

2.4. MC functionalization

A silicon oxide film on silicon MCs was grown by thermal oxi-
dation at 1100 ◦C in O2 atmosphere for 3 h. Before exposure to
organosilanes, the SiO2/Si MC were soaked into piranha solution
(70% H2SO4:30% H2O2) for 15 min to remove organic contaminants,
then rinsed with doubly distilled water and dried in a stream of
nitrogen. Freshly cleaned MC were then incubated with 1% (v/v)
solution of APTES in toluene at 60 ◦C for 10 min. Silane-coated
MCs were rinsed several times with toluene and then dried in a
stream of nitrogen. Freshly silanized-MCs were then incubated in
a 1% GA solution (in borate buffer, 0.1 M; pH 8.8) for 1 h using
an orbital shaker at 100 rpm. The relatively high pH ensures that
mostly amino groups at MC surface are deprotonated (–NH2) and
thus able to react with aldehyde groups. After 15 min of incuba-
tion, 300 �L of a solution of sodiumcyanoboro hydride (5 M) in
NaOH have been added to reduce the imine (–N CH–) formed from
the reaction between –NH2 and –CHO moieties and thus to form
a more stable bond. After incubation, MCs have been rinsed sev-
eral times with doubly distilled water and dried in a stream of
nitrogen.

Two biological binding experiments were then performed with
the pre-activated MCs.

2.5. Protein binding experiments on functionalized MCs

2.5.1. “Receptor–Ligand” hybridization experiment
Functionalized MCs were soaked in a Protein A solution in PBS
(50 �g/mL) for 2 h at room temperature using an orbital shaker.
Afterward, MCs were washed in PBS (2 × 5 min and 2 × 10 min) to
remove non-specifically bound proteins, and then in doubly dis-
tilled water (2 × 15 min) to remove possible salt residuals. After
Protein A binding, 20 �L of Tie-2/Fc solution in PBS (2.5 �g/mL)
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as dropped on MCs. The incubation of 2 h was performed at room
emperature (RT) in a chamber with controlled humidity, to avoid
vaporation of solution. After this, MCs were washed with PBS and
oubly distilled water as reported before. Hybridization reaction
ith target receptor was carried out by dropping 20 �L of Ang-
solution (25 �g/mL) in PBS; the incubation was of 2 h at RT in a

hamber with controlled humidity. Washings were then performed
s reported before.

.5.2. “Ab–Antigen” hybridization experiment
Pre-activated MCs were incubated with a Protein G solution

n PBS (50 �g/mL) for 2 h at RT using an orbital shaker. After-
ard, MCs were washed (2 × 5 min and 2 × 10 min) in PBS—Tween

0 (0.05%) to remove non-specifically bound proteins, and then
n doubly distilled water (2 × 15 min) to remove possible salt
esiduals. After Protein G binding, 5 �L of anti-Ang-1 Ab (A0604)
olution in PBS (200 �g/mL) were dropped on MCs surface and
he incubation performed for 2 h at RT under controlled humid-
ty conditions. After this, MCs were washed with PBS and doubly
istilled water as reported before. Hybridization reaction was car-
ied out by dropping 20 �L of Ang-1 solution in PBS (25 �g/mL)
nd performing the incubation for 2 h at RT under controlled
umidity conditions. After this, MCs were washed with PBS and
oubly distilled water as reported before. Hybridization experi-
ent on anti-Ang-1 Ab-bound MCs was also carried out with a
EGF-A165 antigen, non-specific for A0604 Ab, by using the same

ncubation conditions employed for Ang-1 hybridization reac-
ion.

. Results and discussion

The experiment consisted in characterizing the first and second
exural mode of different sized MCs in vacuum before and after
rotein immobilization. Using the following well-known equation,

t is possible to link the shift of the eigenfrequency value �f to the
orresponding mass increment �m:

�f

f0
= −1

2
�m

m0
(1)

here, f0 is the resonant frequency and m0 is the mass loading
n the MC before binding. This direct relationship is applicable if
he added mass is uniformly deposited on cantilever surface and
f the beam spring constant k remains essentially constant after

olecule binding. These requirements are commonly proofed in
icrocantilever-based biosensing, because the adsorbate proper-

ies such as thickness, stiffness and surface stress, have a neglecting
nfluence on the vibrational characteristics of the Si resonator (Lu
t al., 2005; Oliviero et al., 2008; Tamayo et al., 2006).

.1. Preparatory measurements

First of all, we performed a critical run of measurements aimed
t the evaluation of primary sources of uncertainty of the experi-
ental set-up.
The first and second flexural mode of vibration in vacuum were

onitored, while changing one by one the following parameters:
acuum level (4 × 10−2 to 8 × 10−4 mbar), laser spot on MC (3 posi-
ions between middle and free end), PSD angle with respect to laser
eflected spot (33–40◦), piezo-actuator applied tension (0.05–9 V),
antilever dimensions (3 different size MCs), operator (3 different
esearchers did optimize the same measurement). First flexural

odes of vibration (M1) were found in the range 4–8 kHz, while

econd modes (M2) in the range 30–50 kHz. In such a way, we
anted to understand how the measurement uncertainty could be

ffected by the optimization of the experimental set-up. In particu-
ar, we wanted to compare the two modes in terms of precision (i.e.
lectronics 25 (2010) 1193–1198 1195

the variability of a measurement around its average value) rather
than sensitivity. As a matter of fact, more than one research group
has recently demonstrated the significant advantages in mass sen-
sitivity when monitoring higher modes of vibration respect to
the fundamental one (Waggoner and Craighead, 2007). However,
such works usually focus just on the improved detector sensitivity
(essentially given by the increasing of resonance curve Q-factor),
while a careful analysis of repeatability and reproducibility of fre-
quency measurement is needed, in our opinion, to corroborate such
advantages.

To this purpose, 49 measurements of both M1 and M2 were
collected in the above-mentioned conditions and 4 different his-
tograms were created, using relative frequency shifts �f/f instead
of absolute frequencies in order to compare different MCs and
different vibration modes (see Fig. S3(a)–(d) in the Supplemen-
tary material). The standard deviation of the first mode resulted
to be �M1 = 2.7 × 10−6, while the standard deviation of the second
mode resulted to be �M2 = 3.5 × 10−6: therefore, M2 uncertainty is
evaluated to be roughly 30% greater than M1 one. Furthermore, the
range (i.e. the difference between the highest and lowest values) of
the first set is half of the second: 1.3 × 10−5 versus 2.6 × 10−5. Then,
although both distributions are characterized by a significant and
satisfying low uncertainty, we can deduce that, in our experimen-
tal set-up, measuring the second mode instead of the first one give
a less precise result. If we consider all the data as a single distri-
bution with 49 × 2 = 98 data (M1M2), we have �M1M2 = 3.1 × 10−6,
that is still larger than �M1 , and the range is clearly as large as M2:
2.6 × 10−5. On the contrary, if we calculate the arithmetic mean
of the two modes as M12 = (M1 + M2)/2, the related distribution is
characterized by the lowest standard deviation �M12 = 2.5 × 10−6,
and the range is roughly the same as M1: 1.4 × 10−5.

Furthermore, the Chi-squared test shows that M12 distribution
is the only one that follows a Gaussian distribution. We merged
the external bins of the 4 histograms to have at least 5 counts
for each bin and then we calculated the reduced �̃2

0, in order to
easily compare distributions with different degrees of freedom
(Taylor, 1997). The results are �̃2

M1
= 5.6, �̃2

M2
= 8.4, �̃2

M1M2
= 8.1,

�̃2
M12

= 4.1. With a confidence level (P-value) of 5% we can state that
just M12 has a non-significant discrepancy with a Gaussian distri-
bution since Pd(�̃2 ≥ �̃2

M12
) ≥ 5, while it is significant for M1 since

1 ≤ Pd(�̃2 ≥ �̃2
M1

) < 5, and highly significant for M2 and M1M2 since

Pd(�̃2 ≥ �̃2
M2

, �̃2
M1M2

) < 1 (Taylor, 1997).
Preliminary results, not reported here, on third and fourth

modes show a similar behavior. We can then argue that higher
modes can reduce the repeatability and reproducibility of the fre-
quency measurement, while mediating them with the fundamental
one represents a suitable tool to easily obtain precise and normally
distributed measurements.

The obtained standard deviation �M12 = 2.5 × 10−6 can repre-
sent the uncertainty of the detector, which is remarkably lower
with respect to the uncertainty of the whole bio-experiment. We
performed negative control experiments, in which the protein-
immobilized MCs are dipped into PBS solution to evaluate
the influence of non-specific adsorption/desorption on reso-
nance curves. We found that typical relative frequency shifts
after PBS dipping are of the order of (�f/f)PBS = 1 × 10−4 (see
Table S1(c) in the Supplementary material): although this value
is 50 times larger than �M12 , it is still one order of magni-
tude lower than typical variations due to protein binding (see
Fig. S4 in the Supplementary material for an example of a neg-

ative control experiment). Since non-specific binding is often
addressed as the major limit on ultimate cantilever-based sensi-
tivity (Waggoner and Craighead, 2007), we will use (�f/f)PBS as our
experimental limit of detection: frequency variation below this limit
was labeled as statistical fluctuation.
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ig. 1. Resonant curve for the Receptor–Ligand experiment: (a) first flexural mode, (
.

.2. Receptor–Ligand experiment

As reported in Section 2, the Receptor–Ligand design is
omposed by 2 functionalization steps (APTES and GA), and 3
iomolecule binding steps (Protein A, Tie-2/Fc, Ang-1). Fig. 1 reports
he resonance curves of first and second flexural mode of 28C4
fter all the aforementioned steps, starting from the oxidized can-
ilever, denominated as “bare”. The curves are normalized to 1 to
acilitate the graphical comparison: in fact we frequently experi-
nced variations in the intensity of the PSD signal, mainly due to the
perator focusing of the laser beam. This fact also influences the Q-
actor evaluation, that we found to vary in the range 5000–20,000,
otally covering any possible trend linked to the variation of stiff-
ess related to adsorption of soft materials like biomolecules. The
gure shows that the receptor immobilization caused a frequency
ecrease of 1.88 Hz and 5.78 Hz, for M1 and M2 respectively; using
q. (1), we obtain an average mass of �m12 = (0.19 ± 0.06) ng. The
ncertainty is calculated as half-deviation of the modes, ��m12

=
�m1 − �m2)/2, because calculating standard deviation for few
ata can lead to an underestimation of the uncertainty.

Since we want to compare cantilever with different dimensions,
e calculated the protein surface density (number of molecules per
m2) as:

= −2m0�f

f0

NA

MS
(2)

ig. 2. Resonant curve for the Antibody–Antigen experiment: (a) first flexural mode, (b
rotein G.
ond flexural mode. See text for further details. PtA is used as abbreviation of Protein

where, NA is the Avogadro constant, S the exposed surface of
the beam, and M the molecular mass of the protein. For the
receptor Tie-2/Fc (M = 165 kDa) we obtained an average value of
ı12 = (0.47 ± 0.15) × 1012 molecules/cm2. The response to following
Ang-1 (M = 70 kDa) binding caused a negative shift of 1.24 Hz and
6.50 Hz, for M1 and M2 respectively, corresponding to an average
mass increment of �m12 = (0.16 ± 0.01) ng. Therefore, combining
the two modes, we can not only detect a target mass as low as
160 pg (a value comparable with typical limit of detection of ELISA
tests), but also easily give an uncertainty to such measurement:
10 pg, for this example. The calculated surface density resulted
ı12 = (0.91 ± 0.05) × 1012 molecules/cm2.

We can now consider each MC as a single instrument to measure
the quantity ı12 and its related uncertainty �ı12

(given by half-
deviation of the two modes); since we evidenced in Section 3.1
that such measurements are normally distributed, we can use the
“weighted average” method to have the best estimation of the true
value ı12 (Taylor, 1997). Thanks to such method, the final value
is closer to most precise measurements and intrinsically mini-
mizes the contribution of data affected by largest uncertainty. From
data listed in Table S1(a) and (b) (see Supplementary material),
we obtained ı = (0.45 ± 0.02) × 1012 and ı = (0.91 ± 0.05) ×
12 12
1012 molecules/cm2, for Tie-2/Fc and Ang-1, respectively. The rel-
ative uncertainties of the entire sets are as small as 5%, confirming
that our cantilever-based detection system can perform highly pre-
cise measurements.

) second flexural mode. See text for further details. PtG is used as abbreviation of
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.3. Ab–Antigen experiment

We here report about the Ab–Antigen design, where Protein
and Tie-2/Fc were substituted by Protein G and the anti-Ang-
Ab, respectively. The chemical functionalization steps were not
odified (APTES and GA).
Fig. 2 reports the resonance curves of first and second flexu-

al mode of 33C3 after the three protein immobilization steps. It
hows that the Ab immobilization caused a frequency decrease
f 3.86 Hz and 18.86 Hz, for M1 and M2 respectively, corre-
ponding to an average mass of �m12 = (0.23 ± 0.03) ng. For
he following Ang-1 binding we have a frequency decrease
f 6.01 Hz and 37.69 Hz, for M1 and M2 respectively, corre-
ponding to an average mass of �m12 = (0.411 ± 0.001) ng. We
hen calculated the weighted average of the MC surface densi-
ies listed in Table S2(a) and (b) (see Supplementary material),
btaining ı12 = (2.50 ± 0.05) × 1012 and ı12 = (5.14 ± 0.02) ×
012 molecules/cm2, for Ab and Ang-1, respectively. The evalu-
ted Ab density is comparable with the theoretical maximum

ensity estimated from the known size of an IgG molecule
23.5 nm × 2.5 nm), which is 1.7 × 1012 molecules/cm2 (Gupta et al.,
006). The slightly higher value we obtained is probably related
o the fact that cantilever surface with immobilized Ab is not

ig. 3. Specificity test: (a) true antigen, Ang-1, (b) false antigen, VEGF-A165. PtG is
sed as abbreviation of Protein G.
lectronics 25 (2010) 1193–1198 1197

nanometrically smooth. In fact, the functionalization and protein
immobilization steps result in a three-dimensional corrugated sur-
face and the related density of active sites is larger respect to that
of a flat surface. The relative uncertainty of the entire set is smaller
than 0.5%, indicating that the Ab–Antigen biodesign can perform
the highest precise and accurate measurements.

It is remarkable to note that this technique can also be used to
investigate how many target molecules bound to each probe: from
our data, the ratio of antigen/Ab surface density is 2.06 ± 0.05, per-
fectly consistent with the two binding sites of the Ab. Interestingly,
we have found a similar value, 2.0 ± 0.2, also for ligand/receptor
ratio, although the Tie-2/Fc receptor is known to have just one
binding site (Barton et al., 2006). These results imply that Ang-1
is not present in its monomeric form; this suggestion is confirmed
by other research groups that recently characterized its modu-
lar structure, evidencing the presence of variable-size multimers
(Davis et al., 2003). From our measurements, the dimer seems to
be the preferred immobilized conformation, but further studies are
needed to deeply investigate the competitive kinetics of hybridiza-
tion and the influence of washings. Anyhow, these results support
that microcantilever biosensors can be successfully applied as a
quantitative helpful tool in solving the multimeric state of a target
molecule as well as the stoichiometry of protein–protein interac-
tion.

We finally performed a specificity test, dipping five MCs
in a solution containing a “false” antigen, VEGF-A165 (see
Table S1(c) in the Supplementary material): in this way we wanted
to check the system response due to the non-specific adsorption of
proteins similar to the target molecule, Ang-1. The average relative
frequency shift resulted (�f/f )VEGF = (−1.1 ± 0.8) × 10−5, lower
than our experimental limit of detection (see subsection 3.1 and
Supplementary text) and nearly two orders of magnitude lower
than typical shifts due to specific recognition. Fig. 3 reports the
graphical comparison between resonance curves of one cantilever
dipped in Ang-1 solution (denominated “true” antigen) versus one
dipped in VEGF-A165 solution (“false” antigen). The same relative
scale on x-axis is used to better evidence the large difference in the
frequency shift induced by protein adsorption.

4. Conclusions

We reported our successful experiments on the detection of
Ang-1, a marker of tumor angiogenesis. We particularly focused on
the precision and accuracy of our cantilever-based analysis, pro-
poning the combination of results coming from both the first and
second mode of vibration. A careful analysis of repeatability and
reproducibility was performed as preparatory measurements. Two
biodesigns were optimized and compared: Receptor–Ligand and
Ab–Antigen. The latter gave the best results in terms of highest
surface density and lowest uncertainty: Ang-1 masses of the order
of few hundreds of picograms were detected with less than 0.5%
of relative uncertainty. We showed that the evaluation of the pro-
tein surface density (number of molecules per cm2) could reveal
interesting features concerning the multimeric state of the targeted
protein. We also performed negative controls (dipping the sample
in PBS without proteins) and specificity tests (dipping the sample
in PBS with a “false” antigen). The related frequency shifts (coming

from non-specific interactions) were found to be at least one order
of magnitude lower than typical variations due to specific protein
binding.

Thanks to its fine precision and optimal specificity, our
microcantilever-based system can be successfully applied as a
quantitative tool for systems biology studies such as the compre-
hension of angiogenic machinery and cancer progression.
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