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Abstract—A micro-cantilever with thermally stable strain
gauge of a NiCr thin film and a self-assembled monolayer
(SAM) was fabricated by surface micromachining. Liposomes,
as biosensing molecules, were immobilized on its surface. To
prevent evaporation of the water solvent, a reservoir made of
polydimethylsiloxane (PDMS) around the micro-cantilever was
fabricated and covered with a glass plate. The resistance of
the strain gauge increases with time in the amyloid beta (Aβ)
solution because the cantilever is bent downward caused by
interaction between Aβ and liposomes immobilized on the micro-
cantilever surface. Moreover, resistance change depends on the
interaction ability of Aβ proteins with liposomes. It is therefore
indicated that the fabricated static mode micro-cantilever sensor
with immobilized liposomes can be used to detect Aβ proteins.

Index Terms—biological sensor, micro-cantilever, NiCr strain
gauge, liposome, amyloid beta

I. INTRODUCTION

DEMENTIA caused by brain diseases has become a major
issue in the aging society. Alzheimer’s disease is a one

of neurodegenerative diseases of the brain, which is the most
common cause of dementia and may contribute to 60–80% of
cases [1]. Amyloid beta (Aβ) proteins is considered as a major
causative agent of Alzheimer’s diseases because they aggregate
and deposit on surface of brain cells [2], [3]. In particular, it
is reported that oligomerized or fibrillized Aβ by aggregation
is toxic for brain cells [4], [5], therefore, detection of Aβ
proteins is very important for development of prevention and
treatment of Alzheimer’s diseases. Conventionally, enzyme-
linked immunosorbent assay (ELISA) has been mainly used
for Aβ detection [6], however, it needs relatively complicated
measurement systems and a large amount of samples and
long measurement time. Thus, simple and integrative analysis
systems with a small amount of samples are required for
diagnosis of Alzheimer’s disease for the aged persons.

Recently, high-sensitive micro-cantilever sensors fabricated
by microelectromechanical systems (MEMS) processes have
attracted much attention for biomedical applications. The
micro-cantilever with probe biomolecules is deflected by in-
teraction between probe and target molecules. To measure
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the deflection amount of the micro-cantilever, optical methods
such as an optical lever system [7], [8] and a laser Doppler
vibrometer [9] have been mainly used. However, they require
an optical source and system other than the micro-cantilever,
so that, the sensing system becomes relatively complex and
large and is difficult to be integrated with signal processing
system on a monolithic chip.

For a simple measurement and an integrated system, elec-
trical detection should be utilized as a measurement method
of the micro-cantilever. As electrical detection, two methods
are usually used, the first is a “static sensing”, which detects
deflection as resistance change of strain gauge film, the second
is a “dynamic sensing”, which detects the resonant frequency
or phase shift induced by biological interaction using vi-
bration of the cantilever [10]. Dynamic sensing can detect
weight change precisely, but the mesurement system becomes
complicated because vibrationally-excitation parts is needed.
On the other hand, static sensing can detect surface stress
due to interaction between biomolecules, and allows simpler
measurement system because of no need of excitation parts
for vibrating. For static sensing, Si piezoresistor has been used
for detection of the cantilever deflection, because of its high
gauge factor [11]. However, it has high temperature coefficient
of resistance (TCR) of several thousand ppm. To precise
measurement of the resistance change with canceling out
the thermal effect, the Wheatstone bridge circuit is generally
used. If resistances in the Wheatstone bridge are the same
identically, the temperature effect can be almost canceled out,
but actually, the resistances are not the same due to fabrication
errors such as thickness and width of NiCr thin film. A
four-wire method can be utilized as precise measurement of
resistance change instead of the Wheatstone bridge, however,
it cannot cancel out the temperature effect. Therefore, the
material with low TCR as the strain gauge on the micro-
cantilever is needed.

In our previous works, the micro-cantilever with high res-
olution and thermal stability using the NiCr thin film strain
gauge has been fabricated by surface micromachining for
miniature tactile sensors [12], [13]. The TCR of NiCr thin film
is less than 20 ppm, which is about smaller by one hundred
times than that of Si piezoresistor. Moreover, NiCr thin film
has another advantage compared with Si piezoresistor. Si
piezoresistor is formed by implantation process of impurity
ions, and thermal treatment at high temperature is needed after
the implantation process. NiCr thin film can be deposited by
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Fig. 1. A schematic view of a cross-sectional structure of the micro-cantilever.

sputtering at room temperature, which is lower in cost than the
ion implantation process, and does not require implantation
process and thermal treatment. Therefore, NiCr resistance can
be deposited on the substrate of various materials instead of
Si such as Al, Ti, polymers, and so on, which has better
mechanical property or flexibility than Si.

On the other hand, liposomes is a simple model of lipid
bilayer in cell membrane, which is able to interact with
important biological proteins such as Aβ [14]–[16]. We have
demonstrated that liposomes can be successfully immobilized
on the micro-cantilever and interaction between biomolecules
and liposomes is detected as resistance change of NiCr thin
film [17]. Therefore, it is considered that micro-cantilever with
immobilized liposomes permits characterization of interaction
between Aβ and lipid membrane.

In this paper, a fabrication process of the micro-cantilever
and an immobilization process of liposomes on the cantilever
surface are described in detail. Moreover, the reservoir to
prevent evaporation of the water solvent was fabricated and the
resistance change of the strain gauge on the micro-cantilever
was measured in Aβ(1-42) and Aβ(1-40) solutions, which
have different fibrillization characteristics.

II. MICRO-CANTILEVER STRUCTURE

Figure 1 shows a schematic view of a cross-sectional
structure of the micro-cantilever. The micro-cantilever is fab-
ricated by surface micromachining process. Deflection of
the cantilever is detected as resistance change of the strain
gauge layer of NiCr thin film. The micro-cantilever surface
is coated by Cytop film (Asahi Glass) for passivation and
electrical insulation. Dipalmitoyl phosphatidylcholine (DPPC)
liposomes with amide radicals are immobilized by chemical
bonding with carboxylic radicals of self-assembled monolayer
(SAM) formed on Au ultrathin film deposited on the Cytop
surface. Biological proteins such as Aβ proteins interact with
lipid bilayer biomembrane [18]. Therefore, they are adsorbed
and aggregated on DPPC liposomes on the micro-cantilever.

The deflection of the cantilever in static sensing is mainly
caused by surface stress, which is induced by the interactions
between target biomolecules and probe biomolecules on the
cantilever surface, as shown in Fig. 2. The radius of curvature
of the cantilever, ρ, is expressed as a function of surface stress,
σ, shown in the following equation [19],

ρ =
Et2

6σ(1− ν)
, (1)

Fig. 2. Deflection of the micro-cantilever by surface stress due to interaction
between biomolecules.

Fig. 3. Fabrication process of the micro-cantilever.

where, E, ν, and t are Young’s modulus, Poisson’s ratio
(=168.9 GPa and 0.361 for Si ⟨110⟩ direction [20]), and thick-
ness of the cantilever, respectively. The stress is positive for
tensile stress (upward deflection of the cantielver) and negative
for compressive stress (downward deflection of the cantilever).
Effects of Si3N4 and NiCr thin films can be neglected because
their thicknesses (70 and 40 nm, respectively) are much
smaller than the Si thickness (2.5 µm), and an effect of the
Cytop film can be also neglected because Young’s modulus
is enough small (∼ 1.5 GPa [21]). In the case of stacked
cantilever, thermal drift by difference of thermal expansion
coefficient between each layer should be considered, but it is
considered that this effect is also negligible smaller than noise
level because Si is much thicker or harder than other layers.
The strain on the cantilever surface, ε, can be calculated from
the following equation,

ε = − t

2ρ
= −3(1− ν)

Et
σ. (2)

Therefore, the resistance change rate of the strain gauge (gauge
factor: k ∼ 2) on the cantilever surface, ∆R/R, can be
estimated to be

∆R

R
= −kε = −k

3σ(1− ν)

Et
. (3)
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Fig. 4. (a) An optical microscopic and (b) a scanning electron microscopic
images of the fabricated micro-cantilever.

III. EXPERIMENTAL PROCEDURE

A. Fabrication Process of Micro-cantilevers

Figure 3 shows the fabrication process of the micro-
cantilever. A silicon-on-insulator (SOI) wafer was used as a
substrate. Thicknesses of a thin Si layer, a buried oxide layer,
and a thick Si layer of the SOI wafer are 2.5, 1, and 500 µm,
respectively. Thin films of Si3N4 (thickness: 70 nm) as an
insulating layer, NiCr (thickness: 40 nm) as a strain gauge,
and Au (thickness: 100 nm) as an electrode were successively
deposited by rf-sputtering on the wafer (Fig. 3 (b)). The
electrode pattern was formed by photolithography and Au and
NiCr thin films were etched in iodine and potassium iodide
solution and cerium ammonium nitrate solution, respectively,
then Si3N4 thin film was etched by reactive ion etching (RIE)
using carbon tetrafluoride gas plasma (Fig. 3 (c)). Then, the
Cytop film (thickness: 6 µm) for surface passivation and
insulation was formed by spin-coating and cured at 200◦C for
1 h (Fig. 3 (d)). The pattern for sacrificial layer etching was
formed by photolithography, and then the Cytop film and Si
was etched by RIE using oxygen and sulfur hexafluoride gas
plasma (Fig. 3 (e)), respectively. Finally, the micro-cantilever
structure was released from the substrate by sacrificial etching
of the buried oxide layer in buffered hydrofluoric acid solution,
and then dried in a vacuum after rinsing in ultrapure water and
ethanol (Fig. 3 (f)).

The optical microscopic and scanning electron microscopic
(SEM) images of the fabricated micro-cantilever are shown
in Fig. 4. The length and width of the cantilever are 360
and 220 µm, respectively, and the tip height of the cantilever
is around 40 µm from the substrate because of residual
stress in the Cytop layer. The fabricated micro-cantilever is
deflected by temperature variation because of difference of the
coefficient of thermal expansion between multiple layers, so
the resistance of strain gauge film depends on temperature.
In our previous work [13], the effect induced by thermal
expansion was estimated to be around 30 ppm/K by theoretical
calculation or experimental measurement. This value is similar
to the TCR (less than 20 ppm) of NiCr thin film and enough
small, however, to measure smaller resistance change with
large temperature variation, it is considered that temperature
compensation using reference resistances is needed.

Fig. 5. Immobilization process of DPPC liposomes on the cantilever.

Fig. 6. AFM images of the micro-cantilever surface after (a) Au coating and
(b) immobilization of DPPC liposomes.

B. Immobilization Process of DPPC liposomes on Micro-
cantilever

Figure 5 shows immobilization process of DPPC lipo-
somes through SAM on the micro-cantilever. The micro-
cantilever was coated by Au ultrathin film (4–10 nm) by
dc sputtering to combine thiol group on the surface. Then,
the cantilever was cleaned in diluted sulfuric acid for 2 h
and rinsed in ultrapure water three times. To form a self-
assembled monolayer (SAM) on the surface for intact DPPC
liposome immobilization, the cantilever was dipped in 16-
mercaptohexadecanoic acid (1 mM) for 1 day. After cleaning
with water and ethanol, carboxylic radicals on the SAM sur-
face was activated using water-soluble carbodiimide (17 mM)
and N-hydroxysuccinimide (17 mM) dissolved in compound
liquid of 90% 1,4-dioxane and 10% water. Finally, DPPC lipo-
somes were immobilized on the cantilever surface by dipping
in 20 mM DPPC liposome suspension with 1% phosphatidyl
ethanolamine (PE) filtered by polycarbonate membrane (pore
size: 100 nm).

The micro-cantilever surface is observed by atomic force
microscope (AFM) to confirm the immobilization of DPPC
liposomes. Figure 6 shows surface morphologies obtained
from AFM after (a) Au coating and (b) immobilization of
DPPC liposomes, respectively. In Fig. 6 (a), Au nano-particles
can be observed, nevertheless, the surface is very flat with the
roughness of about 1 nm. After the immobilization process,
the surface roughness increases to 6.9 nm and particles with
diameter of 50–100 nm appear, as shown in Fig. 6 (b). It
is found that the spherical DPPC liposomes are immobilized
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Fig. 7. Resistance changes of strain gauge on the cantilever in air and pure
water droplet as a function of time.

Fig. 8. A schematic illustration of the change of deflection of the micro-
cantilever by water evaporation.

intact on the SAM and its diameter agrees well with pore size
of the membrane filter.

IV. RESULTS AND DISCUSSION

A. Stability of Resistance of Micro-cantilever

At first, to examine the stability of the resistance of the
strain gauge on the micro-cantilever, the resistance changes in
air and ultrapure water were measured. The resistance was
measured by the four-wire method using a precise digital
multimeter (R6581, ADCMT) in the shield box to prevent
electrical noise. The resistance change is detected as change
rate to the initial resistance (R0 ∼ 4.5 kΩ) of the strain
gauge film, ∆R/R0. Figure 7 shows the resistance change
rate as a function of time in air and a droplet of pure water
(volume: several µL), where it is confirmed by microscopic
observations that the droplet covers completely the whole
cantilever structure. The resistance change is less than 20 ppm,
so it is almost stable in air. However, the resistance drastically
increases and then decreases around 2400 s in the water
droplet. By microscopic observation, it is found that the water
droplet evaporates after the drastic resistance change. It is
considered that the micro-cantilever is deflected downward by
surface tension with decrease of the water and then released
with complete vaporization, as shown in Fig. 8. Therefore, wa-
ter vaporization should be prevented, because the interaction
between DPPC liposomes and Aβ proteins employed in this
work occurs until ∼ 2 h [14].

To prevent the evaporation of the water droplet, a droplet
reservoir was fabricated using polydimethylsiloxane (PDMS;

Fig. 9. A PDMS reservoir to prevent water evaporation, (a) schematic cross-
sectional view and (b) top surface view of fabricated structure.

Fig. 10. Evaporation time of water droplet with and without the PDMS
reservoir.

Silpot 184, Dow Corning) with a cover glass, as schematically
shown in Fig. 9 (a). A PDMS sheet (area: 10 × 4 mm2,
thickness: 1 mm) was formed by curing at 80◦C for 2 h in
a plastic mold and a 3 mmϕ hole was punched in it with a
trephine. Then the PDMS sheet with a hole was adhered onto
the substrate with the micro-cantilever. Figure 9 (b) shows
a microscopic image of the fabricated PDMS reservoir. To
detect flow direction of solution, three micro-cantilevers facing
toward were fabricated in Fig. 9, however, just one cantilever
(circled in Fig. 9) was used in this work. Evaporation time
of the water droplet (volume: 1 µL) in the PDMS reservoir
(diameters: 2 and 3 mm) with and without the cover glass was
measured as shown in Fig. 10. Without the reservoir and the
cover glass, the water droplet is evaporated at about 23 min.
Evaporation time is increased by installing of the PDMS
reservoir. Moreover, evaporation time of the 2 mmϕ reservoir
(110 min) is longer than that of the 3 mmϕ one (49 min). It is
considered that evaporation time depends on the surface area
in contact with air. On the other hand, evaporation time in the
PDMS reservoir covered with glass increases dramatically to
480 min, about 20 times longer than that without the reservoir.
So, it is demonstrated that long time measurement over several
hours can be carried out using the fabricated PDMS reservoir
with the cover glass.

B. Detection of Fibril Growth of Amyloid Beta

Aβ(1-40) and Aβ(1-42) (Peptide Institute, Inc.) were used
as target proteins. Aβ proteins were dissolved in ammonia
water and ammonia was volatilized completely in air. The
molar concentration of Aβ molecules in water was 50 µM
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Fig. 11. Time dependence of the resistance change of strain gauge on the
cantilever with and without immobilized liposomes, in pure water with and
without Aβ(1-42) protein.

Fig. 12. SEM images of the micro-cantilever surface dipped in Aβ solution
then dried.

for Aβ(1-42) and 100 µM for Aβ(1-40). The Aβ solution
(volume: 7 µL) was put into the PDMS reservoir and covered
by a glass plate. Figure 11 shows time dependences of the
resistance change rate of strain gauge on the cantilever with
and without immobilized DPPC liposomes, in pure water
with and without Aβ(1-42) protein. The resistance change
rate in water droplet with the PDMS reservoir is less than
20 ppm as in the case of air (as shown in Fig. 7). And
resistance change rate of the cantilever without liposomes
in Aβ solution is also less than 20 ppm. This suggests
importantly that, without liposomes, the Aβ proteins do not
fall and immobilize statically on the cantilever surface. On
the other hand, with liposomes, the resistance increases with
time and with a saturated curve in the Aβ(1-42) solution.
The saturated resistance change in the Aβ(1-42) solution is
about 200 ppm as shown in Fig. 11. According to eq. 3, this
result suggests increase of the surface stress correlated with
the interaction of Aβ proteins with liposomes on the cantilever
surface. It has been found that Aβ(1-42) fibrils are grown until
2 h by fluorescent observation with staining by thioflavine T
which combines with amyloid fibrils in our previous work [14]
and the other report [22]. Moreover, to confirm the Aβ fibril
growth, the micro-cantilever surface was observed by SEM
after drying as shown in Fig. 12. It is found that Aβ fibrils
which has similar length in ref. [22] are grown on the micro-

cantilever surface. Therefore, it is considered that the Aβ fibril
growth can be detected as the resistance change of the thin film
strain gauge on the micro-cantilever.

In order to investigate the characteristic difference of Aβ
protein before and after aggregation, Aβ(1-40) was selected as
another research target molecule, because the Aβ(1-40) has a
slower fibrillization characteristic than Aβ(1-42) [23]. In this
study, the Aβ(1-40) solution stood for up to 21 h to form
Aβ aggregation-intermediate, and then the difference between
DPPC liposome-Aβ(1-40) monomer interaction and DPPC
liposome-Aβ(1-40) aggregation-intermediate interaction was
detected and compared. It was reported that aggregation of
Aβ enhances interaction with DPPC liposomes [16]. Figure 13
shows the resistance change rate of the micro-cantilever in
Aβ(1-40) solutions for 1 h as a function of standing time for
aggregation before measurement. When the micro-cantilever is
immersed into the Aβ(1-40) solution standing for 0 and 9 h,
resistance increase for 1 h is ∼ 60 ppm. Since Aβ monomers
hardly interact with DPPC liposomes [16], surface stress is
not applied so much on the cantilever. On the other hand,
interaction between fibrillized Aβ and liposomes immobilized
on the cantilever causes surface stress, so the cantilever is
deflected. From results as shown in Fig. 13, it is considered
that Aβ(1-40) standing for less than 9 h are monomers and
have small interaction ability to DPPC liposomes. In contrast,
the resistance change in the Aβ(1-40) solution standing for
9–21 h significantly increases with increase of the standing
time. Because the resistance change rate reflects the extent
of Aβ protein-liposome interaction as shown in Figs. 11 and
12, the Aβ(1-40)-DPPC liposome interaction becomes larger
with the formation of Aβ(1-40) aggregation-intermediate, and
the continuation of aggregation further improves the activity
of Aβ(1-40) to interact with DPPC liposome. These results
are in good agreement with the detection results using quartz
crystal microbalance analysis [16]. However, the resistance
change in the Aβ solution standing for 40 h decreases to
∼ 200 ppm. It was reported that Aβ aggregation-intermediate
in the fibrillization process is more pathogenic than fibrillized
Aβ [4]. On the other hand, it was reported that Aβ proteins
are completely fibrillized after ∼ 23 h [24]. Therefore, it is
considered that the Aβ solution standing for 9–21 h is still
in the fibrillization process, and then interaction with DPPC
liposome is weaken by complete fibrillization of Aβ in the
solution standing for 40 h. Consequently, it is demonstrated
that the micro-cantilever sensor with immobilized DPPC lipo-
some is a promising candidate device for the detection of Aβ
proteins without labeling.

V. CONCLUSION

In this work, the micro-cantilever with NiCr strain gauge
thin film has been applied to detect Aβ proteins. The micro-
cantilever was fabricated by the surface micromachining pro-
cess. SAM was formed on the micro-cantilever surface, there-
after DPPC liposomes were immobilized on the cantilever
surface for interaction with the Aβ proteins. The resistance
of the strain gauge on the micro-cantilever is almost stable in
air. On the other hand, the resistance changes drastically with
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Fig. 13. Resistance change rate in Aβ(1-40) solutions for 1 h as a function
of standing time before measurement.

evaporation of the water droplet. Thus, the PDMS reservoir
with a cover glass to prevent water evaporation is needed
for long-term stable measurement, because the Aβ(1-42) fibril
growth occurs over 1–2 hours. The resistance increases with
time in the Aβ solution for 1 h. Since the Aβ fibril growth on
the micro-cantilever surface is confirmed by SEM observation,
it is obvious that the resistance change is related to the Aβ
fibril growth. Moreover, it is found that the resistance change
rate in the Aβ(1-40) aggregation-intermediate solution caused
by interaction with DPPC liposomes are much higher than that
in the Aβ(1-40) monomer solution, so the interaction between
DPPC liposome and the Aβ(1-40) becomes larger in the
process of Aβ(1-40) aggregation. Finally, it is demonstrated
that the fabricated micro-cantilever can be applied to detection
of Aβ fibril growth.
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