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Abstract

We present quantitative and qualitative detection of analyte vapors using a microfabricated silicon cantilever array. To
observe transduction of physical and chemical processes into nanomechanical motion of the cantilever, swelling of
a polymer layer on the cantilever is monitored during exposure to the analyte. This motion is tracked by a beam-
deflection technique using a time multiplexing scheme. The response pattern of eight cantilevers is analyzed via principal
component analysis (PCA) and artificial neural network (ANN) techniques, which facilitates the application of the device
as an artificial chemical nose. Analytes tested comprise chemical solvents, a homologous series of primary alcohols, and
natural flavors. First differential measurements of surface stress change due to protein adsorption on a cantilever array
are shown using a liquid cell. © 2000 Elsevier Science B.V. All rights reserved.

PACS: 07.07.Df; 07.79. — v; 61.16.Ch; 07.10.Cm
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1. Introduction

Recently, increasing efforts have been put into
the development of cantilever-based sensors for the
detection of physical phenomena and chemical re-
actions. Miniaturized sensors show fast responses,
high sensitivity, and are suitable for mass produc-
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tion. Their main application fields are quality and
process control, disposable diagnostic biosensing
for medical analysis, fragrance design, oenology,
and as sensing devices for gaseous analytes, e.g.
process gases or solvent vapors.

The application of single-cantilever sensors to
determine quantities below the detection limits of
equivalent “classical” methods has been demon-
strated in the literature: Gimzewski et al. have
shown that catalytic processes can be observed
with picojoule sensitivity in calorimetry [1]. The
cantilever method allows the study of solid-solid
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phase transitions of alkanes [2,3] using minute
quantities of material in the picogram range.
Formation enthalpies of small Sn metallic clusters
have been determined in the gas phase using
microcantilevers [4]. Cantilever sensors have been
applied for photothermal spectroscopy [5], surface
stress  detection [6-8], infrared radiation
detection [9], mass change detection [10,11],
photothermal sensors [12-14] and thermog-
ravimetry [15]. Cantilever sensors can be operated
in liquids to observe such processes as protein
adsorption [16].

The sensor presented is based on a microfab-
ricated array of silicon cantilevers. Each of the
cantilevers is functionalized by coating it with
a specific sensor layer to transduce a physical
process or a chemical reaction into a nanomechani-
cal response. Such arrays allow use of some
cantilevers as reference sensors (differential
measurements) [17-19]. Here, we mainly take
advantage of the swelling effect of polymers upon
exposure to gaseous analytes. The kinetics of the
swelling process is related to the vapor pressure
and the solubility characteristics of the analyte in
the polymers. In addition, effects related to heat
transfer or mass change can be evaluated for
analyte detection.

2. Experimental
2.1. Sample chamber setup

Sensor parallelism is a key prerequisite for ap-
plications requiring a high degree of complexity
and selectivity [20-24]. Our sensor array chip
(Fig. 1) comprises eight linearly arranged canti-
lever-type sensors (length: 500 um, width: 100 pm,
thickness: 1 pm, pitch: 250 um), which can be sensi-
tized individually for various detection purposes.
This array is housed in a sample chamber made of
aluminum (volume: 6 cm®) with analyte inlet and
outlet as well as windows for cantilever deflection
readout (Fig. 2). Cantilever deflection is measured
via incident light beams from eight individual light
sources having the same pitch as the cantilevers
(vertical cavity surface emitting lasers (VCSELs)
optical power: up to 2 mW, wavelength: 760 nm,
single mode emitters, CSEM Ziirich, Switzerland).
The identical pitch of light sources and cantilevers
facilitates the optical readout of sensors via beam
deflection. Optics consist of a doublet of achro-
matic lenses providing a 1: 1 projection. The light
is reflected off the cantilever apex and collected
by a linear position-sensitive detector (PSD). To
simplify device construction, a time-multiplexing

Fig. 1. Scanning electron microscopy image of a microfabricated cantilever sensor array prior to deposition of sensor coatings. The
array was produced from silicon by combined dry and wet etching techniques in the Micromechanics department at the IBM Zurich

Research Laboratory. Cantilever length: 500 um, thickness: 1 pm, width: 100 pm. Typical spring constant: 0.02 N m
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Fig. 2. Schematic setup of sample chamber with analyte inlet
and outlet, cantilever deflection readout electronics and control.
The acquisition and control unit sequentially switches the light
sources on and off via a time-multiplexing scheme (40 ms for
each cantilever). The laser light (1 = 760 nm) is directed via
focusing optics onto the apex of the cantilevers of the array, then
reflected and collected by a linear position sensitive detector
(PSD). The photocurrents from opposing electrodes are con-
verted into voltages. The voltage difference is adjusted by an
offset to allow optimal amplification and fed into the data
acquisition and control unit. Data processing is performed off-
line on a personal computer.

scheme [17,18] is applied by switching on and off
individual light sources to illuminate only one can-
tilever apex at a time and to provide an electrical
signal at the PSD for each cantilever deflection
three times per second. The y position of the light
spots on the PSD depends directly on the difference
of photocurrents from opposing electrodes. The
photocurrents are converted into voltages using
transimpedance amplifiers, and the voltage differ-
ence is transmitted to a data acquisition and con-
trol unit. This so-called nanotechnology olfactory
sensors (NOSE) system [25] consists of modular
units, which can be expanded by further sensor
arrays.

2.2. Cantilever sensor coatings

Cantilever sensor arrays were coated with 30 nm
of gold by electron beam evaporation. Polymers
were spray-coated onto one side of the cantilevers
to form a homogeneous layer of &~ 5 um thickness
(Fig. 3). Commercially available polymers were dis-

functionalized sensors

I— L— polymethyimethacrylate
Polystyrene
Polystyrene/Polymethyimethacrylate

Polyurethane
Polyurethane/Polystyrene
Polyurethane/Polystyrene/Polymethylmethacrylate
Polyvinylpyridine/Polyurethane/Polystyrene/Polymethylmethacrylate

— Polyvinylpyridine

polymer layer (5um) L BAU

Si cantilever

Fig. 3. Schematic view of a cantilever array with polymer coat-
ings used for the eight cantilevers of the sensor array.
PVP = polyvinylpyridine, PU = polyurethane, PS = polysty-
rene, PMMA = polymethylmethacrylate. Schematic cross sec-
tion of a coated cantilever.

solved in toluene or ethanol (concentrations for all
solutions: 5 mg/ml).

2.3. Data acquisition and analysis

An automated gas handling system [25] is used
for programmed exposure of the sensor array to
various gaseous analytes. Gas flows are adjusted in
the range of 2-100 ml/min by software-driven com-
mercial digital mass flow controllers (Bronkhorst,
The Netherlands). By means of two mass-flow
controllers it is possible to mix carrier gas (dry
nitrogen, purity 99.999990%) with well-defined
amounts of analyte. Two-hundred microliter of
each analyte was filled into 4-ml vials closed by
a septum. Vapor from the head space was injected
into the chamber via the gas handling system
(Fig. 2).

The sensitized cantilever array is exposed to the
analyte for 10s. Then, the cantilever response is
measured for 2 min while being purged with nitro-
gen. To reduce the amount of data the normalized
signal amplitude is evaluated for each cantilever at
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Fig. 4. (a) Reaction traces from eight polymer-coated cantilevers
upon injection of ethanol for 10s. Signal magnitudes at five
points in time ¢, -5 are extracted. These data points sufficiently
characterize the analyte desorption process. (b) Normalizing
these five response magnitudes from all eight cantilevers (S1-S8)
yields a fingerprint pattern of the analyte suitable for further
analysis via principal component analysis and neural network
techniques.

five equidistant points in time (Fig. 4). This finger-
print information (five points for eight canti-
levers = 40 parameters) reflects the analyte
desorption characteristics, which were found to re-
sult in a better separation of the analytes compared
to the adsorption characteristics and the maximum
amplitudes of the sensor response. The fingerprint
is analyzed by a commercial principal component
analysis (PCA) software package (MVSP, multi-
variate statistical package, version 3.0, Kovach
Computing Services, UK). PCA extracts most-
dominant deviations in responses for various
analytes. The largest differences in signal ampli-
tudes of the fingerprint patterns are plotted in
a two-dimensional graph. The axes refer to projec-

tions of the multidimensional datasets into two
dimensions (principal components). This procedure
is aimed at maximum distinction performance
between analytes, i.e. several measurements
of the same analyte should yield a cluster in
principal component space, whereas measurements
of different analytes should yield well-separated
clusters.

For more complex measurements, e.g. to analyze
multicomponent mixtures of gaseous analytes such
as natural flavors, a different strategy involving
artificial neural networks (ANN) is pursued.
Whereas PCA extracts most-dominant differences
in the fingerprint pattern, neural network analysis
considers all components of the fingerprint. Using
several training sets for each analyte, the ANN
software package (¢.g. Neuroshell Classifier, Ver-
sion 2.0, Ward Systems Group Inc., USA) can
“learn” the corresponding fingerprint pattern to
identify the analytes.

2.4. Stress measurements in liquids

To measure stress-related cantilever bending in
liquid environment we use a setup based on a modi-
fied commercial atomic force microscope head and
liquid cell (Digital Instruments, Santa Barbara, CA,
USA), which can be modified for current flow ex-
periments. The volume of the liquid cell ( ~ 800 ul)
can be injected or exchanged with a micropipette.
For simplicity we use a cantilever array of two
gold-coated Si cantilevers (cantilever length:
500 pm, width: 100 pm, thickness: 1 um, pitch:
500 pm, thickness of evaporated gold layer: 30 nm).
This system can easily be upgraded to operation
with multiple cantilever arrays. Utilizing a similar
readout technique based on VCSEL light sources
and PSD as described above, cantilever bending
can be observed individually for each cantilever.

The gold surface of one cantilever was blocked
for protein adsorption by 11-(pentaethylene
glycol)undecan-1-thiol (PEGS thiol, courtesy of
Fadhil Kamounah, University of Copenhagen,
Denmark). The other was functionalized for
adsorption by hydrophobic hexadecanthiol (HDT,
Fluka Chemicals, Buchs, Switzerland, further
purified by column chromatography). Adsorption
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Fig. 5. Principal component analysis (PCA) of primary alcohols
in a two-dimensional representation in principal component
space. Analytes form clearly separated clusters ordered accord-
ing to their molecular weight.

of bovine serum albumine (BSA, 1 mg/ml,
Sigma-Aldrich Chemicals, Buchs, Switzerland,
in phosphate-buffered saline, PBS, pH 7.4, Fluka
Chemicals, Buchs, Switzerland) on HDT and the
block of BSA adsorption by PEGS5 were checked by
ellipsometry (data not shown).

3. Results and discussion
3.1. Homologous series of primary alcohols

To demonstrate the analyte recognition capabil-
ity of our NOSE device, a homologous series of
primary alcohols from methanol to heptanol
(Fluka Chemicals, puriss., p.a. grade, Buchs, Swit-
zerland) was investigated. Octanol and higher alco-
hols are not considered due to the relatively low
vapor pressures and thus long desorption times. As
an example the cantilever responses for ethanol are
displayed in Fig. 4a.

All analytes were measured five times in random
order to exclude systematic influences. The results
were found to be reproducible. This set of
fingerprints was analyzed using PCA based on
the procedure described in Fig. 4. The result
is shown in Fig. 5. The five measurements of each
analyte show distinct clusters in principal compon-
ent space and allow unambiguous identification of
analytes.
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Fig. 6. PCA of methanol, ethanol, and a 1: 1 mixture of both
alcohols showing distinct clusters.

3.2. Mixture of alcohols

We extended the previous investigations to study
how a mixture of alcohols is characterized by PCA
methods. For this purpose a mixture of 100 ul of
methanol and 100 pl of ethanol was put into a vial
for measurement. The principal components evalu-
ated based on seven fingerprint data sets showed
clear clustering (Fig. 6). Special care had to be taken
concerning the amount of vapor extracted in the
head space of the vial in order not to influence the
composition of the vapor mixture due to the differ-
ence in vapor pressures of methanol and ethanol.
Using PCA it is possible to distinguish among
different mixtures of analytes provided that these
mixtures have been previously characterized by
PCA. 1t is difficult to determine the mixing ratio of
individual analytes directly from the cluster posi-
tions of mixture constituents in the PCA plot, be-
cause analyte desorption kinetics of analyte
mixtures do not depend on the mixing ratio in
a clearly predictable way.

3.3. Solvents

Polar and unpolar solvents such as water,
ethanol, methanol, 1-propanol, 2-propanol,
acetone, dichloro-methane, toluene, and heptane
are widely used in chemical and technological pro-
duction processes. To demonstrate the separation
selectivity of our NOSE device we investigated
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vapor samples of the above-mentioned solvents
using 100 pl of analyte in vials as described above.
Fig. 7 clearly shows clustering for the analytes
tested, i.e. successful identification and selectivity.
Further applications may be settled in the field of
quality and purity control of solvents in production
lines.

3.4. Natural flavors

Natural flavors designed to give bakery products
a special taste are complex mixtures of various
components, mainly water and 1,2-propanediol, in
some cases ethanol, besides characteristic flavor
ingredients. Typical examples of such bakery
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Fig. 7. PCA of various commonly used solvents.

Table 1

flavors are bitter almond (BA), cherry (CH), orange
(OR), artificial rum (RU), vanilla (VA) and lemon
(LE). Such analytes are difficult to separate by
PCA, because similar ratios of the major constitu-
ents of these mixtures are present in all analytes, in
particular water and 1,2-propanediol. For this rea-
son ANN techniques were applied, taking into ac-
count all parameters from the fingerprint data sets.
For each analyte, seven independent measurements
were first recorded and fed as training sets into an
ANN. Then, after this “learning” process, the suc-
cess of recognition of another independent data set
was determined. As can be seen in Table 1 all
analytes were identified, five of which with a prob-
ability close to 1. Only the artificial rum sample has
a lower identification probability of 0.728, but its
identification probability could be increased signifi-
cantly if more training sets for analytes were used.

3.5. Quantitative measurements

Fig. 8 shows quantitative measurements of 1-
propanol concentrations ranging from 500 to
1000 ppm in steps of 100 ppm. This data was pro-
duced by adjusting the gas flow through the analyte
vial in discrete steps using the gas handling system.
The sensitivity is ~ 30 ppm um ! deflection.

At the moment, the sensitivity-limiting factors
in our system are the flow rates imposed by the
gas handling system and the chamber volume,
but not the cantilever deflection measurement

Neural network analysis of natural flavors (Note: BA = bitter almond, CH = cherry, OR = orange, RU = artificial rum, VA = vanilla,
LE = lemon. “Actual” signifies the actual species of analyte, “classified as” means the assignment by the neural network software based
on a discrimination probability of at least 0.5. Numbers indicate identification probabilities. All analytes have been identified correctly
(bold numbers). For most analytes the identification probability is close to 1, except for RU, which was identified with a probability of
0.728 only. For each analyte, seven training sets and one test set were used. The neural network was composed of five input and 15
hidden neurons.)

Test Actual Classified as BA CH OR RU VA LE

1 BA BA 0.993 0.001 0.000 0.000 0.000 0.005
2 CH CH 0.001 0.923 0.069 0.005 0.002 10.000
3 OR OR 0.000 0.026 0.974 0.000 0.000 0.000
4 RU RU 0.000 0.272 0.001 0.662 0.054 0.011
5 VA VA 0.000 0.000 0.000 0.000 0.994 0.006
6 LE LE 0.000 0.000 0.000 0.020 0.000 0.980
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Fig. 8. Quantitative measurement of various concentrations of
1-propanol. For clarity, only four of the eight traces of cantilever
motions are reproduced. Analyte injection time: 10s, purging
time (N, ): 6 min.

and the sensitivity of the sensor layer. A reduction
of the chamber volume will increase the mass sensi-
tivity and reduce response times. Measurement
statistics can be enhanced using an autosampler
instead of the gas handling system. Taking these
improvements into account, estimated detection
levels are expected to be well below 1 ppm.

3.6. Protein adsorption on a cantilever

An advantage of Si cantilever sensors is that they
can be operated in different environments such as
air, vacuum, or liquids. Especially operation in
liquids introduces the possibility of using function-
alized cantilevers as biosensors. The first applica-
tion of Si cantilevers as resonant mass sensors was
a biomass-monitoring device for living cells [26].
Further experiments are reported, where cells have
been grown on cantilever surfaces and static deflec-
tions were measured due to cellular activity [27].
Other applications in liquids include surface stress
measurements of electrochemical processes [28,29]
and of adsorption of proteins on the cantilever
surface [16,30]. Another type of experiments with
biomolecules attempts to use Si cantilevers to
monitor molecular recognition, for example of anti-
body-antigen interaction or DNA hybridization.
The use of cantilevers allows molecular recognition
to be transduced directly into a nanomechanical
response.

The major disadvantage of surface stress
measurements in liquids reported up to now is that
experiments were performed without a reference
cantilever. Using two or more cantilevers of a single
array in parallel allows one of the cantilevers to be
operated as a reference sensor. This is especially
important for measuring the static deflection of
cantilevers in liquids, because small changes of pH,
ion concentration, refractive index, temperature, or
even the quality and treatment of the cantilever
surface can influence dramatically the deflection
signal. For example, a change of the refractive in-
dex can mimic a deflection signal several tens of
nanometers in magnitude. These artifacts can be
cancelled out by measuring the differential signal
between two sensors, an inert reference sensor and
a specifically sensitized sensor.

Such a differential measurement is shown in
Fig. 9. The liquid cell with two sensors in parallel
was flushed with buffer, then with BSA, and again
with buffer while recording the deflection signal of
the two cantilevers. The raw data (Fig. 9a) shows
turbulences due to injection of the liquid, thermal
equilibration after injection for 10 min or more,
and wave-like changes of the deflection signal due
to a change of room temperature. In contrast, the
differential signal (Fig. 9b) compensates for such
thermal effects and most of the turbulences. With-
out thermal stabilization, it shows only a slight drift
of about 5nm h™!. The gold surface of one sensor
was covered by an alkylthiol and the other sensor
by a PEGS thiol. BSA adsorbs only on the hydro-
phobic surface of the alkylthiol sensors. PEG is
known to block almost completely the adsorption
of proteins such as BSA or antibodies on surfaces
[31]. As BSA adsorbs to the same extent on the Si
surfaces of both cantilevers, this adsorption process
does not contribute to the differential signal.

The measured deflection is of the order of 25 nm
and corresponds to a bending of the alkylthiol
cantilever away from its gold surface. That is, the
protein layer causes a compressive stress of about
0.006 Nm™!, as can be calculated with Stoney’s
formula [8]. Thereby the stress of the unordered
physisorbed protein layer on top of the HDT is
more than one order of magnitude smaller than the
typical stress of about 0.2 Nm~"' related to the
self-assembly of thiols on gold. The adsorption of
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Difference in responses of HDT and PEG 5-covered cantilevers.
Adsorption of BSA on the HDT surface is clearly observed
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the proteins on the hydrophobic surface occurs within
a few minutes. Up to now, all adsorption measure-
ments of various thiols and proteins on functionalized
and non-functionalized surfaces show a compressive
stress, that is, the cantilevers bend away from the
surface on which the molecules adsorb [§].

4. Conclusion

In conclusion, we have demonstrated that a mi-
cromechanical array of cantilevers can be used as

a selective and quantitative chemical sensor (artifi-
cial nose). It can be employed to create fingerprints
of analytes. Its major advantages are the capability
to use reference sensors for differential measure-
ments that compensate for superimposed distur-
bances. Likewise, calibration offsets originating
from misalignment or refractive-index changes by
operation in liquids or gases can be corrected. As
examples, quantitative and qualitative analyte de-
tection and identification were demonstrated by
covering the cantilevers with a system of various
polymers and polymer blends. The cantilever de-
flection caused by a swelling of the polymer layers
upon exposure to gaseous analytes was used to
create fingerprints for PCA and ANN recognition
techniques. Successful identification of a series of
primary alcohols, commonly used solvents, and
flavors for bakery products has been demonstrated.

The device is designed to operate in various
media such as ambient air, vacuum, gases, and
liquids. First results of sensor array operation in
liquids have been shown, such as protein adsorp-
tion on cantilevers in fluids. The micromechanical
design of the sensors implies short response times
and high sensitivity over a wide range of operating
temperatures, and they can be integrated seamless-
ly into microelectronic devices.
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