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Micro- and nanoelectromechanical systems, including cantilevers and other small scale structures,
have been studied for sensor applications. Accurate sensing of gaseous or aqueous environments,
chemical vapors, and biomolecules have been demonstrated using a variety of these devices that
undergo static deflections or shifts in resonant frequency upon analyte binding. In particular,
biological detection of viruses, antigens, DNA, and other proteins is of great interest. While the
majority of currently used detection schemes are reliant on biomarkers, such as fluorescent labels,
time, effort, and chemical activity could be saved by developing an ultrasensitive method of label-
free mass detection. Micro- and nanoscale sensors have been effectively applied as label-free
detectors. In the following, we review the technologies and recent developments in the field of

micro- and nanoelectromechanical sensors with particular emphasis on their application as
biological sensors and recent work towards integrating these sensors in microfluidic systems.

Introduction
Micro- and nanomechanical sensors

The development of atomic force microscopy (AFM) demon-
strated the utility of a cantilevered sharp tip in mechanically
probing a surface.! This tip is either scanned in contact with
the surface, using cantilever deflection to map sample topo-
graphy via the tip—sample interaction force, or it is resonantly
excited slightly above the sample, monitoring changes in the
resonant properties of the cantilever to probe the surface. Since
then, the versatility of this technique has been demonstrated by
the development of numerous new sensing modes, e.g.
capacitance or magnetic-based AFM, as well as applications
of cantilevers and similar micro- and nanoelectromechanical
systems (MEMS and NEMYS) as sensors.

Recently, micro- and nanometre scale cantilevers have been
studied as sensors using physical principles that are similar to
those found in atomic force microscopy. These cantilevers are
generally operated in either the static deflection mode, where
binding on one side of a cantilever causes unbalanced surface
stress resulting in a measurable deflection up or down, or the
dynamic, resonant mode, where binding on the cantilever
increases mass and thus decreases the resonant frequency,
much like quartz crystal microbalances. Cantilever-based
devices have been demonstrated as highly versatile sensors
using mechanical, optical, electrostatic, and electromagnetic
methods for actuating or sensing cantilever motion in order to
detect gases, chemicals, or biological entities.

The microfabricated devices can be made in different shapes
and sizes and formed in arrays with large numbers of elements.
With appropriate chemical functionalization they can be
multiplexed for the detection of different chemical or
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biological entities. The size and flexibility of design suggests
the possibility of incorporation in microfluidics and miniatur-
ized lab-on-a-chip formats. The deflection mode sensors are a
more mature technology and consist of various cantilever
structures. Resonant mode devices are often cantilevers of the
same type, but the oscillating elements can be made in a wider
range of geometries. The dynamic mode devices are being
explored in different configurations, including arrays of ultra-
low mass resonators for detection of small bound mass.

Label-free biological detection

As biomedical research continues to find new proteins or
chemical markers associated with a disease or condition,
interest grows in detecting these markers as an alternative to
symptomatic diagnosis. Ideally, one would be tested for these
markers periodically, giving insight into the onset of disease. In
addition, developing techniques that could detect sufficiently
low quantities would lead to the ultimate in early detection of
disease.” As a result, current research in this field is focused on
maximizing sensitivity, reducing false positives and negatives,
and creating highly-multiplexed systems for parallel detection
of any number of biomolecules of interest. Effective systems
would have far-reaching impact.

Many biological detection schemes involve labeling proteins
chemically, typically with radioactive species, quantum dots,
fluorescent markers, or enzymes.® These labeling schemes are
then coupled with multiplexed bioassays, designed to detect an
assortment of molecules. Typically, receptors with specific
binding affinities to desired analytes are immobilized on a
substrate, where the sample will be introduced. While these
receptor—analyte systems are highly specific, interactions with
other entities either by non-specific physisorption or cross-
reactivity of the receptor with another biomolecule are still
present. Non-specific binding is an important issue that affects
all types of binding assays.
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Two examples of labeled detection include immunoassays,
which use antibody receptors to bind their specific antigens in
the sample solution, and protein microarrays,* used to detect
protein binding to a wide variety of biological molecules.
Detection is usually signaled in one of the following ways:
studying the competitive binding of labeled and unlabeled
analytes, using labeled molecules specific to immobilized
analytes, forming a sandwich assay, or performing an
enzyme-linked immunosorbent assay, or ELISA, where an
enzyme-active substrate is added that changes color or
fluoresces upon interaction with enzyme-linked analytes.’
Some other examples of labeled biosensing include immuno-
precipitation (IP) and yeast two-hybrid (YTH) systems.*

However, labeled detection is not ideal. Additional time and
costs are needed in order to label the biomolecules. Often,
labels are connected to antigens or antibodies in a random
way, and, depending on the binding site, the labels could
interfere with the function of the protein, reducing its chemical
activity. Also, new labels and labeling techniques often must be
developed to complement newly discovered proteins of
interest.’ In addition, as the size of the molecule relative to
its label decreases, steric hindrance may become a problem in
binding experiments with those molecules.* As the desired
detection limits move into ng mL ™" and pg mL ™" concentra-
tions, labeled detection becomes increasingly difficult, since
common fluorescence techniques are not sensitive enough to
distinguish very few fluoresced photons from the background.

This has encouraged the development of a wide variety of
label-free detection systems that are equally or more sensitive
than labeled detection techniques. Some of the most common
include surface plasmon resonance (SPR), quartz crystal
oscillators, calorimetry, nanowire and nanotube-based tran-
sistors, and micro- or nanoelectromechanical systems (MEMS
or NEMS).*® SPR is one of the more common techniques in
label-free detection. It is a probe of the local index of
refraction just outside a thin metallic film, typically function-
alized gold, that is exposed to the sample solution. Changes in
the excited plasmons in the metal are induced by analyte
binding events that modify the local index of refraction.
Quartz crystal oscillators are commonly used devices that can
detect any adsorbed mass and have been used in both thin film
deposition as well as biological detection. Upon applying an
AC voltage to the crystal, mechanical resonance will occur; the
resonant frequency is inversely proportional to the square root
of the oscillator mass. Therefore, adsorbed mass effectively
increases the sensor mass and decreases the resonant frequency
accordingly. Field-effect transistor-based devices have also
been made from nanowires or carbon nanotubes that show
changes in conductance upon binding of charged molecules.’
Quartz crystal microbalances (QCMs) have demonstrated
sensitivities on the order of 1 ng cm™2 in fluid” or 10 pg cm ™2
in vacuum,® while the best SPR systems have sensitivities of
~100 pg cm™ 23

MEMS and NEMS devices™!? create opportunities for
novel, label-free detectors with high sensitivity and very high
levels of multiplexing. Devices with small physical dimensions
have exhibited excellent sensitivity and therefore potential
for appropriately redundant and multiplexed biosensor
arrays. For example, IBM has developed the “Millipede,” a

fully-integrated microcantilever array of 1024 devices that
occupies a small area.'' A portion of such an array of 50 pm
long cantilevers is shown in Fig. 1, demonstrating both the
uniformity and high density of these devices. One can imagine
such an array with the ability to detect numerous analytes
from a single sample. This level of bulk fabrication and sensor
multiplexing is not easily accessible in other techniques like
SPR or QCM. In addition, recent research has demonstrated
detection of biological masses from picograms to attograms
(107"-10"'® g) and sensitivity to concentrations on the order
of nM or less.

Sensitivity and detectability
Mass sensitivity

Device sensitivity to small changes in mass is one type of
sensitivity that is intuitively comparable to macroscale
measurements. It is the natural figure of merit when detecting
single small entities such as bacteria, viruses, nanoparticles, or
individual molecules. Sensors with a very high absolute mass
sensitivity could permit discrete sensing and enumeration of
analytes. Resonant MEMS and NEMS devices actuated in
vacuum have demonstrated mass sensitivity, measuring mass
changes in the order of attograms or less.'*!>

Sensors that work on larger scales typically measure changes
in mass uniformly distributed over the sensor. As a result,
sensitivities for quartz crystal microbalance and surface
plasmon resonance techniques are often discussed in terms of
mass per unit area. While this value can be translated into a
value for total mass measured, the size of these devices restricts
absolute mass sensitivity to the range of nanograms to
picograms.

Chemical concentration sensitivity

For many applications the figure of merit of a sensor system is
the detectable concentration of a chemical of interest in a
medium that contains mixtures of other compounds often at
much higher concentrations. In these cases, the chemical
specificity and affinity of the chemical binding layer are the
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Fig. 1 Image of several cantilevers in a “Millipede” cantilever array,
which contains an array of 32 x 32 fully integrated devices. Each
cantilever is 50 pm in length. Image courtesy of W. P. King, reprinted
from ref. 11.
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critical and usually limiting features of a sensor. This is true for
a NEMS or MEMS based sensor as it is for all other forms of
sensors based on chemical binding mechanisms. The fluid
dynamics and the kinetics of analyte binding and diffusion and
transport to the receptor layer on the devices are also impor-
tant. In addressing these issues, MEMS or NEMS devices may
permit use of protocols that interface well to microfluidics and
chip-based technologies, but they face the same chemical issues
as sensors based on other binding transduction methods.
Ultimately, the sensitivity of a technique is a function of more
than just the physical limits of the sensor itself.

For medical diagnostic devices, the sensitivity to a low
concentration of a disease-marker compound in a body fluid is
the important parameter. For example, prostate specific
antigen (PSA) is currently used as a biomarker for prostate
cancer at concentrations in the range of 0.1 to 10 ng mL™". In
other systems, sensitivity in the order of pM or fM may be
desirable. However, these low concentration target compounds
are in serum or other body fluids that have other constituents
at much higher concentrations. These ubiquitous biomolecules
can non-specifically bind to receptor molecules or device
surfaces and reduce the sensitivity of the system, if not causing
false positives or negatives. Therefore, blocking chemistries
and other measures taken to reduce non-specific binding also
play a significant role in determining the overall sensitivity of a
sensor system.

The planar processing techniques used to create MEMS and
NEMS sensors allow flexibility in the sensor system architec-
ture in order to optimize the mass transport and fluid flow for
a given sensor requirement. For example the size and number
of devices can be chosen based on the sample volume of a lab-
on-a-chip system. Arrays of small devices can be particularly
advantageous in optimizing the sensitivity of the individual
elements, increasing the sampling area with large numbers of
devices and arranging the spacing and functionalization for the
most efficient flow or diffusion-based delivery of analyte to the
surface. Theoretical modeling of nanoscale sensors operating
in fluid have demonstrated that using arrays of devices in a
constrained volume can improve the overall sensor response in
the limit of dilute analytes.'® These improvements are
dependent on the fill fraction of the sensors on the surface;
the spacing can be optimized to the diffusion length of the
analyte, such that the fluid volume sampled by each sensor
does not overlap with that of its neighbors. Recent work has
demonstrated the fabrication of nanomechanical resonators
within microfluidic channels at a high density.'”

In general, the sensor system performance is a function of
numerous factors including chemical characteristics, fluid
sampling, detection sensitivity and time requirements. NEMS
and MEMS sensors should be considered as a flexible part of a
lab-on-a-chip system but the physical properties of the
mechanical elements are only one feature of the complete
system.

Sensor fabrication and differentiation

Fabrication techniques

Typically, fabrication of MEMS and NEMS sensors takes
advantage of one of two common MEMS photolithography

processes—bulk or surface micromachining; simplified sche-
matics of the two techniques as applied to cantilevers are
shown in Fig. 2(a) and (b), respectively. The key difference
between these techniques is the sacrificial layer which, when
removed, releases the devices from the substrate. In bulk
micromachining, the bulk silicon wafer is used as the sacrificial
layer. The device layer, such as silicon nitride, is grown directly
on a wafer that has been oxidized on the bottom. This oxide is
then patterned in order to mask an anisotropic silicon etch,
like KOH or tetramethyl ammonium hydroxide (TMAH), that
will undercut the devices and release them from the substrate,
allowing them to bend or resonate. In surface micromachining,
there is no back side processing, and the silicon wafer is left
intact. A sacrificial oxide layer is first grown on a silicon wafer,
followed by deposition of the device layer. Standard photo-
lithography techniques are used to mask anisotropic etching of
the device layer, typically performed using a dry reactive ion
etch process. Hydrofluoric acid is then used to etch the
sacrificial oxide layer and release the structures, suspending
them above the silicon substrate.

While surface micromachining requires one less photolitho-
graphy step, the close proximity of the devices to the silicon
wafer may present a problem in some applications. If the
sacrificial layer is not thick enough for particularly long or
flexible devices, stiction may occur if the suspended device
layer comes in contact with the surface—this typically
permanent problem makes the devices unusable. Stiction can
be avoided by using bulk micromachining, which also opens
up the possibility of addressing both sides of the cantilever.
Critical point drying can also be used to prevent stiction, as it
is often caused by capillary forces which come about during
drying of released devices. Recent work has shown that

@ Device Layer
@ silicon Wafer

"1 silicon Oxide

(a) (b)

Fig. 2 Basic depiction of (a) bulk and (b) surface micromachining
processing steps leading to suspended devices. In bulk micromachining
the wafer acts as the sacrificial layer that is removed to release the
devices, while in surface micromachining the sacrificial layer, typically
silicon oxide, is fabricated directly on the wafer.
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antibody activity is not affected significantly by critical point
drying prior to introduction of the sample, suggesting that
critical point drying may also be a good option for drying
biosensors that are prone to stiction.'®

Fabrication of NEMS devices, however, can require non-
standard techniques in order to define structures on the
nanoscale. Silicon-on-insulator wafers can be used to fabricate
single crystal devices with nanoscale thicknesses, and the built-
in, insulating oxide layer functions as a sacrificial layer to
allow release of the devices. Electron beam lithography has
been used with silicon-on-insulator wafers to define suspended
nanowires that are 50 nm thick, 120 nm wide, and 7 to 13 pm
long."” Recently, long suspended nanostrings with widths on
the order of a few hundred nanometres have been fabricated
using a non-lithographic technique, where poly(methyl metha-
crylate) (PMMA) nanofibers are deposited via electrospinning
and used to define the nanoscale structures, shown in
Fig. 3.20!

Device functionalization

The surface chemistries used in functionalization of MEMS
and NEMS sensors give the devices their capability for sensing.
Coated with receptor layers specific to a particular analyte,
sensor signals can then be attributed to analyte detection. To
detect chemicals or vapors present in air, cantilevers are
typically functionalized with a film that either specifically
adsorbs the analyte or shows a higher affinity response
compared to other films. Gold coated microcantilevers have
been used to detect mercury vapor, which adsorbs to gold with
significant affinity.>> Water vapor sensors have been demon-
strated with phosphoric acid and gelatin-coated cantilevers.?
Other examples include polymer films that adsorb volatile
organic compounds®* or chemicals relevant to artificial nose
technology.”®

Mechanical biosensors use the same binding chemistries as
conventional assay techniques. Immunoassays can be per-
formed by coating devices with an antibody and detecting its
antigen from solution, or vice versa. Tethering single-stranded
DNA (ssDNA) to the cantilever can serve as a sensor for
hybridization with the complementary strand of DNA.?®
Another method using enzymes has demonstrated glucose
detection with glucose oxidase-coated cantilevers.?” Liposomes

Fig. 3 SEM micrograph of a 15 pum long, doubly-clamped nano-
mechanical resonator fabricated non-lithographically. Electrospun
fibers are used as an etching mask in order to define the nanostring
resonators. Reprinted with permission from ref. 21. Copyright 2006,
American Institute of Physics.

have also been sensed, using capture layers that specifically
bind to chemical groups on the liposome surface.”® A newer
technique of surface linking chemistry for MEMS and NEMS
sensors uses aptamers, nucleic acids that behave like anti-
bodies, for binding a specific compound.? A thorough review
of molecular recognition and detection chemistries for
biological sensors that are either in use or development has
been presented by Igbal e al. ™

There is, however, a fair amount of complexity introduced
by these linking chemistries. If special care is not taken,
receptor molecules will nonspecifically adsorb on the sensor
surface and potentially block specific binding sites on a portion
of the molecules and in turn reduce device sensitivity. Neutron
reflectivity experiments have shown that, without using linking
chemistries, antibodies will adsorb flat onto SiO, surfaces,
rather than the fully functional upright configuration, which
degrades the antigen binding capacity of the antibodies.’!
Also, at sufficiently high surface densities, conformational
changes or steric hindrance effects from neighboring anti-
bodies could reduce affinity for antigen binding.*> Methods
using amine reactive linkage to antibodies, for instance, may
result in a random orientation of antibodies as they possess
many addressable amine groups. In addition, tethering
proteins to surfaces can detrimentally change their conforma-
tion or even denature them, depending on the type of link and
where on the protein it is made.*® Protein G has been used as a
surface treatment that results in a more oriented attachment of
antibodies. Other processes use the avidin-biotin linking
chemistry, but that requires biotinylation of the receptor
molecule. This process often results in attachment of several
biotin molecules, subjecting the receptor layer to random
attachment to the avidin-coated surface and therefore degra-
dation of device sensitivity. These and other immobilization
methods are quantitatively compared in ref. 34. One common
method of oriented immobilization uses receptor molecules
that have been chemically modified with a thiol group that
selectively binds to thin films of gold on the sensor. Another
recent study has demonstrated improved biosensor sensitivity
using antibodies linked to the surface by a ligand that is
specifically attached to the antibody at the junction of the Fab
and Fc regions.®

Single-chain Fv (scFv) or Fab antibody fragments offer
potential solutions to many of these issues. By extracting the
antigen-specific parts of the antibodies and using thiol groups
to immobilize them on gold surfaces, the density of antigen
binding sites is increased due to the smaller size of the
fragments as well as their upright arrangement. This technique
has led to significantly improved sensitivities for microcanti-
levers,*® SPR.*’ and protein microatrrays.38

Besides increasing the affinity of biosensor receptor mole-
cules, there are other challenges in surface chemistry.
Microcantilevers have been demonstrated as pH sensors using
a variety of surfaces, including gold coated silicon and silicon
nitride, aminosilane monolayers, and thiol monolayers on
gold.*® While these are useful results, they also warn of
background pH effects in all MEMS and NEMS biosensors
since a majority of applications uses one of these surface
chemistries in some form. Another daunting problem for
biosensors is non-specific binding. This is often addressed by
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implementing a blocking chemistry. While many proteins or
chemicals are used as blocking agents, such as bovine serum
albumin, casein, or polyethylene glycol (PEG), it is not
obvious which technique is most effective for particular
surface chemistries. Careful planning of experimental proce-
dure and using appropriate controls to measure a background
for subtraction are often necessary to avoid these effects and
produce biosensors with meaningful results. Non-specific
binding remains a significant limit on ultimate detection
sensitivity.

Deflection-based sensors

For sensor systems where analyte binding induces surface
stress, flexible cantilevers functionalized on one side are used
to transduce that stress into a measurable deflection. The
operating principles and physics behind deflection-based
MEMS and NEMS sensors will be briefly discussed in the
following. In addition, some of the most recent developments
in this field will be highlighted. More comprehensive reviews
that focus on deflection-based cantilever sensors have been
presented by Lavrik er al.,** Ziegler,*' and Carrascosa et al.*

Principles of operation

Deflection-based MEMS and NEMS sensors of all types
operate on the physical principles described by G. G. Stoney
while studying tension and delamination of thin metal films in
1909.% Observing that when metals are deposited under
tension they can sometimes bend the substrate, he developed
what is now known as Stoney’s formula,

R= Eilz (1)
60(1—v)

where R is the radius of curvature, E is the Young’s modulus, ¢
is the thickness of the substrate, o is the surface stress, and v is
the Poisson’s ratio of the substrate. If this concept is applied to
a microcantilever experiencing a surface stress, a decreasing
radius of curvature will result in increased deflection at the free
end of the cantilever. Therefore, if analyte binding to a
particular surface causes a surface stress, cantilevers with that
same surface will bend up or down, signifying detection. By
far, the most common way to measure this deflection is to use
optical reflection; a laser is focused on the cantilever and
reflected onto a position sensitive detector. Cantilever deflec-
tion is then determined from the varying detector signal due to
motion of the reflected laser beam.

Silicon or silicon nitride cantilevers are generally used
because of the widespread use of silicon in microelectronics
and also the compatibility and availability of fabrication
methods for cantilevers and integrated circuitry. However,
upon inspection of eqn (1), it is evident that the cantilever
radius of curvature can be further decreased if a less stiff
material were used. Calleja er al** fabricated cantilevered
structures from SU-8, a polymer with a Young’s modulus
50 times smaller than that of silicon or silicon nitride. These
polymer cantilevers show superior stability compared to gold-
coated silicon or silicon nitride cantilevers. The lack of a
bilayer significantly decreases thermal deflection noise, and, in

contrast to silicon based devices, the SU-8 shows minimal
response to changes in pH from 2 to 11. This is accomplished
by using a thin fluorocarbon film to block one side of the
devices rather than using a large gold layer to functionalize
only one side. Using biotin and streptavidin as the receptor
and analyte, respectively, they observe a 600 nm deflection for
200 pum long cantilevers, which is roughly an order of
magnitude greater than sensor responses typical of silicon
cantilevers with comparable lengths. While these cantilevers
were probed wusing optical deflection, SU-8 cantilevers
embedded with a carbon-based piezoresistor have also been
demonstrated for electronic deflection measurement.*’
Ransley er al. tested the feasibility of using the gold-thiol
chemistry with SU-8 polymer cantilever arrays.*® Compared to
results for SU-8 cantilevers without gold, the bilayer structure
shows a very large deflection response of the cantilevers to a
temperature increase of only one degree. Cantilevers fabricated
from silicon oxide have also been shown to exhibit an order of
magnitude increase in deflection response to identical chemical
treatment when compared to silicon cantilevers.*’

Adsorption-induced bending of cantilevers was seen initially
in the formation of alkanethiol self-assembled monolayers
(SAM) on a gold coated cantilever.*® Soon after, this concept
was applied to detect DNA hybridization using ssDNA
molecules as immobilized receptors on a microcantilever.?®
This technique was demonstrated to be sensitive to single base
pair mismatches, since cantilevers with such mismatched
receptor molecules did not support hybridization, allowing
them to be used as a reference cantilever for detection of the
complementary DNA strand. Prostate-specific antigen was
detected at low concentrations using immunoassay techniques
on microcantilevers.*

The origin of the surface stresses that give rise to
nanomechanical bending in cantilevers has been much
debated. Cantilever bending was shown to increase with
alkanethiol molecule length and concentration, suggesting
electrostatic repulsion from the dipole-like molecules as dipole
moment increases with chain length.*® Steric and electrostatic
repulsion were also suggested for DNA biosensors, since
hybridization doubles the number of negatively-charged
molecules on the surface.?® These results were disputed by
Wu et al.,>® who observed a relief in the stressed cantilever
beams upon hybridization of ssDNA receptors rather than
increased downward bending as previously seen. They suggest
that, although electrostatic and steric repulsion are present,
configurational entropy can supersede these forces and create
unexpected cantilever bending depending on the ionic con-
centrations, which can change molecular packing densities via
charge shielding. In this way, hybridization into rod-like
helices reduces the configurational entropy and could induce
upward bending as a result of relieved stress. However,
McKendry er al®' used Langmuir adsorption kinetics to
determine the effect of ion concentration on ssDNA binding
densities, and claimed that there was a minimal change in
device saturation, pointing to steric repulsion.

In water, negatively-charged DNA develops a network of
hydrogen-bonded water surrounding the molecule; perturba-
tions of this network result in so-called hydration forces.
These are suggested by Hagan et al to account for the
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steric-repulsion type dependence of cantilever bending on
surface density.>? They also find that in cases of weak
interaction between DNA molecules, ie. when hydration
forces are not present, that repulsive osmotic pressure due to
the ionic concentration dominates electrostatic forces by an
order of magnitude.

These arguments concerning the bending dependence on
surface density and its mechanisms were unified in a
comprehensive study.”® The ssDNA grafting density was
measured as a function of immobilizing salt concentration,
and two concentration-dependent regimes were observed. This
revealed that at high salt concentrations the surface density is
saturated, agreeing with the studies by McKendry et al.”!
Towards lower salt concentrations, the grafting density
becomes strongly dependent on the salt concentration,
pointing to the emergence of osmotic pressure.’> Stachowiak
et al. conclude that osmotic forces dominate at low salt
concentrations, until the grafting density allowed by the salt
becomes large enough that hydration forces begin to dominate,
after which further increasing salt concentrations has no
effect.”®> However, if another cantilever system with a
different stiffness is used, the regimes of interaction may be
completely different and significantly change the physics of
the biosensor.>>

Recent deflection-based sensors

A variety of gaseous and liquid-based chemical sensors have
been developed to detect changes in environmental conditions
or particular chemical vapors. Ji et al. observed the bending
responses of several cantilever material and coating combina-
tions in solution as a function of pH.* Sensitivity to pH values
ranging from 2 to 12 was demonstrated, while not all material
combinations were sensitive across that entire pH range. In
another example of pH detection, PMMA-coated silicon
cantilevers demonstrated high sensitivity, but only on the very
limited range of pH values from about 6 to 7.>* Cantilevers
functionalized with a variety of polymer coatings have been
studied as an artificial nose, demonstrating the ability to
detect, in the gas phase, a number of alcohols, solvents, and
natural flavors.® An image of the array of cantilevers used in
this study is shown in Fig. 4; the 500 um long cantilevers are

Fig. 4 Array of eight cantilevers used as deflection sensors for several
chemical solvent vapors. The cantilevers, measuring 500 x 100 x 1 um
(length x width x thickness), are each coated with a different polymer
in order to define a particular set of responses based on how each
polymer responds to a given analyte. This figure is reprinted with
permission from ref. 25. Copyright Elsevier, 2000.

representative of the size of many devices used in deflection-
based sensing. Alkane-thiol self-assembled monolayers were
recently used to detect toluene and water vapor with gold-
coated silicon nitride cantilevers with considerable sensitivity
at low vapor concentrations.>> Microscale sensors responsive
to all concentrations of carbon dioxide have been demon-
strated, using a polycarbonate film as the active layer specific
to CO,.>® Trinitrotoluene vapors have been detected using
silicon oxide cantilevers coated with a thiol-based self
assembled monolayer to which this explosive vapor adsorbs,
demonstrated by detection at concentrations as low as
120 ppt.>’ In addition, mercury vapor adsorption to a gold
film deposited on a cantilever produces significant surface
stress and has been used in deflection-based micromechanical
sensors.*?

Recently, static mode cantilever biosensors have demon-
strated detection of several different analytes with both
traditional and novel sensor designs. Salmonella bacteria
strains have been detected using cantilevers functionalized
with antibodies to the bacteria; a deflection was detected with
as few as 25 bacteria attached to the device.”® Cantilevers
coated with a specific layer of short peptide chains were used
to detect a concentration of roughly 10% Bacillus subtilis spores
per mL due to static deflection of the device.>® Creatin kinase
and myoglobin were detected simultaneously within a liquid
cell, at moderate concentrations of about 20 pg mL ™'
Sensors for DNA transcription factors have also been
constructed, using microcantilevers functionalized with dou-
ble-stranded DNA.°! Single-chain Fv antibody fragments were
used in a cantilever array to detect engineered peptide
antigens.*® A unique method of surface chemistry using
calixarene-derived Calixcrown linkers was used to sense the
cancer biomarkers C-reactive protein and PSA at concentra-
tions of 10 to 100 ng mL~'.°? Taq DNA polymerase has been
sensed using aptamer-functionalized cantilevers.”” These par-
ticular cantilevers are unique in that they are paired with a
reference cantilever but only require a single laser beam to
probe the relative deflection using a diffraction-based techni-
que. Single-stranded DNA molecules with single base pair
mismatches have been detected using piezoresistive cantile-
vers.®® Specialized oligomers designed to bind to two different
surface receptor molecules were detected at concentrations
down to 10 nM. Concentrations of biotin as low as 100 pgmL ™!
have been detected using a silicon cantilever that has a built-in
metal-oxide semiconductor field effect transistor (MOSFET)
at the base of the sensor.®* Since the conductivity of silicon is
strain dependent, deflections of the cantilever are read out as
changes in the source to drain current of the transistor.

Conformational change has recently been presented as a
new mechanism causing cantilever deflection. The stimuli
responsible for inducing the conformational change are
therefore available to be sensed by cantilevers functionalized
with these biomolecules. Specialized DNA molecules have
been shown to reversibly change from a folded, 4-stranded
conformation into an elongated, duplex formation
depending on the pH of the solution.®®> Other examples
include conformational changes in human estrogen receptors
with or without estradiol®® and the membrane protein
bacteriorhodopsin.®’
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Cantilevered, deflection-based MEMS sensors have shown
potential for widespread use as biological sensors. A summary
of these sensors and their respective materials systems and
sensitivities are shown in Table 1. These devices are versatile in
that they can be operated in air or transparent liquid, allowing
real-time analysis, provided that there are no turbulences or
significant fluctuations in temperature or the dielectric
constant of the liquid. Static deflection methods also use
reference cantilevers to subtract background and improve
detection limits.

Some inherent limits to these devices are the need for one-
sided functionalization, which almost always involves a gold/
cantilever bilayer structure in order to utilize the gold-thiol
linking chemistry. Despite the strong affinity of this binding
relationship, the gold-device layer structure can increase back-
ground noise, since the bilayer structure is sensitive to
temperature fluctuations as well as other environmental con-
ditions to which the surfaces respond differently. Also, since
cantilever tip deflection for a constant radius of curvature is
proportional to the square of the cantilever length,*® longer
cantilevers are necessary for improved signals. As the lengths
of these devices increase, they tend to require bulk micro-
machining techniques in order to overcome the increased risk
of stiction during fabrication and operation. This keeps
deflecting sensors from being easily integrated in microfluidics,
requiring a fluid cell or additional encapsulation techniques.

Another limit to this technique of stress detection is that it is
limited to the near monolayer regime. Single molecule
adsorption can not generate a measurable deflection in a
realistic device; for example, the lower limit for detection of
DNA hybridization using deflecting cantilevers was found to
be ~2 x 10' hybridized molecules per mm?.>! It was also
seen in mercury vapor detectors that if the gold film to which
the mercury adsorbed was incomplete and in the form of
isolated islands, the surface stress-related effects were absent,
showing that a more complete receptor layer is needed in order
to collectively achieve measurable deflections via surface
stress.”

Resonant MEMS and NEMS sensors

Resonant micro- and nanoscale sensors consist of cantilevers
operated in the dynamic mode as well as any other devices that
can be excited at a stable resonant frequency. Recent work has
demonstrated that these devices are now capable of measuring
masses on the order of attograms.'>!3

Table 1 Examples of deflection-based cantilever biosensor applications

Resonating MEMS sensors have been used for some time, as
mechanical sensors of force, flow, pressure, and acceleration®®
or as chemical sensors, while their application to biology is a
more recent development. Despite the more common use of
deflection-based cantilevers as biosensors due to their ability to
function in fluid environments, resonant devices have shown
superior ability to measure extremely small masses, and recent
work has demonstrated new possibilities for improving device
sensitivities and operating resonant sensors in fluid with
enhanced mass resolution.

Resonance-based device principles

Resonant mechanical devices are commonly modeled as
harmonic oscillators with a resonant frequency, f, given by

1 /k
fozﬁ\/% @

where k is the spring constant and m is the mass of the
oscillator. If some mass, Am, is added to the device and is small
compared to the oscillator mass, the change in frequency, Af =
f — fo, due to that mass can be approximated to the first order
by

af=— 1Amg 3)

2 m

For a resonant sensor functionalized to specifically bind a
particular analyte, knowing the resonant frequency before and
after the binding step allows one to associate the change in
frequency with an amount of bound analyte. Fig. 5 shows
superimposed resonance curves taken during device function-
alization for a baculovirus sensor.”” The negative shifts in
resonant frequency after formation of the antibody receptor
layer and binding of the viruses result from increases in the
resonator mass and can be used to determine the mass of the
adsorbed molecules.

The most common type of resonant MEMS or NEMS
sensor is the cantilever. The resonant frequency of the
fundamental, out-of-plane mode has been calculated”® to be

35151 |EI
= [— 4
h="3 0 @)

where / is the cantilever length, 7 is the moment of inertia, p is
density, and A is the cross-sectional area of the beam. Using

Analyte Minimum detected Device layer Detection method Reference
Biotin 100 fg mL~! (0.4 Nm) Silicon MOSFET 64
PSA 0.2 ng mL"! Silicon nitride Optical reflection 49
Taq DNA polymerase 47 ng mL™! Silicon Diffraction 29
PSA ~10 ng mL ™! Silicon nitride Piezoresistance 62
GCN4 antigenic peptide 20 ng mL ™! Silicon Optical reflection 36
myoglobin 20 pg mL™! Silicon Optical reflection 60
DNA 10 nM Silicon Optical reflection 26
DNA 10 nM Silicon nitride Piezoresistance 63
DNA 75 nM Silicon Optical reflection 51
DNA transcription factors SP1 & NF-xB ~100 nM Silicon Optical reflection 61
Glucose ~10 mM Silicon Optical reflection 27
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Fig. 5 Example of resonance peaks measured between important
reaction steps in the detection of baculovirus particles using
nanomechanical cantilevers. The two peaks on the right are taken
before (rightmost) and after deposition of the baculovirus-specific
antibody layer. The left peak is measured after virus binding; the peak-
to-peak shifts are related to the amount of mass added to the cantilever
during each step. Reprinted with permission from ref. 69. Copyright
2004, American Institute of Physics.

the moment of inertia for a rectangular beam of width w and
thickness 7, I oc we’, and 4 = wt, one finds that the frequency
increases linearly with thickness but has no dependence upon
cantilever width.

For resonant sensors, the quality factor is another important
quantity that determines absolute mass sensitivity and
frequency shift resolution. The quality factor, Q, is defined
as O = fy Aftwnm |, Where f; is the resonant frequency and
Affonm 18 the full-width at half maximum of the resonance
peak. The decreasing width at half-maximum facilitates
interpretation of frequency shifts since sharper peaks allow
higher resolution of peak frequency shifts. Q is also an
important quantity in determining the minimum detectable
mass shift of a resonator; this depends on the smallest
frequency shift that can be measured. Assuming that a
particular fraction of the resonant peak full width at half-
maximum can be resolved, Af in eqn (3) is proportional to
fo O~L. Solving for the minimum detectable mass using the
above approximation yields the following:

m
Amlnlﬂm Q (5)
Decreasing the initial sensor mass, 7, and increasing quality
factor both reduce the minimum detectable mass of the device.
Naturally, the progression to more sensitive resonant sensors
has encouraged the development and use of resonant
nanoelectromechanical systems. This is in direct contrast to
deflection-based microcantilever devices, whose radius of
curvature signal requires increasing device length in order to
maximize sensitivity. Eqn (5) reveals that the absolute mass
sensitivity of resonant MEMS and NEMS sensors operated in
a vacuum is primarily a result of the high quality factors
compared to air or liquid, where viscous damping losses
significantly reduce Q.

Quartz crystal microbalances are large scale resonant
sensors, similarly measuring mass by monitoring the resonant
frequency of the crystal. Despite having relatively large masses,
the sensitivity of QCMs is maintained due to high quality
factors. While in vacuum MEMS and NEMS sensors surpass
the sensitivity of QCMs, in air or liquid, the QCM typically
performs much better. Recently, however, nanomechanical
beams are becoming competitive with QCMs in terms of mass
sensitivity per unit area.”! Beams measuring 2 pm x 165 nm
x 125 nm were found to resonate at 140 MHz with a quality
factor of ~400. Using a conservative estimate that one can
resolve frequency shifts that are 10% of the peak width at half
maximum, eqn (5) reveals that these devices have a mass per

unit area sensitivity of 2.5 ng cm™ 2.

Alternative pathways to changing resonant frequency

While surface stress constitutes the basis of deflection-based
sensors, it is not always an issue for resonance-based sensors
and can often go unnoticed. Although several different models
have been proposed to describe how surface stress changes the
resonant properties of MEMS and NEMS sensors, it remains
clear that it is a complex relationship. Surface stresses can
affect the stiffness of the resonators and are sometimes
considered as a perturbation of the spring constant. An
increase in the spring constant, according to eqn (2), would
lead to an increase in resonant frequency. If a first order
approximation is made similar to that for mass above, a small
increase in spring constant, Ak, yields

1. /Ak  Am
M=3h (7 B 7)

So, if the percent change in spring constant exceeds that of
the mass, Ak then dictates the frequency shift, but can either
increase or decrease the resonant frequency. This may become
problematic if this change is on the same order of magnitude as
the change in m.

Thundat et al. fabricated mercury vapor sensors based on
resonating silicon nitride cantilevers, coated on one side with
gold, to which mercury selectively adsorbs.?*> For sensors with
only partial gold coatings, a decrease in resonant frequency
was observed with increased exposure, signifying mercury
adsorption on the sensor and detection of additional mass.
However, in cases where a complete film of gold was used, the
frequency was found to increase with exposure, suggesting that
mercury adsorption induces a surface stress. A key result is
that isolated gold islands increasing in mass produce negligible
surface stress, while an entire gold-mercury layer is able to
additively overwhelm mass-loading effects and increase the
resonance frequency. Functionalizing devices with localized
and separated binding sites could possibly remove surface
stress effects from resonant mass sensors.

Other models for the effect of surface stress on cantilever
resonance have been proposed but the topic is still under much
discussion and study. Chen et al. modeled the cantilever as a
string in order to describe surface stress effects, and they claim
that simultaneously measuring deflection and resonance would
allow decoupling of the stress and mass effects on resonant
frequency.72 Lu et al. question this model, suggesting that it

(6)
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considerably overestimates external forces and that a taut
string is not the best model for a cantilever.”® They continue to
model the cantilever by adding surface stress effects directly
into the equations of motion, rather than as a perturbation in
spring constant, and find that stress-related frequency shifts
are inversely proportional to the Young’s modulus and
thickness of the beam. The model also shows that binding
on both sides of the cantilever, while not producing a static
deflection since the stresses should roughly balance, can still
change the resonant frequency. They suggest that these effects
will only be observed in cases where very thin cantilevers with
high quality factors are used and the material system is right
for creating large surface stresses. In one example of such a
system, exposure of thin, single crystal silicon cantilevers to
acetylene or oxygen environments have shown large increases
in resonant frequency upon adsorption of the gases.”®

Recently, a deflection-based sensor for bacterial spores was
also resonantly excited in order to measure a frequency shift
upon spore attachment.® While showing a tip deflection due
to surface stress, a negative frequency shift was observed that
corresponded to an approximate spore mass which was
comparable to previously reported values. This suggests that
surface stress either has no effect on the resonance or that it is
insignificant compared to mass-related effects.

An additional way in which adsorbing analytes can shift the
frequency of a resonant sensor is through the flexural rigidity
of the device, EI, where E is Young’s modulus and 7 is the
moment of inertia. Recent theoretical work has shown that,
depending on the stiffness and thickness of the adsorbate layer
compared to that the resonant device, it is plausible that
particular material combinations can produce significant
positive frequency shifts.”> Also demonstrated is that flexible
materials like SU-8 are more susceptible to these effects and
can produce frequency shifts that are several times greater in
magnitude than those from mass-loading. Flexural rigidity
effects, unlike changes in mass, are also predicted to be greatest
when the adsorbate is localized near the clamped end of a
cantilever. In a related experimental work, these effects are
observed in bacteria adsorption to a resonant cantilever
sensor.”® Using inkjet-deposited droplets of bacteria placed
along cantilevers, it was demonstrated that near the clamped
end the frequency increases due to stiffness effects, while near
the cantilever tip the frequency decreases due to the mass
effects. A recent study using cantilevers measuring only 30 nm
in thickness demonstrated similar effects.”” As protein multi-
layers were deposited on the devices, resonant frequency
initially decreased but eventually became a large positive shift
as the thickness of the added layers surpassed that of the
device. Despite a decrease in the composite Young’s modulus
of the beam, a two- or threefold increase in device thickness
after functionalization can increase the flexural rigidity by a
factor of 10 or more, as it is proportional to Er’. These works
suggest that the mechanical properties of the analyte can be
important at high coverages.

Resonance actuation and detection mechanisms

There are a wide variety of techniques used to actuate and
detect resonance in MEMS and NEMS devices. They can be

interchanged and paired based on the specific applications or
availability of apparatus. Below we discuss the most common
methods of actuation and detection and highlight relative
advantages and disadvantages.

Thermal excitation is a simple way in which resonance can
be excited. Heat is imparted to the device which then excites
resonance by thermal expansion stresses or by using a bilayer
of materials with different thermal expansion coefficients. In
some cases, even background noise in ambient conditions can
excite device oscillation and support sensor operation.”®
Another method, compatible with semiconductor processing
techniques, is to fabricate resistors near the resonators that will
excite the devices via Joule heating. Modulation of the heating
source at the resonant frequency of the devices excites
oscillation. This has been used to actuate dome-shaped
MEMS resonators”>® as well as conventional cantilever
sensors.”*

Resonant sensors can also be driven electrostatically or
magnetically, and resonance can be monitored using capaci-
tance, encouraging integration with CMOS technology. Out-
of-plane resonance has been excited using electrostatic fields
between gold films on and near the cantilever.®! If the
cantilever is at a slightly different height than the driving
electrode, asymmetry in the electric field lines will create an
out-of-plane force, exciting the fundamental cantilever mode.
In addition to the fundamental mode, torsional mode
actuation has also been demonstrated.®? Electrostatic excita-
tion has also been achieved for in-plane resonance of
cantilevers, using an adjacent driving electrode.®® In this
particular device, resonance was observed using a comb
shaped capacitor, and signal amplification was performed on
chip using an integrated CMOS circuit.

Magnetically excited devices generally use a microfabricated
wire loop on the cantilever on which an alternating current is
driven in a static magnetic field to generate out-of-plane
excitation using the Lorentz force.®* Encapsulated cantilevers
using this type of electromagnetic excitation have been
operated as viscosity sensors in liquid.®> Doubling back the
wire loop near the center of the cantilever creates an opposite
Lorentz force from the end and allows excitation of the second
flexural mode using the same external magnetic field.®
Cantilevers made from magnetostrictive materials can also
be excited using a varying magnetic field.®’

Oftentimes, the electromagnetic nature of these excitation
mechanisms and their fabrication fit well with piezoresistive
detection via built-in resistors®**® or CMOS circuits.®* This
method is implemented using a Wheatstone bridge, consisting
of four resistors, three constant and one variable.®® The
piezoresistive element operates as the variable resistor which
changes as the cantilever is strained during deflection or
resonance. This technique is sometimes favored compared to
others since the resonance probe is built-in, is easily coupled
with resistive heating or other on-device excitation methods,
and can be encapsulated to protect from a liquid environment.

Another method for excitation of resonance takes advantage
of piezoelectric materials. Simply attaching the resonator
device chip externally to a driven piezoelectric device can
induce resonance. Recently, piezoelectric layers have also been
incorporated into multilayer cantilever sensors which can be
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used to electrically excite motion, detect resonances, or
both,35:90-92

In contrast to the above methods that require extra layers of
fabrication and addressable electronics, optical excitation and
readout offers an external method that can greatly simplify
fabrication, minimizing the number of processing steps
required. It is also particularly useful for reading large arrays
of sensors that would present a formidable problem for other
techniques, especially if each device requires electrical connec-
tions. A focused laser beam, modulated at device resonance,
acts as a localized heat source which thermally excites
oscillation.”*** Direct illumination of the device is not
required, as resonance has been observed in silicon nitride
cantilevers when the laser was focused over 160 um from the
clamped end.”* Another advantage to optical excitation is that
it can be applied to a wide variety of device geometries,
opening up resonant sensors to creativity and innovation
unhindered by electrical integration requirements. For exam-
ple, parametric amplification of isolated, disk-shaped resona-
tors has been demonstrated using a modulated laser beam,
greatly amplifying the signal amplitude and improving force
sensitivity.”

Optical techniques can also be used to measure device
resonance. For larger cantilevers, optical deflection is an
option, but as devices become smaller the reflected signal
diminishes. However, optimized placement of the detection
beam can assist in measuring not only the fundamental mode
but also higher modes of cantilever resonance.’® A more
flexible method uses the thin film stack of device layer, sensing
medium, and substrate as a Fabry-Pérot interferometer.'”
Using a laser to illuminate a region of the device oscillating
out-of-plane, the reflected light will be modulated due to the
changing gap height between the sensor and substrate. HeNe
laser illumination has been used to detect oscillation in
nanomechanical systems with feature sizes significantly less
than the wavelength of light (633 nm).*!

Some recent studies have demonstrated unique methods to
detect sensor resonance. One method places an electrode just
within the range of motion of a cantilever resonating in-plane
so that the cantilever will physically hit the electrode once
every cycle.”” Each contact sends an electrical signal from
which resonant frequency can be determined; this technique
works hand-in-hand with the electrostatic conditions necessary
to excite resonance. A new type of optical detection has been
demonstrated using linear silicon nitride optical waveguides
that have been patterned into cantilevers.”® When at rest, light
passes through the cantilever and across the relatively small
gap between its tip and the remaining waveguide. Device
resonance modulates the light that is able to pass through the
rest of the waveguide, which can be used to monitor the
resonant frequency.

Gas and chemical sensors

Micromechanical devices have been applied as atmospheric
gas sensors for several common gases. The detection of water
vapor was demonstrated by cantilever frequency shifts due to
both mass loading and surface stresses, where phosphoric acid-
coated cantilevers decreased in frequency upon H>O mass

loading but one-sided functionalization with gelatin caused an
increase in resonant frequency, attributed to surface stress
effects.>® Wang et al. reported that oxidation of nanomecha-
nical cantilevers resulted in a significant increase in resonant
frequency due to the induced surface stresses on the single
crystal silicon devices.”* Nanomechanical beams coated with
palladium have been applied as hydrogen gas sensors for
pressures above 107> Torr, due to the significant uptake of
hydrogen in this metal”® A micromechanical, membrane-type
resonant sensor has been developed for specific detection of
carbon dioxide, using a coating of single walled carbon
nanotubes as the active layer.!” The carbon dioxide molecules
adsorb to the nanotubes, producing a compressive stress across
the device which relieves built in tensile stress, resulting in a
decrease in resonant frequency with increased gas concentration.

A unique gas sensor has been developed recently which
takes the normally hindering effect of viscous damping and
uses it as the sensing mechanism.'® Knowing the molar mass
of the gas being sensed, its pressure can be determined based
on the resonant frequency shift of the device. Although
complex gas composition analysis was not achieved, detection
of carbon dioxide mixed with air was attained for 0-100%
concentrations of carbon dioxide. Another particularly clever
sensor used deposited films of PtO, for detection of hydrogen
in air.!> Hydrogen will chemically react with the platinum
oxide, reducing it into platinum, water, and heat, which
decreases the amount of mass on the cantilever, producing an
increase in resonant frequency.

In addition to atmospheric gas sensing, chemical vapors have
also been detected with reasonable success using resonant
MEMS and NEMS devices. Mercury vapor, which adsorbs well
to gold, has been detected using cantilevers decorated with gold
islands; the resonant frequency decreases due to mass-loading
upon mercury vapor exposures in the order of a minute.”
Octane and toluene vapors at concentrations in the order of
hundreds of parts per millions have been detected using
piezoresistive cantilevers functionalized with a layer of poly-
etherurethane.”* More recent work using polyetherurethane and
polydimethylsiloxane layers on cantilevers, driven both electro-
statically and magnetically, has demonstrated detection of
1-butanol, toluene, and n-octane as well as relative detection of
binary mixtures of butanol and octane.'®® These devices have
also demonstrated the ability to detect other volatile organic
vapors, including several alkanes and alcohols.

Resonant biosensors

In the last several years, resonating MEMS and NEMS devices
have been increasingly studied as ultrasensitive biological
detectors. Ilic et al. fabricated cantilevers for the detection of
E. coli bacteria; as few as 16 cells, or about 6 pg total, were
detected in air using ambient thermal noise to excite
resonances, despite the low quality factor due to viscous
damping.”® Using cantilevers coated with antibodies specific to
the bacteria, resonator frequency shifts were found to increase
in magnitude linearly with the number of cells, determined
from scanning electron micrographs. In further work with
E. coli, cantilevers with lengths on the order of 10 micrometres,
rather than hundreds of micrometres in the previous study,

This journal is © The Royal Society of Chemistry 2007

Lab Chip, 2007, 7, 1238-1255 | 1247


http://dx.doi.org/10.1039/b707401h

Published on 25 July 2007. Downloaded by Pennsylvania State University on 19/09/2016 06:30:32.

View Article Online

Fig. 6 SEM image taken of a cantilever with a single E. coli bound
near the cantilever tip. Actuated in air, this cantilever measured the
mass of a single cell to be 665 fg. Scale bar corresponds to 5 pm.
Reprinted with permission from ref. 104. Copyright 2001, American
Institute of Physics.

were able to measure the frequency shift due to a single cell
(665 fg) adsorbed at the end of the cantilever, shown in
Fig. 6.!% The increased sensitivity using the same experimental
conditions can be attributed to the reduced oscillator mass.
Gold-coated silicon cantilevers, actuated in air, were shown to
detect 5.5 fg of a thiol-based SAM.”*

A creative method using gold nanoparticles was developed
in order to amplify very low DNA binding signals from
resonating cantilevers.'®> A three-part ssDNA complex bound
with thiol-gold chemistry was used, consisting of a bound
receptor molecule, the analyte, and a gold-bead functionalized
molecule. Following hybridization, silver is selectively
nucleated on the gold beads, significantly increasing the bound
mass, and thus the resonant signal from the sensor. Although
this method requires complicated chemistry, DNA concentra-
tions of 0.05 nM could be detected. Another innovative design
placed microfluidic channels inside of a cantilever, which then
adds mass by adsorption of analyte internally.'®® Although
this device was subject to significant frequency shifts over
several minutes, ~1 Hz frequency shifts due to binding of
1 mg mL ™! BSA were detectable. Changes in fluid density were
also measured using this resonant frequency shift since the
microfluidic channel volume was known to be 27 pL.

Pairing resonant detection with SEM, AFM or other
imaging techniques allows one to associate frequency shifts,
and therefore mass shifts, with the number of large analytes
present on the sensors. Surface micromachined devices force a
factor of two correction since the cantilever underside can not
be observed. Vaccinia viruses were characterized this way
using silicon microcantilevers, allowing measurement of
average virus mass.'’” The dry mass of Listeria innocua
bacteria have also been measured with this counting technique,
using critical-point drying to dry cantilevers and bacterial cells
before resonant detection.'®

Piezoelectric actuation and detection has been implemented
in resonant MEMS biosensors, allowing actuation and
detection to take place internally. Unfortunately, these devices
require much more fabrication than other sensors for similar
sensitivities, due to encapsulation requirements for the
electrically active parts. Yeast cells have been detected using
piezoelectric layers bonded to stainless steel cantilevers
functionalized to adsorb the negatively-charged cells from
water.’! However, the millimetre scale of these devices reduced
sensitivity, which was only demonstrated for 1 mg mL™!
concentrations of yeast.

Microcantilevers with an encapsulated piezoelectric layer
have been used to detect various concentrations of prostate
specific antigen, and sensitivity to concentrations as low as
10 pg mL~" were reported.”® When comparing theoretical
mass shifts for these relatively large cantilevers to those found
experimentally, experimental values were two orders of
magnitude larger than expected. Since bending of the
cantilever was observed, they attributed the larger shift to
surface stress effects. However, these conclusions contradict
the model of Lu et al., which suggests that actuation in air in
addition to the thick, multilayer structure of the cantilever
significantly reduce the quality factor of the device and its
sensitivity to surface stresses.”

While single cell detection has been demonstrated with
cantilevers operated in air, sensitivities are limited by losses
associated with viscous damping. Operation in vacuum
removes these losses, leaving only intrinsic loss mechanisms
and leading to order of magnitude improvements in quality
factor and sensitivity. Indeed, detection of single baculovirus
particles, with masses of 1.5 fg, was made possible using
polysilicon nanomechanical cantilevers operated in vacuum.®’
Shortly after, a few attograms of thiol-based self-assembled
monolayer were detected in vacuum using 4 pm long, 500 nm
wide, and 150 nm thick cantilevers.!> To enhance sensitivity,
small gold dots were fabricated at the free end of the nanoscale
cantilevers where the mass-related response is greatest, since

Fig. 7 Image of a specialized cantilever fabricated to specifically bind
analytes near the tip of the cantilever in order to maximize the effect of
added mass. The nanoscale gold dot can be used with thiol-based
binding chemistries to localize analyte binding. This type of device was
used to detect attogram quantities of thiol-terminated self-assembled
monolayers. Scale bar represents 2 um. Reprinted with permission
from ref. 12. Copyright 2004, American Institute of Physics.
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Fig. 8 (a) Cantilever frequency shifts normalized to show the
number of single dSDNA molecules bound to each device, demonstrat-
ing the ability to count discrete numbers of molecules. (b) Resonant
peaks and fitted curves taken before and after DNA binding show
the frequency shift resulting from single molecule binding. Reprinted
with permission from ref 13. Copyright 2005, American Chemical
Society.

Table 2 Examples of Resonance-based Biological Sensor Achievements

the effective mass added to the cantilever decreases as the mass
moves closer to the clamped end of the cantilever. Fig. 7 shows
an SEM micrograph of such a cantilever patterned with a single
gold dot. Recently, nanomechanical resonant biosensors have
pushed the limits of sensitivity to the point of single molecule
detection. Using cantilevers functionalized similarly with a gold
dot, single dsDNA molecules (1587 bp) with a mass of 1.65 ag
were detected.!® Observing many cantilevers revealed approxi-
mately discrete frequency jumps corresponding to a handful of
DNA molecules. Normalizing these shifts to the frequency shift
from a single binding event enables counting of DNA molecules
bound to a particular cantilever, shown in Fig. 8(a); the
frequency peaks before and after single molecule binding are
given in Fig. 8(b). A summary of recent achievements in
resonating biological sensors is given in Table 2.

Opportunities for improved sensors

There is room for optimizing resonant MEMS and NEMS
sensors and improving their operation outside of vacuum
where they become susceptible to viscous damping. Biological
sensors would benefit greatly from such improvements,
allowing operation in more biologically appropriate environ-
ments and real-time observation of resonant frequency shifts.
Signal amplification is of key interest, especially for ultra-
sensitive detection. Besides using additional mass labels, !
integrated CMOS electronics can amplify electronic resonance
signals on chip. In-plane resonance of nanomechanical
cantilevers in air has demonstrated an excellent mass
sensitivity when paired with integrated CMOS circuitry,
measuring a 57 fg mass.%> More generally, enhanced signals
are obtained from devices with higher quality factors, which
give sharper resonance peaks and thus improved resolution. In
addition, the existence of many resonance modes for a given
device lends increased versatility and room for creativity to
resonant sensors when compared to deflection-based sensors.

Continually reducing device dimensions in order to decrease
resonator mass has generally been a fruitful approach to
improving the absolute mass sensitivity of these sensors, as
shown in eqn (5). An underlying assumption applied to most
resonant sensor schemes is that the adsorbed film is much
thinner than the cantilever thickness, which makes changes in

Analyte Minimum detected Device layer Actuation/detection Medium  Ref.
dsDNA 1.65 ag (single dsDNA)  Silicon nitride Optical/optical interference Vacuum 13
Thiol SAMs 6.3 ag Silicon nitride Piezoelectric/optical interference Vacuum 12
Baculovirus 1.5 fg (single virus) Polycrystalline silicon Piezoelectric/optical interference Vacuum 69
Thiol SAMs 5.5 fg silicon Optical/optical interference Air 93
Glycerin 57 fg Polycrystalline silicon Electrostatic/capacitive Air 83
E. Coli 0.67 pg (single cell) Silicon nitride Ambient/optical reflection Air 104
E. Coli 6 pg (16 cells) Silicon nitride Ambient/optical reflection Air 78
Biotinylated latex beads 7 ng Silicon Piezoelectric/optical reflection Liquid 130
PSA 10 pg mL™! Lead zirconate titanate/silicon nitride Piezoelectric Air 90
Myoglobin ~1ngmL™! Lead zirconate titanate/silicon Piezoelectric Air 35
PSA 1 ng mL™! Lead zirconate titanate/silicon nitride Piezoelectric/optical reflection Liquid 92
BSA 1 mg mL™! Silicon nitride Electrostatic/optical reflection Air 106
Yeast cell 1 mg mL™! Lead zirconate titanate/steel Piezoelectric Air/water 91
ssDNA 0.05 nM Silicon nitride AFM tapping mode Air 105
Goat anti-mouse 1gG 0.7 nM Silicon Electrostatic/optical reflection Vacuum 128
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mechanical properties of the beam negligible. However, once
the device thickness approaches the order of functional layer
thickness, the system can behave more like a composite
structure rather than a simple microbalance. In this regime, the
frequency behavior of resonant devices is sensitive to more
than just added mass. Recently, resonators fabricated from
single atomic layers of graphene were demonstrated, repre-
senting a limit of minimizing sensor mass.'®®

Viscous damping is by far the greatest loss mechanism
responsible for reduction of quality factors by a few orders of
magnitude in air, while the effect in liquid is generally greater.
Operation in vacuum eliminates viscous damping, revealing
other mechanisms such as surface and clamping (support) loss.
Surface losses are particularly important for NEMS devices as
they exhibit large surface to volume ratios in smaller and more
sensitive structures. Particular surface chemistries used for
these devices can also have a significant effect on quality factor
that is unrelated to mass loading or surface stress; recent work
has suggested that these losses are from surface defects which
can be eliminated by altering the surface termination.'® In
further work, passivating resonator surfaces with methyl
groups was shown to be more stable over time than other
alkyl terminations or hydrogen passivated surfaces.''® Ekinci
et al. have tested the limits of mass sensing based on
fundamental noise processes. However, these findings are only
applicable at cryogenic temperatures in ultra-high vacuum, as
viscous damping of air or water found in many biological
sensor systems render these losses negligible.!'! However,
minimizing these losses at such low temperature and pressure
has allowed the nanomechanical detection of only 7 zepto-
grams (102! g) of adsorbed xenon, or roughly 30 Xe atoms.'

Although loss mechanisms are not entirely understood,
much work has focused on the effect of the many device
parameters that affect Q. Yasumura et al. studied the quality
factors of single and poly-crystalline silicon and silicon nitride
cantilevers and found that it increased with device thickness,
while no consistent trends with cantilever length were
observed.''? An interesting dependence of Q on temperature
was found, with the highest values at cryogenic temperatures
and a minimum near 130 K. Although low temperatures are
not realistic for commercialized biosensors, the quality factor
does increase to another maximum near room temperature.
Another issue with these devices is that additional layers
introduce increased loss pathways and reduce quality factor.
Gold layers, common in thiol-based chemistries and single-
sided binding for deflection based sensors, can reduce
cantilever quality factors by an order of magnitude for films
only 100 nm thick. !>

Fabrication processes can also significantly affect quality
factors of resonant sensors. Although low stress silicon nitride
is most commonly used for MEMS devices, changing the
silicon to nitrogen stoichiometry can introduce high stress into
the device layer, which may result in devices with very high
quality factors. Quality factors greater than 200 000 were
recently demonstrated using doubly-clamped, nanomechanical
oscillators made from high stress silicon nitride.?! This is a
remarkable result when taking into account the large surface
to volume ratio of these nanostrings, with both widths and
thicknesses on the order of 100 nm. It has also been shown that

single crystal silicon devices have increased quality factors
when flash heated.”* Thermally annealing resonators with a
low power (~mW) laser, a chip-friendly and localized method
compared to wafer level heating, has also been used to improve
quality factors by an order of magnitude.''® In addition, recent
work has shown that simply changing a chemical etchant can
affect the fracture strength of silicon nanobeams, providing
further evidence for how much influence fabrication can have
on MEMS and NEMS operation.'!'®

Recently, more attention has been given to the higher modes
of resonating cantilevers, and significant advantages over the
fundamental mode have been found. Dohn et al. point out that
higher harmonics of the out-of-plane mode introduce nodes in
the resonance, which decrease the effective mass of the canti-
lever and improve its sensitivity.''” They also measured the
frequency response of a cantilever to a 60 pg gold bead, which
is accurately positioned along the resonator using a piezo-
electric micromanipulator. In exploring the positional sensi-
tivity of these out-of-plane harmonic modes, higher modes
were found to be increasingly sensitive to mass placed all along
the cantilever compared to the first mode, where sensitivity is
considerably limited as the mass moves closer to the clamped
end. This effect has also been experimentally observed in the
detection of mercury vapor using higher order modes of reson
ance.!'® While cantilevers functionalized only at the tip show
increasing frequency shifts with higher modes, the responses
for entirely functionalized devices show more pronounced
improvements using the higher modes, changing frequency
more rapidly and saturating at larger values of frequency shift.

Higher resonant modes have also demonstrated larger
quality factors in several different experiments using resona-
tors actuated in air.!'*"712° In addition to the higher
harmonics of the out-of-plane mode, the lateral, in-plane
mode as well as the torsional mode have also exhibited larger
frequency shifts and quality factors than the fundamental
bending mode.'" These improvements would lead to increased
mass sensitivities for detection in air, suggesting that higher
modes are less susceptible to viscous damping losses.

The double paddle oscillator,”?*!'*! a millimetre scale
cantilever decorated with two large, wing-like paddles on each
side and a smaller head at the end, is an example of another
device showing improved response using a higher mode of
resonance. The second, asymmetrical torsion mode, where the
wings are twisting out of phase, demonstrated a reduction of
internal friction, Q' by several orders of magnitude,
corresponding to quality factors approaching 10% at tempera-
tures below 40 K.'? This can be partially attributed to a
reduction in support loss, which is minimized as the center-of-
mass motion of the resonator is reduced and the torsional
forces at the support are reduced, accomplished by the
asymmetrically balanced twisting.®® These devices have been
particularly useful in studying the properties of amorphous
thin films.'?>'>* Although these large devices may not be
applicable as biosensors due to their comparably large masses,
nanoscale analogues may prove useful for improved quality
factor and mass sensitivity.

Another unique advantage of resonance-based MEMS and
NEMS biosensors over deflection based systems is that devices
can be of arbitrary shape, allowing more flexible applications
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utilizing higher or unique resonant modes, like that of the
double-paddle oscillator. Recently, two microcantilevers were
fabricated from a gold foil, and resonant coupling of the
devices was built into the design using a slightly larger
overhang between the two cantilevers.'* The symmetric (in
phase) and asymmetric (out of phase) fundamental modes for
this device have resonant frequencies separated by about
0.5 kHz and can be identified by observing the phase as a
function of frequency. What makes these devices unique is if
added mass is unequally distributed to the cantilevers, the two
resonance peaks will significantly change in character, allow-
ing inherent background subtraction and improved sensitivity.
Another creative resonant sensor has been fabricated with a
novel method of detecting resonance, by hard contact.”” The
Si0; device is coated in platinum and capacitively driven in the
in-plane resonance mode. When resonating, the cantilever
makes an electrical contact to the sensing electrode which
sends digital-like current pulse signals, allowing the number of
cycles to be directly counted in order to measure the resonant
frequency. Frequency shifts due to 0.5 pg of additional mass
were easily resolvable while actuating these devices in ambient
conditions.

Potential for microfluidic operation

The increasing research and development of lab-on-a-chip
devices for complete analysis of small chemical and biological
sample volumes is driving the miniaturization of many
analytical tools. Due to their small sizes, MEMS and NEMS
biosensors are good candidates for integration into micro-
fluidic lab-on-a-chip systems. Resonant devices are particu-
larly promising as the more sensitive devices are less than
10 micrometres in length and on the order of 100 nm thick.
Aubin et al. have fabricated silicon nitride NEMS resonator
arrays inside 150 pm wide microfluidic channels.'”
Encapsulation using a borosilicate glass wafer allowed optical
excitation and readout of device resonance. Flowing several
liquids through the microchannels and drying with nitrogen
did not induce device stiction or degrade resonator function.
Viscous damping was avoided by pumping the channels down
to pressures near a milliTorr, where device quality factors were
approximately 2000. One can envision many parallel micro-
fluidic channels with several resonators in each, allowing
multiplexed resonant mass detection of many different
analytes from the same sample.

For ideal operation of resonant devices in microfluidics,
viscous damping must be overcome, as it is by far what limits
the quality factor most. A reduction in quality factor of two to
three orders of magnitude operating in liquid rather than
vacuum is not uncommon. Intuitively, viscous damping
increases with pressure in air or with viscosity in liquid. One
way in which viscosity affects resonance is by forming a thin
film of fluid around the device, with a thickness that is
proportional to the square root of the viscosity divided by the
operating frequency. Since this layer moves with the cantilever,
it is effectively increasing device mass and thus reducing
sensitivity. However, the thickness of this film can be reduced
by using higher frequency devices, or higher modes of the same
device. Also, if a biological entity is to be detected from a

complex fluid like serum, the background particulates can also
effect device operation, especially in optical systems.'?
Primarily, mesoscale particles such as platelets, bacteria, or
other organisms will scatter light used to actuate or probe the
devices, while momentum transfer between particles and
devices can also be a source of noise. This work suggests that
complex samples should be pre-concentrated or refined prior
to introduction to the biosensors, a feature that can be
integrated in microfluidics.

Recently, Basak et al have shed light on the process of
viscous damping of resonating cantilevers using finite element
analysis.'* In studying a few different cantilever shapes, their
model suggests that wider devices have higher quality factors,
and that slotted or necked cantilevers result in reduced quality
factors. Observing the fluid shear as a result of these device
geometries revealed that shear is very high at all of the edges of
the device, which are more numerous in slotted or necked
cantilevers, resulting in higher energy dissipation and lower
values for Q. Squeeze film effects were also investigated, which
become important when the gap between suspended cantile-
vers and the substrate become comparable to the thickness of
the water boundary layer surrounding the cantilever. The
torsional mode, operating at a higher frequency than the first
bending mode, not only experiences less bending towards the
substrate, but has a thinner bound water layer, and can thus
approach closer to the surface. In addition, the quality factor
was found to increase with mode number, analogous to the
improved performance of higher modes for resonators
operated in air.!'*"712% These results have significant
implications on the use of surface micromachined resonators
in fluid.

Rather than operating resonators in microfluidics and
dealing with viscous damping, Burg and Manalis have turned
the problem inside-out, operating microfluidics in resona-
tors.'% This system is advantageous because device actuation
in vacuum is still viable, allowing for high quality factors and
negligible viscous damping. In these devices, the mass change
due to binding of material of different density than the
solution is detected. More recently, T. P. Burg er al. have
fabricated these cantilevered microfluidic channels as part of a
vacuum-packaged system.'?’” The microfluidic resonators were
able to discern changes in fluid density with a sensitivity of a
4% decrease in frequency per unit density (g cm™>), which
corresponds to a sensitivity to surface bound mass of
0.8 ppm (g em )L Exposure to 1 mg mL ™! avidin solution
resulted in a ~2 Hz (60 ppm) frequency shift, corresponding
to a total detected mass of 75 pg. For fluid-filled devices
packaged at pressures near a Torr, their quality factors were
on the order of 500, a great improvement over MEMS and
NEMS resonators operated in liquid; devices operated in a
vacuum chamber exhibited quality factors of over 10 000.

Cantilevered microfluidic devices encapsulated in vacuum
have also shown the ability to measure both masses flowing
through the cantilever as well as masses adsorbing to
functionalized channel walls in the resonator.'?® Large and
massive objects, such as bacteria or nanoparticles, have been
measured while flowing through the channels, causing a
frequency shift depending on distance from the cantilever
support. The short time scales of the reversible frequency shifts
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permit counting of masses and further statistical analysis. They
point out that these resonators, interfaced with fluid samples,
are able to detect mass changes per unit area of ~10 pgcm™ 2,
which is roughly 100 times more sensitive than QCMs.

Whether resonators are operated in microfluidic chips or the
microfluidic channels themselves are used as resonators,
integration of these sensors within microfluidic systems devices
could be advantageous. MEMS and NEMS sensors could
benefit from the wealth of microfluidic and lab-on-a-chip
device technologies. On-chip separation techniques would be
useful in allowing biologically relevant and easily acquirable
samples such as blood or urine to be directly loaded into the
fluidic system. In addition, pre-concentration techniques could
be particularly useful in the detection of very dilute analytes.

Despite viscous damping limitations, a few resonant sensors
have been operated in liquid with some success. Relatively
large cantilevers, 200 pm long and 7.7 pm thick, of varying
widths have been operated in a fluidic cell with quality factors
from 10 to 20.% Increasing the cantilever width from 50 to
about 200 um improved the quality factors by about a factor
of two. In addition, they demonstrated a Lorentz force
actuation mechanism with piezoresistive detection, all encap-
sulated on the cantilever. Piezoelectric cantilevers have shown
some promise for working in fluids; despite their typically low
Q in vacuum, operation in fluid does not drastically reduce the
already low quality factor. One particular work demonstrates
detection of ng mL™! concentrations of prostate specific
antigen in fluid.*?

Operation of radio frequency resonators, on the order of 10
to 100 MHz, has been demonstrated in liquid using optical
excitation and detection.”! Nanostring devices, ~ 120 nm thick
with widths as small as 100 nm, absorb sufficient heat from
laser actuation to resonate and produce enough signal when
used as a Fabry-Perot interferometer. Another group has
shown optical excitation in fluid, using a laser focused on
regions of high curvature in the resonant mode shape.'”’
Recent experiments detecting latex beads using biotin—
streptavidin chemistry achieved time-resolved measurement
of ~7 ng with resonant cantilevers in liquid."* Using the 11th,
12th and 13th flexural modes of 500 pm long silicon
cantilevers, they take advantage of predicted higher sensitivity
due to reduction of the liquid layer bound to the cantilever
added liquid mass. The authors monitor the eigenfrequencies
of the modes, defined by turning points in the phase vs.
frequency curve, rather than typical amplitude vs. frequency
peaks.

Comparison of deflection- and resonance-based
sensing techniques

Detection limit

Resonance-based biosensors have exceeded the absolute mass
detection capabilities of deflection-based devices, supporting
single cell, virus, and double-stranded DNA molecule detec-
tion. Analytes on the order of attograms have been weighed
with nanomechanical sensors using frequency shift measure-
ments. This detection regime is inaccessible to deflecting
biosensors, since a sufficient number of binding events must

occur in order to produce a surface stress strong enough to
significantly bend the cantilever. One work found that
approximately ~2 x 10' binding events per mm?® were
required on a cantilever surface in order to detect deflection.”’
There is also evidence that disperse adsorption may not
produce enough surface stress to deflect cantilevers.”
However, these ultrasensitive resonant devices must be
operated in vacuum to avoid viscous fluid damping.

Operation in fluid and interfacing with microfluidics

Deflection-based devices offer an important advantage over
resonators in that they work well in fluids, since static bending
of the devices is not subject to viscous damping. In turn, this
allows real-time measurement of cantilever deflection while
performing the experimental chemistry. However, there have
been recent advances in resonant sensing that are improving
the sensitivity of these devices in fluids. The use of higher
resonant modes of sensors operated in air has been
demonstrated to improve sensitivity and reduce viscous
losses.!'*!177120 Results showing higher quality factors for
higher resonant modes suggest similar improvements for
devices used in liquids.'*® The higher resonant frequencies
associated with higher modes also help to reduce the
hydrodynamic loading of the devices, which will further
increase sensitivity. Recent work to put fluidic channels inside
of cantilevers shows promise for allowing real-time biosensing
from solution with the high sensitivity of resonant sensors
operated in vacuum.'*®!2#

Much would be gained by integrating these sensors into a
microfluidic system as a part of an on-chip system with
concentrating, filtering, and other components built in. For
such lab-on-a-chip applications, deflection-based sensors may
be used but would require some additional attention. Because
the sensitivity of deflecting cantilevers is proportional to the
square of the length they tend to be long. Avoiding stiction
creates constraints in microfluidic integration. While resonant
sensors are small enough to be placed at a high density within
microfluidic channels, viscous damping must still be addressed.

Signal-to-noise considerations

A range of noise processes, ambient fluctuations and chemical
processes have a significant effect on sensitivity. Some noise
effects result from fluctuations in the mechanical elements, but
the detection systems in many cases may be a significant source
of noise. For instance, in optical measurement systems, there is
noise in the intensity and phase of the detected signal, in
addition to photodetector shot noise.'*! Due to the DC nature
of their signals, static deflection-based systems are particularly
susceptible to 1/f noise, also referred to as flicker noise. In fact,
this noise is often the main factor which limits device
sensitivity by increasing the value of the minimum detectable
deflection.'**'* Though this noise is not entirely understood,
some studies have observed that flicker noise in piezoresistive
cantilevers is dependent on geometry, dopant concentration
and distribution, as well as thermal annealing treat-
ments.'3*13* While temperature control systems can be used,
small thermal fluctuations and drift may have a significant
effect on metalized cantilevers, where the gold coating used for
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single-sided functionalization has a significantly different
thermal expansion coefficient relative to the cantilever. Vibra-
tions and thermal variations can also affect resonant devices.

In resonant detection systems, the frequency width of the
resonant response is the fundamental instrumental limit, and
this feature, usually discussed in terms of the mechanical
quality factor, Q, can be influenced by many factors. As
discussed above, in fluids the viscous damping is the primary
dissipation mechanism that limits the Q and broadens the
resonance. This factor motivates the device designs that
optimize the ratio of oscillator mass to Q. In the low pressure
regime, viscous damping is eliminated but chemical coatings
can also contribute to mechanical losses and degrade the
quality factor.

In many cases the mechanical device and instrumental
limitations are not the most significant limitations in the
signal-to-noise ratio. Chemical specificity and associated non-
specific binding of non-target compounds is the most
significant limit in sensing performance. Dealing with chemical
processes compatible with the NEMS or MEMS devices is
important.

Conclusions

Micro- and nanoelectromechanical systems have been studied
and developed into increasingly sensitive gas, chemical, and
biological sensors. The versatility of these sensors is limited
only by the existence of surface chemistries or functionaliza-
tion techniques that selectively bind analytes of interest. In
addition, small-scale, label-free biosensors are becoming
potential competitors to microarray and protein assay
technologies due to their small size, ease of fabrication in
large arrays, and high sensitivities.

Future challenges to MEMS and NEMS biosensors include
limiting non-specific binding to an extent where analytes may
be detected from serum or other complex fluids, as well as
circumventing or greatly reducing the effects of viscous
damping in the case of resonant sensors. Significant progress
has been made towards resonant biosensor operation in fluids,
improving mass sensitivities despite being limited by viscous
damping. Integration of these devices into microfluidics and
on-chip total analysis systems is within reach and holds great
promise for sensitive mass detection in fluids. The encouraging
results in recent work suggest that complete development of
resonant biological sensors should have a significant impact on
medicine, proteomics, and many other fields.
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