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List of Abbreviations

AFM atomic force microscopy
MW molecular weight

PCA principal component analysis
PEEK poly-etheretherketone

PDMS poly-dimethyl-siloxane

PSD position sensitive detector
RIE reactive ion etching

SFM scanning force microscopy
VCSEL vertical-cavity surface-emitting laser
WEN microfluidic network

28.1

Introduction

28.1.1

Sensors

A sensor is a device that detects, or senses, a signal. A sensor is also a trans-
ducer, i.e. it transforms one form of energy into another or responds to a physi-
cal parameter. Transducers can be electrochemical (pH probe), electromechanical
(piezoelectric actuator, quartz, strain gauge), electroacoustic (gramophone pick-
up, microphone), photoelectric (photodiode, solar cell), electromagnetic (antenna,
photocell, tape or harddisk head for storage applications), magnetic (Hall effect sen-
sor), electrostatic (electrometer), thermoelectric (thermocouple, thermo-resistors),
electrical (capacitor, resistor) or mechanical (deflection sensors). Sensors either di-
rectly indicate a state or a value (mercury thermometer), or use an indicator that
indirectly displays the state or value by an analog or digital converter (display,
computer).

(Bio-)chemical sensors convert changes of physical or chemical parameters
due to the presence of molecules in the environment into a recordable signal
(Fig. 28.1).
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Fig. 28.1. Schematic of general sensor transduction. Analyte molecules present in the environ-
ment are recognized by the sensing layer of the sensor. Either recognition is very specific, i.e.
recognition sites on immobilized ligand molecules recognize the analyte molecules, or recog-
nition is partially specific, e.g. the analyte molecules diffuse into a polymer layer. The binding
event is then transduced into a recordable signal via a variety of transduction mechanisms. The
acquired signal is then further amplified and processed

28.1.2
Cantilevers

The term cantilever is understood here as a microfabricated rectangular bar-shaped
structure that is longer than it is wide and has a thickness that is much smaller than
its length or width. A cantilever is a horizontal structural element supported only at
one end on a chip body: the other end is free. At the free end, a microfabricated sharp
tip might be attached for use as a local probe to scan a surface. Cantilever beams
have been applied since the mid 1980s as sensitive structures to measure interatomic
forces in the piconewton range using a technique called scanning force microscopy
(SEM) or atomic force microscopy (AFM) [1]. In this method, a cantilever with
a sharp tip is scanned across a conductive or nonconductive surface by the use
of an x-y-z actuator system (e.g. a piezoelectric scanner). Scanning is performed
in a pattern of adjacent parallel lines to cover a rectangular or square area of the
sample surface. Typical scanning speeds range from | nm/s to several micrometers
per second, depending on the size of the area to be scanned. The tip can either be
in direct contact with the surface (contact mode) or oscillated to interact with the
surface only for a short time during the oscillation cycle (dynamic mode, noncontact
mode). Common to SFM methods is the interaction of the cantilever tip with the
surface. This interaction can be used to control a feedback loop intended to keep
the force or force gradient between cantilever tip and sample surface constant. By
recording the correction signal that has to be applied to the z-actuation drive to keep
the interaction between tip and sample surface constant, a topography image of the
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sample surface can be obtained. SFM methods are nowadays well-established in
scientific research, education and to a certain extent also in the industry. Beyond
imaging of surfaces, other applications of cantilevers have been demonstrated.

The use of a sharp tip at the cantilever apex is not required for application as
the (bio-)chemical sensor described here. Because of their flexibility, cantilevers can
not only be used for probing the surface profile of a sample, but also to monitor
processes taking place on the surface of the beam [2]. The use of cantilever beams
as sensors, clamped at one end and freestanding at the other, allows the adsorption
of molecules to be observed with unprecedented accuracy, because the formation of
molecule layers on the cantilever surface will generate surface stress. This eventually
results in a bending of the cantilever, provided the adsorption preferentially occurs
on one surface of the cantilever. Adsorption is controlled by coating one surface (e.g.
the upper surface) of a cantilever with a thin layer of a material that shows affinity
to molecules in the environment (sensor surface). This surface of the cantilever
is referred to as the “functionalized” surface. The other surface of the cantilever
(e.g. the lower surface) may be left uncoated or be coated with a passivation layer,
i.e. a chemical surface that does not exhibit significant affinity to the molecules in
the environment to be detected (see Fig. 28.2). To facilitate the establishment of
functionalized surfaces, a metal layer is often evaporated onto the surface designed
as sensor surface. Metal surfaces, e.g. a gold surface, may be utilized to covalently
bind a monolayer that represents the chemical surface sensitive to the molecules to
be detected from environment. A typical example is a monolayer of thiol molecules
covalently bound to a gold surface. The gold layer is also favorable for use as
a reflection layer, if the bending of the cantilever is read out via an optical beam-
deflection method.

Fig. 28.2. Schematic sideview representation of a functionalized cantilever: (1) cantilever beam
with a typical thickness of 1 pm, typically made from silicon, (2) chip body with a typical
thickness of 500 jum, (3) 2 nm thick evaporated titanium layer required for adherence of (4)
a 20 nm thick evaporated gold layer, (5) functional sensing layer, e.g. | nm thick self-assembled
thiol monolayer, (6) passivation layer (several nanometers thick), e.g. a silanized polyethylene-
glycol layer, (7) target molecules from the environment, (8) area in which target molecules have
docked to the functionalized surface
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28.1.3
Cantilever Operating Modes

28.1.3.1
Static Mode

The continuous bending of a cantilever as a function of molecular coverage with
molecules is referred to as an operation in the “static mode™, see Fig. 28.3. Adsorption
of molecules onto the functional layer generates stress at the interface between the
functional layer and the forming molecular layer. The stress is transduced towards
the site at which the molecules of the functional layer are attached to the cantilever
surface. Because the forces within the functional layer try to keep the distance
between molecules constant, the cantilever beam responds with bending due to its
extreme flexibility. The resulting surface stress change is calculated according to
Stoney’s formula [3]:

Ao = Ef*/[AR(1 — )], (28.1)

where E is Young's modulus (Es; = 1.3 x 10" N/m? for Si(100)), ¢ the thickness
of the cantilever, v Poisson’s ratio (vs; = 0.25), and R the bending radius of the
cantilever.

The static-mode operation can be performed in various environments. In its
simplest embodiment, molecules from gaseous environment adsorb on the func-
tionalized sensing surface and form a molecular layer (Fig. 28.3a), provided

STATIC MODE
(Surface stress)

Fig. 28.3. (a) Static-mode operation. An adsorbing
layer of molecules produces a change in surface
stress on the upper functionalized surface of the
cantilever, resulting in bending of the cantilever. b  Diffusion into polymer
(b) Diffusion of target molecules from the environ-
ment into a polymer layer induces swelling of the
polymer layer and thereby a bending of the can-
tilever, because the swollen polymer layer expands
more than the silicon cantilever. (¢) Static-mode
operation in liquids. Target molecules from the
liquid environment are molecularly recognized by

binding sites on the functionalized sensing layer on Bi el i
the upper surface of the cantilever ¢ Biomolecular recognition
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that the molecules exhibit some affinity to the surface. Polymer sensing layers
show a partial sensitivity, because molecules from the environment diffuse into
the polymer layer at different rates, mainly depending on the size and solubil-
ity of the molecules in the polymer layer (Fig. 28.3b). A wide range of hy-
drophilic/hydrophobic polymers can be selected, differing in their suitability for
polar/unpolar molecules. Thus, the polymers can be chosen according to what the
applications demand.

Static-mode operation in liquids, however, usually requires rather specific sens-
ing layers, based on molecular recognition, such as DNA hybridization or amlgcn-
antibody recognition (Fig. 28.3c).

28.1.3.2
Dynamic Mode

Because the bending of the cantilever is a direct result of the adsorbtion of molecules
onto the cantilever surface, it is rather difficult to obtain reliable information on the
amount of molecules adsorbed, as the surface coverage is basically not known. In
addition, molecules on the surface might be exchanged with molecules from the
environment in a dynamic equilibrium.

However, mass changes can be determined accurately by operation of a can-
tilever actuated at its eigenfrequency. The eigenfrequency is equal to the resonance
frequency of an oscillating cantilever if the elastic properties of the cantilever remain
unchanged during the molecule adsorption process and damping effects are negligi-
ble. This operation mode is called the dynamic mode (e.g., the use as a microbalance,
Fig. 28.4a). Owing to mass addition on the cantilever surface, the cantilever’s eigen-
frequency will shift to a lower value. The mass change on a rectangular cantilever is
calculated [4] according to

Am = (k/4n*) x (1/f2 = 1/£2) , (28.2)

where fj is the eigenfrequency before the mass change occurs, and f; the eigen-
frequency after the mass change. The spring constant k of the cantilever is obtained
using

k = Efw/4l (28.3)

where /, w, and ¢ denote the length, width, and thickness of the cantilever, respec-
tively.

Mass-change determination can be combined with varying environment tem-
perature conditions (Fig. 28.4b) to obtain the method introduced in the literature
as “micromechanical thermogravimetry” [5]. The sample to be investigated has
to be mounted at the apex of the cantilever. Its mass should not exceed several
hundred nanograms. In the case of adsorption/desorption/decomposition processes,
mass changes in the picogram range can be observed in real time by tracking the
resonance-frequency shift.

Dynamic mode operation in liquid environment poses problems, such as high
damping of the cantilever oscillation due to high viscosity of the surrounding media.
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Fig. 28.4.(a) Cantilever operation in dynamic mode.
The cantilever is excited at its resonance frequency.
Tracking the resonance frequency allows one to
determine mass changes. (b) Micromechanical
thermogravimetry. Mass changes are measured

in dependence of temperature as an external

parameter. (¢) Detection of biochemical processes
involving mass changes due to adsorption and DYNAMlC MODE
binding of molecules 4 (Mtcrobalance)

b  Thermogravimetry ﬁ

c Biochemistry

This results in a low quality factor Q of the oscillation, and the resonance frequency
shift is difficult to track with high resolution. The quality factor is defined as

Q=2Af/fo. 9

Whereas in air a frequency resolution of below 1 Hz is easily achieved, resolution
values of about 20 Hz are already considered very good for measurements in a liquid
environment.

28.1.3.2.1
Operation in a Large Damping Environment

In the case of damping or changes of the elastic properties of the cantilever during
the experiment, e.g. a stiffening or softening of the spring constant by adsorption
of a molecule layer, the measured resonance frequency will not be exactly the
same as the eigenfrequency, and the mass derived from the frequency shift will be
inaccurate. In a medium, the vibration of a cantilever is described by the model of
a driven damped harmonic oscillator:

o5 b B (28.5)
M — — X = COs(2m z ¥
a "V



28 Microfabricated Cantilever Array Sensors for (Bio-)Chemical Detection 189

where m* = const.(m.+m;) is the effective mass of the cantilever (for a rectangular
cantilever the constant is 0.25). Especially in liquids, the mass of the co-moved
liquid m; adds significantly to the mass of the cantilever m.. The term y%‘f is the
drag force due to damping, F cos(2x ff) is the driving force executed by the piezo-
oscillator, and k is the spring constant of the cantilever.

If no damping is present, the eigenfrequencies of the various oscillation modes

of a bar-shaped cantilever are calculated according to:

o= a—ﬁ k 28.6)
" 2w\ 3me+mp) (.

where f, are the eigenfrequencies in the n-th mode, «,, are constants depending on
the mode: o) = 1.8751, an = 4.6941, a, = mw(n — 0.5); k is the spring constant
of the cantilever, m, the mass of the cantilever, and m; the mass of the medium
surrounding the cantilever, e.g. liquid [6,7].

If mass is added to the cantilever due to adsorption, the effective mass is calcu-
lated according to

m* = const.(m. + m; + Am) , (28.7)

where Am is the additional mass adsorbed. Typically, the co-moved mass of the
liquid is much larger than the adsorbed mass.

Figure 28.5 clearly shows that the resonance frequency is only equal to the
eigenfrequency if no damping is present. With damping, the frequency at which
the peak of the resonance curve occurs is no longer identical with that at which

3
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<
2
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Fig. 28.5. (a) Resonance curve with no a f, if, Frequency
damping (0), and increasing damping (1)—
(3). The undamped curve with resonance g
frequency fi shows a very high amplitude, D
whereas the resonance peak amplitude A EPNNANE L
decreases with damping. This also involves Pree(V2)
a shift in resonance frequencies f to = N
f3 to lower values. (b) Corresponding 0,=7/2
phase curves showing no damping (0),
and increasing damping (1)—(3). The @) ©
step-like phase jump at resonance of the 0 Q) D

undamped resonance gradually broadens -
with increasing damping b fes(y2) o Frequency
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the turning point of the phase curve occurs. For example, resonance curve 2 with
damping y, shows its maximum amplitude at frequency f>. The corresponding
phase would be @res(y2), which is not 7z/2. If direct resonance frequency tracking or
a phase-locked loop is used to determine the frequency of the oscillating cantilever,
then only its resonance frequency is detected, but not its ei genfrequency. Remember
that the eigenfrequency, and not the resonance frequency, is required to determine
mass changes.

28.1.3.3
Heat Mode

If a cantilever is coated with metal layers, thermal expansion differences in cantilever
and coating layer will further influence cantilever bendin g as a function of temper-
ature. This mode of operation is referred to as ‘heat mode’ and causes cantilever
bending because of differing thermal expansion coefficients in the sensor layer and
cantilever materials [2] (Fig. 28.6):

Az =125 x (o) —a2) x (1) + Tg)/fzzl( X IBP,/{Q‘]I] + artr)w . (28.8)

Here a, a, are the thermal expansion coefficients of the cantilever and coating
materials, #;, #, the material thicknesses, P is the total power generated on the
cantilever, and «x a geometry parameter of the cantilever device.

HEAT MODE
(Temperature)

Fig. 28.6. (a) Cantilever heat mode. If a material A/\ B
with a different thermal expansion coefficient

is evaporated as a thin layer onto the surface

of a cantilever, then the cantilever bends when b Catafytic reaction
the external temperature is changed. (b) The
heat change does not have to be generated by

a change of temperature, but may also originate Heat solirca
from heat production or drain during exothermal or T\
endothermal reactions taking place on the cantilever
surface. Exothermal processes are, for example,
catalytic reactions. (¢) If a sample is attached to the
cantilever apex, a calorimetric experiment can be .
performed on the sample c Calorimeter
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Heat changes are either caused by external influences (change in temperature,
Fig. 28.6a), occur directly on the surface by exothermal, e.g. catalytic, reactions
(Fig. 28.6b), or are due to material properties of a sample attached to the apex of the
cantilever (micromechanical calorimetry, Fig. 28.6¢). The sensitivity of the cantilever
heat mode is orders of magnitude higher than that of traditional calorimetric methods
performed on milligram samples, as it only requires nanogram amounts of sample
and achieves nanojoules [8] to picojoules [9, 10] of sensitivity.

These three measurement modes have established cantilevers as versatile tools
to perform experiments in nanoscale science with very small amounts of material.

28.1.3.4
Other Measurement Modes

28.1.3.4.1
Photothermal Spectroscopy

When a material adsorbs photons, a fraction of energy is converted into heat. This
photothermal heating can be measured as a function of the light wavelength to provide
optical absorption data of the material (Fig. 28.7). The interaction of light with
a bimetallic cantilever creates heat on the cantilever surface, resulting in a bending
of the cantilever [11]. Such bimetallic-cantilever devices are capable of detecting heat
flows due to an optical heating power of 100 pW, which is two orders of magnitude
better than in conventional photothermal spectroscopy.

Fig. 28.7. Bending of a bimetallic cantilever
due to heat production by incident photons

Photothermal spectroscopy

28.1.3.4.2
Electrochemistry

A cantilever coated with a metallic layer (measurement electrode) on one side is
placed in an electrolytic medium, e.g. a salt solution, together with a metallic refer-
ence electrode, usually made of a noble metal (Fig. 28.8). Variations of the voltage
between measurement and reference electrode induce electrochemical processes on
the measurement electrode (cantilever), e.g. adsorption or desorption of ions from
the electrolyte solution onto the measurement electrode. These processes lead to
a bending of the cantilever due to changes in surface stress and in the electrostatic
forces.
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Fig.28.8. A cantilever coated on one side with a metallic
layer that is connected to a voltage source is immersed
in an electrolytic fluid (E). The other pol e of the
voltage source is connected to a reference electrode
(R). Depending on the polarity and the magnitude
of the voltage applied to the cantilever and reference
electrode, ions from the electrolyte solution adsorb
onto or desorb from the cantilever

Electrochemical sensor

28.1.3.4.3
Detection of Electrostatic and Magnetic Forces

The detection of electrostatic and magnetic forces is possible if charged or magnetic
particles are deposited on the cantilever [12-14] (Fig. 28.9). If the cantilever is
brought into the vicinity of electrostatic charges or magnetic particles, attractive or
repulsion forces occur according to the polarity of the charges or magnetic particles
present on the cantilever. These forces will result in an upwards or downwards
bending of the cantilever. The magnitude of bending depends on the distribution
of the charged or magnetic particles on both the cantilever and the surrounding
environment according to the laws of electromagnetism.

a Charge sensor

Fig. 28.9. (a) Cantilever bending due to electrostatic Magnetic sensor
forces. (b) Cantilever bending due to magnetic forces b

28.1.4
Cantilever Arrays

28.1.4.1
Disadvantages of Single-Cantilever Measurements

The bending response of a single cantilever is often influenced by various undesired
effects, such as thermal drift and unspecific reactions taking place on the uncoated
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cantilever surface, resulting in additional cantilever bending. To avoid such effects,
we have introduced measurements using reference cantilevers [15], i.e. cantilever
sensors that will not react with the target analyte molecules (Fig. 28.10). As the
difference in signals from the reference and sensor cantilevers shows the net can-
tilever response, even small sensor responses can be extracted from large cantilever
deflections without being predominated by undesired effects.

c &/

Fig. 28.10. (a) Single cantilever: no thermal-drift compensation is possible, both surfaces have
to be chemically well-defined. One of the surfaces, e.g. the lower one, has to be passivated,
otherwise the cantilever response will be convoluted with undesired effects originating from
uncontrolled reactions taking place on the lower surface. (b) Dual cantilevers: one of them is
used as the sensor cantilever (coated e.g. on the upper side with a molecule layer exhibiting
affinity to the molecules to be detected), the other as the reference cantilever, coated with
a passivation layer on the upper surface (exhibiting no affinity to the molecules to be detected).
Thermal drifts are cancelled out if difference responses, i.e. differences in deflections of sensor
and reference cantilevers are taken. Alternatively, both cantilevers are used as sensor cantilevers
(sensor layer on the upper surfaces), and the lower surface is passivated. (c) Cantilever array:
several cantilevers are used either as sensor cantilevers or as reference cantilevers so that multiple
difference signals are possible simultaneously. Thermal drift is cancelled out as one surface of
all cantilevers, e.g. the lower one, is left uncoated or coated with the same passivation layer

28.1.4.2
Cantilever Array Designs

Here, cantilever array designs are presented that have been used in the cantilever array
sensor groups of IBM’s Zurich Research Laboratory in Riischlikon (Switzerland) and
of the Institute of Physics, University of Basel (Switzerland). Accordingly, designs
used by other research groups will not be discussed.

The first design in 1996 (Fig. 28.11a) consisted of a thick chip-body part (silicon,
500 um thick, shown in grey in the figure), a doped epitaxial silicon layer for the
cantilevers (1 um thick, white), and a silicon top layer (2 um thick, dark grey) for
labeling purposes. The structures defining the chip body, the cantilevers and the top
labeling layers are transferred to the silicon surfaces by means of photolithographic
masks. The chips are thinned down from the lower side in an anisotropic wet-
etching process using the different doping levels of the cantilevers as an etch stop.
A second wet-etch step is applied from the top to release the cantilevers from
the top and to etch the marks that are visible from the top. The uniformity of the
cantilevers in one chip turned out to be within a few percent of the average resonance
frequency. The wet-etch process steps exert considerable mechanical stress on the
cantilever during production, so that defects or microcracks on some of the cantilever
arrays in the wafer cannot be excluded. As all cantilevers are connected through the
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Fig. 28.11. (a) Cantilever array design, IBM 1996. (b) Cantilever array design, IBM 2000.
() Cantilever array design, IBM 2003. Scanning electron micrographs on the left, side and top
views on the right. The hatched area is a planned modification (not shown in the photo). Its
purpose is to provide a rigid reference cantilever (full wafer thickness)

same membrane, crosstalk between responses from individual cantilevers cannot be
completely excluded, although it was found to be only a few percent of the individual
cantilever deflection signals.

To circumvent such crosstalk, the 2000 design was developed, which features
special support structures for each cantilever, so that each cantilever is individually
attached to the chip body (Fig. 28.11b). Whereas the chip body and the support
structures are wet-etched from the lower side, the cantilevers are defined using
dry-etching by reactive ion etching (RIE). This method produces high-aspect-ratio
structures (grooves with sidewall angles larger than 85°).

To avoid time-critical wet-etching processes and the risk of damage to the can-
tilevers during the production process, the 2003 design relies entirely on dry-etching
processes. The wall steepness has been increased to 89° by the use of improved RIE
equipment, so that the etching from the lower side can also be performed by dry-
etching, even if as much as 500 jum of silicon have to be etched off from the lower
side. To further avoid crosstalk and to facilitate functionalization of the cantilevers,
they are fixed to an extended (500-jum-long) bar-shaped structure (Fig. 28.11c¢).
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28.1.4.3
Uniformity of Cantilever Arrays

Even if cantilever arrays consist of identical cantilevers by design, the properties
might differ slightly from one cantilever to the next. For this reason, several test
procedures are suggested to ascertain the uniformity of the cantilever arrays utilized
in experiments.

28.1.4.3.1
Resonance-Frequency Investigation

The resonance frequency of a cantilever is basically determined by the material it
consists of as well as its length, width and thickness. Measurement of the resonance
frequencies in an uncoated cantilever array typically yields an absolute difference of
less than 10 Hz at a typical resonance frequency of 4 kHz (1-pum-thick, 500-pm-long,
100-pum-wide cantilevers), which corresponds to a resonance frequency deviation of
less than 0.25%.

28.1.4.3.2
Comparison of Responses to a Heat Pulse

One way to verify the homogeneity of gold-coated cantilevers is to observe the
bending response of a bimetallic cantilever when a heat pulse is applied using
a Peltier heater beneath the cantilever array. Figure 28.12 shows the response of eight
cantilevers in an array to a heat pulse of 60 s duration (double arrow). The deviation in
the deflection of the individual cantilevers is less than 9% of the maximum deflection
observed. This gives a rough estimate of what is expected of cantilever responses
in sensing experiments. However, the thermal (bimetallic) response of cantilevers
may differ from the (bio-)chemical response, because the sensing layer might cause
additional differences between cantilevers.

1600 -

— 1400 ~
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F_ 28 12 H l f C 1200 il - -gan:::evarg
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0.71V and 0.32 A ap- g 1000 < = - Cantilever
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tilever deflections obtained 0 . ; - : . . :
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28.2
Experimental Setup

28.2.1
Measurement Chamber

28.2.1.1
Designs for Gas and Liquid Environments

A measurement setup for cantilever arrays consists of four major parts: 1. the mea-
surement chamber containing the cantilever array, 2. an optical or piezoresistive
system to detect the cantilever deflection (e.g. laser sources, collimation lenses and
a position-sensitive detector (PSD), 3. electronics to amplify, process and acquire

Valve & flow control

PC
Bypal;zsers Pl . J Multiplexing (10-100 ms)
Flow s
controller i Deflection
signal
(A - pm)
PSD
Cantilever array
(;:sahl:it: uid) L J Analysis chamber (3 - 90 pl)
a
A— _
pooooceo]) VESEL Syringe
pump

Liquid samples

Multiplexing: 0.1 ..1s
=760 nm, 0.1 mW

Fig. 28.13. Schematic of measurement setups for (a) a gaseous (artificial nose) and (b) a liquid
environment (biochemical sensor)
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the signals from the PSD, and 4. a gas- or liquid-handling system to reproducibly
inject samples into the measurement chamber and purge the chamber.

Figure 28.13 shows the schematic setup of the experiments performed in
(a) a gaseous and (b) a liquid (biochemical) environment. The cantilever sensor
array is located in an analysis chamber of 3—90 pl in volume, which has inlet and
outlet ports for gases or liquids. The cantilever deflection is determined by means
of an array of eight vertical-cavity surface-emitting lasers (VCSELs) arranged at
a linear pitch of 250 pm that emit at a wavelength of 760 nm into a narrow cone of
5to 10°.

The light of each VCSEL is collimated and focused onto the apex of the cor-
responding cantilever by a pair of achromatic doublet lenses, 12.5 mm in diameter.
This size was selected so that all eight laser beams pass through the lenses close to its
center in order to minimize scattering, chromatic and spherical aberration artifacts.
The light is then reflected off the gold-coated surface of the cantilever and hits the
surface of a PSD. PSDs are light-sensitive photo-potentiometer-like devices that pro-
duce photocurrents at two opposing electrodes. The magnitude of the photocurrents
linearly depends on the distance of the impinging light spot from the electrodes. Thus
the position of an incident light beam can be determined with micrometer precision.
The photocurrents are transformed into voltages and amplified in a preamplifier (see
Fig. 28.14). As only one PSD is used, the eight lasers cannot be switched on simul-
taneously. Therefore, a time-multiplexing procedure is used to switch the lasers on
and off sequentially at typical intervals of 10—100 ms (see Fig. 28.15). The resulting

+15V —

= [Vl * Vz}

-V Difference and
converter sum signal
stage processing stage

Fig. 28.14. Schematic circuit drawing of a current-to-voltage converter and preamplifier that
produces difference and sum signals. The PSD is biased at 415V to decrease its capacitance
and enhance its response. The photocurrents /; and /5 are fed into a current-to-voltage (/-V)
converter stage to obtain voltages V| and V5. These are further processed to yield a difference
signal V, — V|, which is used to measure cantilever deflection, and a sum signal V| + V5, which
measures the total intensity of light on the PSD and serves as a reference value to keep the
intensity of the VCSELSs constant (courtesy of A. Tonin, Univ. Basel, Switzerland)
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Fig. 28.15. Schematic circuit drawing of the VCSEL driver to switch on and off the eight
VCSELSs and to keep their light intensity constant. The light of a VCSEL impinges on the PSD
and produces photocurrents [ > that are converted into voltages V; » in the preamplifier (/ to
V). The sum signal V| + V; is fed into a voltage comparator, which compares the actual value of
the sum signal with a preset reference value. The difference between reference and actual value
is then used as input to a PI controller that regulates the current to drive the VCSELs at constant
intensity (V to I). A multiplexer switches all eight VCSELs on and off sequentially (courtesy of
A. Tonin, Univ. Basel, Switzerland)

deflection signal is digitized and stored together with time information on a personal
computer (PC), which also controls the multiplexing of the VCSELSs as well as the
switching of the valves and mass flow controllers used for setting the composition
ratio of the analyte mixture.

The measurement setup for liquids (Fig. 28.13b) consists of a poly-etheretherke-
tone (PEEK) liquid cell, which contains the cantilever array and is sealed by a viton
O-ring and a glass plate. The VCSELs and the PSD are mounted on a metal frame
around the liquid cell. After preprocessing the position of the deflected light beam in
a current-to-voltage converter and amplifier stage (Fig. 28.14), the signal is digitized
in an analog-to-digital converter and stored on a PC. The liquid cell is equipped
with inlet and outlet ports for liquids. They are connected via 0.18 mm of i.d.
teflon tubing to individual thermally-equilibrated glass containers, in which the
biochemical liquids are stored. A six-position valve allows the inlet to the liquid
chamber to be connected to each of the liquid-sample containers separately. The
liquids are pulled (or pushed) through the liquid chamber by means of a syringe
pump connected to the outlet of the chamber. A Peltier element is situated very close
to the lumen of the chamber to allow temperature regulation within the chamber.
The entire experimental setup is housed in a temperature-controlled box regulated
with an accuracy of 0.01 K to the target temperature.

28.2.2
Cantilever Functionalization

To serve as sensors, cantilevers have to be coated with a sensor layer that is either
highly specific, i.e. is able to recognize target molecules in a key-lock process,
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or partially specific, so that the sensor information from several cantilevers yields
a pattern that is characteristic of the target molecules.

To provide a platform for specific functionalization, the upper surface of these
cantilevers is generally coated with 2nm of titanium and 20 nm of gold, which
yields a reflective surface and an interface for attaching functional groups of probe
molecules, e.g. for anchoring molecules with a thiol group to the gold surface of
the cantilever. Such thin metal layers are believed not to contribute significantly to
the bending due to surface-stress changes, because the temperature is kept constant.
Many examples of molecular adsorption on cantilevers are described in the literature,
for example, the adsorption of alkyl thiols on gold [16, 17], the detection of mercury
vapor and relative humidity [18], dye molecules [19], monoclonal antibodies [20],
sugar and proteins [21], solvent vapors [22-24], fragrance vapors [25], as well as
the pH-dependent response of carboxy-terminated alky] thiols [26], label-free DNA
hybridization detection [27,28], and biomolecular recognition of proteins relevant
in cardiovascular diseases [29].

28.2.2.1
Functionalization Methods

There is a large variety of both simple and more advanced methods to coat a cantilever
with material. The requirement is to develop a fast, reproducible and reliable method
for the functionalization of one or both of the surfaces of a cantilever separately.

28.2.2.1.1
Simple Methods

Obvious methods to coat a cantilever include thermal or electron-beam-assisted
evaporation of material, electro-spray or other deposition methods. The disadvantage
of these methods is that inherently they do not provide sufficient resolution to coat
individual cantilevers in an array, unless shadow masks are used. Such masks need
to be accurately aligned with the cantilever structures, which is a time-consuming
process.

Other methods to coat cantilevers use manual placement of particles onto the
cantilever [2,5,8,19,30], which requires skillful handling of tiny samples. Cantilevers
can also be coated by directly pipetting solutions of the probe molecules onto the
cantilevers [22], or by means of air-brush spraying and shadow masks to coat the
cantilevers separately [24].

All these methods only have limited reproducibility if a larger number of can-
tilever arrays has to be coated. As manual alignment is required, these methods are
very time-consuming.

28.2.2.1.2
Microfluidic Networks

A step towards reliable and reproducible coating procedures is achieved by the use of
microfluidic networks (WFN) [31]. pFN are structures of channels and wells, etched
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several tens to hundreds of micrometers deep into silicon-wafers. The wells can be
filled easily using a laboratory pipette, so that the fluid with the probe molecules
to be attached to the cantilever is guided through the channels towards openings
at a pitch matched to the distance between individual cantilevers in the array (see
Fig. 28.16).

The cantilever array is then approached to the opening by means of an x-y-z
positioner, with an accuracy of better than 10 wm, and introduced into the open
channels of the pFN that are filled with a solution of the probe molecules. The
incubation of the cantilever array in the channels of the pFN takes from a few
seconds (self-assembly of alkanethiol monolayers) to several tens of minutes (coating
with protein solutions). To prevent evaporation of the solutions, the channels are
covered by a slice of PDMS. In addition, the microfluidic network can be placed in
a container filled with saturated vapor of the solvent used for the probe molecules.
The obtained functional layers on the cantilevers are of good and reproducible
quality, and the coating process is considerable faster than with the above-described
simple techniques.

a
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v

Fig. 28.16. Microfluidic network for functionaliza-
tion of cantilever arrays. (a) Schematic, (b) side
view, (c¢) photo of the actual device. (1) Cantilever
array, (2) reservoir wells, (3) microfluidic network
with channels, (4) PDMS cover to avoid evapora-
tion of the liquid, (5) pipette to fill the reservoir
well. Figure courtesy of A. Bietsch, Univ. Basel,
Switzerland

28.2.2.1.3
Array of Dimension-Matched Glass Capillaries

As the positioning of the cantilever array relative to the pFN still requires manual
alignment, we have developed a device in which the cantilever array is placed rigidly
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Fig. 28.17. Setup for cantilever array function- a
alization using an array of dimension-matched
microcapillaries. (a) Schematic, (b) side view,

(¢) photo. (1) Cantilever array, (2) glass cap-

illaries, (3) tubing with liquid reservoir in

a larger piece of tubing to compensate for liquid

losses due to evaporation. Figure courtesy of A.

Bietsch, Univ. Basel, Switzerland /
e ———

in a fit with an accuracy of better than 50 pm and fixed with a clamp (Fig. 28.17).
Because the pFN needs to be cleaned thoroughly after each functionalization process,
we replaced the WFN channels by an array of dimension-matched disposable glass
capillaries. The outer diameter of the glass capillaries is 240 jum so that they can be
placed neatly next to each other to accommodate the pitch of the cantilevers in the
array (250 pm). Their inner diameter is 150 pm, providing sufficient room to insert
the cantilevers (width: 100 um) safely.

Fig. 28.18. Cantilever array (a) before and (b) after insertion into the open ends of an array
of microcapillaries. The different shades of grey in the capillaries are due to the filling of the
capillaries with various dyes. Note that the capillaries can only be moved until they touch the
wafer-thick finger structures (see Fig. 28.11c). Courtesy of A. Bietsch, Univ. Basel, Switzerland
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A detailed view of how the cantilevers in an array are inserted into an array
of glass capillaries is shown in Fig. 28.18. This method has been successfully
applied for the deposition of a variety of materials onto cantilevers, e.g. for polymer
solutions [24], self-assembled monolayers [26], thiol-functionalized single-stranded
DNA oligonucleotides [28], and protein solutions [29].

28.2.2.1.4
Inkjet Spotting

Even if the capillary-array technique yields reliable and reproducible layers that can
be deposited within minutes, it is not ideal for coating a large number of cantilever
arrays. Therefore, we applied the inkjet printing technique to establish a rapid and
general method to coat cantilever arrays [32,33] (Fig. 28.19). This technique is
scalable to large arrays and can also coat arbitrary structures in noncontact manner.

An x-y-z positioning system allows a sharp nozzle (capillary diameter: 70 jum)
to be positioned with an accuracy of approx. 10 um over a cantilever, Individual
droplets (diameter: 60—80 wm, volume 0.1-0.3 nl) can be dispensed individually by
use of a piezo-driven ejection system in the inkjet nozzle. When the droplets are

=

Fig. 28.19. Cantilever array functionalization by inkjet
spotting. (a) Schematic, (b) photo of the actual device,
(¢) closeup. (1) Cantilever array, (2) inkjet nozzle,
(3) x-y-z positioning unit. Courtesy of A. Bietsch, Univ.
Basel, Switzerland
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spotted with a pitch smaller than 0.1 mm, they merge and form continuous films.
By adjusting the number of droplets deposited on cantilevers, the resulting film
thickness can be controlled precisely.

The inkjet-spotting technique allows a cantilever to be coated within seconds
and yields very homogeneous, reproducibly deposited layers of well-controlled
thickness. Successful coating of self-assembled alkanethiol monolayers, polymer
solutions, self-assembled DNA single-stranded oligonucleotides [33], and protein
layers has been demonstrated.

In conclusion, inkjet spotting has turned out to be a very efficient method for
functionalization that is not restricted to cantilevers, but can easily and rapidly coat
even arbitrarily shaped sensors reproducibly and reliably [34,35].

28.2.2.2
Functionalization Procedure

28.2.2.2.1
Polymer-Coated Cantilever Arrays

Polymer layers were deposited on a gold-coated cantilever array by inkjet spotting.
Various commercial polymers were dissolved in solvents (5 mg/ml). Eight droplets
of solution were dispensed onto the upper surface of one of the cantilevers of the
array by inkjet spotting [32,33], allowed to dry and form a homogeneous polymer
layer of a few hundred nanometers in thickness. The following polymers were used:
CMC: carboxymethylcellulose sodium salt in water (all concentrations 5 mg/ml);
PEG: polyethylene glycol 6000 in water; PEI: polyethylencimine in water:; PSS:
poly(sodium 4-styrene sulfonate), MW 70,000 in water; PAAM: poly(allylamine
hydrochloride), MW 15,000 in water; PVP: poly(2-vinylpyridine) standard, MW
64,000 in ethanol; PVA: polyvinylalcohol 10-98 in dimethylsulfoxide; PMMA:
polymethymethacrylate, MW 15,000 in methyl-isobutyl-ketone.

28.2.2.2.2
DNA-Coated Cantilever Arrays

For measurements in the liquid phase, functional monolayers were deposited by
self-assembly of thiolated molecule layers, e.g. DNA oligonucleotide layers for
hybridization experiments in liquid. Various oligonucleotide layers were applied in
parallel and under identical conditions to the individual cantilever sensors by means
of microcapillaries (see Fig. 28.17 and Fig. 28.18), filled with a 40-uM solution
of 3'- or 5'-thiolated probe DNA in triethyl ammonium acetate buffer for 20 min.
The coated arrays were rinsed in sodium saline citrate (ssc) 5x buffer and dried in
nitrogen [28].

28.3
Measurements

Measurements using cantilever array sensors can either be highly specific to detect
molecules that match a receptor site on the cantilever coating or partially specific,
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i.e. several cantilever sensors respond to the presence of a vapor, but only the pattern
of responses of all eight cantilevers contains sufficient information to characterize
a sample vapor. In the following, two experiments are presented. The first demon-
strates the partial sensitivity of polymer-coated cantilevers as a kind of “artificial
nose” [36] in a gaseous environment, the other shows the high specificity of a DNA
hybridization recognition reaction in liquid.

28.3.1
Artificial Nose for Detection of Perfume Essences

A cantilever array consisting of eight differently coated cantilevers can be employed
as an “artificial nose” to characterize vapors. The key elements of an artificial
nose [36] are 1. chemical sensors composed of a physical transducer and a chemical
interface layer or a receptor domain with partial specificity; 2. an appropriate pattern-
recognition system to recognize simple or complex odors (pattern classifier), and
3. a sampling system to reproducibly perform measurements. The sensor array is
exposed to the same sample, and produces individual responses, as well as a pattern
of responses.

The main advantage of an artificial nose is that it is reproducible, does not wear
out, and can be placed in environments that are harmful to humans.

Here we use polymer-coated cantilevers as chemical sensors prepared as de-
scribed above. Detection of vapors proceeds via diffusion of the vapor molecules
into the polymer, resulting in a swelling of the polymer and bending of the cantilever.
The bending is specific to the interaction between the solvent vapor and polymer
time- and magnitude-wise. To demonstrate the capability of the cantilever array
artificial nose, we injected vapor (20 ml/min) from the headspace above 0.1 ml of
ethanolic solution of perfume essence samples (lemon, wood, flower; main com-
ponents: ethanol 35%, water 14%, dipropylene glycol 50%, fragrances < 1%) in
astream of dry nitrogen. Figure 28.20 shows the deflection traces from eight polymer-
coated cantilevers upon injection of perfume essence vapor during 60 s (starting at
t = 100 ). The cantilever responses of three samples are shown (two wood essence
and one lemon essence sample).

A “fingerprint” of the perfume essence sample is generated by reducing the
deflection curves of all eight cantilevers to a discrete set of cantilever amplitudes at
several points in time, e.g. at 110s, 130 s, and 150 s. This yields in total 8 x 3 = 24
cantilever deflection amplitudes that account for a measurement data set.

This data set is then evaluated using principal-component-analysis (PCA) tech-
niques [37], which extracts the most dominant deviations in the responses for the
various perfume essence vapors. The largest differences in signal amplitudes of
the fingerprint patterns are plotted in a two-dimensional graph, whereby an in-
dividual measurement (i.e. a set of 24 cantilever magnitudes) represents a sin-
gle point in the PCA space. The axes refer to projections of the multidimen-
sional datasets into two dimensions (principal components). This procedure is
targeted at maximum distinction performance between analytes, i.e. several mea-
surements of the same analyte should yield a cluster in principal-component space,
whereas measurements of differing analytes should produce well-separated clusters
of measurements.
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Fig. 28.20. Bending patterns of polymer-
coated cantilever sensors upon exposure
to perfume essence vapor. (a) Wood
flavor (first sample), (b) wood flavor
(second sample), (¢) lemon flavor.
“Purge” means flushing the measure-
ment chamber with dry nitrogen gas at
a rate of 20 ml/min, “Inj.” denotes the
injection of dry nitrogen gas saturated
with the vapor from the headspace of
a vial filled with 100 pl of ethanolic
solution of perfume essence. The can-
tilever deflection responses are offset for
clarity reasons
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Fig. 28.21. PCA plot of perfume essence samples. Measurements of flower, wood and lemon
perfume essences reveal three clearly distinguishable clusters

The PCA evaluation of the cantilever-sensor response curves is shown in
Fig. 28.21. Clear clustering is observed for the perfume essences tested, demonstrat-
ing the successful recognition, as well as the selectivity of the method. However, the
“artificial nose™ can only recognize sample vapors that have been measured before.
Therefore, it is a characterization rather than a chemical-analysis tool.

28.3.2
Label-Free DNA Hybridization Detection

The main advantage of cantilever array sensors is the possibility that measurements
of differences in the responses of sensor and reference cantilevers can be evaluated.
Measuring the deflection of only one cantilever will yield misleading results that
might give rise to an incorrect interpretation of the cantilever-deflection trace [38].

Therefore, at least one of the cantilevers (the sensor cantilever) is coated with
a sensitive layer that exhibits an affinity to the molecules to be detected, whereas
other cantilevers are coated with a molecular layer that does not show an affinity to
them (reference cantilevers). The biochemical system to be investigated here involves
a DNA hybridization experiment in liquid using a thiolated 12-mer oligonucleotide
sequence from the Bio B biotin synthetase gene (EMBL accession number: J04423).
We selected three surface-bound probes, Bio B1 (5'-SH-Cg-ACA TTG TCG CAA-3,
Cg is a spacer), Bio B2 (5'-SH-C4-TGC TGT TTG AAG-3’) and Bio B6 (5'-SH-
Ce-TCA GGA ACG CCT-3'), which are immobilized by thiol binding onto the
gold-coated upper surface of a cantilever in an array (Fig. 28.22a).

The target complements are called Bio B1C, B2C and B6C are diluted in 5x
ssc buffer at 100 pM concentration. Upon injection of the matching sequence to Bio
B1, i.e. Bio BIC, the sensor cantilever coated with Bio B1 will bend, whereas the
reference cantilever coated with Bio B2 will not bend (Fig. 28.22b). After thorough
rinsing with an unbinding agent, the cantilever coated with Bio B1 will bend back
to its initial position (Fig. 28.22¢). The bending is due to the formation of surface
stress during the hybridization process because of steric crowding (double-stranded
DNA requires more space than single-stranded DNA).
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Fig. 28.22. Schematic of the can-
tilever array DNA hybridization sensor.
(a) Each cantilever is functionalized
with a self-assembled monolayer of
thiolated oligonucleotides. (b) Upon in-
jection of the complementary sequence
to the oligonucleotide sequence shown
in the middle, hybridization takes place
and the cantilever bends downwards.
(c¢) After thorough rinsing with an a
unbinding agent, the cantilever in the
middle returns to its initial position.
The schematics are courtesy of Jiirgen
Fritz, currently at the International
University of Bremen, Germany

q Oligonucleotide

Washing step

The actual experiment proceeds as follows (see Fig. 28.23a): First, the liquid cell
with the functionalized cantilever array is filled with ssc buffer. After a stable base
line has been achieved, ssc buffer is injected after 4 min for 3 min. The cantilevers
deflect, but once the injection is over, a stable baseline is reached again. At 18 min,
the target Bio B1C is injected, which is supposed to hybridize with the Bio B1
probe, but not with the Bio B2 or the Bio B6 probe. Both cantilevers deflect, but
the deflection magnitude of the Bio Bl-coated cantilever is larger than that of the
Bio B2-coated cantilever. Finally, at 37 min, ssc buffer is injected again and a stable
baseline is reached. From the deflection data shown in Fig. 28.23a, it is clear that no
conclusive result can be obtained from individual cantilever responses only, as both
the sensor and the reference cantilevers bend. However, a clear 20 nm deflection
signal is observed when calculating the difference in deflection responses from
probes Bio Bl (sensor) and reference Bio B2 (Fig. 28.23b), or the difference in
deflection responses from probes Bio B1 and reference Bio B6. The differential
deflection magnitudes obtained are 25 nm (B1-B2) or 30 nm (B1-B6), respectively.
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Fig. 28.23. (a) Deflection
traces of sensor (function-
alized with DNA oligonu-
cleotide sequence Bio B1)
and reference cantilevers
(functionalized with DNA
oligonucleotide sequences
Bio B2 and Bio B6, respec-
tively). (b) Differences B1 to
B2 and B1 to B6 of the bend-
ing responses of the sensor
cantilever B1 and the refer-
ence cantilevers B2 and B6.
The dotted lines are guides
to the eye. The hybridization
of B1 with BIC yields a dif-
ference signal of 25 (B1-B2)
or 30 nm (B1-B6). (¢) Dif-
ference in responses of the
two reference probes. B2-B6
only yields a small signal
of 5 nm. “Buffer” indicates
flushing the cell with 5x ssc
buffer; “100 pM B1C” means
injection of the complement
to Bio B1 at a concentration
of 100 pM in ssc buffer. Data
courtesy of J. Zhang, Univer-
sity of Basel, Switzerland
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The difference in deflection responses between two reference cantilevers yields no
signal or only a very small signal that can be attributed to some unspecific binding
of B1C to one of the reference probes, supposedly to B2, as the difference B2-B6
yields a positive signal of less than 5 nm, see Fig. 28.23c. We conclude that it is
absolutely mandatory to use at least two cantilevers in an experiment, a reference
cantilever and a sensor cantilever, to be able to cancel out undesired artifacts such
as thermal drift or unspecific adsorption.

284
Applications and Outlook

The field of cantilever sensors has been very active in recent years [39—41]. Chief
topics published 2003 and 2004 in the literature include the following studies: fab-
rication of silicon, piezoresistive [42,43] or polymer [44] cantilevers, detection of
vapors and volatile compounds, e.g. mercury vapor [45], HF vapor [46,47], chemical
vapors [48,49], as well as the development of gas sensors utilizing the piezoresistive
method [50]. Pd based sensors for hydrogen [51], deuterium and tritium [52, 53]
have been reported, as well as sensors based on hydrogels [54-57] or zeolites [58].
A humidity sensor is suggested in [59]. Many articles investigate the topics of detec-
tion of explosives [60—65], pathogens [66], nerve agents [67], viruses [68], bacteria,
e.g. E. coli [69-T71], and pesticides like dichlorodiphenyltrichloroethane (DDT) [72].
Issues of detection of environmental pollutants are discussed in [73,74]. A chemical
vapor sensor based on the bimetal technique is described in [75]. Several papers
study the mechanism of static cantilever bending [76-78] and how the transduction
can be improved by surface modification of the sensor layer on the cantilever [79,80],
or how its properties can be improved [81-83]. In two publications, electrochem-
ical redox reactions are measured with cantilevers [84, 85]. A large number of
papers are focused on biochemical applications using cantilevers, e.g. to detect
DNA [86-89], proteins [90,91], prostate-specific antigen (PSA) [92], peptides using
antibodies [93,94] and living cells [95]. Most groups use the static deflection mode
for measurements in liquids, whereas others use piezoresistive cantilevers [96] or the
heat mode (calorimeter biosensor) [97]. The understanding of the chemistry [98] and
the mechanism [99] of biosensing is of big importance, as is a strategy to improve the
transduction mechanism [100]. Medical applications involve diagnostics [101], drug
discovery [102] and detection of substances like glucose [103, 104]. Mass measure-
ment in dynamic mode is investigated in a variety of publications, e.g. down to the
attogram regime in ultra-high vacuum [105] using Doppler vibrometer readout of the
oscillation [106]. Several authors study the modeling of resonant sensors [107-114]
and exploit higher modes [115], as well as torsional or lateral resonance modes
for improved mass sensing in dynamic mode [116, 117]. To improve the oscilla-
tion [118], the quality factor can be enhanced electronically [119, 120]. Effects of
temperature and pressure on the oscillation should also be taken into account [121].
Other researchers use piezoresonators integrated into the cantilever structure [122].

Ellipsometry combined with cantilever readouts has been suggested [123] as
acombined technique. Cantilevers have been used to calibrate AFM cantilevers [ 124,
125]. Nanowire electrodes attached to cantilevers in an array can be used for local
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multiprobe resistivity measurements [126]. Two-dimensional microcantilever arrays
have been proposed for multiplexed biomolecular analysis [127, 128].

We conclude that cantilever-sensor array techniques are very powerful and highly
sensitive tools to study physisorption and chemisorption processes, as well as to de-
termine material-specific properties such as heat transfer during phase transitions.
Experiments in liquid environments have provided new insight on such complex
biochemical reactions as the hybridization of DNA or molecular recognition in anti-
body/antigen systems or proteomics. Future developments point towards technolog-
ical applications, e.g. to finding new ways to characterize real-world samples such as
clinical samples. For example, the development of medical diagnosis tools requires
the improvement of the sensitivity of a large number of genetic tests to be performed
with small amounts of single donor-blood or body-fluid samples. On the other hand,
from a scientific point of view, the challenge lies in optimizing cantilever sensors to
improve their sensitivity to the ultimate limit: the detection of individual molecules.
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