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Beyond biology: alternative uses of cantilever-
based technologies

Helena Mufioz-Galan,*®® Carlos Aleman @3°° and Maria M. Pérez-Madrigal & *2°

Micromechanical cantilever sensors are attracting a lot of attention because of the need for characterizing,

detecting, and monitoring chemical and physical properties, as well as compounds at the nanoscale. The
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fields of application of micro-cantilever sensors span from biological and point-of-care, to military or
industrial sectors. The purpose of this work focuses on thermal and mechanical characterization,
environmental monitoring, and chemical detection, in order to provide a technical review of the most

recent technical advances and applications, as well as the future prospective of micro-cantilever sensor

rsc.li/loc research.

1. Introduction

In their pioneering work, Barnes et al proposed
microcantilevers as a new class of sensors for a wide range of
applications.” Almost three decades later, highly sensitive
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biological, physical and chemical sensor devices have been
developed based on cantilever-based technologies.” Although
the detection of biomolecules, bacteria, and viruses is still the
predominant use, the application of nanomechanical sensors
has broadened including other applications, such as electronics,
biophysics, automotive and aerospace systems, environmental
monitoring, and medical diagnosis devices, among others.?
Indeed, advances made in microfabrication tools and
manufacturing methods have allowed real-time sensing at the
micro- and nanoscale with higher sensitivity, better
compactness and lower limits of detection in comparison to
standard diagnostic assays. Despite this, as revised by Calleja
et al,* nanomechanical biosensing still faces some challenges
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and constraints and has not been fully accepted yet as an
alternative to other well established bioanalytical techniques
(i.e. ELISA, microarrays or electrophoresis methods).

Microcantilevers (approximately 100-200 pum long, 20-40
pm wide, and 0.5-1 um thick, and typically made of silicon
or silicon nitride) remain unequaled when responding to the
demanding requirements of biosensing applications, where
fast, straightforward, cost-effective, and reliable methods are
desirable for the recognition of molecules. On such terms,
back in 2011, Buchapudi et al reported that nearly 50
analytes, chemical and biological, had been successfully
detected by cantilever sensors.” From a more general point of
view, cantilever-based technologies are still attracting
growing interest on account of their features, which include
cheap and easy batch-fabrication, high sensitivity and
specificity, short time response, multiplexing and
functionalization capability, easy integration in electronic
circuits (silicon technology) and versatility, among others.
Hence, the design of robust cantilever-like sensors is vital to
reach novel applications and progress in other aspects, such
as device miniaturization, power consumption, sensor
architecture, and compactness.

Considering the relevance and importance of this field of
study, we find in the literature abundant reviews that deal
with nanomechanical biosensing.®” Specifically, we direct the
reader to the following: Ziegler provided a general
introduction into the theory of cantilever sensors, including
practical design concepts,’ whereas the basis of
nanomechanical sensors, materials and fabrication
procedures have been also described.”°

Microcantilever-based sensors appeared as an innovative
application of micromechanical analysis methods (ie.
scanning force microscopy, SFM). In those, the small forces,
attractive and/or repulsive, between a surface sample and a
sharp tip on a cantilever (thin beam clamped at one side) are
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measured.'” Specifically, the forces bend the -cantilever,
which acts as a force transducer. Being able to measure
piconewtons, the applications of SFM span from topography
reconstruction and single molecule detection™  to
intramolecular  force measurements,”* among many
others."'® Although the results are susceptible to ambient
parameters, such as temperature, pressure, or humidity when
not working under vacuum conditions,"® SFM can operate in
a variety of environments, which results in an attractive
feature, thus enabling the simultaneous morphological and
mechanical characterization of living biological systems."”

As mentioned earlier, cantilever-based devices display
high sensitivity, even at the femtojoule-scale, and hence are
able to detect small variations in mass, which results in a
competitive technology in comparison to conventional
methods.'® Therefore, such a set of high-end advantages
results in a diverse range of detection applications, including
cancer biomarkers,'”?° viruses,>"** oligonucleotides,*® drug
screening,”* cells,>>® and carbohydrate-protein
interactions,”” among others.

Motivated by the above considerations, in this
contribution, we do not intend to exhaustively revise again
the biologically related applications of micro- and
nanocantilevers, which has been recently done.> We rather
focus on alternative uses and the state of the art of this
technology applied to material characterization, calorimetry
and innovative functions. In particular, we briefly introduce
the working principle and operational considerations of
nanomechanical sensors. Then, we summarize recent
examples of nanomechanical sensors beyond biological
applications and, finally, discuss the current trends and
perspectives of this field of study. By doing so, we fully
explore the scope of micro- and nanocantilevers and present
them as really versatile devices for advanced applications.

2. Technical overview
2.1. Working principle and operation modes

Microcantilevers are flat, horizontal structures, usually
rectangular, that have one free end and are clamped at the
other end to a wafer, and act as force transducers where the
recognition event is transduced into a micromechanical
motion. Specifically, the cantilever transduction principles
can be summarized in the following three working modes
(Fig. 1a): i) surface stress sensor (the cantilever bends due to
changes in the surface stress at one of its sides - static
mode); ii) microbalance (the frequency changes as a
consequence of additional mass loading - dynamic mode);
and, finally, iii) the bimetallic effect (the cantilever bends as
a temperature sensor).”*' Hence, the nanomechanical
information obtained from each one of these three different
operation modes can be combined, thus providing a better
understanding of the sensing event and proving the high
versatility of cantilever-based devices.

Briefly, in the static mode, the deflection profile of the
cantilever is obtained: the cantilever bends as a result of the
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Fig. 1 (a) Working modes of cantilever-based sensors. Adapted from
ref. 32 (under a Creative Commons license CC BY-NC-ND 3.0); (b)
artistic view of an alkanethiol self-assembled monolayer (SAM) on a
gold-coated microcantilever formed from the gas phase. Reprinted
with permission from reference Nanotechnology, 2010, 21, 075501.%*
Copyright 2010 IOP Publishing.

change in surface stress between the active side and the non-
activated side of the cantilever (Fig. 1b). Such differential
surface stress arises from molecular redistribution events (for
instance, the electron cloud on the surface®*) or by a
molecular adsorption process,>*® where steric interactions,
electrostatic interactions, hydrogen bonding, or de-solvation
interactions take place.’”*® Additionally, electric or magnetic
fluctuations,®® as well as chemical reactions, can also cause
the deflection of the cantilever.*®

In contrast, in the dynamic mode, the cantilever is excited at
its resonance frequency with a piezoelectric actuator system.
When mass is adsorbed on the cantilever, the resonance
frequency of the cantilever changes to lower frequencies, and
the readable shift quantifies the adsorbed mass (1 Hz
corresponds to approximately 1 picogram if the mechanical
properties of the cantilever are not significantly affected), while
changes in the shape of the resonant frequency profile can
indicate chemical or physical events.*"**

Finally, in the remaining mode, the heating mode, which
is based on the bimetallic effect,"®** the difference in the
thermal expansion coefficients of the materials that compose
a cantilever results in its bending when the temperature
differs from room temperature, either by cooling or heating.
Even increments of the order of 107 K enable the cantilever
to bend by some nanometers.*’

Moreover, the mechanical properties of the cantilever,
which affect the optimization of both the sensitivity and
geometry,’®*” are conditioned by five variables at the
micrometric scale: the Poisson's ratio, the Young's modulus,
which is directly related to the stiffness of the material, the
yield of strength, the fracture strength, and, finally, the
residual stress.
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It is beyond the scope of this review to describe in detail
the mathematical models that govern the physics behind
each recognition event, as it has been done before*** and,
by this reason, we direct the reader to comprehensive studies
on this matter.”*”>* Before concluding this section, though,
we highlight a series of recent advances and aspects we find
to be of relevant importance as they relate to the application
of the cantilever-based technology. For instance, Gao et al
reported a combined theoretical and experimental
investigation on effective excitation of microcantilevers by
using photoacoustic waves - a universal method used for the
detection of small signals in which detrimental thermal
effects must be avoided.”®

Considering the influence of harsh environmental
conditions on the response of silicon microcantilever
sensors, several investigations focused on innovative
materials and cantilever shapes that allow the cantilever
sensors to work under high temperature conditions.®” For
instance, Dounkal et al studied the effect of axial
compressive force, tensile forces, stress gradient and
transverse loading on gallium nitride and silicon carbide
cantilevers that will improve the performance of cantilever
sensors in harsh environments, i.e. extreme temperatures.>®

Finally, the detection of volatile organic compounds
(VOCs), explosives, and pesticides, as well as biomolecules,
usually requires the functionalization of the cantilever.
McCaig et al. investigated a way to enhance the adsorption of
vapors by a uniform polymer-brush coating based on PMMA,
which was produced by surface-initiated atom-transfer radical
polymerization.®® Other studies also applied a similar
approach to design microcantilevers with end-grafted
polymer brushes for actuation and sensing.®”®*

2.2. Materials and processing

Usually, cantilevers are made of silicon, silicon nitride,
silicon oxide, or a polymeric material. Silicon is used for
single layer cantilevers, while polymer coatings based on
polyethylene terephthalate (PET) or SU-8, a commonly used
epoxy-based negative photoresist, have been applied to
modify the surface properties of the cantilevers.®>®

Notably, in a short period, cantilever sensors have been
able to sense from picograms to attograms by modifying the
properties of the cantilever (resonance frequency, stiffness,
geometry, etc.) and optimizing the fabrication process
(scaling down).***** Indeed, the complex interplay between
all the design parameters involved affects the sensing
performance (i.e. sensitivity) to the addition of material. In
fact, although rectangular cantilevers are the most commonly
used, other geometries might be also taken into
consideration in terms of achieving sensitive devices, with
larger frequency responses.>® Size and especially thickness
are important in that a high surface to volume ratio increases
sensitivity.*

The material of choice to construct the cantilever device
also determines its resonant response. For instance, the

This journal is © The Royal Society of Chemistry 2023
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resonance frequency (f) increases with increasing spring
constant, which is proportional to the flexural rigidity of the
cantilever (ie. product of the Young's modulus and the
moment of inertia), as well as with decreasing cantilever
49,30,53 1 general, since the Young's modulus values of
polymers are lower than the one shown by silicon, which is
in the order of 100 GPa, the stiffness of a microcantilever
significantly decreases when using a polymeric material,
whereas its fabrication process is easier and more affordable.
The limitation of these kinds of cantilevers relies on their
temperature sensitivity. For this reason, it is vital to keep the
environmental conditions under strict control.*®

The processing of the cantilevers is usually done by bulk
micromachining®® or LIGA*® (German acronym for
lithography, plating and molding), and all of them involve
photolithography and dry-etching. As advantage, these
methods facilitate multiplexing the fabrication of hundreds
of microcantilevers at a very low cost, and with a very high
shape accuracy, which is one of the reasons for which
microcantilever-based sensors have attracted much attention.
For instance, in the field of genetics and drug discovery,
hundreds of replications are required for thousands of
interactions.®®®” Finally, as mentioned earlier, although the
shape of microcantilevers is usually rectangular, some studies
have reported the benefits of other shapes®® and
proportions.®”7?

mass.

2.3. Detection methods

The subnanometric accuracy of the cantilever technology is
achieved by measuring the bending of the cantilever.
Although the miniaturization in the size of the cantilever
enables the detection of smaller amounts than attograms of
absorbate,*’” the sensitivity of the readout system has been an
issue for the past few years.”

To measure the resonance frequency of the cantilever and
its deflection, different readout methods have been used to
transduce these magnitudes into an electrical signal. Among
the several available possibilities based on piezoresistivity,
piezoelectricity, or interferometry, for example, the most used
is the optical technique since it presents a better resolution
(ie. in the order of angstroms).”* Specifically, in this
technique, a low power laser beam is projected onto the
active side of a microcantilever, where it is reflected off and
projected to a photodetector (PSD). When the cantilever
bends, the reflected beam bends and, consequently, the
projected spot on the photodetector changes its position,
thus allowing the monitoring of the deflection.”>’® The main
drawback of this technique relies on the fact that the laser
alignment must be very precise, which requires high accuracy
during the installation process. Moreover, the number of
lasers involved has to match the number of cantilevers in the
array, displaying the same pitch distance, as well. Besides,
each of those lasers is connected to a sequential switcher
source to avoid the overlapping of the beams when reflecting
off onto the photodetector.

This journal is © The Royal Society of Chemistry 2023
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In contrast, the piezoresistive readout method does not
present such a limitation since the piezoresistor is coupled
with the cantilever beam, and the readout system is
integrated into the chip. Here, the mechanical deformation
induces a resistance in the piezoresistor that is directly
transduced into an electrical signal.*®’” Unfortunately, the
resolution of this method only reaches the nanometric scale.

In other methods, such as the capacitive method, the
cantilever acts as one of the two plates of a capacitor, while
the substrate acts as the other. Hence, the deflection of the
cantilever, when an analyte is adsorbed, for instance, is
monitored by the change in the capacitance value.”®”’
Although this detection mode is highly sensitive, it is more
limited than the others: it is not adequate for the measuring
of large displacements or liquid working conditions (e.g.
electrolyte solutions) because of the occurrence of faradic
currents between the plates. Finally, in interferometric
displacement detection, the distance between the fiber end
delivering and collecting light and a highly reflective micro-
cantilever forms the interferometric cavity.’* For a precise
measurement of the cantilever displacement, the relative
positioning of the fiber and cantilever is of critical
importance.

In order to improve the sensitivity of micromechanical
cantilever sensors, different cantilever shapes have been
deeply compared.®"®> Recently, Gao et al. designed a new
shape for the cantilever in order to improve the high order
mode sensitivity for resonant mass sensors without any need
for reducing dimensions.** The sensitivity of the dynamic
mode can also be tuned applying higher frequency modes,
which result in the minimization of the frequency noise. The
higher the frequency mode, the less sensitive the cantilever is
to external vibrations.®*

Other ways of improving the sensitivity have been suggested
for specific systems. For example, liquid environments cause a
damping effect on the cantilever resonation that significantly
decreases the sensitivity of cantilever sensors. However, Linden
et al. managed to produce a liquid cantilever sensor with a high
quality factor by reducing the viscous damping.®® Only one side
of the cantilever is exposed to the sample while the other
remains under partial wetting stabilized with a clip. Besides,
since cantilever sensors are wused for very sensitive
measurements, the calibration of the readout system needs to
be reliable and simple. To make that possible, theoretical and
experimental models have been developed.®*®®” Finally, some
cantilever-based detection systems might experience drifting
problems. To alleviate this issue, some authors do equilibrate
the prepared cantilevers in their buffer solutions to obtain a
good baseline with little noise.

3. Microcantilever-based devices:
applications

The interest regarding cantilever-based sensors appeared in
the field of disease diagnostics and biomolecular research
because of the possibility of functionalizing the cantilever for

Lab Chip, 2023, 23, 1128-1150 | 1131
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selective and/or specific detection. Indeed, the detection of
single DNA bases and biomolecular bindings was possible by
coating the cantilevers with the specific targets and, then,
monitoring the deflection profile.***® This powerful
technology also enabled the detection of molecular
adsorption processes and, even, conformational changes of
immobilized proteins on the surface by means of acoustic
sensors.®® By measuring the mechanical responses of the
cantilever, not only were molecular interactions detected, but
also changes in surface stress.”

In the following sub-sections, we present advanced
applications of cantilever-based devices in a wide range of fields:
thermal characterization, mechanical characterization, mass
detection of molecules using different approaches, humidity
differential detection, absolute and differential pressure
detection, and differential heat detection, among others. To
show the reader the versatility and scope of application of
microcantilever-based platforms, Table 1 summarizes selected
studies described in the following sections.

3.1. Characterization of mechanical and thermal properties

Thermal and mechanical characterization are probably the least
exploited applications of cantilever-based sensors but, at the

View Article Online
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same time, present the best prospective. The evaluation of the
features displayed by micro- and nanometric samples
represents an important step when optimizing their design at
such scales. However, the strong scale dependence of
thermomechanical properties limits the use of conventional
characterization methods when considering micrometric
samples. Moreover, to perform conventional experiments, large
samples are required, which implies loss of homogeneity and,
hence, entails low reproducibility and reliability. The evaluation
of the mechanical properties of macroscopic thin film
specimens has been usually carried out through internal stress
measurements by wafer buckling,”’ while other useful
techniques, such as nanoindentation®® or nanotribology,”***
yield information on hardness, adhesion or wear resistance. For
extremely thin films, only nanomechanical characterization via
cantilever-based technologies offers new possibilities regarding
film characterization at the nanoscale.”®

In 1994, Thundat et al. reported the behavior of a coated
cantilever for which a noticeable bending was observed
because of the heating produced by the laser beam.'®
Nevertheless, this effect turned out to be the fundamental
principle for high sensitivity thermometers. In the same
work, they stated that when the temperature was kept
constant, and the humidity changed, the cantilever also

Table 1 Scope of application of microcantilever-based platforms: examples of selected applications described in this review

Sensor
application Description Mode Cantilever geometry/dimensions/material Ref.
Mechanical and Temperature-dependent thermal Static Rectangular silicon-triangular free end 102
thermal properties stress for several polymer coatings Bimetallic (500 pm long, 100 um wide, and 1 pm thick;
spring constant of 0.03 N m™")
Mechanical properties Static Rectangular silicon-triangular free end 103
of poly(vinyl acetate) Dynamic (500 pm long, 100 um wide, and 1 pm thick;
Bimetallic spring constant of 0.03 N m™")
Thermal properties of PLA Static Rectangular silicon (500 pm long, 90 um wide, 106
coatings with nanopores Bimetallic and 1 pm thick)
Humidity Low level of moisture by Static V-Shaped silicon (180 um long, 25 pm wide, 130
Al,O5-modified cantilevers and 0.5-1.5 pm thick)
Conducting polymer-based Static Rectangular silicon (350 um long, 30 um wide, 137
cantilever sensors and 1 um thick; resonance frequency of
12 (+2) kHz, spring constant of 0.03-0.13 N m ™)
Explosives Sensitive detection with Static V-Shaped silicon (180 um long, 25 pm wide, 157
SAM-coated cantilever Dynamic and 0.5-1.5 pm thick)
Photothermal deflection Dynamic Rectangular silicon (350 pm long, 163
spectroscopy 35 um wide, and 1 pm thick)
Ultralow concentrations of Dynamic Rectangular silicon (225 pm long, 176
explosives - TiO, nanotubes 28 um wide, and 3 pm thick)
Piezoresistive sensors — Dynamic Rectangular silicon (350 pm long,
Cu-based nanorods 150 um wide, and 11 pm thick)
Pesticides Trace-level organophosphorus Dynamic Lab-made resonant rectangular silicon 187
pesticide cantilever (200 um long, 100 um wide,
and 3 um thick)
Organophosphorus compounds Static V-Shaped silicon (180 pm long, 188
25 pm wide, and 1 pm thick)
CO/CO, Adsorption and desorption of Dynamic Arrays of eight rectangular silicon 192
CO, on amine-functionalized (each: 450 um long, 90 um wide,
microcantilevers and 5 pum thick; spring constant of 3.8 N m™)
Piezoresistive cantilever with Static SU-8/carbon black nanocomposite-based cantilevers 195
Fe(m)porphyrin for CO sensing (200 um long, 50 um wide, and 3.5 pm thick)
VOCs Quantification of individual Dynamic Polymer coated rectangular silicon 197

components in a gas mixture

N32 | Lab Chip, 2023, 23, 1128-1150
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bended. The same year Barnes et al reported a
microcantilever sensor capable of detecting smaller heat
changes than a picojoule.”®® Indeed, compared to
conventional methods (Differential Scanning Calorimetry
(DSC), for instance), microcantilever thermosensors, which
are based on the bimetallic effect, display high sensitivity
(~1 pJ) and rapid response time (~1 ms), which makes them
the most suitable for measuring enthalpy changes of
attomolar amount samples.

Later, based on the same principle, several studies
monitored the thermally induced bending of a bimaterial
cantilever,”*® or the frequency shift of a coated cantilever
compared to the uncoated one.”® Hence, phase transition
studies became possible on samples of few picograms.'® Based
on these two phenomena, other thermal and mechanical
properties of materials, such as stiffness’®" (that can produce
even more significant frequency shifts than mass adsorption),
physical aging of polymers'® and glass transition events,'®
have been studied. Generally, in these studies, the cantilever is
coated with the material under study, e.g poly(styrene)/
poly(methyl methacrylate) (PS/PMMA) copolymers,
polythiophene and alkanes, among others. Once the cantilever
is homogeneously coated, the system is heated at a constant
rate, for example 5 °C min™". The resonance frequency, as well
as the deflection of the cantilever, is monitored and compared
to the uncoated cantilever. For instance, Kim et al. reported the
ultraviolet (UV) radiation-induced physical, thermal, and
mechanical properties of a photosensitive polymer, poly(vinyl
cinnamate) (PVCN), determined by using a microcantilever
sensor and a nanogram amount of material (Fig. 2)."* As
bimaterial microcantilevers can be used also as highly sensitive
infrared detectors,'®> nanomechanical IR spectra from the same
PVCN-coated silicon microcantilever were acquired as a
function of UV irradiation time at room temperature. Moreover,
deflection profiles revealed information about the 7T, and the
cross-linking degree of the photosensitive polymer as a function
of time exposure to UV radiation.

Most recently, the thermal properties of nanomembranes,
namely, glass transition and cold crystallization temperatures
(Ty and T, respectively), were reported by monitoring the
microcantilever deflection as a function of temperature.
Different poly lactic acid (PLA)-based nanomembranes with
varying ~ nanostructures  (compact, = nanopored,  or
nanoperforated) and composition (curcumin- or stiripentol-
loaded) were examined.'”® Overall, the presence of
nanofeatures affected both the T, and T, thermal features,
which indicates the importance of characterizing
nanomaterials with techniques that take into account scale-
related considerations.

Other thermomechanical properties, such as thermal
diffusivity and thermal conductivity of diamond
nanocrystalline and microcrystalline structures, have been
studied by photothermal excitation, which induces surface
stress on a bimaterial cantilever.'*”

Regarding the mechanical properties of polymer brushes,
to establish a direct correlation between the molecular

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Measured temperature-dependent shifts in the resonance
frequency of PVCN-coated cantilevers and the estimated Young's
modulus after various periods of UV irradiation time; (b) measured
temperature-dependent variations in the deflection of PVCN-coated
cantilevers after various periods of UV irradiation time. The inset shows
variations in the Ty as a function of UV irradiation time. Reprinted with
permission from reference Appl. Phys. Lett., 2013, 102(2), 024103.10%
Copyright 2013 AIP Publishing.

structure and the swelling that these kinds of polymers
undergo, microcantilever sensors have been applied
alternatively.'”® """ Attractive interactions between polymers
in a brush lead to a positive bending of the cantilever, while
solvent incorporation due to the swelling causes compressive
stress and, consequently, the cantilever bends away from the
coated side. Moreover, swelling entails a decrease in the Ty,
an effect known as plasticization. Alves et al. investigated the
variation in T, as a function of humidity.""* To do so, the
deflection of the cantilever at different values of humidity,
from 1.4% to 70%, was monitored while increasing the
temperature at a constant rate, from 25 °C to 50 °C (Fig. 3).
As a result, T, decreases from 42 °C (1.4%) down to 34 °C
(70%). In line with these investigations, the influence of pH
in the swelling of other polymeric materials, such as
polymethacryloyl ethylene phosphate brushes (PMEP) or
poly(methacrylic acid) hydrogels, was also examined."**'**
Lately, Alves et al. have continued their investigation on
thermomechanical analysis by performing temperature
modulation on cantilever sensors.""® Specifically, temperature
modulation refers to the superposition of two different
heating rates at the same time, a constant heating rate (1 °C
min~, from 20 to 50 °C) and a variable, usually sinusoidal,
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the range between 1.4% and 70%. Reprinted with permission from
reference Polym. Test., 2018, 65, 407-413.1'? Copyright 2018 Elsevier.

heating rate (0.3 °C of amplitude and 0.025 Hz of frequency;
40 seconds period). By doing so, the thermal history
contribution (non-reversing signal) and the effects arising
from the heating rate (reversing signal) were decoupled.
Indeed, such temperature modulation allowed for a more
precise and faster T, determination. Moreover, physical aging
was studied quantitatively, measuring the average relaxation
time on the peak of the non-reversing signal. Also, it was
observed that the reversing sensitivity did not depend on the
state of the initial deflection and presented minimum
variation between aging times. Hence, the sigmoidal curve
was used to extract the T, without quenching or erasing the
thermal history, which allowed a better comparison of glasses
aged close to the glass transition temperature.

Overall, the main drawback of such recognition events
when characterizing the properties of thin coatings relies on
reproducibility ascribed to the non-homogeneous coating of
the cantilever. Hence, even though the prospects for this
application are positive and advances are being made to solve
it, changes regarding the manufacturing techniques need to
be considered to produce reliable coatings and, thus
repetitive results.

3.2. Microcalorimeters

Heat variations of chemical, physical, and biological
reactions are usually detected with conventional calorimeters,
allowing a thermodynamical or analytical study of the
reaction to be carried out. This approach, which has
significant advantages, such as real-time monitoring and
being non-destructive, has become an essential technique,
especially in the biological field. However, to maximize the
sensitivity of small volume samples, the calorimeter requires
miniaturization.

Back in 1993, Gimzewski et al. presented a microcantilever-
based calorimeter."'® During their experiments, the catalytic
reaction H, + O, — H,0 was studied by monitoring heat
variations, thus becoming the first ones to develop a heat flow
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sensor using silicon microcantilever-based technology.
Nowadays, the heating mode is widely used to monitor
enzymatic reactions and characterize picoliter biological
samples.'*”1*8

Among other features, the tiny amount of a sample
needed, fast response, and the reversibility of this type of
sensor attracted a lot of interest. Since then, other
investigators have presented studies taking advantage of the
heat mode of bimetallic cantilevers. In 2001, Abedinov et al
reported the comparison of the bending of two different
bimetallic cantilevers, SiO,/Si and SiO,/Al, under infrared (IR)
radiation, with the latter showing higher sensitivity."** With a
similar system, Su and Dravid studied the photocatalytic
oxidation of volatile hydrocarbons in order to monitor the
reactions on a surface combustion microengine.'** To do so,
a bimetallic (SiO,/TiO,) microcantilever was exposed to
hydrocarbon vapors that were irradiated with ultraviolet light.
More recently, Alodhayb et al. reviewed the application of
nanomechanical calorimetric infrared spectroscopy using bi-
material cantilevers for the molecular recognition in picoliter
volumes of liquid samples."**

Cantilever-type calorimeters have been used for
differential thermal analysis (DTA) and differential scanning
calorimetry (DSC) to study metallic samples, such as indium,
at the nanoscale. The sensor developed by Nakabeppu and
Deno was able to perform fast temperature scans (over 1000
K s7)."**> Two types of Si/SiO, cantilevers were developed for
such nano-DTA and nano-DSC characterization. Other
research studies have focused on the optimization of the
coating thickness of biomaterial cantilevers to improve
sensitivity from the theoretical point of view.'>*

Indeed, bimetallic based microcantilevers are, by far, the
most used microcalorimeters in micro-electronic mechanical
systems (MEMS) technology. Nevertheless, other alternatives
for microcalorimetric characterization have been recently
reported. For  example, TiO, nanowell-patterned
microcantilevers owe their thermomechanical sensitivity to
the different expansion coefficients and Young's modulus."**
This structure has proved to be a sensitive way to detect
organophosphorus compounds by photothermal
spectroscopy. Other research groups have also been working
on developing a very sensitive photothermal spectroscopy
technique.'*>2¢

3.3. Environmental monitoring

3.3.1. Humidity sensors. As mentioned above, in 1994,
Allison and coworkers reported the variations in the
resonance frequency of a bimetallic scanning force
microscope cantilever produced by thermal oscillations and
relative humidity variations.'® One year later, they developed
a humidity sensor using gelatin or hygroscopic phosphoric
acid as a sensing material.">’

Nowadays, cantilever-based sensors with piezoresistive or
capacitive readout systems are the most widely used for
humidity sensing. Indeed, as reviewed by Xu et al,*®

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2lc00873d

Published on 13 de gener 2023. Downloaded on 16/3/2026 5:58:22.

Lab on a Chip

piezoresistive cantilever devices coated with large-surface-
area nanostructures of hygroscopic materials, such as metal
oxides, ceramics, organics, or organic/inorganic composites,
offer an ideal platform for highly sensitive humidity
detection by displaying adequate adsorption/desorption
characteristics and a large number of binding sites for the
highly efficient adhesion of water molecules that, ultimately,
alter the resonance frequency of the microcantilever and/or
induce its deflection, as well. For instance, in the context of
agricultural development, real-time humidity monitoring is
essential because of water scarcity. For this reason, a
significant part of the research related to humidity sensors is
orientated towards this specific field.'*’

Metal oxide coatings are used in humidity sensor
configurations because of their porosity. Ji et al. reported a
limit of detection of 10 ppm of moisture in nitrogen within
three minutes using a microcantilever modified with
aluminum oxide (Al,05)."*° Indeed, Al,O; is one of the most
common ceramic materials used for humidity sensing on
account of its small pore, thus enabling the detection of very
small amounts of water molecules. In their work, an
innovative way was reported to precisely control the coating
of the cantilever, which consisted of a gold layer over a
chromium layer on one side of the cantilever, while the other
side was coated with Al,O;.

However, one of the main problems that ceramics display
as sensing materials is the low reproducibility of the coating
structure. Hence, overcoming this problem and controlling
the coating pattern has become a huge matter of interest. Lee
et al. achieved building in situ a well-structured hexagonal
pattern of anodic aluminum oxide nanowells as moisture
sensors by a complex multistep procedure that included
electropolishing, anodization and wet-etching, thus achieving
a sensitivity of 2.83 nm ppm™."*' Other metal oxides, such
as ZnO, have also been used as humidity sensing materials,
but the problems that arise from the lack of morphological
reproducibility and the thickness are similar to those
displayed by Al,03."**""** For instance, sensors based on ZnO
displayed the following reported sensitivity values: 101.5 +
12.0 ppm/RH% (ZnO nanorods'*?); 4.4-16.9 ppm/% RH (ZnO
nanorods'**); and 21.4 Hz/% RH (ZnO nanoneedles with a
defined morphology"**).

Polymeric materials are also used for humidity sensing
based on their high specificity, reversibility and short time
response. Concretely, poly(3,4-ethylenedioxythiophene)/poly-
styrene-sulfonic acid (PEDOT/PSS) was used as a humidity
sensor material for its stability, high conductivity, and
straightforward maunfacturing.”®® During the fabrication
process, the cantilever was functionalized by drop casting the
polymer onto the silicon surface, but the heterogeneity of the
polymeric thin film affected the reproducibility of the sensor.
To overcome this problem, Sappat et al. developed an inkjet
printing method."*® Nonetheless, other polymeric materials
are also being studied and compared considering their
efficiency as humidity sensing materials. For example,
Steffens et al. tested the sensitivity to moisture of different
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polymers, such as polyaniline (26.4-100 nm/% RH), poly(o-
ethoxyaniline) (24.1-74.2 nm/% RH), and polypyrrole (70.1-
682.6 nm/% RH), the last one displaying the lowest limit of
detection (170 ppb,), in addition to the best
reproducibility.**”

As mentioned earlier, some polymeric materials swell
under humid conditions, and this swelling bends the
cantilever. Such a phenomenon is the basis of a new kind of
humidity sensor. The configuration of one of these sensors
consists of two stationary electrodes on each side of a
cantilever (Fig. 4)."*®* The -cantilever is coated with a
polymeric material (polyimide) that swells with longitudinal
asymmetry. When the sensor is exposed to a humid
environment, the polymer swells producing a lateral bending
that is transduced to a change of capacitance.

A different approach uses graphene oxide (GO) as a
sensing material."*°"**> For instance, Le et al. operated the
cantilever with high order frequency modes, thus obtaining a
ten times better sensitivity than other humidity sensors (the
sensitivity increased from 9.67 to 84.41 Hz/% RH)."° To
reach those modes, an interdigital transducer fabricated on
an aluminum nitride (AIN) layer was used to excite the
piezoelectric layer. The cantilevers were uniformly coated
with GO by vacuum filtration, and the humidity sensing
capacity of the system relied on the surface to volume ratio
and the hydrophilicity of GO. Overall, the sensor showed very
good repeatability, fast response, and short recovery time
(~10 s). For comparison, in the other studies were GO was
employed, the sensitivity values achieved were: 39.2 Hz-cm®
ng™' at 10-90% RH,"*° 27.3 Hz/% RH,"*" and 5 kHz/% RH in
the range between 3% RH and 70% RH.'"*

Finally, Grogan et al. combined the working principle of
electronic readouts with the readout system of holographic
sensors to obtain a low-cost, but high-sensitive readout
system, with a detection limit of ca. 1.2% RH.'*® The hybrid
sensor included a polymeric bilayer composed of
polydimethylsiloxane, and a holographic patterned thin
photopolymer as a diffractive element. In conclusion, relative
humidity measurements showed that the sensitivity can be
tuned by controlling the thickness of the polymeric layers
and the spatial frequency.

Polyimide Poly-Si

jumper

Central
Microcantilever

Fixed 3

electrodes
Fig. 4 Array structure of parallel polymer-based laterally amplified
chemo-mechanical (LACM) unit cells. Reprinted from ref. 138 (under a
Creative Commons license (CC BY 4.0)).
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3.3.2. Pressure sensors. Microcantilever-based pressure
sensors have become relevant because of their significant
advantages, which include low power-consumption, easy
batch fabrication, small size, and high sensitivity, among
others. The effect of pressure on the resonance frequency of
a cantilever has been studied experimentally and theoretically
by several research groups with cantilevers that differ in the
material, the shape, and the readout system, either for
measuring  absolute  pressure,’**'*>  or  differential
pressure. 4147

For instance, over the past few years, Shimoyama and co-
workers'*®*® have developed a differential pressure sensor
consisting of a cantilever placed on an open chamber. When
the barometric pressure changes, a temporary difference
between the inside and the outside of the chamber bends the
cantilever towards the side with lower pressure. In later
investigations, they proved an inversely proportional relation
between the frequency response and the air leakage produced
at the gap by the tip of the cantilever, by varying the size of
the chamber and the gap.'*’

Capacitive pressure sensors are the most widely used
pressure sensors, and their sensitivity has been improved
over the past few years. Krakover et al., for example,
developed a sensor consisting of a Si cantilever placed within
a pressure-driven deformable membrane, where the
deflection of the cantilever perturbed the electrostatic field
generated by the side electrodes leading to a resonant
frequency shift.">® However, to please the industry demand
of cantilever-based pressure sensors, their stability under
harsh conditions is yet a requirement to fulfill. To overcome
this problem and provide better chemical and thermal
stability, Fu et al developed a single crystal diamond
capacitive sensor by applying selective high-energy ion
implantation, inductive coupled plasma (ICP) etching and
electrochemical etching, and metal evaporation
techniques."”" Besides, Subbiah et al. worked on the thermal
stability of cantilever-based pressure sensors using different
materials,"”® which included a ceramic substrate, a glass
solder, and high temperature resistant metals.

In a finale example, Shimoyama and coworkers developed
a pulse sensor using a deformable 50 pum-thick polyimide
membrane placed under the cantilever, all in a closed
chamber.”* When the membrane was placed over a vessel,
the pulse generated the deformation of the membrane, thus
changing the pressure inside the chamber and, consequently,
deflecting the cantilever.

3.4. Chemical detection

Following their investigation, Thundat et al. reported in 1995
the constant bending of a cantilever when it was exposed to
mercury vapors,'”® which indicated that small amounts of
absorbate can be quantified by measuring the change in the
resonant frequency of the cantilever (ie. frequency shift).
This work opened the door to a wide research area: detection
of specific compounds by cantilever-based technologies
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Fig. 5 Schematic diagram of a cantilever bending due to differential
adsorption of analyte molecules. Reprinted with permission from
reference Elsevier, 2007, pp. 109-130.1%¢ Copyright 2007 Elsevier.

(Fig. 5). Indeed, later in 2003, an optimized version of the
system was reported where the cantilever was covered with a
thin film of Zn0."*

3.4.1. Explosives. Detection of explosive materials is a
matter of interest regarding homeland security in airports,
ports, and border controls, as well as being significantly
relevant to military use, demining, and criminal
investigations. Hence, cantilever sensors, which detect small
amounts of molecules in a rapid fashion, have become a very
suitable solution for this area. Indeed, during the past few
years, research on high-specificity cantilever functionalization
to produce more suitable materials for explosive detection
and surface modification to enlarge the surface area to
volume ratio has attracted a lot of interest.

Thundat et al. continued their investigation on explosive
detection by functionalizing the surface of a gold coated
silicon cantilever with a self-assembled monolayer of
4-mercaptobenzoic acid.'® This functionalization enabled
the detection of pentaerythritol tetranitrate and hexahydro-
1,3,5-triazine in concentrations as small as 10-30 ppm. Other
research groups also functionalized cantilevers with self-
assembled monolayers (SAMs)"®'*° or with polymers,
imprinting them directly onto the cantilever.'®® The latter
technique allowed for the specific orientation of the
monomer, thus favoring the binding between the
functionalized cantilever and the analyte.

Still, though, in this configuration, external parameters,
such as temperature, can shield the response of the absorbed
explosives. Similarly, the humidity from the environment or
the presence of other molecules, such as acetonitrile, anisole,
benzaldehyde or toluene, interferes with the sensor
performance.’®" In order to consider a realistic environment,
Shemesh et al.'®® functionalized silicon cantilevers with poly
3-aminopropyl silane (APS). The interaction between
trinitrotoluene (trinitrotoluene) molecules and APS resulted
in an irreversible nucleophilic reaction. On the contrary, the
interaction with water and volatile organic compounds was
reversible. By heating the cantilever after the absorption
process, molecules that underwent a reversible reaction with
APS were released, enabling the detection of 2,4,6-
trinitrotoluene (TNT). Later on, focusing on the reversibility
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of the absorption step after detection to yield reusable
explosive detectors, Thundat and coworkers monitored the
resonance frequency shift induced by the absorption of
explosive molecules, such as pentaerythritol tetranitrate
(PETN) or cyclotrimethylene trinitramine (RDX), in addition
to TNT."*

One step further in complexity, multisensing platforms for
detecting several explosive materials simultaneously were
designed following different functionalization pathways for
each cantilever on an array.'®*'® In this area, Palaparthy
et al. presented an algorithm for multisensing combining SU-
8 and silicon nitride coated cantilevers that operated in two
different modes for explosive material detection: a rapid
testing mode, less accurate but faster, and a comprehensive
mode, which reached an accuracy of ~80%."” To improve
selectivity, these sensors were coated with surface receptors
(4-mercaptobenzoic acid (4-MBA), 6-methoxy naphthalene
acetic acid (6-MNA), and 4-adenosine triphosphate (4-ATP)),
and explosive compounds were detected in a controlled
environment at concentration as low as 16 ppb of TNT, 56
ppb of RDX, or 134 ppb of PETN.

Rao and co-workers investigated alternative semi-
conductive and piezoresistive materials to substitute
traditional silicon cantilevers for explosive-detection
purposes.’®®*"7®  Polymeric cantilevers that favor their
functionalization with different SAMs to specifically detect
explosive vapors were the most promising candidates.

The sensitivity of cantilevers towards explosive materials
improved by texturizing the surface to increase the surface to
volume ratio (Fig. 6)."®® Hence, a larger active surface enables
the absorption of a greater amount of analyte, lowering the
detection limit. In the search for the best material for such
superficial modification, TiO, nanotubes appeared as a
suitable candidate to build patterned microstructures onto a
cantilever beam, enhancing the explosive detection because
of their selectivity towards NO, that is present in many
explosive compounds.’”*"7® For instance, Keller and co-
workers developed a silicon cantilever with a vertically
aligned TiO, nanotube network prepared by anodization,
which allowed the detection of concentrations of TNT as low

Electro-polishing
i

Pattern transfer Photolithography

Bottom cut-off

Nanoporous TiO,
microcantilever

Fig. 6 Schematic illustration of the fabrication process of a
nanoporous TiO, microcantilever. Reprinted (adapted) with permission
from Anal. Chem., 2014, 86(10), 5077-5082.1%° Copyright 2014
American Chemical Society.
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as 0.8 ppb.’”® Cu(OH), and CuO nanorods were also used to
texturize the surface of the cantilever, allowing the detection
of NO, with high sensitivity.'”” The significance of the
surface area was also considered when texturizing a
cantilever array with Co-BEA, a type of zeolite, for the sensing
of 2-nitrotoluene.””® With this material, a multisensing
platform of 4 cantilevers with an integrated electric readout
interface was developed.

Finally, Wang and co-workers used carbon nanotubes
(CNT) in combination with a coupled heating system to
induce deflagration of the explosive absorbed molecules,
which enhanced the bending of the cantilever because of the
volume expansion produced by the heat released from the
deflagrations (Fig. 7)."”>'®° The working principle of this
sensor was further investigated for detecting RDX and
PETN."®" In a similar way, the simultaneous detection of
TNT, RDX and 2,4-dinitrotoluene (DNT) in the range of ppb
was achieved.'® As it can be seen, this field of study is
attracting a lot of attention, possibly because of the relevance
and importance of the outcome in terms of security.
Nevertheless, although interesting possibilities have been
proposed so that such systems are translated to our everyday
items and activities (for instance, adapted devices can be
used in airports or crowded places to detect explosives and,
thus, prevent large accidents), feasible translation has yet to
be achieved.

3.4.2. Pesticides. Pesticides, including herbicides and
insecticides, are being used worldwide before and after
harvesting to prevent plagues, pests, and diseases, and
ensure successful production and safe food consumption.
Global agricultural productivity has been growing in
accordance to  population growth. Hence, such
intensification has become, in turn, a source of
contamination for crops, air, soil, and water because of
underground leaching."® Although chromatography is the
most widespread pesticide detection method, its complexity,
cost, and time consumption motivated the investigation of
sensitive, fast and low-cost alternatives. Nanomechanical
Sensors leading

quickly became a alternative  to

chromatographic analysis.

Micro deflagration
CNT film or explosion

]
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Fig. 7 Schematic illustration of the sensor configuration and the
operation principle vapors adsorbed on the CNT sensor after heating
to micro deflagration. Reprinted with permission from ref. 179.
Copyright 2013 Elsevier.
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Many pesticides are organophosphate compounds with
high insecticide activity. Although these compounds show
low persistence, traces of organophosphates can be harmful
to humans. Among this group, glyphosate (i.e. N-
(phosphomethyl) glycine) is the most used organophosphate
herbicide for weed control. Steffens and co-workers
developed a glyphosate cantilever sensor with peroxidase
enzyme extracted from zucchini.'®® The enzyme was
covalently bonded to the gold coated cantilever through a
carbodiimide reaction. The conformation of the enzyme
changes upon the adsorption of the glyphosate, inducing a
negative bending of the cantilever that is transduced into an
electric readout signal. This system worked also for detecting
atrazine, the second most used herbicide, an environmental
contaminant and a xenobiotic.’®® In this case, although the
atrazine detector was developed by the same approach, the
cantilevers were functionalized with tyrosinase, extracted
from bananas. Similarly, synthetic hapten conjugated with
bovine serum albumin (BSA) was covalently immobilized
onto a cantilever to detect dichlorodiphenyltrichloroethane
(DDT)."8®

Interestingly, organophosphate compounds undergo a
condensation reaction in the presence of carboxylic acids.
Based on that, Xia et al. functionalized the inner channels of
mesoporous silica nanoparticles with carboxylate groups and
loaded them onto a silicon cantilever. By applying the
dynamic mode, the resulting cantilever detected 200 ppb of
acephate, an organophosphate foliar and soil insecticide."®”

Karnati et al. reported a cantilever sensor for monitoring
the presence glyphosate or chlorpyrifos exploiting their
specificity towards organophosphorus hydrolase (OPH, also
known as phosphotriesterase),'®® which is a bacterial enzyme
that is capable of degrading a wide range of neurotoxic
organophosphate agents."® A gold coated V-shaped
microcantilever was functionalized with OPH reaching a limit
of detection of 107 M for a solution of paraoxon, a synthetic
aryl dialkyl phosphate compound that is the active
metabolite of the insecticide parathion. Zourob et al
developed a pesticide detector by functionalizing a cantilever
by dispersing OPH into a pH-responsive hydrogel matrix."*
The interaction between OPH and specific pesticides,
paraoxon and parathion, led to a pH decrease, a change in
the elasticity, as well as in the volume of the hydrogel, which
bended the cantilever.

As Keller and co-workers did for enhancing the detection
sensitivity of TNT detection,'”® Biapo et al. investigated the
controlled arrangement of TiO, nanotubes on a wafer to later
build them on a cantilever."®* The large surface area of the
nanostructured cantilever, in addition to the specific
functionalization with oxime, caused a significant frequency
shift of the resonance frequency of the cantilever when
working under the dynamic mode, enabling the detection of
dimethyl methylphosphonate (DMMP). Overall, a lot of
research is being undertaken to detect organochloride and
organophosphorus pesticides and herbicides at the ng L™
scale in aqueous media. Indeed, we believe that the use of
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microcantilever sensors in such a field requires precise and
highly sensitive devices; moreover, if most of these detection
events are going to happen on site, robustness, cost and
versatility are also important requirements for portable
systems.

3.4.3. CO, and CO. The excess of carbon dioxide (CO,) in
the atmosphere, which is formed during combustion,
fermentation, or respiration, is responsible for the
greenhouse effect, while dizziness, headaches,
unconsciousness and oxygen deprivation happen at high
concentration values. Besides, any uncompleted combustion
generates carbon monoxide (CO), which competes with
oxygen for the binding sites of hemoglobin, and thus causes
dizziness, unconsciousness and, ultimately, death if the
exposure is prolonged. Therefore, the detection and
monitoring of these gases becomes essential in specific
healthcare, engineering, and environmental applications.

One strategy to revert the greenhouse effect relies on
developing carbon capture storage (CCS) devices. Within this
context, amine-functionalized nanoporous silica is one of the
most outstanding materials due to: i) the large surface area
of silica; and ii) the specificity of the amine functional group
towards CO,. To perform a fast and low-cost deep
investigation of several amine-functionalized nanoporous
silica systems, Lee et al. deposited the functionalized
nanoporous silica on top of the free end of a cantilever
beam.'” The authors examined the absorption and
desorption process of CO,, analyzing the resonance
frequencies of each cantilever beam (Fig. 8).

In the same line of action, a green energy alternative to
traditional fossil fuels focuses on designing fuel cells, which
convert the chemical energy of hydrogen or other fuels to
cleanly and efficiently produce electricity. Caliskan et al. have
recently been testing the monitoring of the gas mixture
composition with a microcantilever sensor, instead of the
more usual spectral analyzers, to detect minute
concentrations of CO that, if present, can cause fuel cell
poisoning and significantly reduce the life expectancy of the
cell."®? Similar to the proposal of Garcia-Romeo et al. for the
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Fig. 8 Optical microscopy image of the sorbent-coated
microcantilever array. Reprinted (adapted) with permission from
reference Environ. Sci. Technol., 2011, 45(13), 5704-5709.1°2 Copyright
2011 American Chemical Society.
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detection of TNT,'”® the CO sensing was based on the
frequency shift produced by the absorption of CO onto
cantilevers coated with copper Y (CuY) zeolite. In this study,
the sensor was optimized in terms of coating thickness and
temperature. Other groups also used a zeolite-based
functionalization for the detection of ethanol and water."**

Polymeric microcantilevers based on a bisphenol A
novolac epoxy (SU-8) were modified to detect CO by coating
them with Fe(m)porphyrin.'®®>  Overall, this sensor
configuration was very sensitive to CO, as well as selective,
when compared to other gases, such as N,, CO,, O,,
ethanolamine, N,0O, and moisture. In this area of research,
microcantilever technology is expected to contribute greatly
although there is still room for improvement. Specifically,
tailored functionalization strategies need to be applied to
improve sensitivity, as well as selectivity, and contribution
from other research fields, such as organic and inorganic
chemistry, or catalysis, for instance, need to be considered.

Finally, CO, detection is also used for biomedical
applications, where the CO, produced from patients under
anesthesia is monitored to control their well-being. From a
theoretical point of view, computational simulations were
used to optimize the parameters of microcantilever-based
sensors. Ahmad et al. did so by utilizing one of the most
stable sensing materials, Zn0O.'%°

3.4.4. VOC detection. The emissions of some volatile
organic compounds (VOCs) that are harmful to humans or
detrimental to the environment need to be controlled.
Therefore, the in situ detection of these kind of compounds
is a matter of interest. Similar to explosive material sensors,
VOC detection requires highly sensitive portable devices, thus
making microcantilever sensors an excellent choice.

In 2001, Kim et al. reported the detection of n-octane and
toluene using a polydimethylsiloxane (PDMS) and
polyetherurethane (PEUT) functionalized microcantilever.'®”
Later on, a closed feed-back system driven by a magnetic and
an electrostatic actuator was developed to improve the
detection sensitivity."*® That work also expanded the analytes
and polymers under consideration, which included 1-butanol
as an analyte, while poly(cyanopropylmethyldimethylsiloxane)
(cyp), phenyl-vinyl-polydimethylsiloxane (SE54),
poly(phenylmethyldimethylsiloxane)  (MTP-OV-1701), and
polyethyleneglycol (CARBOWAX) were applied to functionalize
the cantilevers. Such polymers were chosen because of their
different chemical behavior and polarity. The proposed
detection mechanism was based on the swelling of the
polymer after the absorption of VOC molecules, which
generated surface stress on the cantilever, thus inducing its
bending, while the increment of mass caused a change in the
frequency shift, as well. Similarly, Toda et al. embedded a Si
cantilever in a methyl methacrylate acrylic resin to detect
water, ethanol, and acetone.'®’

Other microcantilever-based sensors for VOC detection have
been designed controlling features at the nanoscale, as in the
case of 1D ZnO nanostructures.”’”® Recently, VOCs in solution
have been detected with an improved gas sensor that contained

This journal is © The Royal Society of Chemistry 2023
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a sensor chamber divided into two sections (Fig. 9). The solvent
stays aside from the cantilever by placing a waterproof and
breathable expanded polytetrafluoroethylene (ePTFE) film,>*
and VOC molecules reach the cantilever without interference of
the solvent.

Even though several polymeric coatings have rendered
promising sensor systems, their reproducibility is not
accurate enough, mainly because of the low homogeneity of
the polymeric thin film. Indeed, the preparation of the
cantilever platform is a delicate one that needs to be carefully
performed to avoid defects. As mentioned earlier, the fast
development of manufacturing techniques might solve this
issue by yielding reliable coating techniques.

3.4.5. Other analytes. Hydrogen sulfide is a corrosive,
toxic, and inflammable gas mainly produced in the
petroleum and natural gas industry, as well as in sewage.
One of the main problems of traditional H,S sensors is their
low selectivity. Therefore, most recent studies have focused
their attention on increasing the level of selectivity towards
H,S.”°> For example, Tang et al. developed a double sensor
that is composed of two cantilevers, where one is built to
sense H,S, while the other only detects it.*>* The sensing
cantilever was coated with a zeolitic imidazolate framework
(zIF-8) and nitrogen-doped nanoporous carbon (NPC),
resulting in an extremely sensitive system. However, it was
not very selective, so the second cantilever solved this
weakness. The selective cantilever was covered with basic
copper carbonate (BCC) which reacted with H,S to produce
CusS. This reaction resulted in a loss of mass of the cantilever
which causes a positive frequency shift. In such a manner, a
selective H,S sensor was produced with a limit of detection
lower than 1 ppb.

Finally, some metals are carcinogenic for human beings
in both particle and ion form. Beryllium, in particular, is
known to generate chronic beryllium disease (CBD). Peng
et al. developed a functionalization process towards a
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sensitive beryllium sensor.>* The cantilever was covered with
two layers of chromium and gold, and benzo-9-crown-3
functionalized polymer brushes were built on top by radical
polymerization. The large surface-area ratio and the
electrostatic repulsive forces made the polymer brushes a
very interesting choice to develop highly sensitive
microcantilever sensors. In fact, those materials are widely
used for the specific functionalization of cantilevers, allowing
for the detection of small changes in potential when a bias
voltage is applied, as well as several types of analytes
separately, such as potassium or glucose.”®°” Indeed,
further research on selective cantilever platforms can widen
the scope of detection and enlarge the list of other analytes
to be measured.

3.5. Other applications

In addition to all the fields that have been reviewed, it is
worth mentioning a couple of less exploited applications.
Nordstrom et al. have been working on an integrated optical
readout system based on single-mode waveguides for
improving the sensitivity of microcantilever sensors. In that
system, the cantilever bending was measured by monitoring
changes in the optical intensity of light transmitted through
the cantilever that also acted as a waveguide.>*®

Besides, the mechanical properties of hydrogels, polymer
brushes, and ionizable surfaces have been exploited to detect
changes in pH. For example, aluminum oxide (Al,O;)
cantilevers have been reported to detect electrolyte
concentration, with the bending of the cantilever being
triggered upon the ionization of the cantilever surface as a
function of pH.>**>'°

Moreover, magnetic susceptibilities have been measured
using nanogram amounts of magnetic materials. Finot et al.
developed a miniature magnetic force balance based upon
the simultaneous measurement of the cantilever change
regarding bending and resonance frequency. In this set-up,
the cantilever acted as a Faraday balance.*"

Finally, we address the reader to the wuse of
microcantilever-based devices in the field of microfluidics.
Back in 2010, Ricciardi et al. focused on the integration of
the microcantilever with microfluidic technology to perform
real-time detection of specific proteins (angiopoietin-1, Ang-
1, a putative marker in tumor progression) in liquids.>** In
addition to optimizing the sensor geometry (aspect ratio of
microplates) and the choice of materials for the microfluidic
platform (pirex), Ang-1 was successfully detected and
antibody-antigen real-time kinetics were observed. Also, a bi-
material U-shaped microchannel cantilever (16 pm wide,
1050 um long and 3 pm high) was developed on top of a
plain cantilever to perform both the physical and chemical
analysis of 50 pL volume samples of liquid reagents.>"® The
system, which was turned into a bimaterial beam by
depositing a 500 nm thick layer of aluminum on its bottom
side using e-beam evaporation, was conceived to be
potentially used in micro-bioreactors.
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Similarly, Etayash et al. also designed a bimaterial
microcantilever with an embedded microfluidic channel to
selectively capture bacteria passing through the channel.***
The working principle relied on the fact that bacterial
adsorption on the cantilever changed both the resonance
frequency (added mass) and cantilever deflection (adsorption
stress). Specifically, the device was fabricated using silicon
nitride with a 300 nm-thick layer of gold on one side for
enhanced thermal sensitivity and an optical-beam-deflection
method was added. The lowest detection limit was
established at 100 cells per 100 ul (a single cell per pl), for a
signal-to-noise ratio of 3.

More recent studies have also exploited the benefits of the
cantilever technology to produce non-invasive, low-cost, and
easy-to-fabricate tools for characterizing the flow rate in
paper microfluidic systems, for instance,”’® or examining the
thermal characteristics of liquid analytes wusing the
photothermal heating effect.>'® Also, simulations from
computational models are being validated with experimental
data to predict the change in the resonance frequency as a
function of the change in mass for hollow resonant-based
microfluidic ~ microcantilever ~ systems.”’”  The event
determined was the measured evaporation rate of ethanol at
the picoliter scale.

4. Outlook and perspectives

During the past few years, nanomechanical sensors have
been presented as essential devices for the characterization,
monitoring, and sensing of specific compounds. Even though
advances in the microfabrication process, materials,
geometries, and readout systems have allowed the expansion
of this technology to several fields, thus covering a large
number of very specific applications, still some challenges
should be overcome for an impactful translation of this
technology into commercial and clinical applications. In that
regard, we carefully address some of those next.

Countless types of functionalization strategies have
already been reported to improve sensitivity, as well as
selectivity, for example, volatile compound detection by
polymeric coatings. However, the reproducibility of these
sensors is not accurate enough because of the low
homogeneity of the polymeric thin film. Coating the
cantilever is a very delicate, and not an easy process. Thus,
we envisage further research on the development of reliable
coating techniques.

Although a great number of applications have been
reviewed under different environments, that is vacuum, gas,
or liquid, the performance of the cantilever in the latter is
still not accurate. The damping of the resonation of the
microcantilever causes a significant effect on the sensitivity.
Although there are already some optimized sensors that allow
sensing in liquid with good sensitivity, there is still a
meaningful gap in terms of performance between
microcantilever sensors working in liquid or under vacuum.

This journal is © The Royal Society of Chemistry 2023
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In the upcoming years, we expect an increase of innovative
solutions and contributions to solve this drawback.

The readout system plays a key role when optimizing
microcantilever-based sensors. To date, optical readout
systems are the most common choice because of their high
resolution, simplicity, high sensitivity, and versatility. On the
other hand, the tedious calibration associated with this
readout system is a major disadvantage. Although other
readout methods, such as interferometry-based readout,
capacitive readout, or piezoresistive cantilevers, are also used
on microcantilever sensors, they do not yet fulfill all the
requirements. For instance, capacitive methods are not
suitable for solutions, while interferometry-based readout
systems are not sensitive enough. In order to normalize the
use of microcantilever sensors in any field, such as point-of-
care applications, a robust, cheap, portable, highly sensitive,
and versatile readout system needs to be developed.

5. Conclusions

In this Review, we have focused our attention on the
application of microcantilever technology in various fields to
characterize materials, as well as conduct environmental
monitoring and chemical and physical sensing. Such areas of
study have attracted a lot of interest during the past decade
based on the potential of commercial translation, with
numerous studies being reported. Indeed, the resulting
sensors display promising advantages, such as high
sensitivity, fast time-response, low-cost, portable size, small
sample volume required, and low power consumption, in
addition to reliability. However, much remains to be done -
we consider essential to continue researching these advanced
sensing materials to attain improved selectivity and further
decrease the limit of detection. Besides, the future envisaged
applications, more complex in nature, would require highly
interdisciplinary science, with contributions from physics,
mathematics, biology, chemistry, and engineering. In that
line, complementary computational studies and theoretical
simulations, although challenging, can guide in the design of
the next generation of microcantilever sensing devices.
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