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Sensors are crucial in many daily operations including security, environmental control, human

diagnostics and patient monitoring. Screening and online monitoring require reliable and high-

throughput sensing. We report on the demonstration of a high-throughput label-free sensor platform

utilizing cantilever based sensors. These sensors have often been acclaimed to facilitate highly

parallelized operation. Unfortunately, so far no concept has been presented which offers large datasets

as well as easy liquid sample handling. We use optics and mechanics from a DVD player to handle

liquid samples and to read-out cantilever deflection and resonant frequency. Also, surface roughness is

measured. When combined with cantilever deflection the roughness is discovered to hold valuable

additional information on specific and unspecific binding events. In a few minutes, 30 liquid samples

can be analyzed in parallel, each by 24 cantilever-based sensors. The approach was used to detect the

binding of streptavidin and antibodies.
1. Introduction

Micrometre and even nanometre sized cantilevers have been

studied since the mid-1990s and used for label free molecular

recognition.1–7 There, the cantilever is typically functionalized

with probe molecules designed to specifically bind certain target

molecules in solution. The specific binding of target molecules

causes the cantilever to deflect due to a change in surface stress.

Alternatively, the mass change of the cantilever can be monitored

by measuring the resonant frequency change of the cantilever

which is inversely proportional to the added mass. Cantilevers

are unique probes for studying, for example, small molecule drug

binding interactions,8 membrane protein–ligand interactions9

and DNA hybridization.10 Often the microscopic size of the

cantilevers is highlighted as a virtue for parallelization. Paralle-

lization and easy sample handling is needed for high throughput

screening of thousands of liquid samples per hour. This has to

date not been solved and a solution is crucial for a potential

commercial breakthrough of the sensor technology.
2. Methods for parallel cantilever sensing

Today, the prevalent method of monitoring vibrational ampli-

tudes and cantilever deflections is based on the optical leverage

technique11 widely used in atomic force microscopy.12 Such

systems are typically bulky because of the requirement for a long
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optical path. Also, the focusing of the laser spot on the cantilever

and the alignment of the laser beam on the optical detector are

tedious and time consuming. For research purposes several

optical leverage based read-out systems have been developed.13–15

Alternatively, a CCD camera has been used for monitoring

cantilever deflection and hereby large 2-dimensional cantilever

arrays can be read simultaneously.16 However, all cantilevers

have to be in the same focal plane which is extremely difficult to

achieve in practice and both techniques only apply to micrometre

sized cantilevers. In optical leverage the laser spot size is typically

20 mm or above and in the CCD system the amount of reflected

light is too low for smaller devices. Integrated read-out has been

suggested by several groups. For example, cantilevers with pie-

zoresistive,17,18 piezoelectric19,20 and MOSFET-based21,22 read-

outs have been developed and applied for molecular recognition.

Generally, these cantilevers have to be carefully insulated in

order to be operated in liquid and the devices require significantly

more packaging due to electrical interconnections.

Sensing is normally performed on one or maybe two cantile-

vers at a time (one for reference) since measurements are rather

elaborate and time consuming. Typically, the cantilevers are

placed in small polymer or ceramic chambers and different

liquids are introduced using i.e. syringe pumps. The pumps are

a potential noise source and the liquid handling is performed in

a serial manner and is slow. Because of primarily the instru-

mentation, few papers on cantilever-based sensing present

statistically analyzed datasets.

3. A high throughput platform

We report on a DVD based sensor platform that significantly

reduces the aforementioned obstacles and challenges in
Lab Chip
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cantilever based sensing and liquid handling. The concept is

highly scalable and we can in this initial design analyze 30

different liquid samples in parallel. Also, the monitoring of three

physical parameters (deflection, resonant frequency and optical

roughness) increases the reliability of the data. A DVD shaped

disk is used to mount up to 90 cantilever chips, each with 8

cantilevers, in a radial symmetry, see Fig. 1a. In this work, silicon

cantilevers with a length of 500 mm, a width of 100 mm and

a thickness of 1 mm have been used.23 All cantilevers are coated

on one side with a 20 nm thick gold layer. The gold layer ensures

a good reflectivity of the cantilever surface and can be used for

functionalization when using thiol-based chemistry. The canti-

lever chips are clicked into individual reservoirs.24 Approxi-

mately 1 mm below the disk a DVD-ROM optical pickup head

(PUH) provides the read-out system. The disk is spun and

cantilevers are illuminated by the DVD laser with a wavelength

of 650 nm and a spot diameter of only 0.56 mm (full width half

maximum).

A reflective aluminium pattern on the disk surface ensures that

the DVD-ROM PUH maintains the focus distance. The laser

scans from the bottom, passes through the glass substrate and

focuses on the cantilever surface (Fig. 1b). The deflection profiles

are measured using the astigmatic detection mechanism normally
Fig. 1 First generation high-throughput nanomechanical sensor platform. (a)

is fabricated in glass and in the polymer SU-8. (b—d) Scanning ElectronMicro

500 mm� 1 mm. The laser movement and the resulting data are shown for three

(d) resonant frequency.

Lab Chip
used for autofocusing25 (see ESI†). The PUH can measure the

cantilever deflection with sub-nanometric resolution in Z direc-

tion. We have measured cantilever deflections at rotating veloc-

ities up to 120 rpm, which equals approximately 500 cantilevers

per second. Typical sampling rate corresponds to around 1000

measurement points across the width of each cantilever. We thus

obtain a profile where data points are acquired every 100 nm

along the width of the cantilever. By combining cantilever scans

at sequential radial positions it is possible to construct a 3D

image of the cantilever surfaces, see Fig. 1c. In our work, the

measured surface roughness is used to evaluate the distribution

of biomolecules on the cantilever surface. When inhomogeneous

binding of material occurs, the optical properties (refractivity

and reflectivity) change, resulting in a ‘‘rough’’ surface.

Finally, the system can measure changes in the resonant

frequency of the cantilever using the thermal noise peaks of the

cantilevers.26 In these measurements the laser has to dwell for

approximately 1 second at the cantilever apex (Fig. 1d).

The DVD disc format has in the past 10 years been widely used

for liquid handling. The centrifugal forces generated by spinning

the disc can be used to move liquid from the center of the disc and

towards the edge.27,28 We have fabricated microfluidic channels

connecting the chip reservoirs. Each liquid sample is delivered to
Photograph of a DVD platformwith integrated cantilever chips. The disc

scope image of gold-coated silicon cantilevers with dimensions 100 mm�
different data acquisition modes: (b) deflection, (c) surface roughness and

This journal is ª The Royal Society of Chemistry 2011
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three reservoirs placed in series, starting at the center and ending

at the outer rim of the disc.

Raw cantilever deflection signals acquired during one revolu-

tion of the disc are shown in Fig. 2a. The plot is composed of

around 1 000 000 data points. Each distinguishable peak repre-

sents a chip with 8 cantilevers. Typical experiments consist of 30–

50 revolutions, resulting in up to 50 million measurement points.

Zooming in on Fig. 2a we can extract the individual cantilever

profiles, as seen in Fig. 2b.

Before sensing experiments are performed, each cantilever is

fully characterized by at least 10 revolutions of the disk. The

variance of the measurements is used to evaluate the reliability of

the data. After data processing, it is possible to obtain a detailed

statistical analysis of the initial conditions of the cantilevers in

air. The histogram in Fig. 2c shows the distribution of initial

cantilever bending from 30 chips (240 cantilevers) measured over

10 revolutions. The average bending is 0.49 mm, with a standard

deviation of 0.43 mm.

As a proof of concept we have performed liquid phase reac-

tions which are monitored in dry phase. That is, the cantilever

characteristics are measured in air before and after exposure to

liquid samples. A similar approach has previously been used for

i.e. bacteria detection.29 By doing so the complexity of the

measurements is reduced. For example, resonant frequency

detection would, due to damping, be challenging to perform in

the liquid.
Fig. 2 Demonstration of parallel data acquisition. (a) Raw data from

one revolution of the DVD. Each peak corresponds to one cantilever

chip. (b) The obtained profiles from a single cantilever chip. (c) Distri-

bution of the measured initial bending of 240 cantilevers in total.

This journal is ª The Royal Society of Chemistry 2011
4. Molecular recognition

For a first demonstration of biomolecular binding, 8 cantilevers

were functionalized with thiolated biotin and 8 untreated canti-

levers were used for reference measurements. The chips were

inserted into reservoirs in the DVD platform and a buffer solu-

tion containing streptavidin was injected into the reservoirs.30

After 10 min of exposure to streptavidin, all cantilevers were

washed in buffer and subsequently water. The water was left to

evaporate. The cantilever responses were measured continuously

before and after incubation with streptavidin. During incubation

and washing the disc rotation was halted and data were not

acquired. Fig. 3a shows the averaged 3D surface reconstruction

of the gold side of 8 untreated cantilevers, measured before the

injection of streptavidin. These surfaces have a roughness of

a few nm, indicating that the gold layer is clean. The initial end

point deflection of the untreated cantilevers is around 5 mm.

After injection of streptavidin and washing the same cantilevers

show a high increase in surface roughness, suggesting that an

inhomogeneous layer has formed (Fig. 3b). This indicates that

streptavidin has bound unspecifically to the untreated cantilever

surfaces as illustrated in the schematics in Fig. 3b.

The cantilevers functionalized with biotin are initially bent

5–6 mm at the cantilever apex and the surface appears optically

smooth, see Fig. 3c. This reflects that the biotin functionalization

has created a monolayer on the gold surface of the cantilevers.

After the biotin–streptavidin binding has occurred, the observed

change in cantilever bending is approximately 3 mm and the

roughness of the surface appears unchanged, indicating that

streptavidin has been uniformly bound to the biotin layer,

Fig. 3d.

Fig. 3e and f compare data from the untreated and the biotin

functionalized cantilevers. Each data point corresponds to the

averaged value from 8 cantilevers. We notice that after the

incubation with streptavidin the bending of the untreated

cantilevers decreases, reaching an asymptotic value after around

15 disc revolutions (corresponding to approximately 5 minutes),

see Fig. 3e.

At this stage the water has fully evaporated from the reservoir

and stable measurement conditions can be obtained. Similar

behavior (but in the opposite direction) is observed for the biotin

functionalized cantilevers. These biotin functionalized cantile-

vers show an averaged change in deflection which is approxi-

mately 2 mm larger than for the untreated reference cantilevers

when the measurements have stabilized. The averaged change in

surface roughness (Fig. 3f) is significant for the untreated

cantilevers compared with the functionalized ones, suggesting

that an irregular streptavidin layer is formed on the untreated

cantilever whereas a uniform layer, as expected, is formed on the

biotin-coated surface. Thus, the specific binding of streptavidin

results in significant differential changes (biotin functionalized

minus untreated cantilever) in cantilever deflection and surface

roughness.

Similar experiments have been performed for detection of the

pesticide derivative 2,6-dichlorobenzamide (BAM).31 The used

protocol has been developed for a competitive assay which

implies that the sensing cantilevers are initially coated with

a layer of BAM.32 Two chips have been prepared for the

measurements, each containing 2 cantilevers functionalized with
Lab Chip
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Fig. 3 Detection of biotin–streptavidin binding. (a) Surface reconstruction of clean cantilever. (b) The same cantilever after exposure to streptavidin

solution showing increased roughness. (c) Surface reconstruction of biotin functionalized cantilever and (d) of the same cantilever after reaction with

streptavidin. (e and f) Averaged change in cantilever bending and surface roughness for an untreated surface (average value of 8 cantilevers) and a biotin

functionalized surface (average value of 8 cantilevers). At revolution 19 the cantilevers are incubated for 10 minutes in streptavidin.
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BAM molecules in ovalbumin matrix, 2 cantilevers with an

ovalbumin blocking layer and 4 untreated cantilevers. The initial

bending of the cantilevers is measured as above. Specific anti-

bodies against BAM are injected into the cantilever reservoirs

followed by a rinse in water and subsequent water evaporation.

Fig. 4a shows the induced averaged bending of the differently

functionalized cantilevers. The BAM-functionalized cantilevers

deflect approximately 10 mm compared with 3–5 mm for the

untreated and ovalbumin coated cantilevers. Probably, the

antibodies bind strongly to the BAM functionalized surfaces

causing a large change in surface stress whereas they bind

unspecifically to the other cantilevers, illustrated in Fig. 4b. After

the introduction of antibodies, the analyzed profiles reveal that

the untreated cantilevers become significantly rougher, while the

change in optical roughness for BAM and ovalbumin coated

surfaces is smaller, due to their already rough functionalization

coatings. It is however noticeable that ovalbumin-blocked

cantilever roughness increases 3 times more than the BAM one,

whose surface has presented similar initial optical characteristics,
Lab Chip
see Fig. 4c. We believe that this is once again an indication that

the specific binding results in more ordered uniform layers

whereas the unspecific binding results in a random surface

arrangement and thus in a rougher surface. We conclude that the

specific binding of BAM antibodies is detectable due to large

differential signals in both deflection and surface roughness.

In the BAM experiments we have also tested the capability of

the system to measure changes in the resonant frequency. Fig. 4d

shows the change in resonant frequency for the 16 cantilevers

after reaction with antibodies has taken place and the washing

solution has evaporated. The BAM functionalized cantilevers

have the highest change in resonant frequency (approximately

10%). Compared to that, minor changes are observed for the

ovalbumin blocked and the untreated cantilevers (1–2%), which

can be attributed to unspecific binding of antibodies as well as

solidification of salt present in the buffer solution. The observed

frequency changes in the specifically treated cantilevers are

positive, which is probably a result of changes in surface stress or

of a combination between surface effects and added mass.33
This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 Detection of BAM antibodies. (a) Averaged changes in cantilever deflections when exposed to BAM antibodies. All data points represent

averaged values from either 4 (ovalbumin and BAM coated) or 8 (untreated gold-coated) cantilevers. (b) Graphical representation of the differently

coated cantilevers. (c) Averaged changes in surface roughness after exposure to BAM antibodies. (d and e) Measured averaged changes in resonant

frequency andQ-factor. The significant change for the BAM coated cantilevers indicates binding of the BAMantibodies. At revolution 21 the cantilevers

are incubated for 10 minutes in the anti-BAM solution.
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The corresponding Q-factors of the cantilevers extracted from

the resonant curves (Fig. 4e) generally follow the changes in

resonant frequency, suggesting that an increase in the stiffness of

the cantilevers due to the addition of the surface layer has

occurred. Uniformly added mass on the cantilevers could have

increased the stored energy of the resonators to produce the

increase of the Q-factor, however the theoretical relationship

between the surface stress change and the stiffness of cantilever

beam is still under debate.34
Conclusion

The DVD platform offers a number of advantages over tradi-

tional cantilever sensing. It readily supplies large amount of data

for statistical analysis facilitating the onset of statistical canti-

lever based sensing. Moreover, the platform allows for simulta-

neous measurements of deflection, vibrational amplitude and

surface roughness increasing the amount of information to be

achieved and consequently the reliability of data. We suggest that

cantilever surface roughness is included as an additional

parameter in cantilever based sensing as it strongly reflects the

uniformity of the surface layer. Also, the nanometre sized laser

spot of the PUH facilitates measurements on mechanical sensors
This journal is ª The Royal Society of Chemistry 2011
with sub-micrometre dimensions. We therefore envision that we

in the future will be able to operate ultra-sensitive beams for i.e.

mass sensing.35 Finally, the platform integrates a simple and well

established method of controlling liquids by centrifugal forces.

We hope that our concept will be of use for fundamental as well

as more applied studies and we believe that it opens up for a wide

range of experiments in, for example, drug screening where

reliability and statistical significance of data are crucial.
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