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a b s t r a c t
A microcantilever sensor based on a reversible displacement reaction was developed. The demonstration
was performed with the Ni–NTA–EDTA sample system. Ni ions, a typical heavy metal, were injected and
adsorbed onto a NTA-functionalized AFM cantilever in a ﬂuid cell. This adsorption resulted in tensile stress
which was detected by monitoring the corresponding deﬂection of the microcantilever. In the next step,
EDTA was injected into the cell to release the adsorbed Ni ions from the surface of the cantilever. Since
EDTA molecules have a stronger afﬁnity for Ni ions compared to NTA, they compete with and eventually
replace the NTA molecules and take over the binding positions on Ni. The displacement of Ni ions from
the cantilever by EDTA, followed by water ﬂow removes the tensile stress and restores the cantilever
deﬂection to its original value. In this way, both heavy metal ions and EDTA can be speciﬁcally recognized.
From the cantilever deﬂection, the concentration of Ni ions and EDTA can be quantiﬁed. The detection
limits are presently at the micromolar level. Another weaker Ni ion binder, imidazole, was unable to
dissociate Ni ions from NTA and produce similar effects. The demonstrated principle can be used for
microcantilever sensors which are capable of regeneration for multiple uses. The method presented can
be generalized to detect other reactants.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Label-free physical, chemical and biological sensors have experienced a rapid development in recent decades. Microcantilever
based sensors [1–11], surface plasmon resonance (SPR) sensors
[12–15], quartz crystal microbalances (QCM) [16–19], piezoelectric or surface acoustic wave (SAW) devices [20–22] and
nanowire/nanotube-based transistors [23–26] are the most commonly used label-free detection systems. In contrast to the many
varieties of sensor systems, the principles of detection used remain
limited to the adsorption of the targeted analyte, usually based
on speciﬁc molecular recognition pairs such as antibody–antigen
and receptor–ligand/antagonist. A detection signal is generated
when an analyte, chemical A, is bound to its interaction pair,
chemical B, which is immobilized on the surface of the detection device. In contrast, in the displacement method of detection,
chemical A can also be detected as it is displaced from the surface
by a third chemical C, which has a stronger afﬁnity to A compared to B. In principle, the detection limit of displacement should
be equivalent to that of the adsorption method while the speci-
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ﬁcity of the detection is increased because the detected analyte
A should have afﬁnity to both B and C with the binding afﬁnity AB < AC. Alternatively, if A and B are both known, then C can
be speciﬁcally detected in the above dissociation process based
on the afﬁnity relation given by AB < AC. Previously, displacement
of the analyte was only used in the regeneration of detection
devices and seldom used for the detection itself. Even though
competitive assays have a close relation to the displacement strategy, it still belongs to the category of adsorption based detection
[27]. This paper will demonstrate, using a microcantilever based
senor, the feasibility of the displacement concept for detecting
heavy metal ions, such as Ni2+ and ethylenediaminetetraacetic acid
(EDTA).
Interactions between divalent transition metal ions (such as
Ni, Cu and Co) and chelators (such as nitrilotriacetic acid (NTA),
EDTA and His-tag) have been intensively studied and well documented [28–30]. The relationship between these chemicals is
best illustrated by their most well known application, Ni-NTA
chromatography. In this methodology, His-tagged recombinant
proteins are puriﬁed by utilizing the interactions of Ni with NTA,
His-tag and EDTA (or imidazole). Ni is pre-loaded into a chromatogram column and bound to a NTA-functionalized matrix
packed inside. The targeted His-tagged protein mixed along with
other impurities is then run through the column. The His-tagged
protein is captured by the Ni matrix while the impurities are eluted.

204

X. Chen et al. / Sensors and Actuators B 161 (2012) 203–208

Fig. 1. Schematic representation of the molecular structure of the SAM of NTA on a gold-coated silicon nitride AFM cantilever.

As a ﬁnal step, proteins are released by rinsing with EDTA or imidazole. EDTA competes with NTA and cleaves Ni from NTA while
imidazole competes with His-tag and removes the protein from
Ni. This technology has been solidly established as a standard procedure for the puriﬁcation of His-tagged proteins and provides a
classic model system to detect heavy metal ions and EDTA.
Heavy metal ions are highly toxic for bioorganisms, sometimes
even at trace concentrations. This makes the detection of heavy
metal ions extremely critical in environmental control and food
processing. Likewise, the detection of EDTA is also important due
to its wide use in industry, food and agriculture [31].
In this paper, using the sample Ni–NTA–EDTA system, the detection principle of reversible displacement is demonstrated using an
AFM cantilever for both heavy metals and EDTA. The microcantilever based sensor was used for its improved dynamic response,
greatly reduced size, high precision, and increased reliability
compared with conventional sensors [32]. In this demonstration
system, Ni ions, a typical heavy metal ion, are delivered in situ
in the water ﬂow and immobilized onto an AFM cantilever via
interaction with the self-assembled monolayer (SAM) of NTA on
the cantilever. Due to the stress resulting from the adsorption of
Ni ions, the cantilever bends and a deﬂection change is detected.
This is followed by the injection of EDTA, which is used to remove
Ni ions from the cantilever by competing with NTA. This change
causes another detectable bending of the cantilever which is readout. Concentrations of Ni ions and EDTA were varied independently
up to the detection limits for each analyte. Since adsorbed Ni can
be completely cleaned from the cantilever, this detection system
can be regenerated and reused, signiﬁcantly saving time, labor
and cost of materials. Although microcantilever-based sensors have
been reported for detection of heavy metal ions, the displacement
method has not been applied previously [33,34]. Detection of peptides with replacement of water molecules around the topmost
NTA-Ni layer was reported [35]. However, since peptides were
detected via their adsorption to Ni ions, the methodology is different from the displacement method detailed in this paper. To the
authors’ knowledge, this is the ﬁrst demonstration of the displacement principle on a microcantilever based EDTA sensor.

EDTA solutions were prepared from Na2 EDTA·2H2 O, as pure EDTA
has very low solubility in water [36]. For simplicity, EDTA is used
as shortcut for the Na2 EDTA solution unless explicitly stated.
Ultrapure deionized water (18.2 M cm) was obtained with a
Milli-Q water system (Millipore). The V-shaped silicon nitride
cantilever (Veeco Instruments, Santa Barbara, CA) used in the
experiments was 310 m long, 20 m wide and 0.55 m thick
with a spring constant of 0.01 N/m. The top of the cantilever was
coated with 60 nm of gold over a 15 nm of chromium adhesion
layer.
Multiple steps were taken to clean the cantilever before it was
functionalized with NTA SAM. The cantilever was ﬁrst immersed
in acetone overnight and then washed with ethanol and dried in
a stream of nitrogen. After 60 min of UV irradiation, the cantilever
was immersed in Piranha solution (3:1 H2 SO4 (98%)/H2 O2 (30%)) for
5 min. (Caution: Piranha solution reacts violently with many organics and should be handled with great care.) After Piranha treatment,
the cantilever was rinsed with copious water followed by ethanol.
Next, the cantilever was functionalized with a SAM of NTA by incubation in a NTA-thiol saturation ethanolic solution (<1 mM) for 7
days. Fig. 1 shows the surface structure of the NTA SAM on the AFM
cantilever.
All experiments were carried out in a ﬂuid cell installed in a
Veeco Multimode optical head (Veeco Instruments, Santa Barbara,
CA). This system is shown in Fig. 2. The cantilever is mounted on
the glass ﬂuid cell containing an inlet and outlet. The bottom is
closed with a coverslip or a silicon wafer using a Teﬂon O-ring.
The volume of the sealed chamber is about 60 l, ensuring a fast

2. Material and methods
NiSO4 ·6H2 O, ethylenediaminetetraacetic acid disodium salt
dihydrate (Na2 EDTA·2H2 O), imidazole, NaCl and N-[N␣ ,N␣ -Bis
(NTA(carboxymethyl)-l-lysine]-12-mercaptododecanamide
Thiol) were purchased from Sigma–Aldrich and used as received.

Fig. 2. Schematic diagram of the experimental setup.

X. Chen et al. / Sensors and Actuators B 161 (2012) 203–208

Fig. 3. Deﬂection response of a NTA-functionalized cantilever to injections of NiSO4
solution, a 50 mM EDTA solution and water introduced at the time marked with
arrows. In region 3, the dotted line and the dashed line are the segments def and
ijk respectively, which are overlaid on the last EDTA curve. The excellent match
demonstrates the reversibility and reproducibility of the sensor.

replacement of the solution during ﬂow. The whole system is placed
on an isolation table to reduce vibration. A laser beam is incident
onto the top side of the free cantilever (beam positioned at its
apex), and reﬂected onto a four-quadrant photodetector. A positive change (rise) in the deﬂection means the cantilever bends up,
while a negative change (drop) corresponds to the cantilever bending down, which is away from the sensing surface. The upward
bending indicates tensile surface stress due to attractive interactions and the downward bending represents compressive surface
stress caused by repulsive interactions, respectively. The deﬂection signal was acquired by an AFM controller and transferred to a
computer. Acquisition software was programmed in Labview. The
ﬂow through the ﬂuid cell was controlled at a constant rate of
2 ml/h by a syringe pump, which was connected to the outlet of
the ﬂuid cell, operating in a withdrawal mode. This ﬂow method
leads to less noise. To reduce the effect of temperature ﬂuctuations
during measurement, the ﬂuid cell was housed in a temperaturecontrolled box and stabilized at 26 ± 0.05 ◦ C. The switch between
different solutions was done by using a 6-way selection valve. In
each experiment, the ﬂow began with water and was followed by
1 ml of 50 mM EDTA. This step ensured the removal of any possible trace heavy metal ions absorbed onto the cantilever surface in
the previous steps. Eventually, the cantilever was stabilized in the
water ﬂow before switching to the analyte.
3. Results and discussion
The cantilever deﬂection associated with the Ni adsorption onto
the NTA SAM is thought to result from the change in charge density
of the surface. A Ni ion in solution bears 2 positive charges, which
are tightly bound to the cantilever surface after capture by NTA. This
change can be reversed with the injection of EDTA which removes
Ni ions trapped on the cantilever and thus restores the original
charge distribution on the cantilever surface. Since the effect of the
charge and the related electrostatic interaction can be screened by
salts in solution, pure water was chosen as the medium and all
analytes were dissolved in water without adding additional electrolytes. The baselines in all experiments were obtained in pure
water in order to minimize the screening effect of charges, and in
turn to optimize the signal.
Fig. 3 shows a typical cantilever deﬂection measurement performed as a function of time. The displayed data include three
separate regions, with each being a complete measurement. All
basic essential information can be extracted from Fig. 3 by comparing the three sections.
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The ﬁrst region shows the cantilever deﬂection caused by the
ﬂow of 5 mM NiSO4 solution and the reversal by the subsequent
ﬂow of EDTA solution. The functionalized cantilever was ﬁrst equilibrated in water for several hours until a stabilized ﬂat baseline
was obtained in the temperature controlled chamber. The background deﬂection due to temperature drift is negligible (maximum
drift of a few nanometers per hour). This stability enables long time
data collection. At the time point a, indicated by the ﬁrst arrow,
a 5 mM NiSO4 solution was ﬂowed into the reaction chamber and
continued for 30 min. As the NiSO4 ﬂow entered the reaction chamber the cantilever bends down leading to a total deﬂection drop of
93 nm to point b. The direction of the deﬂection indicates a tensile
stress on the top surface of the cantilever. This stress is thought to
result from the adsorption of Ni ions onto the NTA layer. It should
be noted that other effects, such as pH variation and non-speciﬁc
adsorption [37], can also lead to the bending of the cantilever. Thus,
the origin of the cantilever deﬂection needs to be carefully analyzed
and the direct contribution from the adsorption of Ni ions should
be separated from the background mentioned above. To remove
ambiguities from pH and non speciﬁc adsorption, pure water was
next ﬂowed into the reaction chamber at position b as shown by the
arrow in Fig. 3. The water ﬂow causes the deﬂection to reduce as
shown in Fig. 3. In the ﬁrst 10 min after the start of the water ﬂow,
there was a rapid rise in deﬂection, which most likely corresponds
to the change in pH of the reaction chamber and the removal of
the physically adsorbed Ni2+ or SO4 2− . This is followed by a further
slow and almost linear increase in the deﬂection from b to c. This
observation suggests the slow dissociation of Ni ions from NTA due
to the ﬂow of water. About 25 min later, a 50 mM EDTA solution was
introduced into the ﬂuid cell by using a selection valve. This led to
a two-step change in the deﬂection. First, a sharp rise from c to d
was seen immediately after the start of ﬂow of EDTA which then
turned to a quick drop in a few minutes, leading to the formation
of a narrow peak. In the following half hour, the signal decreased
to a minimum (position e) before the ﬂow was again switched back
to water. This behavior is not what is expected from the complete
removal of Ni ions from NTA. EDTA should remove Ni ions from the
surface, thereby decreasing the tensile stress and restoring the cantilever to zero deﬂection. The situation, however, is not as simple as
outlined above. Along with the removal of the immobilized Ni ions,
a change in the pH value and physical adsorption of EDTA can also
occur. This would lead to competing inﬂuences on the cantilever
as observed. To check the net effect of EDTA, water ﬂow was again
restored at point e as shown in Fig. 3. The deﬂection rises due to the
removal of the inﬂuence of pH and EDTA adsorption. After 30 min
of water ﬂow the cantilever deﬂection was restored to its original
zero value as at the start of the experiment prior to the introduction
of the Ni ions. This means all the chemicals, NiSO4 or EDTA, which
were introduced into the ﬂuid cell, were removed and the state
of the cantilever was regenerated and made ready for subsequent
use.
In the second region of Fig. 3, another cycle of ﬂow experiments
as above was repeated with a 50 mM NiSO4 solution and the same
concentration of EDTA. The same features were reproduced except
that the decrease in cantilever deﬂection caused by NiSO4 was
deeper and the subsequent peak caused by EDTA ﬂow was higher.
These changes correspond well to the larger concentration of NiSO4
used. At the end of this cycle, the deﬂection level again returned to
the original zero as at the beginning of the experiment. From these
two regions the magnitude of the deﬂection change with Ni and
EDTA can be correlated to the concentration of the Ni ions used.
To further understand the formation of the peak in the deﬂection generated by EDTA, a control experiment was done in the third
region of Fig. 3. After the water ﬂow cycle in region 2, EDTA ﬂow was
started at point k, without the ﬂow of NiSO4 beforehand. As water
was replaced with EDTA, the cantilever deﬂection signal dropped
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Fig. 4. Deﬂection response of a NTA-functionalized cantilever to injections of EDTA
(solid line), imidazole (dashed line), and water (dotted line). The cantilevers were
loaded with Ni ions by ﬂowing a 50 mM NiSO4 solution prior to the start of the
experiments. The inset shows the deﬂection change due to the ﬂow of a 100 mM
NaCl solution.

immediately. Unlike in the previous two regions there is no initial
increase in the deﬂection as here no Ni ions are present. Next EDTA
ﬂow was shut off and the water ﬂow to the ﬂuid cell turned on at
point l. The cantilever deﬂection increased till it was restored to
its original zero value. We can now understand the role of EDTA in
the cantilever deﬂections in the experiments in regions 1 and 2 by
comparing the corresponding sections to the control experiment
in region 3. For this, in Fig. 3 those sections showing a decrease
during the EDTA ﬂow and the subsequent rise with the water ﬂow
(sections def and ijk) are cut and overlaid on region 3. The overlaid segments from region 1 (section def) and region 2 (section ijk)
are shown with dotted and dashed lines in Fig. 3. No normalization of the segments was done for the comparison. A perfect match
between all 3 experiments is observed. This points to the individual
role of EDTA in the cantilever deﬂection. Thus the initial rise in the
cantilever deﬂection after introduction of EDTA (sections cd and hi)
can be attributed to the removal of Ni ions from NTA. The peak formation in the cantilever deﬂection in regions 1 and 2 is the result of
the competition between the rise from the displacement of Ni and
the drop due to the individual role of EDTA. The excellent overlap
between the solid, dashed and dotted lines also points to the fact
that all prior effects of Ni ion absorption are lost after the ﬂow of
EDTA. There is no memory of the interaction of Ni allowing easy
regeneration for multiple reuses of the sensor. This also provides
a proof of the chemical stability of the functionalized cantilever.
Based on the negligible change in sensor function between cycles,
the cantilever should be usable for a few tens of cycles.
To further conﬁrm the speciﬁcity of EDTA on the displacement
of Ni, an additional set of control experiments were conducted and
the results are displayed in Fig. 4. The same protocol as used in
experiments shown in Fig. 3 was followed. These experiments were
started at the point corresponding to g after a 30 min ﬂow of 50 mM
NiSO4 in Fig. 3, so as to have the same initial state of the cantilever,
i.e. loaded with Ni ions. All the changes in ﬂow are indicated with
arrows. The ﬂow through the reaction chamber was then switched
to water for 25 min to ﬂush out ions in the solution as well as those
loosely bound to the cantilever surface. Three different experiments
were done following the water ﬂush. In the ﬁrst experiment, shown
by the solid line in Fig. 4, the ﬂow was switched to 50 mM EDTA for
30 min and followed by water, similar to the experiments described
in region 2 of Fig. 3. We reproduced the previous results in Fig. 3.
In the second experiment, shown by the dotted line in Fig. 4, no
ﬂow of EDTA was started and the water was continuously run for
an additional 45 min. The cantilever deﬂection shows a slow rise
related to gradual dissociation of Ni ions by the water. As discussed

above, the Ni dissociation from NTA in water is much slower than
that in EDTA. Thus even after 45 min the cantilever deﬂection does
not go back to its original zero value as observed when EDTA is used.
The lag in recovery reveals the importance of EDTA in the release
of Ni. To conﬁrm that Ni was still left on the surface, 50 mM EDTA
was introduced after 45 min ﬂow of water. The expected rise in the
cantilever deﬂection resulted. As some of the Ni ions were removed
by the extended water ﬂow, the peak due to EDTA is smaller than
that shown by the solid line. The third experiment shown by the
dashed line in Fig. 4 was similar to the ﬁrst one shown by the
solid line, except that imidazole was ﬂowed instead of EDTA. The
cantilever deﬂection decreased further with the start of the imidazole ﬂow. The deﬂection rise hi seen in Figs. 3 and 4 when EDTA
ﬂow was started was absent. This is due to the difference in the
Ni dissociation constants. Unlike the Ni–EDTA complex, which has
a dissociation constant of 10−19 M, the Ni–imidazole complex is
much weaker with a dissociation constant of 10−3 M. In comparison, the Ni–NTA complex has a dissociation constant of 10−11 M,
and thus imidazole does not displace Ni from NTA as rapidly as does
EDTA [28,38]. It should be noted that imidazole caused an even
larger change in the signal magnitude compared to that by EDTA.
This might seem strange under the conventional scenario where
all cantilever bending signals are caused by adsorption and thus a
stronger interaction usually results in a larger signal in the same
bending direction. However, it is not surprising when one realizes
that there are different underlying mechanisms for the two phenomena. In the case of EDTA, the bending shows a tensile stress
generated by the release of Ni ions. In contrast, the injection of
imidazole leads to a drop in signal indicating compressive stress,
probably resulting from physical adsorption of imidazole onto the
surface of the cantilever. When the water ﬂow was restored after
30 min of imidazole, the deﬂection rose. Thus water ﬂow removes
the imidazole adsorbed on the Ni surface of the cantilever. After
40 min of water ﬂow, the deﬂection was much lower compared to
the solid line of experiment 1, corresponding to a cantilever state
coated with primarily Ni ions. It is also interesting to note that the
deﬂection level is even lower than that at the start of the imidazole
ﬂow. This points to additional tensile stress from the presence of
some residual imidazole on the cantilever. As the last step, EDTA
was run to regenerate the cantilever. The characteristic peak due
to the Ni–EDTA interaction again appeared. The subsequent ﬂow of
water restored the deﬂection was to its initial zero level indicating
the complete removal of Ni ions from the cantilever.
As Na2 EDTA was used instead of pure EDTA, there is concern that
salts might play a role in the deﬂection detections of the Ni–EDTA
interaction. To resolve this, the experiments were repeated by
replacing EDTA ﬂow with the ﬂow of a 100 mM NaCl solution after
the standard procedure of Ni loading and water wash (point c in
Fig. 3). The results of the deﬂection with NaCl ﬂow are displayed in
the inset of Fig. 4. As seen, the characteristic peak due to Ni–EDTA
interaction is absent. This further conﬁrms the attribution of the
peak to the role of EDTA.
Next we studied the concentration dependence of Ni ions and
EDTA to determine the detection limit of each analyte. To investigate the deﬂection dependence on the Ni ion concentration,
solutions of NiSO4 with concentrations from 0.5 M to 50 mM were
ﬂowed through the reaction chamber for 30 min. After each NiSO4
ﬂow, the cantilever was regenerated by ﬂowing 50 mM EDTA for
30 min followed by water ﬂow for 40 min. The results are shown
by the solid circles in Fig. 5. The drop in the deﬂection (such as the
change from a to b in Fig. 3) is plotted as a function of the NiSO4
concentration. The change in the deﬂection is observed to increase
with the NiSO4 concentration. Alternatively, the Ni ion concentration can be detected from the height of the peak due to the ﬂow
of EDTA (change in deﬂection from c to d in Fig. 3). This change
in deﬂection is shown by the solid squares as a function of NiSO4
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4. Conclusions

Fig. 5. Bending response for a NTA-functionalized cantilever as a function of the
change in concentration of Ni2+ . The circles represent the change due to the injection
of Ni (the drop before water wash) and the squares represent the change due to the
injection of EDTA (the height of the rise).

concentration. Again the change in deﬂection increases with the
NiSO4 concentration.
The Ni ion detection limit is 0.5 M for both methods. The
detection of Ni ions using the displacement principle is essentially
equivalent to the result given by the direct traditional adsorption
method. Although the displacement detection has slightly reduced
signals than that from adsorption, it has a much faster response
to the chemical injection and is thus more convenient and feasible for sensor applications. Moreover, it should be pointed out
that the demonstrated displacement method of monitoring the
dissociation peak due to the interaction of EDTA is more speciﬁc
since it provides information on the relative afﬁnities of Ni, NTA
and EDTA. This advantage is not restricted to this choice of chemicals and can be applicable to displacement reactions in general.
This is a more general improvement inherent to the new detection
strategy.
The concentration dependence of EDTA on the cantilever deﬂection was studied similarly. Here, the NTA coated cantilevers were
functionalized with a ﬂow of 50 mM NiSO4 through the reaction
chamber for 30 min. The concentration of EDTA was changed from
5 M to 50 mM. The rises in the deﬂection from the ﬂow of EDTA
(e.g. c to d in Fig. 3) are measured as a function of the EDTA concentration. The results are shown as solid circles in Fig. 6. The deﬂection
increases with EDTA concentration. The detection limit for EDTA is
5 M in this approach.

A microcantilever sensor employing the principle of displacement has been demonstrated using the model system
Ni–NTA–EDTA. To detect heavy metal ions, such as Ni2+ , a cantilever
functionalized with NTA SAM was used. The ﬂow of the Ni ions led
to a downward deﬂection of the cantilever. The subsequent ﬂow
of EDTA led to a characteristic rise in the deﬂection. The ﬂow of
water after EDTA restored the initial state of the cantilever. The
speciﬁcity of the cantilever response to the Ni–EDTA interaction
was veriﬁed using imidazole and salts. The concentration dependence of the cantilever deﬂection due to the ﬂow of Ni ions and
EDTA was measured. A detection limit of 0.5 M for Ni and 5 M for
EDTA respectively was determined. Compared to the conventional
adsorption approach used in detection, the displacement principle
provides an alternative method, equivalent in most respects, but
with more speciﬁcity to molecule recognition. The principle allows
regeneration of the substrate for multiple repeated use. The method
can be further generalized to detect other analytes.
Another advantage of this displacement method is that it provides a convenient way to investigate relative afﬁnities of different
molecules/ions. It is very common for a target molecule/ion to bind
with a variety of other molecules with different afﬁnities. As the
target molecule/ion is immobilized onto the surface of cantilever,
the afﬁnity between this target molecule/ion and its partners can
be checked in sequence with the same cantilever in one single
experiment.
Although this paper focuses on the methodology at the current stage, it also provides a convenient, inexpensive and rapid
method to fulﬁll the detection requirement with reasonable sensitivity [39]. While the sample preparation and the equilibration of
the equipment require a long time, one can use pre-functionalized
and equilibrated cantilevers for rapid detection. On the other hand,
the fast response and the capacity for multiple use of the detection
device (cantilever) in a one-time setup may be the most attractive features for situations such as handling a batch of solution
samples in a real test. At the current stage, we only focus on the
methodology. We hope to optimize the setup time in future work.
For example, the equilibration time and the amount of reagents can
both be reduced using improved design of the AFM chamber. The
incubation time of the sample could also be shortened and optimized with a careful investigation of the temperature/time effect
in the cantilever functionalization. The sensitivity should also be
substantially improved, potentially to the order of nM, which is
very common for microcantliever based sensors. To achieve such
a sensitivity, the conditions of the cantilever, such as the coating
of the gold surface and the surface functionalization need to be
systematically examined and optimized in future work [40].
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