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Abstract

Micro- and nanomechanical analytical devices for diagnostics require small sample
volumes, and stable and efficient clamping of the sensors for optimized bioassays. A
fully automated device for the readout of the dynamic and static response of cantilevers
in a physiological liquid environment including a sample handling system is presented.
The device provides sequential readout of the static and dynamic mode providing the
best signal to noise ratio for each individual cantilever. In the dynamic mode, it is
possible to measure up to the 16th flexural resonance mode of vibration of a 500 μm
long and 1 μm thick cantilever. The automated sample handling system enables the
local injection of sub microliter volumes of sample with excellent reproducibility. Data
demonstrating the response of the cantilevers to external stimuli highlight the sensitivity
of the device and the importance of the use of reference cantilevers to decouple
biologically relevant metrics from environmental effects. A specific biomolecular
interaction of sensitised nanospheres on cantilever sensors with a mass resolution
of ~50 picogram in liquid is shown.

PACS numbers: 07.10 Mechanical instruments, 87.85 Biosensors, 47.85. Fluidic

Keywords: Cantilever; Label-free sensing; Dynamic mode; Static mode; Fluidics;
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Introduction
Cantilever technology has been used for a wide variety of applications including mass,

force and biological sensing. Within the latter category, a large subset of sensing appli-

cations exists in the fields of proteomics [1-5], genomics [6-8] and microbiology

[9-15], amongst others. A crucial component in achieving biologically relevant metrics

in bio-sensing is the environment in which the test is performed. The mainstays in

routine bio-sensing applications, such as ELISA and qPCR, are performed in physio-

logical (liquid) environments. To bridge the gap between research and clinical labora-

tories, cantilever sensors must follow suit despite the challenges encountered when

operating in fluid. Operating within a relevant biological environment affords consider-

able validity to the technique in comparison to a ‘dip-dry’ method [16].

The handling of liquid volumes takes on an increasing relevance when moving from

a ‘dip-dry’ method to a continuous measurement format, as liquid is transferred to the
2015 Walther et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://
reativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the
riginal work is properly credited.

http://crossmark.crossref.org/dialog/?doi=10.1140/epjti/s40485-015-0017-7&domain=pdf
mailto:martin.hegner@tcd.ie
mailto:martin.hegner@tcd.ie
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0


Walther et al. EPJ Techniques and Instrumentation  (2015) 2:7 Page 2 of 24
cantilever rather than the cantilever to the liquid. For efficient transfer of small volumes

of liquids, the integration of micro-fluidic technologies, which already inevitably overlap

with cantilevers in many fields, is desirable. Scaling down provides numerous advantages

on both fronts; micro-cantilevers offer an increased sensitivity over their macro alterna-

tives, and the conservation of precious samples in analytical techniques [17].

In order to de-couple environmental effects or spurious events from biologically rele-

vant events, at least one reference cantilever should be used when utilising micro-

cantilevers as bio-sensors [18]. These environmental effects can further exacerbate

when working in a liquid environment in comparison to a micro-cantilever operated in

vacuo and include temperature, viscosity, and liquid flow. Without the appropriate in

situ reference cantilevers, a measured signal cannot confidently be attributed to the in-

vestigated analyte property only [16,19].

The device presented here incorporates a micro-cantilever array operated in both

static and dynamic mode in a liquid environment. Arrays allow reference cantilevers to

be designated and the elimination of environmental influences. Sub microliter sample

volumes can be injected easily and the device can be operated in stop flow or in con-

tinuous flow mode. The read-out principle of the nanomechanical array is based on the

optical beam deflection method [20]. The entire device is fully automated from optical

alignment to sample injection, readout and analysis.
Device
The main components of the developed device consist of the fluidic chamber, the fluid-

ics setup, the temperature control system and the optical beam deflection system. The

fluidics chamber assembly, shown in Figure 1, contains elements for thermal monitor-

ing, thermal control, piezoelectric actuation, injection of fluids and clamping of the

cantilever array.
Fluidic chamber assembly

The chamber body is machined from Polyetherether-ketone (PEEK). The cantilever

array is held within a recessed pocket which fixes the array at an angle of 18° to the

glass cover (Figure 2). This angle is used in order to avoid the creation of any standing

waves or internal reflections from the chamber walls that may cause additional fre-

quency noise. The cantilever array is held firmly in place using a PEEK clamp screwed

in place using two PEEK screws (Nippon Chemical Screw & Co., Ltd., Tokyo, Japan).

This type of fixation stabilises the cantilever array and reduces drift after the introduc-

tion of fluid into the fluid chamber. Once the cantilever is fixed in place, a double anti-

reflective coated glass cover (Schott AG, Mainz, Germany) is placed on top of a Viton®

O-ring (Kubo Tech AG, Effretikon, Switzerland) or on top of a Nescofilm seal (Figure 3)

and fixed in place using a black anodized aluminium frame. When the glass cover is

fixed in place, the resulting fluid chamber volume is 4 μl.

The chamber body has two fluid inlets and two outlets. Extruded 1/16” Teflon tubing

(Zeus, Orangeburg, USA) is connected at each flat-bottom port using M6 PEEK nuts

and flangeless ferrules (Idex Corporation, Illinois, USA). The remaining port houses a

micro-dispensing valve (The Lee Company, Connecticut, USA) fixed using a manifold

mount such that the outlet nozzle is protruding directly into the flow stream. This



Figure 1 Fluidic chamber assembly. The inlet line (7) carries the buffer to the fluidic chamber. A sample
line (5) connected to the sample reservoir (not shown) carries the sample fluid to the injection valve (6)
where it is injected into the flow of the inlet buffer. The injection valve is held in place using a manifold
mount (4). The fluid can then flow out through the priming line (8) or into the measurement chamber (2)
depending on the orientation of the solenoid valve (not shown). A thermocouple (9) monitors the temperature
inside the measurement chamber and the piezoelectric actuator connected at (3) can be used for dynamic
mode operation. The outlet line (1) leads to a waste container.
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configuration allows the implementation of additional inlet ports in a manifold config-

uration ‘up-stream’ of the first injection port without redesign of the core of the meas-

urement chamber.

In order to obtain a wide range of resonance modes, a stack of piezoelectric actuators

(EBL Products Inc., Connecticut, USA), assembled in-house with the size of the
Figure 2 Chamber cross section. The cantilever array (6) is clamped in place using a PEEK clamp (4). An
Oring (2) and the glass cover (3) allow the creation of a sealed measurement chamber. An aluminium
clamp (1) holds the glass cover in place. A piezoelectric actuator (5) is fixed underneath the body of the
cantilever array. A thermocouple (7) provides feedback on the measurement chamber temperature and a
peltier element (8) allows the generation of a heat pulse.



Figure 3 Close up of the Nescofilm used to seal the chamber instead of the o ring (aluminium clamp and
screws not shown for clarity). The Nescofilm has a tickness of 90 μm and is placed underneath the glass cover.
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cantilever array body, is mounted below the array body using TorrSeal® (Agilent Tech-

nologies Ltd., Torino, Italy). The stack is composed of three piezoelectric crystal layers

each 1.0 mm thick. Two 2x3 mm2 piezoelectric pieces (EBL Products INC., East Hartford,

USA) and one 2x2 mm2 piece (EBL Products INC., East Hartford, USA) are sandwiched

together using electrically conductive epoxy resin (Epoxy Technology, Inc. Billerica,

USA). The actuator is separated from the liquid chamber by a 200 μm thick PEEK mem-

brane to prevent shorting. The membrane is sufficiently thin to allow adequate transfer of

energy from the actuator to the cantilever (see Figure 2).

Adjacent to the piezoelectric actuator, and directly underneath the cantilever array, is

situated a peltier module (Global Component Sourcing, Hong Kong). This module al-

lows a heat pulse to be applied to the liquid chamber enabling a subsequent

normalization of the nanomechanical response of the individual cantilevers to compen-

sate for differences of their mechanical properties. A precision temperature sensor

(Hygrosens Instruments GmbH, Löffingen, Germany) is placed in close proximity to

the cantilevers in the PEEK chamber.
Fluidics

Liquid is introduced to the chamber using two different methods. A Genie™ Plus Syringe

Pump (Kent Scientific Corporation, Connecticut, USA) is used to pump buffer through the

chamber. The micro dispensing valve is used to introduce the sample of interest to the li-

quid line and is pressure driven. A compressed air regulator (Spectron Gas Control Sys-

tems GmbH, Frankfurt, Germany) provides the appropriate pressure in the 20 – 100 mbar

regime and the desired volume is injected through controlling the opening time of the mi-

cro dispensing valve.

A three-way solenoid valve (ASCO Valve, Inc. Florham Park, NJ, USA) allows control

over whether the liquid flows into the measurement chamber or whether it bypasses it

using the priming outlet. The priming outlet is located between the measurement

chamber and the two inlet ports. This outlet allows diverting bubbles and priming of

the micro dispensing valve without introducing sample into the cantilever chamber be-

fore it is required.
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Temperature control

Because the cantilever sensors are often coated on one side with one or more metal

layers for subsequent chemical or biological functionalisation, care must be given to en-

sure a steady temperature. Fluctuations in temperature will result in the cantilever

deflecting due to the difference in the thermal expansion coefficients of the silicon and

the metal layers. Thermal fluctuations affect the viscosity and density of the liquid and

therefore the oscillation frequency of the sensors. To ensure a steady temperature, the

fluid chamber, the buffers, samples and peripheral equipment such as optics are all

housed within a small refrigeration/heating unit (Intertronic, Interdiscount, Switzerland).

A silent, vibration free fan (Zalman, Seoul, Korea) helped maintain a uniform temperature

within the refrigeration unit.
Optical beam deflection system

Optical read-out is the most commonly used read out system and can give sub-angstrom

resolution [18,20]. A single wavelength fibre-coupled laser diode (830 nm, 10 mW, C Pin

Code, SM Fibre Pigtailed Laser Diode; LPS-830-FC; Thorlabs Ltd. Cambridgeshire, UK) was

used. The laser has a free space power of 10 mW and a line width >200 kHz. Stabilisation

within 1% is achieved once it has been turned on for 20 minutes. A combined laser diode

and temperature controller (ITC4001 Benchtop Laser Diode/TEC Controller, 1 A/96 W;

Thorlabs Ltd. Cambridgeshire, UK) allowed for a very stable output. The laser was

coupled to a collimator (F260APC-780; Thorlabs Ltd. Cambridgeshire, UK) which colli-

mated the beam to a 3.33 mm diameter. The laser beam is focused to a 14 μm spot on the

cantilever using a 50 mm focal length achromatic doublet (AC127-050-B; Thorlabs Ltd.

Cambridgeshire, UK).

The reflected laser spot is tracked using a linear position sensitive device (PSD

1 L10-10-A_SU15; SiTek Electro Optics AB, Partille, Sweden) with an in-house de-

signed electric amplification circuit with a cut off at 2 MHz (3 dB), which extracts the

differential and summation signal at a gain of 1. To avoid saturation of the PSD, a neu-

tral density filter (NE506B-B; Thorlabs Ltd. Cambridgeshire, UK) can be inserted into

the beam path to attenuate the laser.

Optical read-out of all eight cantilevers is possible by mounting the laser assembly within

an optical cage system (Thorlabs Ltd. Cambridgeshire, UK) on high precision automated

translation stages (122.2DD and M-110.1DG Precision Micro-Translation Stage; Physik

Instrumente Ltd., Bedford, England). Aligning the stages to enable both x-axis and y-axis

motion allows movement between cantilevers, and also adjustment to an optimum location

along each cantilever. Particularly within dynamic mode operation, optimal amplitude sig-

nals can be obtained by individually positioning the laser on each cantilever separately, as

this can compensate for subtle mechanical differences between the cantilevers. For the dy-

namic mode operation the laser has to be positioned and focussed on a flex point of the

cantilever. For example, the node-to-node distance for the 16th flexural resonance mode

is ~33 μm, hence the angle sensitive region is approximately 11 μm long. The y-axis and

x-axis miniature translation stages feature an optical linear encoder with 100 nm and

50 nm position resolution and a velocity of 20 mm/s and 1 mm/s respectively.

The precision automated translation stages are mounted on a three-axis translation stage

(9061 Gothic-Arch XYZ Translation Stage, New Focus, Micro-Controle Spectra-Physics
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S.A., Évry Cedex, France). The x-axis and y-axis stages both use manual micrometer

heads (Mitutoyo; New Focus, Micro-Controle Spectra-Physics S.A., Évry Cedex,

France). On the z-axis stage a picomotor actuator (Tiny picomotor actuator, Model

8353 Intelligent Picomotor driver; New Focus, Micro-Controle Spectra-Physics S.A.,

Évry Cedex, France) for automated positioning of the stage is implemented, hence facili-

tating automated positioning of the focal point of the achromatic lens on the cantilever

surface. The z-axis actuator offers a resolution better than 30 nm with minimal backlash

and a velocity of 0.016 mm/s. Moreover, it holds the position with no power applied

resulting in a quick initialisation process. The path of the laser through the optical beam

deflection system can be seen in Figure 4.
Operation

The device outlined can be operated in both dynamic and static mode. When set to

dual mode operation, the laser spot cycles through the cantilevers sequentially, taking

firstly a dynamic measurement and then a static measurement before moving onto the

next cantilever. A LabVIEW (National Instruments, Texas, USA) program controls the

movement of stages, dictates the frequencies sent to the piezoelectric actuator and per-

forms analysis of the signals acquired by the PSD. LabVIEW is also used for temperature

and fluidic control.

Automated laser focusing

To obtain the highest resolution possible for the static measurements, the laser has to

be well focussed and positioned at the apex of the cantilevers where the maximum de-

flection occurs [21]. To acquire the maximum response for all the flexural modes of vi-

brations of a cantilever operated in dynamic mode, the laser has to be precisely

positioned and focussed at a node of the cantilever [22]. Therefore, the widely used

knife-edge technique [23-25] to determine the laser beam width is embedded in the

LabVIEW code to perform the focusing of the laser on the cantilever automatically.

The laser is moved onto the cantilever where it is reflected onto the PSD. As the laser

is then moved across the cantilever, the intensity of the reflected light is measured by
Figure 4 The path of the optical beam through the system is visually represented in green in this figure.
The automated and manual translation stages, the laser and the focusing optics, the threeway solenoid
valve and the PSD are all visible.
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the PSD and recorded as a function of its position on the cantilever. By moving the

laser off from the cantilever, less light is reflected and the measured sum signal con-

tinuously decreases to zero.

The revised Khosrofian and Garetz inversion algorithm [26] is used to calculate the

radius of the laser beam where it hits the cantilever surface.

PN xð Þ ¼ 1
1þ exp a1t þ a3t3½ � ð1Þ

where a1 ¼ � 1:60, a3 ¼ �7:09� 10�2 , t ¼ 2=wxð Þ x� x0ð Þ , PN xð Þ ¼ P xð Þ=PT is the

normalized power, wx is the beam radius, x0 is the initial position of the laser on the

cantilever and x is the actual position on the cantilever.

The LabVIEW program iteratively changes the laser distance with respect to the can-

tilever and calculates the beam radius until a laser spot radius of less than 8 μm is

achieved. This quick and inexpensive method gives an accurate determination of the

laser spot radius, resulting in an optimally focused laser on the cantilever.

Dynamic mode measurement

When operating in dynamic mode, the stages move the laser spot to a previously set lo-

cation along each cantilever. A frequency generation board (NI PCI 5406; National In-

struments, Texas, USA) outputs a frequency sweep to the piezoelectric actuator such

that the cantilevers are excited at selected frequency bandwidths. The PSD differential

output is pre-amplified with low power high-speed operational amplifiers (LT1358CS8

Linear Technology, Milpitas, CA, USA) before final amplification with a low-noise pre-

amplifier (SR560; Stanford Research Systems, California, USA) and then digitised (NI

PCI 5112; National Instruments, Texas, USA). The optimal range of the 8-bit digitiser

can be precisely set to the achieved voltage signal after the amplification (120 different

ranges are selectable via NI SCOPE software). The signal is then analysed in LabVIEW,

which presents amplitude and phase frequency spectra, an example spectrum is shown in

Figure 5. All raw data is output to a text file. For each spectrum (e.g. scanning two peaks),

3000 data points are measured per peak with a sampling rate of 5 × 106 samples/s. Each

data point is the average of 5 × 103 samples.

Static mode measurement

When operating in static mode, the stages move the laser spot to a location close to

the tip of the cantilever. After pre-amplification, the output from the PSD is input to a

data acquisition board (NI PCI 6221, National Instruments, Texas, USA). The move-

ment of the laser along the cantilevers allows the extraction of the curvature of the sen-

sors [22,27]. The mean differential and sum signals are then used in the LabVIEW

program to calculate the deflection of the cantilever using the formula [28],

x ¼ I1−I2
I1 þ I2

L
2
G ð2Þ

where (I1-I2) is the differential signal from the PSD, (I1+I2) is the sum signal from the

PSD, L is the length of the PSD and G is the calibration factor specific for each setup

obtained by geometrical calculation [29] or by a thermal method [30]. The differential

and sum signals are sampled at a rate of 105 samples/s and each data point is the aver-

age of 2500 samples.



Figure 5 Amplitude and phase spectra of a 1 μm thick, 500 μm long cantilever from the arrays used in the
measurement chamber. Flexural resonance modes from 3 to 16 are clearly visible in the frequency range
up to 1200 kHz [33].
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Experimental
Cantilever Arrays

Silicon cantilever arrays (IBM Research Laboratory, Rüschlikon, Switzerland) with eight

cantilevers per array were used for all measurements. The cantilevers had a thickness

of 1 μm, a length of 500 μm and a width of 100 μm. The cantilevers were designed with

a 250 μm pitch and cantilevers from the same wafer possessing the same dimensions

were used for all experiments.
Automated laser focusing

The laser was moved onto the initial position on the cantilever where it was reflected

onto the PSD. As the laser was then moved across the cantilever, the intensity of the

reflected light was measured by the PSD and recorded as a function of its position on

the cantilever. The model from De Araújo [26] was fitted to the experimental data and

the radius of the laser beam on the cantilever surface was obtained. Based on the ob-

tained radius, the optical cage was moved closer or further away from the measurement

chamber followed by the next measurement to obtain the radius of the newly focused

laser beam. This process was repeated until the laser was finely focused on the canti-

lever. The depth of focus of the laser of several tens of microns allowed for variation in

the position along the x-axis without compromising the focussing of the laser.
Thermal noise versus active dynamic actuation with the integrated piezo

A cantilever array was loaded into the fluid chamber and allowed to equilibrate in de-

ionized water. For the thermal noise power spectrum of the sensors a frequency
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domain from 0 - 18 kHz was analysed with a sampling rate of 90 kHz and a frequency

resolution of 0.1 Hz. The parameters for the power spectrum analysis were: a Hamming

window [31] with 200 rms averages. The data can be further smoothed without loosing

data information applying a Savitzky-Golay algorithm [32]. Within this range the first,

second and third harmonic of the 1 μm thick cantilevers in liquid could be investigated.

The voltage signal of the differential thermal noise on the PSD could be amplified by

factors up to 5000 without driving the sensors with the integrated piezo-electric stack.

Alternatively the sensors were then actively driven with the piezo-electric stack by ap-

plying an actuation voltage within the range of 2 – 5 volts through the software.
Temperature effects

A cantilever array was loaded into the fluid chamber and allowed to equilibrate in nano-

pure water. When the temperature reached steady state at 23.1°C, dual mode measure-

ment was started. Every two hours, the set-point temperature was increased by 0.5°C until

a temperature of 24.1°C was reached. The temperature stability at the set point is ±0.02°C.

The dual mode sweep occurred every 30 seconds, upon which dynamic mode mea-

surements, static mode deflection and temperature were recorded. For the dynamic

mode operation, the range for the frequency sweep was set from 200 kHz to 500 kHz

within which three resonance mode peaks were contained [33]. To ensure that only bi-

metallic effects of the sensors contribute to the evaluated static cantilever signal a chip

with solid sidebars in position 0 and 9 was scanned. These additional signals showed

that the drift of the device is neglectable [34].
Flow rate effects

A cantilever array was loaded into the fluid chamber and allowed to equilibrate in nano-

pure water. When the temperature reached steady state at 23°C, dual mode measurement

was started. The flow rate was set to 2 μl/min, 5 μl/min, 10 μl/min, 25 μl/min, 50 μl/min

and 100 μl/min sequentially for 30 minutes each. The buffer reservoir was within the

temperature controlled unit to ensure a uniform temperature throughout the experiment.

The dual mode sweep occurred every 30 seconds, upon which dynamic mode mea-

surements and temperature were recorded. For the dynamic mode operation, the range

for the frequency sweep was set from 250 kHz to 400 kHz within which two resonant

mode peaks were contained.
Sealing of the Chamber

The influence of O-ring or Nescofilm sealing on the static mode signal was investi-

gated. A cantilever array was loaded into the fluid chamber that was subsequently

sealed either with Nescofilm or an O-ring and allowed to equilibrate in nanopure water.

After equilibration, the static mode measurement was started. Nanopure water was in-

troduced into the chamber at a flow rate of 10 μl/min for 45 minutes or in a second ex-

periment 2 μl/min for 5 minutes.
Volume of injected samples

A 100 μl volume of nanopure water was loaded into the sample reservoir and the injec-

tion valve was primed. A series of injections at a constant pressure of 100 mbar were
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performed with increasing valve opening times from 31 ms to 40 ms in 1 ms incre-

ments. The sample injection line was secured along a graduated surface and the sample

meniscus was monitored after each injection to determine the volume of fluid injected.

A digital microscope (Dino-Lite Pro HR AM7000 series; Dino-Lite, The Netherlands)

was used to give the required resolution. To determine the volume injected, the pixel

location of the meniscus along the graduated scale was determined using images from

before and after injection. This pixel differential was then converted to length, and

hence volume (ranging from 4 to 5 μl), using the ratio of millimetres to pixels which

could be easily calculated using image analysis software.

A series of ten 500 nl samples were also injected to investigate the reproducibility of

the injected volumes and were analysed using the same method as above.
Viscosity effects

A cantilever array was loaded into the measurement chamber and allowed to equili-

brate in 5% glycerol solution (v/v). When the temperature reached steady state at 23°C,

dual mode measurement was started. After 15 minutes, a 10 μl volume of 12% ethylene

glycol (v/v) was injected, which is enough to exchange the liquid in the fluid chamber.

After a further 30 minutes, the measurement chamber was flushed with 100 μl of 5%

glycerol solution at a flow rate of 20 μl/min. The 5% glycerol solution has a theoretical

viscosity of 1.055 cP while the 12% ethylene glycol’s viscosity is 1.257 cP at 20°C.

The sweep occurred every 15 seconds, upon which dynamic mode measurement and

temperature were recorded. For the dynamic mode operation, a frequency sweep be-

tween 250 kHz and 600 kHz was generated within which three resonance mode peaks

were tracked.

A viscosity change from water (1.0 cP at 20°C) to 12% ethylene glycol (v/v) (1.257 cP at

20°C) was induced to analyse the benefit from an actively versus thermal noise driven sys-

tem. For comparison the same viscosity change from water to ethylene glycol solution at

mode 13 was investigated. The thermal noise peaks were fitted using a Lorentzian fit to

enhance the visibility of the resonance peaks and to determine the resonance frequency.
Density effects

A cantilever array was loaded into the measurement chamber and allowed to equilibrate in

5% glycerol solution (v/v). When the temperature reached steady state at 23°C, dynamic

mode measurement was started. After 15 minutes, a 10 μl volume of 5% ethylene glycol (v/v)

was injected. After a further 30 minutes, the measurement chamber was flushed with 100 μl

of 5% glycerol solution at a flow rate of 20 μl/min. The 5% glycerol solution has a theoretical

density of 1010 kg/m3 while the 5% ethylene glycol’s density is 1003 kg/m3 at 20°C.

The sweep occurred every 15 seconds, upon which dynamic mode measurement and

temperature were recorded. For the dynamic mode operation, a frequency sweep be-

tween 200 kHz and 550 kHz was generated within which three resonance-mode peaks

were tracked.
Biological assay

To compare the performance of the new fluidics and measurement chamber to previ-

ous experiments a biomolecular recognition proof of concept experiment for biological
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sensing was implemented. A chip with 8 gold coated sensors was functionalised with

ω-terminated alkyl-thiols to form self-assembled monolayers [35]. Four sensors were

functionalised with a hydroxy-terminated functional group (H338, Dojindo, Munich,

Germany) and four with a biotin-terminated group (B564, Dojindo, Munich, Germany)

in a 1 mM concentrated ethanol solution in a micro-capillary functionalisation tool [7]

for 30 minutes at room temperature. After the functionalisation the sensors were thor-

oughly rinsed with first ethanol, water and then with PBS buffer (pH 7.4).

As a target for biomolecular specific interactions polystyrene spheres (diameter 810 nm,

3.42 x 1010 beads/ml, SVP-08-10 Spherotech, Lake Forest, IL) functionalised with strepta-

vidin were utilised. 10 μl of beads were washed by re-suspending the sedimented pellet

three times with 1 ml PBS after centrifugation for 5 minutes at 5000 rpm. Finally the

beads were resuspended at a concentration of 3.42 × 108 beads per μl.

After initial equilibration of the sensors in PBS buffer with 10 μl/min flow at 24°C for

five minutes the buffer was stopped for 13 minutes. During this wait time the sample

volume of 10 μl streptavidin beads was loaded upstream of the measurement chamber

with the micro-dispensing valve into the liquid channel by opening the priming chan-

nel. Then the sample was pushed into the liquid chamber with a speed of 10 μl/min for

two minutes to ensure full exchange. The flow was then stopped for 10 minutes to fa-

cilitate a specific interaction of the streptavidin spheres with the biotin – or hydroxyl

functionalised sensors. To conclude the experiment the chamber was rinsed for 20 mi-

nutes with PBS buffer at 10 μl/min. During the whole biological assay two resonance

peaks per sensor (mode 10 and 11) with 3000 data points per peak were measured with

a sampling rate of 5 × 106 samples/s. Each data point is the average of 5x103 samples.

To plot the data, the signals of four biotinylated and four of the hydroxyl functionalised

cantilevers were individually averaged. The frequency shifts measured were converted

to mass changes using the formulas given in ref [36].
Results and Discussion
Automated laser focusing

Figure 6 shows the experimental data of the final step of the laser focusing process and

a fitting of the experimental data with equation I. The obtained laser beam radius was

7.177 μm. This quick method of the laser focusing gave an accurate determination of

the laser spot radius, hence an optimally focused laser on the cantilever for the static

and dynamic mode measurements.
Thermal — versus active dynamic actuation

In order to assess the sensitivity and noise within the micromechanical sensor experi-

ment, thermal noise power spectra of the cantilever arrays in liquid with a bandwidth

of 0 - 18 kHz were recorded and analysed. We investigated the effect of signal amplifi-

cation and active actuation of the cantilevers with the integrated piezo-electric stack.

As shown previously in [22,37] the piezo-stack mounted underneath the cantilever sen-

sor array can be oscillated to drive the cantilever motion. The amplitude response of

the piezo within the frequency domain of interest is nonlinear, providing higher excita-

tion responses at higher frequencies [22]. In Figures 7 and 8 we demonstrate the bene-

ficial effect of the active actuation of cantilever sensors in order to enhance higher



Figure 6 Measured normalized reflected power of the laser beam by the PSD as a function of the laser
position in the x direction on the cantilever. By fitting equation (I) to the data a laser beam radius of
7.177 μm was obtained.
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order oscillation peaks. A cantilever structure was oscillating at its natural frequency

driven by thermal noise, this feature can also be used to calibrate the cantilever spring

constant [38] and to gain the G-factor of the device [30]. The cantilevers chosen in

these experiments with a thickness of 1 μm and a length of 500 μm exhibited a natural

frequency 1st mode at 620 Hz, 2nd mode at 5.15 kHz and 3rd mode at 16.1 kHz. The

signals generated by the PSD electronics (I/V converter) without amplification were in

the μV range. For an optimal electronic read-out they needed to be boosted into the
Figure 7 Thermal noise versus signal amplification. The thermal noise spectrum signal of the eight
individual sensors is plotted from 0 – 18 kHz. The individual spectra were overlaid and were matching
each other (the signal of the eighth sensor (blue) is masking the other individuals underneath). Applying
the Savitzki-Golay filter allowed clearer extraction of the frequency information (in red) and to remove
high frequency noise [32]. Signal amplification using the Stanford instruments SR560 digitisers ranged up
to 5000 fold. The vertical input range of the boosted signal was then precisely set with the 8-bit digitizer
board. No additional spectral features appeared within the log scale in the y-axis.
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mV to volt range. In order to assess whether the low-noise pre-amplifier was distorting

the initial frequency response the signal was amplified. As seen in Figure 7, the quality

of the natural resonance peaks remained preserved within the range of gain up to 5000

fold. We plotted the thermal noise spectrum of all the eight sensors also without any

gain. The mechanical properties of the sensors were congruent and the individual res-

onance frequencies were within <0.5% range. This aspect is important for proper dif-

ferential read-out analysis, only sensors with equal mechanical properties should be

utilized for differential readout.

In Figure 8 we report on the quality of the micromechanical resonance spectra of

the cantilevers within the array applying an actuation voltage on the piezo-electric

stack mounted underneath the cantilever array. The frequency response of the

piezo-electric stack was non-linear and showed an increased performance towards

higher frequencies [22]. By driving the piezo-electric stack up to 4 - 5 volts we gener-

ated optimal detectable resonance peaks at higher modes. The actuation settings

normally used for data acquisition were around � 4 volts (range � 0 - 5 volts) and a

gain of 500. The resonance peaks at higher modes could be easily visualised (up to

mode 16 in this publication) whereas in a situation when only thermal ‘noise’ would

be used, natural frequencies higher than mode 2 would not be recognisable. The dif-

ferential signal contribution for specifically measured interactions that change the

mass of the sensors scale proportionally with higher modes. Therefore the imple-

mentation of a piezo-electric stack with the size of the cantilever array mounted dir-

ectly underneath the sensor chip was highly beneficial to boost the sensitivity of the

method [39].
Figure 8 Actively driven cantilever array. The actuation of the piezo-electric stack that was mounted directly
underneath the cantilever chip allowed boosting individual sensor frequency responses. The piezo-electric
stack exhibits a non-linear response towards higher frequencies. Resonance oscillation peaks were amplified
which was enhancing their detectability. Actuation voltages from 2 - 5 volts are shown, the response was
non linear and the y-axis is displayed in a log scale. For routine measurements an actuation voltage around
4 volts with a gain of 500 was chosen.
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Temperature

Static and dynamic mode measurements for an individual cantilever are shown in Figure 9

along with the corresponding temperature recorded through time. Corresponding jumps in

the static and frequency signals are clearly visible as the temperature was increased. This

highlights the sensitivity of the micromechanical method to temperature changes in static

and dynamic mode. In layered structures such as silicon cantilevers coated with noble

metals due to the different thermal expansion coefficients of the silicon and the 2 nm titan-

ium and 21 nm gold layer deposited on the upper surface of the cantilevers (Si: 2.6 × 10−6

K−1, Ti: 8.6 × 10−6K−1 and Au: 14 × 10−6K−1) temperature effects are significant and have to

be considered at all times. In dynamic mode, the shift observed in resonance frequency was

due to the changing properties of the cantilever and the surrounding liquid (most likely by

the change in viscosity) with a change in temperature. At an increased temperature, the

density and viscosity of the liquid decreased resulting in less co-moved mass by the
Figure 9 Static and dynamic response of the cantilever to increases in temperature. The dynamic response
of the 9th flexural resonance mode and static response of the cantilever could be seen to closely track any
changes in temperature over time. Here, two 0.5°C increases in temperature resulted in ~170 nm deflections in
static mode (noise ±15 nm) and frequency shifts of ~75 Hz in dynamic mode (noise ±20 Hz). The insert shows
the averaged absolute frequency shift of the tracked flexural resonance modes 8, 9 and 10. The errors of the
averaged frequency shifts were as large as the symbols.
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cantilever, hence the resonance frequency increased. The flexural resonance mode 9 was

analysed. As a control to investigate the overall drift of the measuring chamber made

from PEEK (thermal expansion coefficient PEEK: 50 × 10-6 K-1) the signal of a solid side

bar [34] was analysed in parallel. The overall drift of the static signal of solid side bar,

equivalent to the drift in the device, for a temperature change of 1°C was within the meas-

urement error of ± 2 nm (data not shown). The inset of Figure 9 shows the average fre-

quency shift for mode 8, 9 and 10 due to a temperature increase of 0.5°C. The sensitivity

was a linear function of mode number indicating that higher modes were more susceptible.

To highlight the importance of differential measurements using reference cantilevers,

Figure 10 shows a plot of the dynamic signal of two cantilevers at the 13th higher mode

at ca. 724 kHz responding to temperature and the differential signal between both can-

tilevers. The differential signal showed the elimination of these environmental effects

using a reference cantilever, considering a homogeneous mixing in the fluid chamber

and no temperature gradient within the chamber. A single cantilever taken on its own

would show a significant change in resonance frequency (indicating a viscosity change)

of 225 Hz whereas the differential signal was 0 ± 30 Hz.
Flow rate

Figure 11 shows a plot of the centre frequencies of two resonance peaks plotted against

time for a range of increasing flow rates. It was observable that there was no frequency

shift as the flow rate increased, nor was there any effect in the noise of the system.

The peak-to-peak noise level of the raw data for mode 9 was ~140 Hz and for mode

10 ~300 Hz. Additionally, the filtered raw data is shown. This makes the dynamic

mode, in particular, also suitable for use in continuous flow experiments.
Sealing of the chamber

Figure 12 shows the average static responses of the all the cantilevers per array to the

flow of liquid at a rate of 10 μl/min for 45 minutes through the chamber sealed with
Figure 10 Differential dynamic mode signal. The plots of cantilevers 1 and 2 showed the change in resonance
frequency of 225 Hz of mode 13 (noise ±30 Hz) of the cantilevers due to an increase in temperature by 0.5°C.
However, the differential signal (green) showed how environmental effects such as temperature could be reduced
through using a reference cantilever, as the differential signal was 0 ± 30 Hz.



Figure 11 Flow rate effects. Two resonance modes plotted against time for a variety of flow rates showed
little change in their frequencies as the flowrate was increased. The peak to peak noise level of the raw data for
mode 9 and 10 was ~140 Hz and ~300 Hz, respectively.
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either the Nescofilm or the O-ring. The sealing introduced an elastic element to the

chamber that induced minimal displacements of the glass cover. These displacements

could affect quality of the optical read-out of the cantilever responses. Considering uti-

lising the differential read-out method eliminated such flow-induced features com-

pletely. Comparing the two sealing methods showed that the read-out of the Nescofilm

seal was less affected by the elastic element, resulting in a more stable signal.
Figure 12 Average static response of all the cantilevers per array to the flow of liquid at a rate of 10 μl/min
(hatched section) through the chamber sealed with either the Nescofilm (blue data) or the O-ring (red). The
optical read-out of the cantilever response was less affected by the less elastic sealing method using the
Nescofilm than using the O-ring. Both methods were applicable for the experiments, as long the sensors
within an array responded in the same way to flow. By applying a differential read-out such flow induced
signals were eliminated.
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Figure 13 shows the individual static response of 6 cantilevers to the insertion of

10 μl liquid with a flow rate of 2 μl/min (hatched section). Pulling or pushing the liquid

through the chamber resulted in a comparable response of the sensors (data not

shown). The individual static mode data of the cantilevers featured a noise of ±3-5 nm.

The selected flow rate together with the minimal required amount of liquid are key for

a maximal stable signal of the sensors.

Volume of injected samples

Figure 14A shows a plot of sample volume against valve opening time and clearly

highlighted how adjusting the opening time of the valve could control the volume

injected. Here volumes from 4 μl to 5 μl could be injected by varying the opening time by

10 ms at 100 mbar with an initial sample volume in the reservoir of 80 μl. If finer control

of the injected volumes is required, then the reservoir pressure can also be adjusted.

While Figure 14A shows slight variation around the trend line, it does not give an in-

dication of the reproducibility of the injection volume using set parameters. A series of

ten 500 nl volumes (at 100 mbar) were injected and their volume plotted against drop-

let number (shown in Figure 14B). Excellent reproducibility was demonstrated as the

coefficient of variation (CV) for this series of droplets was 1.3%. A video highlighting

the injection and exchange of the solution in the measurement compartment is shown

in (Additional file 1).

Viscosity

Figure 15 shows the flexural resonance frequencies of modes 9, 10 and 11 of one canti-

lever and further demonstrates the sensitivity of the cantilevers to changes in its immedi-

ate environment. A stable frequency was recorded when a 5% glycerol solution (1.055 cP)

was static in the measurement chamber. After the injection of a 10 μl volume of 12%
Figure 13 This plot shows the individual static response of 6 cantilevers to the insertion of 10 μl liquid
with a flow rate of 2 μl/min (hatched section). This setting guarantied a full exchange of the liquid in the
chamber and offered a maximal stability of the sensors (noise level of ~3-5 nm for each cantilever).



Figure 14 Precision sample dosage. A) This plot shows the dependence of the injected volume on the opening
time of the injection valve. Droplets between 4 μl and 5 μl could be created by varying the opening time from
31 ms to 40 ms. B) A plot showing the reproducibility of a series of 500 nl injections into the chamber. A
coefficient of variation of 1.3% highlighted the excellent reproducibility of the injections.
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ethylene glycol solution (1.257 cP), a frequency decrease of ~385 Hz for mode 9, ~575 Hz

(mode 10) and ~810 Hz (mode 11) could be observed. Upon flushing the measurement

chamber again with the 5% glycerol solution, the frequency could be seen to recover to its

previous stable value. This highlights the sensitivity of higher modes of the cantilever

array to changes in viscosity in its surroundings with constant density.
Figure 15 Viscosity effects. A stop flow experiment highlighting the effects of viscosity on frequency. A stable
frequency was measured initially for 5% glycerol solution before the injection of a 10 μl volume of 12% ethylene
glycol (injection took place in the hatched blue section). The frequency shifted towards lower frequencies for all
modes (mode 9 by ~385 Hz, mode 10 by ~575 Hz and mode 11 by ~810 Hz) due to the increased viscosity. The
frequency recovered to its previous values after flushing with 100 μl of 5% glycerol solution (hatched red section).
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In Figure 16 the scaling of the sensitivity by applying higher resonance modes was

demonstrated. The 1st resonance peak of the cantilevers in water was oscillating at

542 Hz whereas the same mode in ethylene glycol vibrated at 538 Hz. This shift of

4 Hz was barely visible considering the thermal noise of the measurement. The second

mode showed a shift of
e

170 Hz from 5068 Hz down to 4916 Hz, also here the noise

within the measurement was affecting the analysis. In the inset we show the same viscos-

ity change measured at the 13th mode
e

688 kHz, when the liquid was changed to 12%

ethylene glycol the frequency shifted by 4 kHz and was easily detected. Here actuating the

piezo-stack with � 4 volts and amplifying the signal with a gain of 500, as in other experi-

ments, enhanced the oscillation and the subsequent analysis. Furthermore according to

the simple harmonic oscillator model the acquisition time in the first modes (e.g. 640 Hz)

has to be considerably longer than in higher modes (e.g. mode 10 at 395 kHz), by factor

up to 25x, in order to let the cantilevers reach the steady state condition [40].
Density

Figure 17 shows the effect of changing fluid density on the 9th flexural resonance mode

of the cantilevers. A stable frequency was recorded when the 5% glycerol solution

(1010 kg/m3) was static in the measurement chamber. After the injection of a 10 μl vol-

ume of 5% ethylene glycol solution (1003 kg/m3), a ~115 Hz frequency shift could be

observed for all cantilever shown. Upon flushing the measurement chamber with the

5% glycerol solution, the frequency could be seen to recover to its previous stable

values. The increase in resonance frequency was due to the decrease in density and

hence the reduction in virtual mass moved by the cantilever.
Figure 16 Viscosity effects. Thermal noise spectrum of 0 – 18 kHz is shown. The natural frequencies were
shifting upon increasing the viscosity of the solution surrounding the cantilevers. The first mode shifted by
4 Hz whereas the second mode shifted by 170 Hz. The shifts could only be estimated when the signals
were fitted with a Lorentzian function and remained elusive. Measuring at a higher mode e.g. mode 13,
(the shift for the same viscosity change by 0.257 cP) resulted in a frequency shift of 4 kHz. The frequency
noise in the measurements shown was in the order of 10 Hz.



Figure 17 Density effects. A stop flow experiment highlighting the effects of density on frequency. Modes
9 of 4 cantilevers are shown. A stable frequency was measured initially for 5% glycerol solution before the
injection of a 10 μl volume of 5% ethylene glycol (injection in the hatched blue section). The frequencies
shifted by ~115 Hz in all sensors due to the decreased density of the solution and hence a lower virtual
mass moved by the cantilevers (inset). The frequencies recovered to their previous values after flushing with
50 μl of 5% glycerol solution (hatched red section).
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Biological assay

A biological assay was introduced to compare the results obtained with the new opti-

mised measurement chamber to previous results where mass changes upon biological

interaction were evaluated [36,3,11,39,37,5,22,16,15,12,21]. The response of four sensors

functionalised with biotin-terminated self-assembled monolayers, a ligand interacting

firmly with the protein receptor streptavidin, was utilized. To enhance the mass load

the streptavidin was covalently coupled to polystyrene spheres with an average diameter

of 810 nm and an individual mass of
e

280 fg. In Figure 18A the raw data of the fre-

quency evolution of the eight micromechanical sensors is shown, whereas in 18B the

differential mass-load after subtraction of the changes in the reference sensors is pre-

sented. After an initial equilibration of the functionalised cantilever array in a PBS buffer

solution at pH 7.4 a 10 μl volume containing 3.42 × 108/μl streptavidin beads was injected

into the measurement chamber and the solution stopped for 10 minutes. During this time

the beads could diffuse freely within the measurement chamber containing the sensitised

cantilever array. As an in situ control four cantilevers were functionalised with a hydroxyl

terminated self-assembled monolayer, which normally repels biological interactions. Since

the cantilevers were only functionalised with gold on one side of the sensor, to enable

static mode measurements, the sidewalls and the backside of the sensors remained uncov-

ered and exposed bare silicon. After a rinse of the sensors with PBS buffer at a speed of

10 μl/min the frequency shifts were evaluated. Both sets of cantilevers, the biotin- and the

hydroxy-functionalised ones, experienced a frequency decrease indicating a binding of the

streptavidin spheres. The specifically functionalised biotin sensors showed a frequency de-

crease of ~270 Hz (i.e. ~1.29 ng), a larger shift of 40 Hz (180 pg) than the in-situ reference

levers that shifted only by ~230 Hz (~1.11 ng) in the 10th vibrational mode. The frequency



Figure 18 Specific biomolecular recognition of streptavidin functionalised polystyrene spheres with biotinylated
cantilever sensors. Green hatched areas depict flow of liquids at 10 μl/min. A) Frequency response of the
cantilever arrays. The response of four biotin functionalised sensors was averaged and the response of the four
hydroxyl functionalised sensors that act as an in situ reference was averaged as well. At t = -2 min 10 μl containing
3.42x 108/μl of beads were injected for two minutes, this ensured the complete mixing/exchange of the beads in
the measurement chamber. During the subsequent 10 minutes the cantilevers were exposed to the beads (light
blue area) without flow. Beads were diffusing and were binding onto the sensors. After a fast initial mass uptake at
45 pg/min the curve was showing saturation with a reduced speed of ~10 pg/min. The biotinylated sensors
experienced a differential frequency shift of 540 Hz. At t = 10 min the solution of the beads was rinsed out of
the measurement chamber for 20 minutes and the flow stopped again. During rinsing unspecifically bound
beads dissociated and the measured frequency shift corresponded to 270 Hz on the biotinylated sensors
whereas on the hydroxyl functionalised sensor the reduction in frequency measured 230 Hz. B) Differential
readout of specific mass uptake of the streptavidin functionalised spheres. The raw data is shown as dots in
the background, the data filtered with the Savitzki–Golay filter shown as a continuous line. Data for all the
eight sensors in liquid at the tenth higher oscillation mode were continuously recorded. The data acquisition
for all eight sensors took 50 seconds, then the next measurement point was added. Due to the differential
analysis data acquired during flow was noisier than data measured in phases where the flow was stopped.
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noise in these measurements was in the range of 10 Hz corresponding to a differential

mass noise of approximately 50 pg. This represented a increase in sensitivity of a factor 10

compared to the initial measurements in 2005 [36]. It is important to note that both sen-

sors picked up mass during the experiment. With the in situ reference unspecific contri-

butions to the changes in mechanical parameters e.g. streptavidin beads binding to the

silicon surface of the backside of the sensors can be eliminated in real-time. In Figure 18B

the specific mass uptake is presented. The mass noise was in the order of 50 pg. During

the flow and incubation of the sensors in PBS buffer only, no significant changes could be

observed. Upon injection of the 3.42 × 109 streptavidin beads (810 nm diameter) and their

incubation in the chamber with the flow stopped, the mass was rapidly increasing and

started to saturate after 10 minutes. During this phase of the experiment the frequency re-

sponse was noisier due to laser scattering. After rinsing the beads out of the chamber it

was noticed that about half of the added mass was lost, but could be attributed to strepta-

vidin spheres that might have been bound in clusters without interacting with biotin on

the sensor surface due to molecular recognition. After the rinse the differential signal

started to equilibrate at a value of ~180 pg of gained mass. With a polystyrene density of

1.05 g/cm3 this mass change amounted to 640 beads bound specifically to the biotinylated

sensor interface covering 0.6% of the sensor surface. If the same experiment had performed

at the first oscillation mode at 640 Hz, the shift in the frequency would correspond to 60

mHz requiring a frequency resolution of 15 mHz (in Figure 16 the frequency resolution is

at 100 mHz). The small volume of the liquid system and the chamber enables minute in-

jections within minutes and the optimised actuation and read-out of the sensor higher

mode response allows precise evaluation of specific events happening at the interface.
Conclusion
A completely automated device for readout of the dynamic and static response of canti-

levers in a physiological environment is presented. The device enabled the local injec-

tion of sub microliter volumes of sample with excellent repeatability. Reducing the

sample volume from previously hundreds of μl [22,41] to a few μl enables the ability to

generate larger volumes of data from the same total sample volume and hence the con-

servation of precious samples. We investigated the effect of the chamber seal on the

nanomechanical measurement with either a thin membrane or a conventional O-ring.

Both sealing methods are valuable for all liquid experiments and create a 4 μl measure-

ment chamber which requires approximately 10 μl of liquid for full exchange. A slow in-

jection speed (2 μl/min) is recommended in static mode measurements to minimise

hydrodynamic bending of the sensors. The complete automation of the device including

laser focusing allows the greatest resolution possible from experiment to experiment and

reduces error due to user interactions. A series of experiments demonstrating the re-

sponse of the cantilevers to external stimuli (temperature, viscosity, density, flow rate)

highlight the sensitivity of the device. The difficulty of deconvoluting unambiguously rele-

vant biological events in measurements using a single nanomechanical sensor is

highlighted when one considers any sample introduced to the sensor may have a slight

variation in temperature/viscosity/refractive index to the buffer fluid. It also serves to em-

phasise the importance of the use of in situ reference cantilevers to decouple biologically
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relevant metrics from environmental effects in real-time as shown when cantilevers are

used as specific biosensors.

Additional file

Additional file 1: Movie of liquid exchange in cantilever array measurement chamber. The exchange of
liquids in the measurement chamber as observed with video microscopy. To exchange the complete liquid
volume of the chamber a volume of 10 μl and an injection speed of 10 μl/min was chosen. After one minute the
color of the liquid within the chamber is changed to a full intensive orange color (food dye) demonstrating
exchange of the liquid. To rinse the chamber a pumping speed of 50 μl/min is chosen. After 100 μl respectively
two minutes the chamber volume again appears completely transparent.
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