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Importance of the field: There is a growing need for inexpensive and highly
sensitive methods in high-throughput format for measuring drug-target
interactions. Cantilever biosensors are ultra-high sensitive electromechanical
sensors that have been successfully used for label-free detection of a large
number of biological entities. They are emerging as a technology that appears
attractive for high-throughput drug discovery applications. Therefore, a brief
description of this technology is provided here.

Areas covered in this review: The objective of this review is to present an
overview of the development in cantilever biosensor field reported to date
and examine applications of cantilever biosensors for biomolecular interac-
tion characterization and drug discovery. The subareas included in the review
are: cantilever measurement principles, various interactions measured such as
DNA-DNA, protein—protein, membrane protein-ligand and DNA-protein.
Discussion on biomarker detection is also included.

What the reader will gain: We analyze the recent publications on cantilever
biosensors with an emphasis on drug discovery and biomarker detection. The
reader will become informed on the detection sensitivity and limit of detec-
tion achieved to date. A description of ongoing commercial activity that is
likely to result in a practical instrument for researchers is also included.
Technical issues that concern current researchers in the field of cantilever
biosensors are also summarized.

Take home message: The cantilever biosensors provide an extraordinarily
sensitive method for binding affinity measurement using label-free reagents.
They can be fabricated in array format for high-throughput applications using
semiconductor manufacturing techniques. When they become commercially
available in future, it is anticipated that they will be cost-competitive and easy
to use in a research bioanalytical laboratory.

Keywords: biomarker screening, biomolecular interaction, high sensitivity, high-throughput,
label-free
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1. Introduction

Microarrays and biochips allow simultaneous interaction analysis of thousands
of chemical entities in a single experimental step and have become an
essential platform in drug discovery and life science research [1]. Although
high-throughput microarrays such as DNA [2] and protein microarrays [3] are
powerful tools, they require tedious and expensive fluorescent labeling procedures.
The high cost of reagents and time-consuming assays are the reasons for researchers
to investigate alternate methods that provide easier and less expensive
high-throughput screening methods.

Recent developments of highly sensitive and inexpensive biosensors show promise
for applications in the drug discovery field (4-9]. Typical biosensors contain three
main parts: a biorecognition element, a transduction component and output
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electronics [10]. The biosensors reported in the literature can be
broadly divided based on transduction mechanisms used,
namely, optical, electrochemical, electromechanical and
others. In a typical biosensor, the biorecognition element is
a receptor, antibody, ssDNA or another entity that provides
molecular recognition. It is immobilized on the sensor surface
and its interaction with the target analyte (drug candidate in
the context of drug discovery) is transduced into a measureable
signal. In general, the transduced signal is proportional to the
strength of interaction, often interpreted as binding affinity.
Optical sensors measure changes in light properties as a result
of drug interaction with the immobilized receptor on the
sensor. Surface plasmon resonance (SPR), which measures
changes in refractive index, is the most widely studied biosensor
for drug discovery. Electrochemical sensors measure changes in
current, voltage or electrical impedance as a result of receptor—
drug interaction. Electromechanical sensors, such as quartz
crystal microbalance (QCM) and cantilever sensors, measure
change in resonant frequency or surface stress change when the
analyte binds. Electromechanical methods do not require a
label as they measure mass change associated with binding to
the biorecognition element. Thus, they are attractive in drug
screening applications because labeling introduces variability.
Label-free methods are inherently superior due to uncertainty
caused by labeling on conformationand potential hindrance of
binding epitopes. Because labeling occurs at differentsites, the
response of eachlabeled biomolecule may notbe equal, and this
leads to variability and uncertainty in the results. Label-free
detection reduces both time and effort required in assay
development while at the same time practical issues related
to shelf life and photo-quenching are avoided.

Although a large number of sensor designs and methods for
label-free detection have been described in the literature, only
a few are commercially available. Among them, SPR and
QCM are attractive techniques and have been applied in
drug discovery studies. However, their extension to high-
throughput assays have been limited due to scaling issues,
even though attempts to build multi-channel devices have
been reported [11,12]. In the long term, miniaturization of
these sensors in a chip format may emerge that will permit
high-throughput screening.

Cantilever biosensor is another label-free method suitable
for drug screening and holds great promise for rapid high-
throughput screening due to its extraordinarily high sensitivity
and scalability [13-16]. Recent research has demonstrated fea-
sibility of detecting biological entities in liquid in the pico-
gram (10712 g) to femtogram (1o g) range, and sensitivity at
concentrations of nM (10° M) to fM (107> M) n7.1s.
Detection of oligonucleotides [19,20], proteins [21-23], patho-
gens [24-27] and other biological entities (28] have been widely
investigated using both bending- and resonant-mode cantile-
ver sensors. The ability to detect biomarkers directly in body
fluids 20.30) and pathogens or toxins in complex matrixes [31-33]
have been demonstrated. Cantilever sensors on a chip
containing hundreds of cantilevers are relatively easy to

fabricate, and have been successfully designed and fabricated
for oligonucleotides and proteins. These chips when available
in a robust sensing platform would find applications in
genomics, proteomics and drug discovery.

2. Cantilever biosensor technology

Cantilever-based biosensors evolved from the scientific expe-
rience of cantilever tips used in atomic force microscopy
(AFM). They are operated in different modes, namely, bend-
ing mode, in which binding-induced deflection is measured
and resonant mode, in which binding-induced resonant fre-
quency shift is measured. Schematic representation of these
two types of cantilever sensor designs that have been reported
for biological experiments is shown in Figure 1. They range in
size from microns to millimeters and the operating resonant
frequency ranges from several kHz to ~ 100 MHz.

2.1 Bending-mode cantilevers

Bending-mode cantilever biosensors were the first to be applied
for molecular interactions studies (Figure 1A). Bending is the
result of surface stress change arising from specific interaction
between immobilized receptor on the cantilever surface and the
analyte in the liquid sample. It is believed that surface stress is
induced due to analyte binding, and causes the thin cantilever to
bend, whose deflection (Az) is given by [34]:

(1)

2 -
Az = 3/ (l2 U)Ao—
Er

where /is the cantilever length, #is the cantilever thickness, E'is
the Young’s modulus, Ac is the differential surface stress
across the cantilever surface caused by analyte binding and
v is the Poisson’s ratio. The above shows that deflection is
proportional to the differential surface stress, which in turn is a
function of concentration of analyte and binding affinity.
Deflection of tens of nanometers is conveniently measured
using various techniques [15].

2.2 Resonant-mode cantilevers
Resonant-mode cantilever sensors measure resonant frequency
change due to mass-change that occurs as a result of analyte
binding (Figure 1B). The nth resonant mode frequency of a
uniform cross section cantilever is:

1 f;c
f"_Zn m,,

where £ is the effective spring constant, and is given as £ =
3EL/L® where E is effective Young’s modulus, 7, is the
moment of inertia and L is the cantilever length. And

2

m,,,=3ml}," is the equivalent mass of the cantilever sensor

at zth resonant mode, 7 is the mass of the sensor and A, is the
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Figure 1. Schematic representation of cantilever biosensors. Bending-mode (A) or resonant-mode (B) cantilevers. Various cantilever
designs reported (C). The operation frequencies of resonant-mode cantilevers are: fo(C1) = 686 kHz (bending mode could also be used),
15(C2) = 16 kHz, fo(C3) = 1.27 MHz, fo(C5) = 220 kHz, (C6) = 13.3 MHz and fo(C7) = 1 MHz.

Reproduced with permission from [19,23,27,36,58,79].

nth eigenvalue of the associated dynamic equation. As the
mode number increases, the effective mass decreases. When an
analyte or ligand attaches, the relationship between frequency
change and mass change is given by [35):

k [ 11 }
m= — T 5
2 2 2
A\ 1" fo
where f; and £, are the resonant frequency values of pre- and
post-mass attachments. From Equation 3, quantitative mea-

(€)

surement of mass change on the sensor surface is obtained.

2.3 Measurement in liquids

Resonant-mode micro- and nanocantilevers actuated in
vacuum have shown mass-change sensitivity of attograms or
lower [36,37]. Such a level of sensitivity is far higher than what
has been reported for bending-mode sensors. However, some
of the resonant-mode cantilevers can be used only in vacuum
or in air due to viscous damping of the surrounding air or
liquid. Frequency response of resonating cantilever sensors in
liquid have been examined by a number of researchers [38-41].
The parameter that defines the usefulness of a resonating
cantilever in liquid is the Reynolds number (Re) at the
operating frequency and is given as (27tﬂ720/ﬂ) ; b is cantilever
width, f is resonant frequency, p and M are density and

viscosity of fluid [38,39]. When a sensor is operated at high
Re numbers, the dominant forces on the sensor are inertial
forces related to mass of the sensor and attached mass. On the
other hand, when Re number is low, the dominant forces on
the sensor are the viscous forces exerted by the surrounding
fluid. For sensors that have a width of ~ 10 pm and operate at
1 MHz, the Re number is ~ 10* indicating that the response is
partially damped by the surrounding viscous medium. The
situation becomes worse when one further reduces the can-
tilever width to nanometers. The quality factor of nanocanti-
levers decreases to 107 in air from a value of 10% in vacuum,
and to 1 — 10 in liquids [42.43]. Re number of such sensors is
significantly lower than unity in liquids. Viscous damping not
only reduces the quality factor, but also significantly reduces
sensitivity to changes in mass [44. On the other hand, when
cantlever width is increased to 1 mm and a high order
resonance mode near 1 MHz is used, the sensors do not
suffer from viscous damping effects, because the Re number is
far greater than 10° (17]. As a result, they are responsive to mass
change and can be monitored continuously both in static and
flow conditions. It should be pointed out that the bending-
mode cantilever sensors are not affected by the liquid envi-
ronment because they are static devices that bend in response
to surface stress. Thus, the bending-mode microcantilever
sensors provide fairly sensitive response to surface binding
in liquid environments [19.45).
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2.4 Specificity of binding

The cantilever sensor is immobilized with an antibody or a
ssDNA as the recognition molecule. Various methods of
immobilization have been reported in the literature and
immobilization kits are available commercially 46). The repro-
ducibility of cantilever response to a large extent depends on
the uniformity of the immobilized recognition molecule,
which was emphasized in (47]. If the sample contains various
extraneous biological matter, their weak binding to the sensor
surface can result in false signals. To address this issue,
reference sensors prepared in various forms were included
within the same array and the response obtained was cor-
rected using the signal from the reference sensor [19,22,48,49].
Such an approach has been quite successful in extracting the
true signal due to target binding. When the cantilever sensors
do not have a reference sensor, various strategies have been
utilized to reduce nonspecific binding. These include mod-
ification of sensor surface with spacers or blocking agents
such as polyethylene glycol [50,51], bovine serum albumin
(BSA) (521, casein [53], inert self-assembled monolayer [54] and
1-mercaptohexanol [55]. Blocking reagents have been found to
be quite effective in diminishing nonspecific binding. A third
approach for reducing nonspecific binding is to use a second
specific binding antibody to the target after a primary detec-
tion response is obtained. This approach was successfully
implemented for food toxin [33] and pathogen [31] detection.

3. Biomolecular interaction measurement

Specific interaction between therapeutic targets and potential
drug candidates is fundamental to drug discovery. Therefore,
we describe below the various biomolecular interactions that
have been reported using cantilever biosensors.

3.1 DNA-DNA interaction

Cantilever biosensors have shown the capability of measuring
DNA-DNA hybridization as well as identifying single
base mismatch of short oligonucleotides at femtomolar (55,56]
to nanomolar level [19,57). Fritz ef al. used an eight cantilever
array that exhibited deflections only when complimentary
12-mer or 16-mer target sequence was exposed to the immo-
bilized probe, while no response was seen to non-comple-
mentary sequence (Figure 2). The deflection response was
proportional to target concentration. Reference cantilever
guaranteed a true signal despite large nonspecific responses
of individual cantilevers. In a follow-up study, the same
cantilever array format detected multiple unlabeled DNA
sequences with different probes immobilized on each of the
cantilevers [20]. In the above examples, the measurement of
molecular recognition is translated into the mechanical phe-
nomenon of bending, the extent of which is proportional to
concentration. Thus, one can calculate equilibrium values for
binding from the measured responses. Hansen er a/. used a
microcantilever to discriminate single nucleotide mismatches,
where the location of mismatch in target was profiled [ss].

Using 20-mer or 25-mer probe, hybridization of 10-mer
complementary target resulted in net positive deflection,
while reaction with targets containing one or two internal
mismatches resulted in net negative deflection.

Rijal and Mutharasan used a piezoelectric-excited millime-
ter-sized cantilever (PEMC) sensor for detecting DNA hybrid-
ization at 1 fM in a background of human serum [s5]. In this
study, resonant frequency of the cantilever was measured
continuously in a flow cell, where the sample containing
the target sequence was flown across the sensor immobilized
with a 15-mer probe. The cantilever surface was continuously
vibrated due to piezoelectric excitation. The authors attributed
the absence of nonspecific binding to simultaneous vibration
of the sensor and the flow field in which the sensor was placed.
The sensor showed no detection compromise in human serum
(Figure 3). SNP detection at 1 fM and real-time monitoring of
DNA replication using PEMC sensor were successfully carried
out by the same research group [59].

3.2 Protein-protein interaction

Measurement and characterization of protein—protein interac-
tionsare important for the identification of potential drugs aswe
rely largely on measuring affinity of drug candidates to target.
Adhesion force between proteins has been widely investigated
using AFM. Recently, cantilever biosensors have also been used
for investigating such interactions. Binding interactions such as
biotin—streptavidin [45,60], liposome—protein [61] and antibody—
antigen reactions such as anti-BSA and BSA (62,63] have been
successfully characterized using cantilever biosensors. These
studies show the applicability of using deflection or resonant
frequency response for characterizing binding and quantifying
target protein. Recently, Lam er al. used a bending-mode
cantilever sensor for screening of specific antibody bound to
HIV-1 envelope glycoprotein gp120 [64]. The deflection upon
gp120 binding to immobilized monoclonal antibodies (mAbs)
A32 or T8 was measured. Subsequentincubation with mAb 17b
(known to bind an A32-induced epitope on gp120) further
increased deflection of A32- but not T8-presenting cantilevers.
The results showed the capability of microcantilever sensors for
measuring induced-fit interaction in a very short time period of
45 min at concentrations of 8 pg/ml for gp120 and 0.17 mg/ml
for 17b.

Adsorption of proteins on various surfaces is an important
concern when designing biocompatible surface. Adsorption of
human serum albumin (HSA) on CH3-, COOH- and OH-
terminated self-assembled monolayers of C;;-alkanethiols was
measured using a resonant-mode cantilever sensor [41]. The
sensor was immobilized with thiols containing different end
groups and then was exposed to HSA. The results showed
strength of albumin interaction decreased in the order as
CH; > COOH > OH, confirming earlier studies using
chronopotentiometry techniques [65]. In this example, we
note the sensor response was due to interaction between
HSA and the functional groups, and the response was
proportional to the strength of interaction.
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Figure 2. lllustration of the DNA hybridization on cantilever surface. Each cantilever is functionalized on one side with a different
oligonucleotide sequence (red or blue). A. The differential signal is set to zero. B. After injection of the first 16-mer complementary
oligonucleotide solution (green), hybridization occurs on the cantilever that provides the matching sequence (red) which induces the
increase of the differential signal Ax. C. Injection of the second 12-mer complementary oligonucleotide solution (yellow) causes the
cantilever functionalized with the second oligonucleotide (blue) to bend. D. Absolute deflection values of hybridization experiment using
two cantilevers functionalized with the sequences 5-TGCACTAGACCT-3’, and 5-TAGCCGATATGCGCAT-3’. After taking a baseline
(interval 1), the complementary 16-mer oligonucleotide (1 ml, 400 nM in HB) was injected (interval Il). The liquid cell was purged 20 min later
with 3 ml of HB. Then, the complementary 12-mer oligonucleotide (1 ml, 400 nM in HB) was injected (interval lll). The liquid cell was again
purged 20 min later with 3 ml of HB. E. Corresponding differential signal.

Reproduced with permission from AAAS [19].

It has been proposed that protein enzymes which are
implicated in diseases are potential therapeutic targets. Several
studies have shown that cantilever biosensors can detect not
only enzyme-substrate interactions but also measure enzyme
activities [66-69]. In a recent study, Raorane et a/. used cantilever
arrays to measure both protease activity and its inhibition [c].
Cleavage of substrate by protease was measured. Bending-
mode cantilever array was used as a platform for quantitatively
screening inhibitors of a known protease. Dauksaite ez a/. used

a glutathione-S-transferase (GST)-antibody immobilized can-
tilever arrays for detecting GST at 1 ng/pl (671. Hwang ez al.
used RNA aptamer as a receptor molecule for HCV helicase
and the binding was measured by surface stress changes [68]. In
another study, Kwon ez al. showed the detection of activated
cAMP-dependent protein kinase via PKI-(5-24) peptide inter-
action, and the activity assay was used for determining binding
affinity (691. Shu er al. used peptide aptamer modified
cantilever sensor for detecting less than 80 nM CDK2 protein
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Figure 3. DNA hybridization on PEMC sensor. A. PEMC sensor response to 30 ml of 1 fM, 1 pM and 1 nM ssDNA in a once-through flow
arrangement is shown. Flow rate was constant at 0.6 ml/min, and temperature was maintained at 32.1 + 0.1°C, which is 5°C lower than
hybridization temperature. Sensor was immobilized with probe (HS-CgH15-5-GGAAGAAGCTTGCTT-3) and 1-mercaptohexanol (not
shown). Response to TE buffer shows zero response. B. PEMC sensor response to samples containing complementary and non-
complementary ssDNA in mole ratios of 1:0, 1:100, 1:10000 and 0:1 were introduced with each sample containing 5 fmol of
complementary stand at 167 fM concentration. The relative responses of the four cases are shown. Note that all samples containing
complementary strand give essentially the same overall frequency change at steady-state. Kinetics of hybridization was slower in the
presence of copious amounts of non-complementary strands. C. DNA hybridization in human plasma buffer. Plasma buffer was made
consisting of 50% human plasma and 50% TE buffer with salt concentration adjusted for dilution. Introduction of plasma buffer, followed
by TE buffer, gave a reversible response suggesting that plasma proteins did not attach to the sensor surface. The plasma buffer was
reintroduced, and complementary ssDNA prepared in plasma buffer was then allowed to flow in sequentially at the three concentrations
indicated, allowing for steady-state to be reached between each sample. No reduction in hybridization extent in plasma buffer was seen in
comparison to results in TE buffer.

Adapted with permission from [55], copyright 2007, American Chemical Society.

PEMC: Piezoelectric-excited millimeter-sized cantilever.

from yeast cell lysate [49]. From the foregoing examples, one  Cantilever biosensors have been investigated for measurement
draws the conclusion that cantilever-based assays can be used  of protein-ligand interactions using both bending and reso-
for label-free enzyme detection in a single step format. Further,  nant mode. Zhang ¢z a/. modified a microcantilever with
activity and inhibition properties can also be measured. membrane containing 5-HT3ag receptor to investigate ligand

interaction [71]. Binding affinities of naturally occurring ago-
3.3 Membrane protein-ligand interaction nist serotonin and antagonist MDL-72222 were then mea-
Membrane protein receptor such as GPCRs isa common drug ~ sured by cantilever bending response. Such an approach
target [70]. Hence, the study of drug candidate interaction with  yielded Ky (dissociation constant) values for serotonin and
membrane protein is critical for evaluating potential drugs. ~ MDL-72222 that were identical to the values obtained from
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radio-ligand binding assays. In another recent study, Braun
et al. used a resonant-mode microcantilever array to measure
membrane protein-ligand interaction quantitatively under
physiological conditions (Figure 4) (72]. The array was modified
with transmembrane FhuA receptor from Escherichia coli by
ink-jet spotting. The 14™ cigenmode of the cantilever was
used for detection purpose. From Figure 4B we see the mass
change was proportional to the resonant frequency change.
Their study demonstrated the ability to measure bacterial virus
T5 at sub-picomolar concentration.

Cantilever biosensors not only detect the mass increase by
ligand-receptor binding, but can also provide information on
conformational change. Using bacteriorhodopsin as a model
system, Braun ez al. quantitatively detected the prosthetic
retinal removal from the bacteriorhodopsin protein by mea-
suring the induced surface stress change 48]. Cantilever bio-
sensors can distinguish receptors in free and ligand-bound
forms [73]. The ligand-binding domain of the human estrogen
receptor (ERa-LBD) was used as the model system and
ERo-LBD with or without oestradiol (E2) was determined
using conformation-specific peptides which recognize
E2-bound ER or E2-free ER. In another study, binding of
bee venom peptide melittin to the lipid vesicle was measured
with cantilever sensor that measured both surface stress and
mass changes [74]. The ability to measure the mass and
structural changes simultaneously provides useful information
on molecular interactions, which is not readily measured by
other techniques.

Drug—target binding interaction measurement has also
been reported [75]. Antibiotic (vancomycin) binding to bac-
terial cell wall precursor analogues (mucopeptides) was
measured using a cantilever array in blood serum and the
response enabled quantification of vancomycin-sensitive and
vancomycin-resistant mucopeptide analogues. The sensitivity
of vancomycin binding to mucopeptides was 10 nM.

In summary, cantilever biosensors have displayed the capa-
bility for measuring various membrane protein-ligand inter-
actions including conformation changes. With the
development of high density cantilever arrays, rapid screening
of drug candidates that bind favorably with membrane
proteins immobilized on cantilever sensors appears feasible.

3.4 Protein—DNA interaction

DNA-binding proteins play a key role in many cellular
processes, including transcriptional regulation, replication
and repair. Transcription factors are vital for initiation or
regulation of gene expression by binding to sequence-specific
sites in the promoter region of genes. Their interactions with
double-stranded DNA oligonucleotides using microcantilever
array were recently reported [76]. Double-stranded DNA
containing the binding sites for transcription factors (SP1
and NF-xB) were immobilized on the cantilever biosensor and
then were exposed to the transcription factors. Responses were
positive to target and showed the feasibility of detecting
binding of SP1 at 80 nM and NF-xB at 100 nM.

Xu & Mutharasan

There is a growing trend of using aptamers (short DNA or
RNA sequences) as a recognition element due to their robust
properties and ease of production. To date, very few studies have
been reported using them in conjunction with a cantilever
biosensor. We include one example reported to date as they
could potentially reduce cost of analysis. Interaction of DNA
aptamer with 7zg DNA polymerase was reported by Savran
et al. [77). The specificity of the aptamer—protein binding was
investigated by exposing the sensor to two protein solutions:
thrombin and 7zg DNA polymerase, where only the 729 DNA
polymerase sample showed a deflection response. The sensor
showed approximately picomolar sensitivity.

4. Biomarker detection and mining

Biomarker detection at very low concentration is important
for early stage disease diagnosis. Detection of biomarkers and
gene expression directly and rapidly in body fluid samples
would significantly decrease healthcare cost and possibly
provide new targets for drug development. Detection of
biomarkers relies largely on the protein—antibody and gly-
can—antibody interactions because most of the important
biomarkers are proteins or glycoproteins. Because some bio-
marker concentration thresholds are below the detection limit
of current diagnostic technologies, the development of an
ultrasensitive method for biomarkers is vital for early diag-
nosis. Here, we describe biomarkers that have been measured
using cantilever sensors and cantilever arrays.

4.1 Cancer biomarkers
Specific proteinsare released from cells or organsinto circulation
when cancerous tumors develop, and the level of proteins in
serum is used as an indicator of the tumor presence. Normal
levels for tumor biomarkers are listed in Table 1. Normally, a
combination of several biomarkers provides good identification
of cancer and its stage of growth. A sensitive, selective, inex-
pensive, rapid and multi-target measurement system is needed
for early diagnosis and monitoring of cancers for which bio-
markers are known. Recently, cantilever biosensors were inves-
tigated intensely for detecting biomarkers due to their high
sensitivity. Detection of cancer biomarkers, such as prostate
specific antigen (PSA) [21,29,50,51,78-80], 0t-methylacyl-CoA race-
mase (AMACR) 301, CA125 811, GST (671, carcinoembryonic
antigen (CEA) (2], human epidermal growth factor receptor 2
(HER2 or ErbB-2) (83, Vimentin [84] and o-fetoprotein
(AFP) (85,86 have been reported. Various cantilever designs
used in biomarker detection experiments and limit of detection
(LOD) achieved are summarized in Table 2. Comparing LOD
achieved by the cantilever biosensors and the threshold values of
the tumorbiomarkers, wesee that thesensitivities of the cantilever
biosensors are better or at the clinical threshold level, suggesting
that they have the sensitivity required for clinical application.
One of the most investigated biomarkers by cantilever
biosensors is the prostate cancer biomarker, PSA, which has
a clinical threshold of 4 ng/ml. In 2001, Wu et al. used a
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Figure 4. T5 phages interaction with FhuA-functionalized cantilevers. The solutions were injected at a rate of 10 ul min™. A. T5
phage solution (3 pM) was injected for 1 h. The uptake mass was measured simultaneously on four different cantilevers in one single array:
two positive controls (FhuA-coated cantilevers, blue squares and red triangles) and two negative controls (casein-coated cantilevers, black
open circles and green open triangles). Upon the second injection of buffer (~ 80 min), the mass uptake remains constant, demonstrating
the irreversible binding of T5 phages on FhuA. B. The eigenfrequency (14" eigenmode) of an FhuA-functionalized cantilever was measured
when 1.5 pM T5 phages (black crosses) were injected. Also shown is the corresponding adsorbed mass (red circles). In the inset is shown the
response (adsorbed mass) of a negative control cantilever (casein-coated, open circles). C. A concentration series experiment, showing the
typical sensitivity of the instrument. Red circles and black open triangles indicate the response of the positive (FhuA-coated) and negative
(casein-coated) control cantilevers, respectively. At each concentration, a total of 600 pl (containing the T5 phages) was injected.
Reprinted by permission from Macmillan Publishers Ltd [72], copyright (2009).
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Table 1. Normal levels of basic tumor markers.

Tumor marker Threshold Tumor marker Threshold

NSE 125 mg/l  CEA 3 pg/!

PSA 4 ng/l CA125 35 ku/

GST 3.2 U/ CA153 25 ku/

ALP ~0 CA27-29 36.4 kU/I

cT 100 ng/l CA549 11 kU/

SCCA 1.5 pg/l CA19-9 37 ku/

Ferritin 250 pg/l CA50 14 to ~ 20 kU/I
hCG 5.0 U/ CA242 20 ku/

AFP 10 po/l CA72-4 6 ku/l

Adapted with permission from Elsevier [104], copyright (2007).

bending-mode microcantilever to quantitatively detect PSA
for the first time [21]. The microcantilever was shown to be able
to detect from 0.2 ng/ml to 60 pg/ml of PSA in a background
containing HSA and human plasminogen. In another study,
Hwang ez al. used a resonant-mode microcantilever for in situ
detection and quantification of PSA with a 1 ng/ml detection
limit [78]. In a follow-up study, the same group reported
detecting PSA directly in undiluted human serum at a con-
centration range of 0.1 — 100 ng/ml (29]. Maraldo ez a/. used a
PEMC sensor for detecting another prostate cancer bio-
marker, AMACR, at a detection limit of 10 fg/ml directly
in patient urine without a sample preparation step [30]. The
above results suggest that cantilever biosensors are extremely
attractive in a clinical setting because they are not only rapid
(< 30 min) but also do not require labeled reagents, or any
preparation of body fluid samples.

4.2 Other biomarkers
Besides cancer biomarkers, a number of clinical biomarkers
are often monitored as health indicators. There is a great need
for rapid detection of specific protein levels for diagnosis of
acute diseases such as acute myocardial infarction (AMI),
where temporary and significant increase of a few protein
indicators in blood is still the most reliable measurement.
Three major markers of myocardial infarction are clinically
used: creatin kinase and the troponins, which are highly
specific but with a certain time delay, and myoglobin that
increase rapidly with less specificity after AMI [87]. Cantilever
biosensors have been used for rapid detection of these three
markers successfully. The feasibility of detecting two
biomarkers simultaneously has also been demonstrated [22].
Normal serum myoglobin level ranges from 0 to 85 ng/ml
and increases immediately following AMI. Grogan ez al. used
anti-myoglobin coated bending-mode cantilevers and found
LOD as 85 ng/ml [53. On the other hand, a self-actuating
piezoelectric microcantilever exhibited superior LOD (1 ng/ml)
in resonant mode (8889]. Arntz et al. developed a cantilever
array for simultaneous detection of myoglobin and creatin
kinase [22]. Their results showed detection feasibility at 20 pg/ml

Xu & Mutharasan

for both creatin kinase and myoglobin in an artificial back-
ground of BSA. Their report did not determine LOD.
Antibody-immobilized cantilever array holds the promise
for simultaneous detection of a panel of biomarkers in a
single and short time step.

C-reactive protein (CRP) is a widely used biomarker for
inflammation and cardiovascular disease diagnosis. Wee ez al.
designed a piezoresistive self-sensing microcantilever for
detecting CRP in buffer and found the LOD as 100 ng/ml ().

Protein aggregation and the resulting amyloid growth is an
effective indicator for Alzheimer’s and Parkinson’s diseases.
Detection of protein aggregation and amyloid growth has
been shown possible on a bending-mode cantilever biosen-
sor [90]. Human growth hormone interaction with its antibody
was also investigated using a bending-mode polymeric
microcantilever [91].

Microcantilever sensors have been used to identify specific
mRNA biomarker candidates in total cellular RNA 921. Dif-
ferential gene expression of the gene 1-8U was observed on
the microcantilever array in a genomic background. The
feasibility of measuring gene expression in body fluids with-
out an amplification step is attractive in a clinical setting where
such measurement is essential for differential diagnosis.
A recent study showed the detection feasibility of protein
and DNA on the same cantilever array [93]. This approach may
lead to the development of a combinated DNA/protein
sensor, in which analysis of transcription and translation could
be carried out simultaneously.

5. Conclusions

Cantilever biosensors have been successfully demonstrated for
measuring DNA  hybridization, protein—protein interaction
and antibody—antigen interaction at various concentrations
and in various complex backgrounds. For detection purpose, a
number of biomarkers, bacteria and proteins have been
assayed with cantilever biosensors. The ability of cantilever
biosensors to measure biomolecular interactions allows it to be
used for affinity-based measurement. They have also been
shown to be able to discern conformation changes of proteins.
With the development of cantilever arrays, rapid detection of
multiple analytes on the same platform appears feasible. The
scalability of the cantilever biosensors renders them attractive
in high-throughput formats.

6. Expert opinion

Commercial cantilever biosensors are available from only a
few vendors (Concentris www.concentris.ch, Cantion www.
cantion.com and Veeco www.veeco.com), even though the
cantilever sensors have been extensively investigated in
research laboratories over the past 15 years. For any biosensor
to be a drug discovery platform, high-throughput capability
is an absolute must. Most of the cantilever arrays investigated
to date contained 8 — 30 cantilevers on a single chip [20,94,95].

Expert Opin. Drug Discov. (2009) 4(12) 1245

RIGHTS

Ay



Expert Opin. Drug Discov. Downloaded from informahealthcare.com by Universitat de Gironaon 12/12/14

For personal use only.

Cantilever biosensors in drug discovery

Table 2. Biomarker detection using cantilever biosensors.

Biomarkers Platform Operation mode Measurement environment LOD Ref.
PSA Microcantilever Bending Buffer w/HSA 0.2 ng/ml [21]
PZT microcantilever Resonant Air 10 pg/ml [79]
PZT microcantilever Resonant PBS 1 ng/ml [78]
Microcantilever Resonant Air 0.1 ng/ml  [29]
Piezoresistive microcantilever Bending PBS 10 ng/ml [80]
Microcantilever Resonant Air 1 pg/ml [50]
Microcantilever array Bending PBS 1 ng/ml [51]
AMACR Piezoelectric excited millimeter cantilever ~ Resonant Urine 10 fg/ml [30]
AFP Microcantilever Resonant Air 60 ng/ml [85]
Microcantilever Resonant Air 2 ng/ml [86]
CEA PZT microcantilever Resonant Air 5 ng/ml [82]
Vimentin Cantilever array Bending Buffer 90 ng/ml [84]
HER2 Piezoelectric microcantilever Resonant PBS w/BSA 5 ng/ml [83]
GST Piezoresistive cantilever array Bending PBS 1 ng/ul [67]
CRP PZT microcantilever Resonant Air N/A [52]
Piezoresistive microcantilever Bending PBS 100 ng/ml  [80]
Microcantilever Bending PBS 1 pg/ml [105]
Myoglobin Cantilever array Bending HEPES buffer 20 pg/ml [22]
Microcantilever Bending PBS 85 ng/ml [53]
PZT microcantilever Resonant Air 1 ng/ml [88]
PZT microcantilever Resonant Air 1 ng/ml [89]
Creatine kinase  Cantilever array Bending HEPES buffer 20 pg/ml [22]
Troponin C Microcantilever beam Bending Buffer 1 mg/ml [106]
Amyloid Microcantilever/array Bending 10 mM HClI N/A [90]
hGH Microcantilever Bending Buffer N/A [91]

BSA: Bovine serum albumin; HSA: Human serum albumin; LOD: Limit of detection; N/A: Not available; PBS: Phosphate buffered saline; PZT: Lead zirconate titanate

(Pb[Zr,Ti1JO3 0 < x < 1).

IBM has developed a fully-integrated microcantilever array
of 1024 tips on a single chip for data storage, which could
potentially be used for biological assays [96]. Several research
institutes and organizations have formed a consortium called
Alliance for Nanosystems VLSI for the fabrication of nanoe-
lectromechanical system (NEMS) wafers that contain over
2 million NEMS on an 8” wafer. Such highly dense designs
will significantly reduce production cost when commercialized
(www.nanovlsi.org). However, closely adjacent cantilevers
may interact with each other, causing signal crosstalk leading
todifficultyininterpreting sensor response. Majumdar’s group
at Berkeley has developed a set of multiplexed bending-mode
cantilever array consisting of 320 — 960 bending-mode canti-
leversonasingle chip (Figure5) (51,97.98]. These cantileverarrays
have already shown the feasibility of detecting DNA hybrid-
ization and protein interactions using optical deflection
method. With the high density cantilever chips and the
advantage of label-free assay, rapid screening of drug candi-
dates becomes highly feasible. Successful production of can-
tilever chips could eliminate the disadvantages of the current
high-throughput assay cost and data reliability. Because

cantilever array can be manufactured using existing semicon-
ductor production processes, their unit production cost is
likely to be low. With the added benefit of label-free mea-
surement and automation, the cantilever array approach is
likely to be well received by pharmaceutical research
community.

The high sensitivity of the cantilever biosensors is the most
attractive feature for drug discovery. The ability to rapidly
detect at a very low concentration opens the door to examining
drug chemical structures that bind at a very low concentration.
Because the biosensors are sensitive, a basic chemical structure
that has affinity at low concentration can be selected and
further mutated for higher binding properties. This distin-
guishing feature is not part of the current drug discovery
research because of the unavailability of ultra-sensitive meth-
ods. Similarly, biomarkers that are expressed at early stages of a
disease could be measured by the cantilever biosensors. For
example, analysis of circulating tumor cells which contain rich
information on the status of cancer and are difficult to analyze
accurately due to their low concentration could be measured
using cantilever biosensors. The sensors can potentially be
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Micropipette

Xu & Mutharasan

Figure 5. Microcantilever array chip. A. Schematic of a reaction well. One chip contained 80 — 120 reaction wells. Each well consisted of
a microfluidic chamber containing 4 - 8 independent cantilevers. Laser light reflected off a cantilever end pad was used to monitor the
deflection of cantilevers. B. A chip soaked in DI water. C. A scanning electron micrograph of three cantilevers in a reaction well.
Reproduced with permission from [51], copyright 2008, American Chemical Society.

used in personalized medicine applications due to the low cost
and ease of use.

In spite of the advantages noted above, two technical issues
plague cantilever biosensors when used in liquids that con-
tain extraneous biological entities. These are: obtaining
uniform density of surface immobilized recognition mole-
cules and false responses dues to nonspecific binding. Uni-
form density of recognition molecules on the sensor is
required for obtaining reproducible binding response.
Although several methods of immobilization are available,
very few publications have addressed robustness of sensor
performance. Because physical dimensions of the sensor can
be tightly controlled in a manufacturing process, we attribute
the variation in response to surface chemistry. Surface
immobilization techniques that ensure uniform surface
density of recognition molecules and those which do not
alter their binding activity are yet to be developed for
cantilever sensor arrays. To address nonspecific binding,

several reports have emerged in the last few years that
indicate increasing the oscillation magnitude of shear reso-
nators (QCM and SAW) causes reduced binding of extra-
neous materials [99,100]. For example, by increasing the
input power to a QCM from 3.5 to 14 W, the authors
showed removal of nonspecific adsorption on sensor surface
[99]. By further increasing the excitation voltage to 10 V,
several studies found that ligand-receptor bond can be
disrupted [101-103]. Flexural oscillation of a cantilever is normal
to sensor surface while that of a QCM is in shear mode and
thus parallel to sensor surface. Consequently, disruption of
binding is expected to be achieved at a much lower excitation
voltage with a cantilever sensor. The authors have experi-
mented with PEMC sensors at various excitation voltages and
the results obtained thus far suggest that analyte binding
affinity can be measured in a single experiment by modulating
excitation intensity. If this result is confirmed through
extensive experimentations, it will be an attractive feature
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in reducing the time required for assessing the binding
properties of drug candidates. Using resonant-mode cantile-
ver biosensors, one could excite the cantilever at the appro-
priate voltage level suitable for reduction of nonspecific
binding or disrupting ligand—receptor bond. Binding energies
of various drug candidates to receptors differ from one
structure to another. This difference could be measured by
sensor response to target drug candidates at various excitation
voltages. This approach of measurement when fully developed
may achieve the goal of screening drug candidates based on
the strength of binding. Binding energy assay using cantilever
biosensors could provide a more rapid and direct measure of
binding affinity. The assay design developed in an array

format would allow measurement of 100 — 1000 interactions
simultaneously. These attractive and time-saving character-
istics could potentially accelerate the drug discovery process.

Declaration of interest

During the course of preparing this manuscript, the author
(R Mutharasan) was supported by the following grants:
NIH-R43GM083595, NSF-CBET 0828987, USDA
2006-51110-03641, EPA STAR Grant R833007 and
R833829. The focus of the grants is to examine both the
fundamentals and applications of cantilever biosensors for
various biological detections.

Bibliography

Papers of special note have been highlighted 11.  Tatsuma T, Watanabe Y, Oyama N, et al. . A milestone paper on bending-mode

as either of interest (¢) or of considerable Multichannel quartz crystal microbalance. cantilever for DNA hybridization and

interest (#¢) to readers. Anal Chem 1999;71:3632-6 protein detection.

1. Bunney WE, Bunney BG, Vawter MP, 12.  Dostalek J, Vaisocherova H, Homola J. 20.  McKendry R, Zhang JY, Arntz Y, et al.
et al. Microarray technology: a review of Multichannel surface plasmon resonance Multiple label-free biodetection and
new strategies to discover candidate biosensor with wavelength division quantitative DNA-binding assays on a
vulnerability genes in psychiatric disorders. multiplexing. Sens Actuators B Chem nanomechanical cantilever array. Proc Natl
Am ] Psychiatry 2003;160:657-66 2005;108:758-64 Acad Sci USA 2002;99:9783-8

2. Debouck C, Goodfellow PN. DNA 13.  Goeders KM, Colton ]S, Bottomley LA. 21.  Wu GH, Datar RH, Hansen KM, et al.
microarrays in drug discovery and Microcantilevers: sensing chemical Bioassay of prostate-specific antigen (PSA)
development. Nat Genet 1999;21:48-50 interactions via mechanical motion. using microcantilevers. Nat Biotechnol

3. Kumble KD. Protein microarrays: new Chem Rev 2008;108:522-42 2001;19:856-60
tools for pharmaceutical development. 14.  Waggoner PS, Craighead HG. Micro- and 22.  Amtz Y, Seelig JD, Lang HP, et al.

Anal Bioanal Chem 2003;377:812-9 nanomechanical sensors for Label-free protein assay based on a

4, Vo-Dinh T, Scaffidi J, Gregas M, et al. environmental, chemical, and biological nanomechanical cantilever array.
Applications of fiber-optics-based detection. Lab Chip 2007;7:1238-55 Nanotechnology 2003;14:86-90
nanosensors to drug discovery. 15.  Lavrik NV, Sepaniak M], Datskos PG. * Assay developed for two biomarkers in a
Expert Opin Drug Discov 2009;4:889-900 Cantilever transducers as a platform for cantilever array.

5. Yu DH, Blankert B, Vire JC, et al. chemical and biological sensors. 23.  Burg TP, Godin M, Knudsen SM, et al.
Biosensors in drug discovery and drug Rev Sci Instrum 2004;75:2229-53 Weighing of biomolecules, single cells and
analysis. Anal Lett 2005;38:1687-701 16.  Raiteri R, Grattarola M, Butt HJ, et al. single nanoparticles in fluid. Nature

6. Cooper MA. Optical biosensors in drug Micromechanical cantilever-based 2007;446:1066-9
discovery. Nat Rev Drug Discov biosensors. Sens Actuators B Chem 24.  Campbell GA, Mutharasan R.
2002;1:515-28 2001;79:115-26 Piezoelectric-excited millimeter-sized

- Keusgen M. Biosensors: new approaches in 17. Maraldo D, Rijal K, Campbell G, et al. can}tlilev.er (PEMC) sensors detect Bacillus
drug discovery. Naturwissenschaften Method for label-free detection of ar'lt s ?t 300 spores/ml.
2002:89:433-44 femtogram quantities of biologics in Biosens Bioelectron 2006;21:1684-92

. . flowing liquid samples. Anal Chem 25.  Campbell GA, Mutharasan R. Detection

8 Cunningham BT, Lélng_ LG. 2007;79:2762-70 of pathogen Escherichia coli O157: H7
Advantages and application of . i f th highly sensitive using self-excited PZT-glass
label-free detection assays in drug First report of the \iery & y, . . & . . & .

. . A resonant-mode cantilever for biological microcantilevers. Biosens Bioelectron
screening. Expert Opin Drug Discov detection in liquid with femtogram 2005;21:462-73
2008;3:891-901 e
. . sensitivity. 26.  Davila AP, Jang ], Gupta AK, et al.

% Cooper MA Blos.ensor. profiling of 18.  Rijal K, Mutharasan R. Method for Microresonator mass sensors for detection
moleculal; interactions in pharmacology. measuring the self-assembly of alkanethiols of Bacillus anthracis Sterne spores in air
Curr Opin Pharm 2003;3:557-62 . . .

on gold at femtomolar concentrations. and water. Biosens Bioelectron

10.  Thevenot DR, Toth K, Durst RA, et al. Langmuir 2007;23:6856-63 2007;22:3028-35

Electrochemical biosensors: 19.  Fritz J, Baller MK, Lang HP, et al. 27.  Gupua A, Akin D, Bashir R. Single virus

Recommended definitions and
classification—(Technical Report).

Pure Appl Chem 1999;71:2333-48

Translating biomolecular recognition into
nanomechanics. Science 2000;288:316-8

particle mass detection using
microresonators with nanoscale thickness.

Appl Phys Lett 2004;84:1976-8

1248

Expert Opin. Drug Discov. (2009) 4(12)

RIGHTS

Ay



Expert Opin. Drug Discov. Downloaded from informahealthcare.com by Universitat de Gironaon 12/12/14

For personal use only.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Moulin AM, O’Shea SJ, Welland ME.
Microcantilever-based biosensors.
Ultramicroscopy 2000;82:23-31

Hwang KS, Jeon HK, Lee SM, et al.
Quantification of disease marker in
undiluted serum using an actuating
layer-embedded microcantilever.

J Appl Phys 2009;105:102017
Maraldo D, Garcia FU, Mutharasan R.

Method for quantification of a prostate
cancer biomarker in urine without
sample preparation. Anal Chem

2007;79:7683-90

Maraldo D, Mutharasan R. 10-minute
assay for detecting Escherichia coli O157:
H7 in ground beef samples using
piezoelectric-excited millimeter-size
cantilever sensors. ] Food Prot

2007;70:1670-7

Campbell GA, Uknalis J, Tu SI, et al.
Detect of Escherichia coli O157: H7 in
ground beef samples using piezoelectric
excited millimeter-sized cantilever
(PEMC) sensors. Biosens Bioelectron
2007;22:1296-302

Maraldo D, Mutharasan R. Detection and
confirmation of staphylococcal
enterotoxin B in apple juice and milk using
piezoelectric-excited millimeter-sized

cantilever sensors at 2.5 fg/mL. Anal Chem

2007;79:7636-43

Stony GG. The tension of metallic films
deposited by electrolysis. Proc R Soc Lond
Ser A 1909;82:172-5

Thundat T, Warmack R]J, Chen GY, et al.
Thermal and ambient-induced deflections
of scanning force microscope cantilevers.

Appl Phys Lett 1994;64:2894-6
Ilic B, Craighead HG, Krylov S, et al.

Attogram detection using
nanoelectromechanical oscillators.

J Appl Phys 2004;95:3694-703
Yang YT, Callegari C, Feng XL, et al.

Zeptogram-scale nanomechanical mass
sensing. Nano Lett 2006;6:583-6

Sader JE. Frequency response of cantilever
beams immersed in viscous fluids with
applications to the atomic force
microscope. ] Appl Phys 1998;84:64-76
Van Eysden CA, Sader JE. Frequency
response of cantilever beams immersed in
viscous fluids with applications to the
atomic force microscope: arbitrary mode
order. J Appl Phys 2007;101:044908
Braun T, Barwich V, Ghatkesar MK, et al.

Micromechanical mass sensors for

41.

42.

43.

44.

46.

47.

48.

49.

50.

biomolecular detection in a physiological
environment. Phys Rev E 2005;72:031907

Campbell GA, Mutharasan R. Use of
piezoelectric-excited millimeter-sized
cantilever sensors to measure albumin
interaction with self-assembled monolayers
of alkanethiols having different functional

headgroups. Anal Chem 2006;78:2328-34
Verbridge SS, Bellan LM, Parpia JM, et al.

Optically driven resonance of nanoscale
flexural oscillators in liquid. Nano Lett

2006;6:2109-14
Vancura C, Lichtenberg J, Hierlemann A,

et al. Characterization of magnetically
actuated resonant cantilevers in viscous

fluids. Appl Phys Lett 2005;87:162510

Waggoner PS, Tan CP, Bellan L, et al.
High-Q, in-plane modes of
nanomechanical resonators operated in air.

J Appl Phys 2009;105:094315

Shekhawat G, Tark SH, Dravid VP.
MOSFET-embedded microcantilevers for
measuring deflection in biomolecular
sensors. Science 2006;311:1592-5

Hermanson GT. Bioconjugate Technique :
Elsevier; 2008

Datar R, Kim S, Jeon S, et al. Cantilever
sensors: nanomechanical tools for

diagnostics. MRS Bull 2009;34:449-54
Braun T, Backmann N, Vogtli M, et al.

Conformational change of
bacteriorhodopsin quantitatively
monitored by microcantilever sensors.
Biophys J 2006;90:2970-7

Shu W, Laurenson S, Knowles TP]J, et al.
Highly specific label-free protein detection
from lysed cells using internally referenced

microcantilever sensors.
Biosens Bioelectron 2008;24:233-7

Lee SM, Hwang KS, Yoon HJ, et al.
Sensitivity enhancement of a dynamic
mode microcantilever by stress inducer and
mass inducer to detect PSA at low
picogram levels. Lab Chip 2009;9:2683-90

Yue M, Stachowiak JC, Lin H, et al.
Label-free protein recognition
two-dimensional array using
nanomechanical sensors. Nano Lett
2008;8:520-4

An array of ~ 900 cantilevers in a single
chip was fabricated and protein assay was

carried out.

Lee JH, Kim TS, Yoon KH. Effect of mass
and stress on resonant frequency shift of
functionalized Pb(Zr0.52Ti0.48)O3 thin

film microcantilever for the detection of

53.

54.

55.

56.

57.

58.

59.

60.

6l.

62.

Xu & Mutharasan

C-reactive protein. Appl Phys Lett
2004;84:3187-9

Grogan C, Raiteri R, O’Connor GM, etal.
Characterisation of an antibody coated
microcantilever as a potential
immuno-based biosensor.

Biosens Bioelectron 2002;17:201-7

Moulin AM, O’Shea SJ, Badley RA, et al.
Measuring surface-induced
conformational changes in proteins.

Langmuir 1999;15:8776-9

Rijal K, Mutharasan R. PEMC-based
method of measuring DNA hybridization
at femtomolar concentration directly in
human serum and in the presence of
copious noncomplementary strands.

Anal Chem 2007;79:7392-400

DNA hybridization at fM was shown for
the first time in human serum under

sample flow conditions.

Mertens ], Rogero C, Calleja M, et al.
Label-free detection of DNA hybridization
based on hydration-induced tension in
nucleic acid films. Nat Nanotechnol

2008;3:301-7
Su M, Li SU, Dravid VP. Microcantilever

resonance-based DNA detection with
nanoparticle probes. Appl Phys Lett
2003;82:3562-4

Hansen KM, Ji HF, Wu GH, et al.
Cantilever-based optical deflection assay
for discrimination of DNA
single-nucleotide mismatches. Anal Chem

2001;73:1567-71

Rijal K. Use of piezoelectric-excited
millimeter-sized cantilever (PEMC)
sensors for DNA-based detection of
pathogens and disease conditions [Ph.D.].
Drexel University: Philadelphia; 2007

Shu WM, Laue ED, Seshia AA.
Investigation of biotin-streptavidin
binding interactions using microcantilever
sensors. Biosens Bioelectron
2007;22:2003-9

Hyun §J, Kim HS, Kim Y], et al.
Mechanical detection of liposomes using
piezoresistive cantilever.

Sens Actuators B Chem 2006;117:415-9

Kooser A, Manygoats K, Eastman MP,
et al. Investigation of the antigen
antibody reaction between anti-bovine
serum albumin (a-BSA) and bovine
serum albumin (BSA) using
piezoresistive microcantilever

based sensors. Biosens Bioelectron
2003;19:503-8

Expert Opin. Drug Discov. (2009) 4(12)

1249
RIGHTS

.1';_



Expert Opin. Drug Discov. Downloaded from informahealthcare.com by Universitat de Gironaon 12/12/14

For personal use only.

Cantilever biosensors in drug discovery

63.  Campbell GA, Mutharasan R. Detection 74.  Ghatkesar MK, Lang HP, Gerber C, et al. sensing. ] Micromech Microeng
and quantification of proteins using Comprehensive characterization of 2008;18:035028
self-excited PZT-glass millimeter-sized molecular interactions based on 86.  LiuYJ, Li XX, Zhang ZX, et al. Nanogram
cantilever. Biosens Bioelectron nanomechanics. PLoS ONE 2008;3:¢3610 per milliliter-level immunologic detection
2005;21:597-607 o Simultaneous use of .bendl.ng and of alpha-fetoprotein with integrated

64. Lam Y, Abu-Lail NI, Alam MS, et al. resonant modes provides rich data on rotating-resonance microcantilevers for
Using microcantilever deflection to detect molecular interaction. early-stage diagnosis of heptocellular
HIV-1 envelope glycoprotein gp120. 75.  Ndieyira JW, Watari M, Barrera AD, et al. carcinoma. Biomed Microdevices
Nanomedicine 2006;2:222-9 Nanomechanical detection of antibiotic 2009;11:183-91

65.  Martins MCL, Fonseca C, Barbosa MA, mucopeptide binding in a model for 87.  Maisel AS, Bhalla V, Braunwald E. Cardiac
et al. Albumin adsorption on alkanethiols superbug drug resistance. biomarkers: a contemporary status report.
self-assembled monolayers on gold Nat Nanotechnol 2008;3:691-6 Nat Clin Pract Cardiovasc Med
electrodes studied by 76.  Huber F, Hegner M, Gerber C, et al. Label 20006;3:24-34
chronopotentiometry. Biomaterials free analysis of transcription factors using 88.  Kang GY, Han GY, Kang JY, et al.
2003;24:3697-706 microcantilever arrays. Biosens Bioelectron Label-free protein assay with site-directly

66.  Raorane DA, Lim MD, Chen FF, et al. 2006;21:1599-605 immobilized antibody using self-actuating
Quantitative and label-free technique for 77.  Savran CA, Knudsen SM, Ellington AD, PZT cantilever. Sens Actuators B Chem
measuring protease activity and inhibition et al. Micromechanical detection of 2006;117:332-8
using a microfluidic cantilever array. proteins using aptamer-based receptor 89.  Hwang KS, Eom K, Lee JH, et al.
Nano Lett 2008;8:2968-74 molecules. Anal Chem 2004;76:3194-8 Dominant surface stress driven by

67.  Dauksaite V, Lorentzen M, Besenbacher F, 78.  Hwang KS, Lee JH, Park J, et al. In-situ biomolecular interactions in the dynamical
et al. Antibody-based protein detection quantitative analysis of a prostate-specific response of nanomechanical
using piezoresistive cantilever arrays. antigen (PSA) using a nanomechanical microcantilevers. Appl Phys Lett
Nanotechnology 2007;18:125503 PZT cantilever. Lab Chip 2004;4:547-52 20006;89:173905

68.  Hwang KS, Lee SM, Eom K, et al. 79.  Lee JH, Hwang KS, Park J, et al. 90.  Knowles TPJ, Shu W, Huber F, et al.
Nanomechanical microcantilever operated Immunoassay of prostate-specific antigen Label-free detection of amyloid growth
in vibration modes with use of RNA (PSA) using resonant frequency shift of with microcantilever sensors.
aptamer as receptor molecules for label-free piezoelectric nanomechanical Nanotechnology 2008;19:384007
dc?tection .of HCV helicase. microcantilever. Biosens Bioelectron 91.  Calleja M, Tamayo J, Nordstrom M, et al.
Biosens Bioelectron 2007;23:459-65 2005;20:2157-62 Low-noise polymeric nanomechanical

69.  Kwon HS, Han KC, Hwang KS, et al. 80. Wee KW, Kang GY, Park ], et al. Novel biosensors. Appl Phys Lett
Development of a peptide inhibitor-based electrical detection of label-free disease 2006;88:113901
cantilever sensor assay for cyclic adenosine marker proteins using piezoresistive 92.  Zhang J, Lang HP, Huber F, et al. Rapid
monophosphate-dependent protein kinase. self-sensing micro-cantilevers. and label-free nanomechanical detection of
Anal Chim Acta 2007;585:344-9 Biosens Bioelectron 2005;20:1932-8 biomarker transcripts in human RNA.

70.  Leifert WR, Aloia AL, Bucco O, et al. 81.  Maraldo D. Detection of proteins and Nat Nanotechnol 2006;1:214-20
G-protein-coupled receptors in drug pathogens in complex matrices using a 93.  Huber F, Backmann N, Grange W, et al.
discovcry:‘ nanosizing using cc?ll—frec nov.el czfntilever design [Ph.D.]: Drexel Analyzing gene expression using combined
technologies and molecular biology University; 2007 nanomechanical cantilever sensors. ] Phys
approaches. ] Biomol Screen 82.  Lee YH, Lee SK, Seo HJ, et al. Label-free Conf Ser 2007;61:450-3
2005;10:765-79 detection of a biomarker with piezoelectric 94, Calleja M, Nordstrom M, Alvarez M, et al.

71.  Zhang Y, Venkatachalan SP, Xu H, et al. microcantilever based on mass Highly sensitive polymer-based
Micromechanical measurement of microbalancing. ] Assoc Lab Automat cantilever-sensors for DNA detection.
membrane receptor binding for label-free 2008;13:259-64 Ultramicroscopy 2005;105:215-22
drug di . Bi Bioelect : :
2;L(1)g4.119s.c;);/;r3y8 iosens Bioelectron 83.  Capobianco JA, Shll.l W, Yflan QA, etal. 95.  Lechuga LM, Tamayo ], Alvarez M, et al.

(e Label-free, all-electrical, in situ human A highly sensitive microsystem based on

72.  Braun T, Ghatkesar MK, Backmann N, epidermal growth receptor 2 detection. nanomechanical biosensors for genomics
et al. Quantitative time-resolved Rev Sci Instrum 2008;79:076101 applications. Sens Actuators B Chem
measurement of membrane protein-ligand 84.  Milburn C, Zhou ], Bravo O, et al. Sensing 2006;118:2-10
m:rarcml)\]]lstu;;nf Tlizc??élg;?;ir;;yss interacti.ons between Vimentin antik?odies 96.  Vettiger P, Cross G, Despont M, et al. The
Sensors. ‘Nat INanotechno e and antigens for early cancer detection. "millipede’~Nanotechnology entering

73.  Mukhopadhyay R, Sumbayev VV, J Biomed Nanotech 2005;1:30-8 data storage. IEEE Trans Nanotechnol
Lorentzen M, et al. Céntilever ser.lsor for 85.  Xia XY, Zhang ZX, Li XX. A 2002;1:39-55
nanorﬁechamcal dfftemon of specific Latin-cross-shaped integrated resonant . Device fabrication is described that
protein conformations. Nano Lett cantilever with second torsion-mode contains more than a thousand
2005;5:2385-8 resonance for ultra-resoluble bio-mass cantilevers.

1250 Expert Opin. Drug Discov. (2009) 4(12)

RIGHTS

.1';_



Expert Opin. Drug Discov. Downloaded from informahealthcare.com by Universitat de Gironaon 12/12/14
For personal use only.

97.

98.

99.

100.

Yue M, Lin H, Dedrick DE, et al. A 2-D
microcantilever array for multiplexed
biomolecular analysis.

J Microelectromech Syst 2004;13:290-9

Lim SH, Raorane D, Satyanarayana S,

et al. Nano-chemo-mechanical sensor array
platform for high-throughput chemical
analysis. Sens Actuators B Chem

2006;119:466-74

Meyer GD, Moran-Mirabal JM,

Branch DW, et al. Nonspecific binding

removal from protein microarrays using

thickness shear mode resonators.

IEEE Sens ] 2006;6:254-61

Cular S, Branch DW, Bhethanbotla VR,
et al. Removal of nonspecifically bound

proteins on microarrays using surface
acoustic waves. IEEE Sens ] 2008;8:314-20

101.

102.

103.

104.

105.

Dultsev FN, Ostanin VP, Klenerman D.

"Hearing" bond breakage. Measurement of
bond rupture forces using a quartz crystal
microbalance. Langmuir 2000;16:5036-40

Cooper MA, Dultsev N, Minson T, et al.
Direct and sensitive detection of a human
virus by rupture event scanning.

Nat Biotechnol 2001;19:833-7

Yuan Y], van der Werff MJ, Chen HG,
et al. Bond rupture of biomolecular
interactions by resonant quartz crystal.
Anal Chem 2007;79:9039-44

Wu J, Fu Z, Yan F, et al. Biomedical and
clinical applications of immunoassays and
immunosensors for tumor markers.
Trends Anal Chem 2007;26:679-88
Chen CH, Hwang RZ, Huang LS, et al. A
wireless bio-MEMS sensor for C-reactive

Xu & Mutharasan

protein detection based on nanomechanics.

IEEE Trans Biomed Eng 2009;56:462-70

106. Amritsar J, Stiharu I, Packirisamy M.
Bioenzymatic detection of troponin C
using micro-opto-electro-mechanical
systems. ] Biomed Opt 2006;11:021010

Affiliation

Sen Xu & Raj Mutharasan

"Author for correspondence

Drexel University,

Department of Chemical and Biological

Engineering,

Philadelphia,

PA 19104, USA

Tel: +1 215 895 2236; Fax: +1 215 895 5837;

E-mail: mutharasan@drexel.edu

Expert Opin. Drug Discov. (2009) 4(12)

1251
RIGHTS LI



