LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH | TRINITY COLLEGE LIBRARY DUBLIN
Ollscoil Atha Cliath | The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin
Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other IPR
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal
conventions. Where specific permission to use material is required, this is identified and such
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, | accept that Trinity College Dublin bears no legal responsibility for the
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific
use constraints, details of which may not be explicitly described. It is the responsibility of potential and
actual users to be aware of such constraints and to abide by them. By making use of material from a
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms &
Conditions. Please read them carefully.

| have read and | understand the following statement: All material supplied via a Digitised Thesis from
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for
your research use or for educational purposes in electronic or print form providing the copyright owners
are acknowledged using the normal conventions. You must obtain permission for any other use.
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has
been supplied on the understanding that it is copyright material and that no quotation from the thesis
may be published without proper acknowledgement.



CRANN

A Microcantilever-Based, Dual-Mode,
Quantitative Sensing Platform for the

Investigation of Biological Interactions

Thesis submitted to the
University of Dublin
for the degree of
Doctor in Philosophy

Jason Jensen

Supervisor:

Prof. Martin Hegner

School of Physics,
Trinity College Dublin

and

Centre for Research on Adaptive
Nanostructures and Nanodevices

February 2013



TRINITY COLLEGE
2 & MAY 2013

LIBRARY DUBLIN

(hasia 9975




Declaration

I declare that this thesis has not been submitted as an exercise for a degree at this or

any other university and it is entirely my own work.

I agree to deposit this thesis in the University’s open access institutional repository or
allow the Library to do so on my behalf, subject to Irish Copyright Legislation and

Trinity College Library conditions of use and acknowledgement.

oA

Jason Jensen

February 1, 2013

11



AR
e "“;:I'.".' LR q
rif,

I T

ikl af g Sheae 10
Hy

s LT B T
. .

S

Tl -~

- g B . N
B ) o 1l o R ‘. A i

. i 5 i n - - LI -
B e L L i.).u.'.'_"'-_f.nL'..;:Ju:_l._.i.‘u e T 1 L = oy T



Summary

Since the introduction of the atomic force microscope (AFM) and the subsequent
availability of high-quality cantilevers the interest in the application of
microcantilevers as biosensors has increased vear-on-year. Much of the work using
these sensors involves working in either the static or the dynamic mode, however
there is little work described in the literature involving the use of the two modes in
parallel. This thesis describes the development of a dual-mode microcantilever-based
sensing platform for applications of quantitative biosensing in a liquid. Due to the
large damping of the liquid the application of the dual-mode device for the detection
of small biomolecules in low concentration requires the use of a mass label which can

increase the sensitivity of the device.

Dual-mode cantilever array device

This section describes the development of a cantilever-based sensing platform capable
of the measurement of both the static and dynamic responses of a cantilever array
containing eight cantilevers with a length of 500 pm, a width of 100 pm, and a centre-to-
centre spacing of 250 pm in a physiological liquid environment. The device incorporates
a laser mounted on a 2D automatic translation stage which provides readout from the
eight cantilevers sequentially by the optical beam deflection technique. The resolution
of the static mode is on the order of 1 - 2 nm and in the dynamic mode it is possible
to measure up to the 19" Hexural resonance mode of vibration. The entire device is

controlled and managed via a user-friendly LabVIEW environment.

Compressible fluid model verification

The qualitative agreement between the predictions of the compressible fluid model
developed by Van Eysden and Sader and experimental observations of the Hexural
resonance frequencies and Q factors of 2 and 7 pm thick cantilevers vibrated in air is
presented. The prediction that the Q factor of a vibrating cantilever can decrease after
a specified critical resonance mode 1s verified. The observed resonance frequencies and
Q factors were lower than the predicted values and this is attributed to the design of

the hinged section of the cantilevers.
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Protein aggregation and Parkinson’s disease

Using the dynamic mode it was possible to detect the aggregation of the protein a-
synuclein, which is a protein relevant in neurodegenerative discases such as Parkinson’s
Disease, on the surface of a 1 pm thick cantilever in a guantitative and label-free
manner. A total mass of 6 ng of a-synuclein was detected over nine hours on the surface
of the cantilever. The result is compared to conventional Huorescence measurements
of a-synuclein aggregation under similar conditions. It is found that the label-free
cantilever detection method requires a concentration of protein 50 times smaller than
that of the current method and indicated potential for significantly faster respounse

times.

Mass label experiments

Initial experiments with mass labels and oligonucleotides (oligos) demonstrated the
successful detection of oligo-functionalised nanoparticles (NPs) with diameters of 12.3
nm and 50 nm with total mass uptakes on the surface of the cantilever of 12 £3.5 ng and
1.5 +£0.3 ng respectively. The successful detection of the hybridisation of biotinylated
oligos using the static mode and the subsequent detection of the binding of streptavidin-
functionalised polystyrene beads to the hybridised biotinylated oligos resulting in an
average mass uptake of 1.1 £0.2 ng on the cantilevers is also described. Boundary
streaming on the surface of the vibrating cantilevers is found to affect the resonance
frequency shift observed depending on the size of the mass label used.

The detection of binding of anti-biotin antibody-functionalised magnetic beads to
a biotin self-assembled monolayer (SAM) on an Au coated cantilever array resulting
in an average mass increase of 3.0 £0.3 ng is presented. This measurement represents
the final step towards the development of a full assay for the detection of
mflammation proteins from liquid samples using antibody-functionalised magnetic

beads and cantilever arrays.
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t time.
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Chapter 1
Introduction

The 1mprovement of silicon fabrication technologies over the last few decades and
the introduction of the atomic force microscope (AFM) [1] created the availability of
high-quality, reproducible, and relatively inexpensive silicon cantilevers. Starting in
the mid 1990s [2-6] the interest in applying these micron-scale cantilevers in sensing
applications other than AFM has increased year-on-year. The versatility and sensitivity
of these sensors has led to a broad range of sensing applications as described recently
in several excellent review papers [7, 8]. The use of cantilevers as transducers in
biosensors provides many interesting and potentially lucrative applications in clinical

and industrial settings.

1.1 Nanomechanical Sensors

Nanomechanical sensors, and cantilevers in particular, have found applications in many
areas including mass, chemical (liquid and vapour), and humidity sensing in addition
to surface stress and thermal effect measurements among others (9, 10].

The cantilevers used most frequently are fabricated from silicon because the
manufacturing technology is well established by the semiconductor industry and
allows for reproducible, high precision fabrication. The size of the cantilevers used
range from sub-micron to hundreds of microns in length with a similar range of
thicknesses, in single or arrayed format. Fig. 1.1 shows a typical array of eight silicon
cantilevers used in the work presented here. The resonance frequencies of the
-antilevers in this type of array vary by only 0.5% [9] and they can be manufactured
in bulk to reduce the cost per array significantly.

The use of a reference in sensing applications involving cantilevers is essential. As
suggested above, the cantilever can respond to virtually any stimulus and the careful
preparation of reference cantilevers is required if the correct deductions are to be taken
from the recorded response. The use of an array such as the one shown in Fig. 1.1 allows

the inclusion of multiple tests and n situ references in one experiment. This greatly
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Figure 1.1. A typical cantilever array used in the work presented here. The arrays

are fabricated from silicon in the IBM Rescarch Laboratory at Riischlikon, Zurich.
The array contains eight cantilevers with a length of 500 pm, width of 100 pm and a
thickness of 1 pm. The centre-to-centre spacing of the cantilevers is 250 pm. The arrays
are available with or without protective sidebars. The arrays can be fabricated with
a range of cantilever thicknesses between 500 nm and 7 pm depending on the desired
sensing application. Multiple cantilevers in an array allows for several experiments with
in situ references to be performed simultancously on the same small sample volume.
Image adapted from [11].

increases throughput and ensures that unwanted responses of the test cantilevers can
be accounted for (e.g. thermal drift).

There are two basic operational modes of a cantilever based sensor, the static mode
and the dynamic mode which will be described in detail in Section 1.2 and Section
1.3. Most applications deal with only one of the modes of operation; however sensing
devices have been designed that can provide readout from both modes simultaneously
[11-13].

Laser beam detlection [14] was introduced quickly after the development of the AFM
as a method to measure the response of a cantilever and is the most common detection
method in use today. There are, however, many other possible methods that allow the
monitoring of the response of a cantilever including interferometry [15], capacitive [16],

and piezoresistive [17].
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1.1.1 Nanomechanical Biosensors

Nanomechanical cantilever sensors have been widely applied in the field of biology
due to their versatility and easy functionalisation with a broad range of chemical and
biological molecules. The sensor can be operated in liquid [18] which allows detection
of the target molecules in a physiological environment, providing useful insights into
biological processes.

Within a short time of the initial work using cantilevers as sensors Fritz et al.
showed that it was possible to detect a single base pair (bp) mismatch between two 12-
mer oligonucleotides (oligos) in a label-free manner using a cantilever array operated in
the static mode [19]. This sensitivity combined with the potential for easily upscaling
the number of cantilevers in an array has led to widespread interest in the area of
DNA-binding and genomics involving cantilevers [20-25] with the vast majority of the
applications using the static mode.

The label-free capabilities of microcantilever based detection offer an attractive
advantage over many other detection methods employed in more traditional or
standard biological assays such as fluorescence based methods which require the
target to be marked with a label. In this manner cantilevers are used in applications
for the detection of proteins [26], as immunosensors [27], and for the investigation of
membrane protein-ligand interactions [28].

Another biological area where cantilevers have found an application includes the
detection of micro-organisms such as viruses [29, 30] and bacteria [31, 32]. It is also
possible to perform bacterial and fungal growth detection measurements using
cantilever arrays [33-36]. Here the cantilever is coated with a thin layer of agarose
which 1s loaded with nutrients in the same way as a standard petri dish. The growth
of the fungal spores and the resulting mycelium along the cantilever affect the
resonance properties of the cantilever and allow the growth to be detected quickly in
a quantitative manner [36].

The biological applications of cantilevers mentioned above are just a few examples
of what is possible. The versatility of functionalisation of the cantilever array allows
detection or measurement of virtually any biomolecule once a suitable functionalisation
is possible. With applications in biology on the rise for cantilevers it is worth noting
that special care must be made to employ one or more suitable reference and control
cantilevers in the measurement or detection scheme if the correct deductions are to
be made from the signals obtained. Also, the passing of the functionalised cantilever
through a liquid-to-air interface should be avoided if the aim of the measurement
Is to investigate the interaction between biological molecules as the functionality or
conformation of the molecules may be altered or damaged. In addition, passing the

cantilever from a salt-buffered solution to air will invariably lead to the formation of
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sait crystals on the surface of the cantilever which may lead to misinterpretation of the

results obtained. Thus, the ‘dip and dry” method should be avoided.

1.1.2 Competing Technologies

There are many different types of nanomechanical sensors which operate under more
or less the same basic principles as the cantilever sensor. These include
trampoline-shaped resonators [37], paddle-shaped levers  [38, 38], membrane
resonators [39], doubly-clamped beams [40], and nanowires [41, 42] amongst others.

A novel approach to overcome the challenges associated with operating a cantilever
in a liquid environment for biological applications has been developed by the Manalis
rescarch group at MIT whereby the liquid is owed through a channel in a vacuum
packed cantilever. The suspended microchannel resonator combines microfluidics with
resonating detection to allow impressive mass resolution of 1 fgin a 1 Hz bandwidth [43]
with label-free biodetection possible [44]. The suspended microchannel resonator allows
a series of measurements to be performed on individual cells in an automated manner
(like flow cytometry) providing information such as the weight [43], and density [45] of
the cells. Density measurements of individual cells has applications in distinguishing
between unhealthy and healthy cells for various discases including sickle-cell anemia
and leukemia [45]. Direct monitoring of the growth of mammalian cells over multiple
generations is also possible [46].

Despite the range of other available nanomechanical sensors, many of them have
similar advantages and disadvantages as the cantilever-based sensor.  With the
exception of the suspended microchannel resonator all of the devices will suffer from
additional damping if working in a liquid environment. For resonating detection the
limit of detection is related to the total mass of the sensor; so as with cantilever
based sensors moving to a smaller size will increase the sensitivity of the sensor. The
overall sensitivity of some of these sensors can be impressive in vacuum, with mass
sensitivity approaching that of an individual proton (1.7 yg = 1.7 x10~*' g) using a
carbon nanotube resonator [47]. However, relatively little work has been performed
with these resonators in liquid. The cantilever array allows casy functionalisation of
individual cantilevers via capillary immersion (discussed in more detail in Section 3.4)
whereas for doubly-clamped beams or nanowires individual functionalisation may not
prove to be as trivial.

The main rival to nanomechanical sensors in general is the quartz crystal
microbalance (QCM) [48] which has already achieved commercial success with more
than twenty different devices available from eleven manutacturers in 2010 [49]. As
QCM has become more accepted as a standard measurement device the number of

publications relating to QCM listed per vear on the ISI Web of Science has risen from
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just under 100 in 2001 to well over 500 in 2010 [49].

The QCM is a mechanical resonator with a size on the centimeter scale which is
capable of mass sensing. As the name suggests the device is based on the piezoelectric
properties of a quartz crystal and when an AC voltage is applied to the crystal a
standing shear wave is established. QCM derives its sensitivity from the high frequency
and Q factors associated with the shear motion which is only weakly coupled to the
surroundings and so suffers from little damping effects.

While QCM has its origins with gas sensing and thin-film deposition it has been
increasingly applied to the biosciences as the increase in the number of biology related
QCM publications indicates [49], with much of the work involving small molecules,
protein adsorption, and immunoassays.

The sensitivity of the QCM to protein adsorption is in the nM range when operated
in liquid [50, 51]. This can be improved to fM sensitivity by using ‘dip and dry’
methods [50]. This compares favourably with cantilever based sensors which have
reported sensitivity down to 0.3 pM in liquid [50, 52]. Thus, cantilever based sensors
are potentially more sensitive than the more well-established QCNM, but work must be
done in order to establish cantilever sensors as a commonly used tool in biology, as

described in the review by Calleja et al. [8].

1.2 Static Mode

In the static mode the deflection of the cantilever. caused by a differential surface
stress, 1s measured with respect to time. The cantilever is typically coated with a
functional monolayer on one side and passivated against the target molecule on the
opposite side. The bending is induced by adsorption of the target molecule onto the
functional layer [9]. The bending response of the cantilever is caused by stress at
the interface between the adsorbed and functional layers [9, 10]. This stress can be
generated by a number of interactions including volume expansion of the functional
la)v'cr, steric hindrance, changes in the structure of the functional layer, charge effects,
or a combination of these effects. The cantilevers used in static mode experiments are
fabricated with a very low elastic spring constant to ensure that the smallest forces

possible are detectable.

1.2.1 Static-Mode Detection

There are two main types of static measurement that can be recorded using the laser
beam deflection method [14]. The first and most common method is to record the
deflection of the cantilever by taking a single measurement of the deflection at the tip

of the cantilever. The other is to take multiple measurements, or a scan, along the
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length of the cantilever to establish the full bending prolile of the cantilever.

Measurement from the Tip of the Cantilever

The tip method has the advantage that it is very fast and allows more measurements to
be obtained in a shorter period of time and is thus suitable for monitoring the bending
of the cantilever in experiments where a fast interaction between the cantilever and
the target is expected. The speed of this method typically allows a greater number
of samples of the bending to be taken during cach measurement which reduces the
noise of the measurement. However, this method does make the assumption that the
cantilever bends with a uniform curvature.

Laser beamn deflection is used to measure the bending from the tip of the cantilever
as shown in Fig. 1.2 and the deflection of the laser beam on the surface of the position
sensitive detector (PSD) can be related to the bending of the cantilever by a calibration

factor G based on the geometry of the path of the laser beam.

PSD

d rSsD

Figure 1.2. A schematic of the static-mode bending of a cantilever and readout using
laser beam deflection. The laser beam is deflected from the surface of the cantilever
and a small change in the bending of the cantilever results in a change in the position of
the laser spot on the surface of the PSD. The change in the bending Az can be related
to the change in the spot position As by a calculation based on the geometry of the
laser path.

The application of a bending moment M to the free end of the cantilever causes a
small deflection of the cantilever by an amount Az, through an angle ©, which can be
defined by [53]

ML

©
El

(1.1)
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and
i MIL?

= DR

where L is the length of the cantilever, E is the Young’s modulus, and 7 is the moment

Az (1.2)

of inertia of the cantilever. By combining Eq. 1.1 and Eq. 1.2 the small deflection Az

becomes

Az = —. (1:3)

If the bending angle © of the cantilever is small then the angular deflection of the

laser beam will be equal to twice the angular change of the cantilever, and

As

26 =
dpsp

(1.4)

where As is the change in the position of the spot on the PSD and dpgp is the distance
between the cantilever and the PSD as shown in Fig. 1.2.
When Eq. 1.2 and Eq. 1.4 are combined a relation between the change in the spot

position on the PSD, As, and the bending of the cantilever, Az, is obtained

o= LAs = GAS (1.5)
ddpsp
where G = L/4dpgsp is the calibration factor.

Thus, the bending of the cantilever can be easily obtained from the motion of the
spot on the surface of the PSD. This calibration factor is based entirely on the geometry
of the path of the laser and requires accurate measurement of the distances and angles
mvolved. It is possible to find the calibration factor by obtaining a thermal noise
power spectrum from the cantilever and using the equipartition theorem to relate the
total potential energy of the cantilever to the mean square deflection of the cantilever
caused by the thermal vibrations [54]. This allows an easy measurement of G for a

given geometry, provided the spring constant of the cantilever is well known.

Measurement of the Line Profile of the Cantilever

This method has the advantage that more information about the local strain on the
surface of the cantilever and the true bending of the cantilever surface can be obtained.
However, the method is typically significantly slower than the tip measurement method
as more measuretients per cantilever are required to establish the profile. This method
also requires a laser which is moveable in two directions in order to obtain the bending
profile of several cantilevers in an array.

As shown in Fig. 1.3 the laser is scanned along the length of the cantilever in the x
direction. The bending profile of the cantilever in the z direction, z(x), can be obtained

by relating the local slope of the cantilever surface to the position of the laser spot on



8 1.3 Dynamic Mode

dpsp

Figure 1.3. A schematic of the static mode bending of a cantilever and line profile
readout using laser beamn deflection. The laser beam is scanned along the length of
the cantilever in the = direction resulting in a change in the spot position on the PSD
s(x). The bending profile of the cantilever z(x) can be derived from the change in spot

position s(x).

the surface of the PSD, s(x) [55].

The local slope of the cantilever surface causes a change in the position of the laser
spot on the surface of the PSD, however the motion of the laser along the length of
the cantilever also contributes to the change in the position of the spot, thus [55]

dz(x)

2(]/)5/)7 + xcos 3 (1())

[12

s(x)

where 3 is the angle between the incident laser beam and the normal to the cantilever
when it is straight. The second term in the above equation accounts for the motion of
the laser during the profile measurement. Hence, the cantilever profile can be obtained

by integration of Eq. 1.6,

1 1IN
b= TR / s(z')dx' — = Y cosp. (1.7)
24psSp . apsp
0

1.3 Dynamic Mode

In the dynamic mode changes in the resonance frequency of the cantilever, due to
changes in the physical properties of the cantilever or surrounding medium, are

measured with respect to time. Typically the cantilever is vibrated at one of its
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resonance  frequencies and  can be used as a very  fine  microbalance. The
eigenfrequencies (the free vibrational frequencies in vacuun, different from the
resonance frequency, see Section 1.3.2) of a cantilever depend on the the mass of the
cantilever and the mass bound to it. The cantilever is typically coated with a
functional layer on one or both sides. Therefore, as material binds to the functional
layer a change in the properties of the cantilever occurs which is reflected i the
frequency observed. Detection of mass changes of as little as 1 ag have been reported
[29].

In addition to mass sensing, a cantilever operated in dynamic mode can be used
to characterise Newtonian fluids [56]. The resonance frequency of a cantilever depends
on not only the mass bound to the cantilever, but also the viscosity and density of the
fluid in which it is vibrating. Any change in these factors results in a change of the
resonance frequency (shifts or damping).

The majority of the work presented here involves the vibration of cantilevers in a
liquid environment, where both the surrounding fluid and the target can affect the
properties of the cantilever. There are many known challenges when operating a
cantilever sensor in a liquid environment, especially in dynamic mode. In particular
the large damping caused by the liquid causes low Q factors (see Section 1.3.1) and
thus lowers the sensitivity. The added mass of the liquid co-moved with the cantilever
when it vibrates causes the effective mass of the cantilever to increase. and thus also
lowers the sensitivity of the sensor. However, by operating the cantilever at its higher

resonance modes some of the sensitivity can be regained, as discussed in Section 1.3.3.

1.3.1 Quality Factor

The quality factor or Q) factor is a dimensionless parameter that is used to describe the
damping of a resonator, or equivalently, to characterise the bandwidth of a resonator
relative to its centre frequency.

" For a damped resonator, such as a cantilever or an RLC circuit, the Q factor can

be defined as [57] - -
Jnerqy storec

=3 (1.8)

T :
Enerqgy lost per cycle
The Q factor can be equivalently defined as the ratio of the centre frequency, f., and

the bandwidth, ¢ f, for high Q factors [57]
Q== (1.9)
which can be measured from the amplitude-frequency spectrum of the vibration.

From the bandwidth definition of the Q factor, it is obvious that the higher the Q

factor of a resonator the sharper the amplitude response and thus a sharper resonance
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peak is formed in the frequency spectrum. For applications that involve tracking the
frequency of the resonator this simplifies the feedback control electronics, minimises
the perturbing effect of the drive electronics, and provides a high resolution [58]. A
high Q factor also indicates that the resonator is weakly coupled its surroundings which
gives high accuracy and long-term stability [58].

In order to understand how the Q factor of a cantilever can be affected it 1s useful
to consider the dissipation, which is defined as the ratio of energy lost per cycle to
the energy stored i.e. 1/Q. The dissipation can be described as the sum of various

contributions of energy dissipation in the system [7, 58 60], as follows

1 Z 1 1 a 1 | i 1 1
(2 (21 (JI'IHHI]) (;,)v'/s (2111:1f (Jf/u rmo (znf/u P

i

(1.10)

where 1/Qcamp 1s the energy dissipation into the base due to the clamping of the
cantilever [58, 61], 1/Q.is is the dissipation due to viscous and acoustic cffects with
the surrounding medium [58, 62], 1/Q,,. is the dissipation due to internal material
damping [58, 59], 1/Qhermo is the dissipation due to thermo-elastic damping [58, 60,

63, 64], and 1/Quner 1s the dissipation due to other effects.

1.3.2 Mass Detection in a Liquid Environment

The dynamics of microcantilevers operating in liquid are well documented in the
literature both theoretically [62, 65-71] and experimentally [56, 67, 72] due to the
importance of understanding their behaviour for use with AFM. The model, upon
which the data analysis software NOSEtools [73 75] used in this project is based, is
described in detail in Braun et al., 2005 [67].  An outline of the model will be
presented here.

The equation of motion of a cantilever in a vacuu is given by (modified from
reference [76], see also reference [67])
il it Pl 1)

4, s
QD) o S T d B | (1.11)

El—
0 ot L ot?

where £ is Young’s modulus, / is the moment of inertia, C’y is the intrinsic damping
coctlicient per unit length, m, is the mass of the cantilever, L is the length of the
cantilever, u (x,t) is the deflection of the cantilever perpendicular to its surface, @ is
the coordinate along the cantilever, and ¢ is time.

When a cantilever is vibrated in a liquid there are several factors which are not
present in a vacuum that must be taken into account. The first is that when the
cantilever is driven it is no longer only the mass of the cantilever which must be

accelerated, a specific mass of liquid () will also be accelerated with the cantilever
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beam. This results in an additional inertial force acting on the cantilever. The second
1s that because the liquid is not an ideal fluid the cantilever will experience a dissipative
force per unit length that is proportional to the velocity of the cantilever.

When these additional forces, and the driving force applied by the piezoelectric

actuator (F(x,t)), are taken into account the equation of motion of the cantilever is

Nu(z,t)
dn

Ou (x,t) L + my Pu (x,t)

ET
ot L ot?

+ (Co + Cy) =izt (1.12)
where (), is the dissipation cocflicient.

In order to solve the equation of motion completely m; and (', must be determined.
By letting

u(t) = uge?™ ! L. 15)

the resonance frequencies, f,, can be determined from the complex solutions of

Eq. 1.11.

; 1 2 5 4
fu= e (Vs nfsf =2+ (114
where the damping factor, v (with dimension of inverse time). is defined by
Co+Cy _
v = = (1.15)

Y (2/L) (me+ my)

and f; is the fundamental eigenfrequency in a vacuum in the absence of damping, with
the mass concentrated : » point (like a simple har ic oscillator).!
1 mass concentrated at one point (like a simple harmonic oscillator).

The f, are equal to the resonance frequencies of a damped harmonic oscillator
except for the «v,, term. «,, is the nth positive root of 1 + cos «,, cosh«,, = 0 and is
related to the eigenvalues of the modes («v; = 1.875, vy = 4.694, ..., o, = 7 (n — 0.5)).

“When the rectangular shape of the cantilevers is taken into account, the
eigenfrequencies of a cantilever with a distributed mass in the absence of damping are

given by

a2 k
o = —y | ——————— 1.16
Jo 2r \/ 3 (m. + my) ( )

where k= 3FE1/L? is the spring constant.
The resonance frequency, f,, measured as the maximum of the amplitude response

in depedence on driving frequency (the resonance peak) can be related to fg, by

(1.17)

IThe eigenfrequency is the free vibration of the cantilever in the absence of damping given by

. {=] o

Eq. 1.16, whereas the resonance frequency refers to the maximum of the amplitude response of the
cantilever when vibrated in the liquid.
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If extra mass (Am) binds to the surface of the cantilever uniformly then the total
mass (Myotar) 1s given by

Miotal = Me + My + Am (1.18)

Assuming the spring constant, k&, does not change then Eq. 1.16 can bhe modified to

become

po_ e h o
0 on \ 3(me + my + Am)’ o
It Am < m.+ m; then the following approximation can be made
1 Am
- :
5 . L 1.20
Jon % Jon 2m. +my ( )
Thus ) VA
2(m.+ m
B = ( i / (1.21)
./Uu
where A f = Jon — fon-
The sensitivity, S, of the cantilever can be defined as
et Jou (1.22)

- Am 2 (me + my)

which indicates that the sensitivity of a mass loaded cantilever increases with mode
number. This is a valid measure of sensitivity because the accuracy of the measurement
of Af is independent of the eigenfrequencies.

This calculation of the added mass from the frequency shift makes the assumption
that the added mass is uniformly distributed on the surface in a thin layer and that
the spring‘('(mst,anl remains unchanged by the adsorption of the added mass. Thus,
care should be taken when using such a method as the adsorbed molecules can affect
the spring constant of the cantilever in some cases where the thickness of the adsorbed
layer is non-negligible [77].

The position of the adsorbed layer of mass can also play a role in the response of
the cantilever as shown by the varied response of a microcantilever to the adsorption
of bacteria on the surface of the cantilever [78]. This cffect is shown to be even more
position dependent when higher resonance modes are used [79]. The positioning of
individual or several point masses on the surface of the cantilever can also have varied

effects on the resonance frequency [80, 81].

1.3.3 Higher Resonance Modes

In order to overcome some of the lost sensitivity due to working in a liquid environment

it is possible to vibrate the cantilever at one or more of its higher resonance modes. It
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has been shown that the Q factor of the cantilever increases with mode number [18, 82]
as predicted by several models [65, 66, 70]. The Q factor increases approximately

(excluding internal damping) as [83]
Qn = 5T (1.23)

where @, is the ) factor at mode n and f, is the frequency of mode n. Increasing the
mode number to increase the Q factor works in general for most applications, however
there are cases where this does not apply [62, 71] as discussed in detail in Chapter 4.

- The sensitivity of a resonating cantilever beam increases as the mode number of
the resonance increases. It has been shown that for a microcantilever vibrating in air
the sensitivity of the cantilever increases linearly with the square of the mode number
n [82]. The effect of moving to higher modes increasing sensitivity has been well
established with microcantilever resonators [84, 85].

"It has been shown that the amount of liquid that is co-moved (my) with the
cantilever decreases asymptotically with increasing mode number n [18]. This is due
to the smaller amplitude of the vibrations of the cantilever as the mode number
increases. It can be easily determined from Eq. 1.22 that as the mass of co-moved
liquid m; decreases the sensitivity increases. Thus, by vibrating the cantilever at its
higher resonance modes it is possible to regain some of the sensitivity that is lost by

working in a liquid environment.

1.3.4 Dynamic-Mode Detection

Laser beam deflection is commonly used in AFM devices to measure the response of
vibrating cantilevers. When the cantilever is vibrated at a higher resonance mode
there are several nodes and antinodes of vibration established along the length of the
cantilever. Laser beam deflection is very sensitive to the change in the slope of the
cantilever and not so sensitive to the amplitude of the vibration of the cantilever, which
can be on the order of a nanometer when using higher modes in a liquid. Thus, as
shown in Fig. 1.4, for the maximum signal the laser must be focused at, or near to,
a node of the resonance mode where the change in the slope of the cantilever surface

during vibration is largest.

1.4 Scope of Thesis

Despite the large number of devices noted in the literature designed to use cantilever
sensor arrays, very few devices are capable of the readout of both the static and dynamic

response of the cantilever array. The work presented within this thesis details the
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PSD

antinode

Figure 1.4. Schematics showing the readout of the dynamic response of the cantilever
vibrating at the fifth resonance mode nusing optical beam deflection. When the laser is
focused near the antinode of the resonance there is only a small signal (As;) observed
on the PSD. When the laser is focused near the node of the resonance there is a large
signal (Ass) observed on the PSD.
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upgrade and development of a dual-mode cantilever-based sensing platform capable
of the readout of both the static and dynamic response of the cantilevers in a liquid
environment. The application of the dual-mode device is geared towards biological
measurements in liquid environments which present their own unique set of challenges.

Due to the varied nature of the work involved in the development of the dual-
mode device for biological measurements the main body of the thesis has been split
into several distinct sections with the more physics and engineering related material
appearing in the early chapters and the application of the developed device to biological
detection appearing in the later chapters.

Chapter 2 details the development of the dual-mode device with a brief description
of the original dynamic-mode device, and detailed discussion of the instrumentation
and programming involved in the development of the dual-mode device. Several initial
measurements and demonstrations of various capabilities of the device are presented
in the results section of the chapter.

Chapter 3 describes the general preparation techniques that are applied to the
cantilever array for most experiments.

Chapter 4 presents verification of the compressible fluid model described by Van
Eysden and Sader in air using 2 pm and 7 pm thick cantilevers.

Chapter 5 describes work performed on the detection of the aggregation of the
protein a-synuclein which is involved in Parkinson’s disease.

Chapter 6 describes initial work on the use of nanoparticles (NPs) and
microparticles as a mass label to increase the sensitivity of the device to small
molecules which are below the limit of detection alone. A link between the size of the
label used and the resulting response of the cantilever is discussed.

Chapter 7 expands on the work in the previous chapter and presents a final step
towards the development of a full assay using antibody-functionalised magnetic
particles as a mass label in conjunction with cantilever based sensing.

Chapter 8 draws conclusions and provides an outlook for future work.

The Appendices of the thesis are split into sections relating to supplementary
information, experimental protocols, and Mathematica source code. A list of
presentations and publications by the author is given after the main appendices. A
full list of figures and tables contained within the thesis is also given after the
appendices. A glossary of terms which may not be familiar to the reader is included

at the very back of the volume.
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Chapter 2

Dual-Mode Device

This chapter will describe the development of an experimental device capable of the
measurement of the static and dynamic responses of a micron-scale cantilever array in
a physiological liquid environment. Firstly the dynamic-mode device existing at the
start of my studies will be briefly described to provide a reference poimnt from which
the development of the current generation of the device began. The main components
of the current dual-mode device, including the Huid chamber, optics, laser positioning
system, PSD, temperature control, and the Huidic system will be described in detail.
A brief description of the measurement procedure and the main considerations in the
Laboratory  Virtual  Instrumentation  Engineering — Workbench — (LabVIEW)
programming behind the device will be given. Finally some measurements of the
frequency spectrum and response of a gold coated cantilever array to a heat pulse will
be shown to demonstrate the working device.  The improvements of flowing fluid

using the pressure low system compared to the syringe pump will be highlighted.

2.1 Existing Dynamic-Mode Device

The existing device used an optical beam deflection method to read out the response
of the each cantilever during the experiment. An array of eight vertical-cavity surface-
emitting lasers (VCSELSs) (Avalon Photonics) were used in a time-multiplexed manner
to-provide read out from each of the eight cantilevers in the array. The VCSELs had
a wavelength of 760 nm. The cone of light produced from a VCSEL has an angle of
divergence that depends on the aperture size. For the VCSELSs used here the solid angle
was 13° at full width at half maximum (FWHM). The output power of the VCSELs
when operated at 5 mA was 1.2 mW.

The VCSELs were focused onto the surface of the cantilevers using an external
focusing system. The focusing system consisted of two 12.5 mm diameter convex lenses
(Edmund Scientific) each with a focal length of 45 mm placed next to each other. The

VCSELs were located at the focal point of one of the lenses and the lens system was
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moved so that the cantilever array was at the focal point of the other. The pitch of
the VCSEL array matched that of the cantilever array with the idea being that using
one-to-one optics ensured that the laser spot from ecach VCSEL was focused onto the
surface of the corresponding cantilever. The VCSEL array and the focusing system
were mounted on a lockable stage on a dove tail rail, which could be moved in one
dimension to allow the positioning of the cantilever array at the focal point.

The PSD was mounted on a stack of translation and rotation stages which allowed
the PSD to be moved in three dimensions in addition to being rotated about the vertical
axis.

Fluid was pumped through the chamber using a syringe pummp (Kent Scientific).
Polyether-ether-ketone (PEEK) tubing was used to bring the liquid from the syringe
to the fluid chamber.

The device was housed inside a small refrigeration unit (Intertronic) which provided
a temperature stable environment. A small CCD camera was mounted in the box to

aid in the alignment of the VCSELSs on the surface of the cantilevers.

2.1.1 Problems with the Existing Device

The VCSEL array and focusing system were fixed on a sliding dove tail mount with a
screw to fix the position. This sliding mount was used to position the VCSELs relative
to the cantilever array, which was mounted separately. This sliding mount did not
allow fine positioning of the VCSELs which made it difficult to position the focus of
the laser on the surface of the cantilever. The locking screw was applied from one side
of the rail only and could move the beam oft axis when applied, causing major difficulty
in the alignment of the beam. In addition, the VCSEL array and focusing system were
mounted on an XY translation platform which allowed only a coarse adjustment of
the spot position on the cantilever surface. The VCSEL array was mounted in a tube
which was rotatable for aligning the array of VCSELs with the array of cantilevers.
This rotation was done coarsely by hand and alignment of the two arrays could only
be performed by tedious sequential switching on and oft of the VCSELs.

The wavelength of the VCSELSs was partially in the infra-red and so it was difficult
to observe when the laser spot was properly focused on the surface of the cantilever.
The small CCD camera saturated easily when the VCSELs were turned on and did
not have sufficient resolution to show if the correct focus had been achieved. It was
sufficient to tell if the laser was hitting the cantilever, but not more than that.

The dithiculty in focusing and moving the VCSEL spot accurately on the cantilever
surface leads to a lack of sensitivity (increase in optical noise) for measuring higher
resonance modes of the cantilever which give a better sensitivity for mass change [1]

(see Section 1.3.3).
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Another problem with the existing device was that the VCSEL array was located in
the same tube that held the focusing system. This did not allow for the VCSEL array
to be temperature regulated, which could lead to instability of the VCSEL output.
Instability in the laser output can lead to an additional source of noise in experiments
and could potentially shorten the lifespan of the VCSELs (which are no longer available
as an ‘off the shelf’ component and must be fabricated to order at a significantly higher
price than when the device was originally developed).

The optics technique used in the focusing system created small differences in the
optical path length between each VCSEL and its corresponding cantilever. While
these path differences were indeed very small, it has been shown that small differences
inthe optical path can lead to different calibration factors of the device [2], and so for
high-quality precision measurements differences in the path should be avoided.

The many degrees of freedom of the PSD motion and alignment of the VCSELs
caused the initial setup of each experiment to be painstaking and lead to small
differences in the setup for each experiment. The tine taken for alignment could vary
significantly and was not suited for measurements where the quality of the

functionalisation of the cantilever surface was time sensitive.

2.2 Instrumentation

2.2.1 Fluid Chamber

The chamber which houses the cantilever array is comprised of two halves which are
precision machined from PEEK and are screwed together using M4 screws. The
chamber has a single inlet and outlet which couple to standard 1/16” tubing and is
designed such that the flow of liquid is directed from the side and across the
cantilevers in the array and minimises dead volume and arcas of poor mixing. The
total volume of the chamber is approximately 6 pl which is small enough to allow
efficient changing of fluids (e.g. during sample injection) and minimise the amount of
sample required. The entire chamber is shown in Fig.2.1.a.

The thermal motion of the cantilevers when immersed in liquid does not provide
sutficient amplitudes of motion to allow measurement beyond the first few resonance
modes to the higher resonance modes of the cantilevers. In order to obtain the higher
resonance modes the cantilevers are driven using a piezoelectric actuator (EBL
Products Inc., East Hartford, CT 06108, USA). The cantilever array body is clamped
on top of the piezoelectric actuator to allow coupling of the cantilevers and the
actuator (Fig. 2.1.h). The piezoelectric actuator does not create any non-flexural
peaks in the frequency spectrum of the actuated cantilever (as shown in Fig. 2.2).

The piezoelectric actuator is separated from the liquid chamber by a 180 pm thick
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Figure 2.1. The fluid chamber and close up view. a) The fluid chamber. The
chamber is precision machined from PEEK and is comprised of two halves which are
screwed together by three M4 screws. The excess screws protruding from the side of
the chamber are used to mount the chamber in its holder. 1. Fluid inlet: 1/16” teflon
tubing. 2. Fluid outlet. 3. Location of cantilever array. 4. Electrical connections to
the piezoelectric actuator and the two 15 Q resistors. 5. Seal for the fluid inlet/outlet
with o-ring hidden. b) Close up view of the fluid chamber. The chamber contains
an actuator which is separated from the fluid by a 180 pm thick membrane which is
thin enough to allow coupling of the cantilevers and the actuator, but thick enough to
be mechanically stable and long lasting. The resistors are used to provide a heat pulse
to the chamber. The electronic components are surrounded by Torseal in the finished
piece to provide further insulation from the fluid. 6. Custom borosilicate glass cover
slip. 7. Inlet for the fluid. 8. Cantilever array. 9. PEEK clamp to hold the array in
place. 10. Two 15 Q resistors. 11. Piezoelectric stack.
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Figure 2.2. Comparison between the amplitude of the piezoelectric actuator and the
actuated cantilever vs. frequency. It is clear from the overlay that the actuation of the
cantilever does not create any non-flexural peaks in the response of the cantilever. The
amplitude of the actuator vibration was measured using a laser Doppler vibrometer
(Polytec Fiber Vibrometer OFV-552, Polytec Ltd., Lambda House, Batford Mill,
Harpenden Hertfordshire, AL5 5BZ, UK).

membrane which provides a barrier between the liquid and the piezoelectric actuator
to avoid shorting and damage. The membrane is thin enough to allow for efficient
coupling of energy from the piezoelectric actuator to the cantilevers, but thick enough
to be mechanically stable and long lasting.

The cantilever array is positioned at an angle of 45° to the edges of the chamber
to.avoid the creation of interference in the frequency spectra due to the formation of
standing waves in the liquid or reflections from the walls of the chamber. In addition,
the base of the cantilever array is sufficiently thick to avoid any squeeze film effects
between the cantilevers and the membrane.

The custom borosilicate glass cover (VitroCom, Mountain Lakes, New Jersey 07046)
and positioning of the cantilever array allows the laser light to enter and leave the
chamber at 90° to the liquid/glass interface and thus avoids any divergence of the
beams due to refractive index changes.

A heat pulse can be applied to the fluid chamber by passing a current through two
15. € resistors connected in series and located below the fluid chamber. This allows
calibration of the response of the individual cantilevers in the array and results in
comparable measurements between the cantilevers.

The electronic components below the Huid chamber are all covered with a layer

of Torseal which is allowed to dry before being machined flat on the surface. This
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provides further isolation of the components from the liquid in the chamber.

2.2.2 Optics and Laser Positioning System

A single-wavelength fibre-coupled diode laser (632.99 nm £1.5 pm, free space power
>2.4 mW, linewidth <200 kHz, SWL 7504-P;New Focus, Newport, CA 92606, USA)
with controller (SWL-7500 ECDL controller, New Focus) is used to replace the VCSEL
array. The laser current and diode temperature can be controlled via a serial connection
from a PC to the controller. For optimal stability and performance the laser is operated
at the recommended factory settings which are unique to each laser. For the laser used
here the laser current is 85 mA and the diode temperature is 21.3 °C. The laser has
a very stable output (power is stable to within 1% once it has been turned on for 20
minutes) and the temperature control avoids any changes in power that can be observed
when using an array of VCSELSs for readout.

The beam is collimated into a 3.45 mm diameter beamn using a fibre collimation
package (F280 APC-B; Thorlabs, Cambridgeshire, CB7 41X, UK). The package is
prealigned to collimate the beam propagating from the tip of the connected fibre with
diffraction limited performance. The divergence of the collimated beam is 0.014° when
used at the alignment wavelength of 635 nm. The receptacle of the package is angled
to ensure that the collimated beam is aligned with the mechanical axis of the package.

The inteunsity of the laser when reflected from the surface of a gold coated cantilever
is sufficient to saturate the PSD which has a maximum output of 10 V. The output
of the laser was attenuated using an absorptive neutral density (ND) filter (OD 1.3
NE513B; Thorlabs, Cambridgeshire, CB7 4EX, UK) with a transmission of 5%. For
initial focusing and alignment of the laser a stronger ND filter was used (OD 6.0
NE560B) with a transmission of 0.0001% to avoid eye damage.

The beam is focused into a spot on the surface of the cantilever using a 50 mm
focal-length doublet (AC254-050-A1-ML; Thorlabs, Cambridgeshire, CB7 4EX, UK).
The lens is achromatic and can be used to achieve a diffraction limited spot when
combined with a a monochromatic source.

The spot size of the laser on the surface of the cantilever can be calculated using

the basic optics formula for beam diameter at the waist of the beam [3].

4/\ flens
= [ - 2.1
DC[ ™ > (D(:()II ( )

where D, is the diameter of the spot on the cantilever, A is the wavelength of the
laser, fiens is the focal length of the lens, and D.,; is the collimated beam diameter.
Using the values mentioned above the spot size on the cantilever can be calculated to

be ~12 pm.
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Figure 2.3. The optic cage and laser positioning system. a) The optic cage. The
cage system keeps the optic axis of the system aligned. 1. Cage plates. 2. Cage
rods. 3. Cage mounting adapter 4. Filter holder with switchable ND filter. 5. 50
mm focal-length achromatic doublet. 6. Mounting adapter for collimator package. 7.
Aspheric collimator package. b) Laser positioning system. The positioning system
allows movement of the laser spot between and along the length of the cantilevers via
the motion of two automated stages. Initial focusing of the laser spot on the cantilever
is achieved using the XYZ translation stage 8. M-122.2DG precision micro-translation
stage. 9. MI11.1DG precision micro-translation stage. 10. Micro-translation XYZ
translation stage.



30 2.2 Instrumentation

The depth of focus (DOF’) of is given by [3]

8/\ /llr’n,s- ’
DOF = | — : . 2.2
( ™ > <Dr'ull> ( )

The depth of focus can be calculated to be ~340 pm, which shows the tolerance of

the focus positioning and also gives the limits of the movement of the laser beam with
respect to the cantilever.

The optic axis of the system is maintained using a cage system shown in Fig. 2.3.a
[30 mm Cage mounting adapter: CP02B; Collimator Mounting adapter: AD11F; Cage
Plate: CP02/M; Rods: ER2; Filter Holder: NE513B] (Thorlabs, Cambridgeshire, CB7
4EX, UK).

Two automated translation stages (M110.1DG and M122.2DD; Physik Instrumente,
Bedford, MK43 0AN, UK) allow the sequential readout of the response from the eight
cantilevers in the array (Fig. 2.3.b). The stages are aligned at right angles to each
other to provide movement between the cantilevers and also along the length of each
cantilever. The positioning stages facilitate rapid movement between cantilevers (max
travel speeds 1 and 20 mm/s respectively), with very repeatable positioning of the spot
on the surface as shown in Fig. 2.4,

The spot position repeatability was measured by rotating the PSD by 90° and
measuring the static response of the cantilever as the translation stage moved the spot
from cantilever to cantilever repeatedly over a two hour period. As a result the position
of the spot on the surface of the cantilever (and not the bending of the cantilever) was
measured. The spot position repeatability using the M110.1DG stage has a spread
of ~2 nm at the ‘home’ position on cantilever 1 and shows little drift. On cantilever
5 there is a similar spread in the position, which a slight drift of ~3.5 nm/hr. This
is well within the stated positional repeatability of the stage and will not contribute
significant levels of noise to the static signal. The M122.2DG shows a similar response.
with the spread being ~10 nm and similar drifts (data not shown). Thus, the motion of
the stages will not contribute significantly to the noise levels in the static and dynamic
response of the cantilevers.

The two automated stages are connected to a lockable xyz micro-translation stage
(Gothic Arch 9061-XYZ-M; Newport, CA 92606, USA) which allows fine focusing of
the laser spot on the surface of the cantilever.

The motion of the stages is controlled via the main LabVIEW program (see Section
2.3.2) and two Mercury C863 DC Motor Controllers (Physik Instrumente). As shown
in Fig. 2.5 the laser spot is positioned at the tip of cantilever 1 at the start of the
experiment using the xyz micro-translation stage. The M110.1DG stage is then used
to place the spot at the position which gives the best dynamic signal (see Section 1.3.4).

The M122.2DD stage is used to move the laser spot between cantilevers at a speed of
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Figure 2.4. The position of the laser spot on the surface of the cantilever was measured
as the spot was moved repeatedly from cantilever to cantilever over a two hour period
using the M110.1DG stage and measuring the static response of the cantilever with
the PSD rotated 90°. This allows the position of the spot on the cantilever (not the
bending of the cantilever) to be measured. a) The spot position on cantilever 1 has
a spread of ~2 nm and very little drift. b) The spot position on cantilever 5 also has
a spread of ~2 nm but has a drift of ~3.5 nm/hr. The motion of the stages should
not contribute significantly to the noise levels in the static or dynamic response of the
cantilevers.

10 mm/s, and then the M110.1DG is used to move the spot along the cantilever at a
speed of 1 mm/s to the best position. Following the movement there is a short 50 ms
wait before the dynamic measurement is taken to ensure that there is no effect of the
movement on the measured cantilever response.

The second positioning stage combined with the small spot size of the laser allows
the best position for readout of each dynamic mode to be found on each cantilever in
the array. The maximum signal in the dynamic mode is achieved when the laser is
positioned at a node of the resonance resulting the the largest angular deflection of
the beam (see Section 1.3.4). Individual positioning along each cantilever compensates
for small differences between the cantilevers and as a result more cantilevers in the
array can be read out successfully during each experiment. Previously, with a VCSEL
array or a single translation stage, it was not always possible to have low noise/high
amplitude readings from all cantilevers in the array because the higher resonance nodes
are not necessarily at exactly the same distance from the tip of each cantilever. The
second automated stage also provides easy use of arrays containing different numbers
of cantilevers, different length cantilevers (harp-shaped arrays). or cantilevers with
different properties (c.g. thickness, width).

The stable optical system allows for ease of use of the device. Once the laser has
been aligned. the array and the fluid chamber can be removed and replaced many times
without any need for adjustment of the optics. The focus of the laser has not needed

adjustment since the initial alignment (>1 year).
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Figure 2.5. Schematic showing the movement of the laser spot between cantilevers. The
M110.1DG stage is used for moving along the cantilever and the M122.2DD stage is used
for moving between cantilevers. 1. The laser spot is positioned at the tip of cantilever
number 1, with the xyz micro-translation stage, at the start of the experiment. 2. The
laser spot is moved to the best position for dynamic measurement on cantilever 1 using
the M110.1DG stage at a speed of 1 mm/s. 3. The laser spot is moved to cantilever 2
using the M122.2DD stage at a speed of 10 mm/s. 4.0nce the spot is on cantilever 2 it
is then moved along the cantilever to the best position for dynamic measurement using
the M110.1DG stage. Once the laser spot has moved there is a 50 ms pause before the
measurement of the dynamic signal to ensure there is no effect of the movement on
the response of the cantilever. The movements along the length of the cantilever are
greatly exaggerated in the image as an example.

2.2.3 Position Sensitive Detector

A PSD is usually a PIN diode device (a layered semiconductor device consisting of
a lightly doped intrinsic semiconductor region sandwiched between p-type and n-type
semiconductor regions) operated in reverse bias. A simple example of a PSD structure
is shown in Fig. 2.6.a. The PSD can measure the position of a spot of light based on
the amount of current generated at each contact caused by the formation of carriers in
the depletion region by the incident light. The position of the spot (s), measured from

the centre line, on a 1D PSD can be calculated using the following formula [4, 5]

ot 11 i ['.2 LI’SI)

Si—
LA+ 2

(2.3)

where /; and [, are the currents from the contacts on the PSD, and L pgp is the active

length of the PSD. The position of the spot calculated does not depend on the intensity
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Figure 2.6. a) The PSD is a PIN diode operated in reverse bias. The device consists
of three layers, a p-type semiconductor, an n-type semiconductor, and a lightly doped
intrinsic layer sandwiched between the other two layers. The metal contact on the
backside of the device is the cathode and a bias voltage of 15 V is applied across the
device. The two metal contacts on the top surface are used for measuring the currents

I} and I which are used to calculate the position, s, of the laser spot on the surface of

the PSD. b) The PSD is mounted in a custom machined aluminium holder on a linear
translation stage. The stage has a small range of movement which allows the PSD
to be moved such that the reflected laser beam strikes the PSD at the centre. This
compensates for any small initial bending of the cantilever prior to the start of the
experiment. 1. The PSD and electronics in housing. 2. Custom machined aluminium

holder. 3. Linear translation stage.
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of the light incident on the detector and the position obtained is a centre of gravity
position meaning that the measurement is relatively insensitive to the shape of the
spot.

The PSD used in the current device is a 1D PSD (1L10-10-ASU15, Sitek, Sweden)
mounted in a custom machined housing containing an electronics board to convert the
currents to voltages and op-amps to amplify the signal. The PSD has three contacts,
two on the front side for measuring the currents and a cathode on the backside for
applying the bias voltage (5-30 V range with typical value of 15 V). The rise time of
the PSD is typically 60 ns with a maximum of 110 ns. The linearity of the response of
the PSD between the two electrodes is excellent (data not shown). The bandwidth of
the PSD is 2 MHz.

A 1D PSD, as opposed to a 2D PSD, was chosen because the flexural resonance
modes of the cantilever are of interest. By aligning the axis of the PSD with the plane
of motion of the laser beam induced by the flexural modes, the effect of the torsional
modes of resonance can be removed from the measured response.

An image of the mounted PSD and holder is shown in Fig. 2.6.b. The custom PSD
holder is mounted on a one dimensional micro-translation stage (Low profile gothic-
arch translation stage, 25x25 mm platform, 12.7 mm travel, New Focus) which allows
the the PSD to be moved to account for any small initial bending of the cantilevers

and positioning of the spot at the centre line of the PSD.

2.2.4 Temperature Control

A steady temperature is essential when working with cantilevers which are coated on
one side with a metal. Any change in temperature in the system will induce a bending
in the cantilevers due to the difference in thermal expansion cocflicients of the metal
and the silicon. To avoid this the entire device is housed inside a small refrigeration
unit (Intertronic, Interdiscount, Switzerland) which is capable of heating and cooling.
The temperature is maintained at a constant temperature of 23.0 £0.1 °C via a power
supply (Agilent E3614A DC power supply, Agilent Technologies Ireland Ltd., Unit 3,
Euro House, Euro Business Park, Little Island, Cork, Ireland) and a fuzzy logic routine
implemented in the main LabVIEW program.

The temperatures from the room and the refrigeration unit are recorded using three
thermocouples (one in the room and two at different heights within the unit). The
voltages from the thermocouples are measured by the data acquisition board (DAQ)
(NI PCI 6221, National Instruments, Texas, USA) and an input/output board (BNC
2110, National Instruments) which is connected to the DAQ and is housed in the
chassis.

In order to have a reliable reading of the temperature the thermocouples were
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Figure 2.7. The three thermocouples used in the temperature regulation system were
calibrated by measuring the amplified thermocouple voltage at three temperatures (4,
25 and 39 °C) and fitting with the equation T = aV + b to determine the constants for
the linear response of the thermocouple around room temperature. The constants for
the three thermocouples are given in Table 2.1. A mercury thermometer was used as a
reference for the calibration.

Table 2.1. The constants for the calibration of the three thermocouples.

& O o b )

Thermocouple

Room -22.8 £1.8 86.0 5.3
Box 1 -21.2 £0.8 82.8 £2.5
Box 2 -21.6 £1.0 83.5 £3.0

calibrated by placing them in a standard refrigerator (4 °C) and an incubator (25 °C
and 39 °C). A mercury thermometer was used as an analogue reference during the
calibration. The linear response of the thermocouples was then determined by fitting
the data with the equation T = aV + b, where T is the temperature in Celsius, V' is
the thermocouple voltage, and a and b are constants. The fit of the data is shown in
Fig. 2.7 and the constants for each thermocouple are given in Table 2.1.

The refrigeration unit contains a heat sink at the rear of the box which is aided by
a fan that was connected to the main power of the unit. The unit is heated and cooled
by varying the voltage applied to the unit, and thus the fan would not run at a steady
rate if it remained connected to the main power. The fan could also create a small
vibration in the system when it was running at full speed. To remove these problems
the old fan was replaced with a ‘silent’” 15 cm PC case fan with a separate switchable

power supply (0, 5 or 12 V). The new fan creates virtually no vibration in the system
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when running at 12 V and the temperature in the system can be maintained at a stable
level even when the fan speed is reduced to 5 V.

To aid the smooth heating and cooling of the air inside the unit a 9 cm ‘silent” PC
case fan was positioned on a side wall inside the unit. This fan also has a separate
switchable power supply and significantly decreases the time taken to reach a stable
temperature inside the system. The rotation of the fan inside the unit does not affect

the noise levels in the static or dynamic response of the cantilevers.

2.2.5 Fluidic System

The fluid can be pumped through the chamber in a number of ways.  For quick
measurements it is possible to use a syringe pump (Kent Scientific Corporation,
Connecticut 06790 USA). However, cantilever arrays are very sensitive to changes in
the pressure and flow rate of the fluid passing through the fluid chamber. When using
a syringe pump it is possible that there will be a frequency response of the cantilever
to small changes in the flow rate. Therefore, for sensitive measurements, it is
preferred to use an air pressure driven flow which will provide a continuous steady
How even at low tlow rates.

An air ‘pressure driven Huid How system was implemented to replace the syringe
pump (Fig. 2.8). The bottles are standard Pyrex media bottles (borosilicate glass, ISO
4796 25 ml or 50 ml, Fisher Scientific Ireland Ltd., 30 Herbert St., Dublin 2, Dublin.
Ireland) modified by a glass blower to have an air inlet at the top and a liquid outlet
from the centre of the base of the bottle. A 0.2 um pore size filter is placed below
the bottle as a connection to the standard 1/16™ O.D. teflon fluid tubing (0.3 mm
I.D.). The fluid is then caused to flow through the chamber by applying pressure to
the bottle.

The pressure is monitored using a pressure sensor (140 PCB, Sensor Technics,
McGowan “House, 66C Somers Road, Rugby, Warwickshire CV22 7DH, United
Kingdom) for each fluid bottle. The pressure sensors are calibrated and temperature
compensated by the manufacturer. The output signal is amplified and is in the range
0-6V with 3 V set to atmospheric pressure. The How rate and sensor voltage are
shown for a range of pressures in Fig. 2.9. The response of the pressure sensors is
linear for small changes of the pressure in the system.

The How of air to and from the bottles is controlled by switching valves (EV2 & EV3.
Clippard, Parc Scientifique Einstein, Rue du Bosquet, 6, B-1348 Louvain-la-Neuve-Sud.
Belgium). The switching of the valves is controlled via the main LabVIEW program
and a mechanical relay board (NI PCI-6520, National Instruments, Texas, USA).

The pressure applied to the bottles can be either positive (pushed flow) or negative

(pulled flow) depending on setting of the valves and the connection to the compressced
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Figure 2.8. The various components of the fluidic system (the pressure regulator is not
shown). a) The pressure valve and sensor rack. Air pressure can be applied to up to
four bottles simultaneously. 1. Switching valves. 2. Pressure sensors. 3. Connection
to regulated compressed air. 4. Connection to vacuum pump. 5. Connection to BNC
2110, DAQ and LabVIEW. 6. Connection to relay board NI PCI 6520. b) Customised
glass bottles. The bottles are semi filled with the buffer and the inlet at the top allows
the air pressure in the bottle to be changed causing flow of the liquid in to (or out of)
the bottle. A 0.2 yan pore size filter is placed below the bottle as a connection to the
fluid lines. The black tube connects to the glass fittings visible behind the valves in
photograph (a). ¢) Manual switching injection valve. The injection loop volume can
be changed to suit the experiment. The loop is filled via the needle port at the front

of the tube when the switch is in the load position.
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Figure 2.9. Calibration plots for pressure sensors and the flow rate of nanopure water
into the fluid chamber for an applied pressure. a) The flow rate (l/min) vs applied
pressure (mbar). The valve was in the load position for the measurements of flow rate.
When in the inject position the resulting tube length is longer. an thus the flow rate
will be correspondingly lower for a given applied pressure. b) Voltage (mV) vs applied
pressure (mbar) for the pressure sensors. The response of the pressure sensors is linear
for small changes in pressure in the system.

air regulator (0 - 50 mbar ,U33, Spectrotec, Spectron Gas Control Systems GmbH,
Fritz-Klatte-Str. 8, D-65933 Frankfurt) or a vacuum pump.

For the injection of small samples of rare or expensive molecules into the fluid
chamber an injection loop (changeable size depending on experiment) and switching
valve (Analytical Injection Loop D Uni, ECOM spol. s r.o., Americka 3, CZ12035
Praha 2. Czech Republic) has been incorporated into the Huidic system. The injection
loop can be filled via a needle port of the front of the valve when the valve is in the
load position. The loop can be filled during the experiment with no effect on the
flow of buffer to the Huid chamber. Switching the valve does not show any effect on
the measured response of the cantilevers. The flow rates measured in Fig 2.9.a were
measured with the bottle at the same height as the inlet for the fluid chamber and
the valve in the load position. When the valve is in the inject position the total tube
length of the fluidic system is incrcased and thus the corresponding flow rate for a given
applied pressure is lower. For most buffer solutions used for experiments the flow rate
at 50 mbar applied pressure is 42 pl/min when the valve is in the inject position and
80 pl/min when in the load position for a 100 pl loop..

The eftect of flowing the fluid using the syringe pump compared to the pressure

How system will be demonstrated in Section 2.4.4.

2.2.6 The Assembled Dual-Mode Device

The main components of the optical beam deflection system are assembled on a

breadboard (Thorlabs) such that the distance from the midplane of the doublet to
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Figure 2.10. The assembled dual-mode device optical deflection system. The device is

assembled on a breadboard. The custom machined aluminium mounts and connectors
are designed such that the distance from the lens to the cantilever is 50 mm and the
distance from the cantilever to the PSD is 40 mm. The XYZ and linear translation
stages allow small adjustments to made to ensure a sharp focus of the laser on the
cantilever surface and that the laser reflects onto the centre of the PSD. The path
of the laser beam is indicated in red, and represents the calculated beam shape. a)
Isometric view. Shown without cables for clarity. 1. Optic cage and laser positioning
system. 2. Fluid chamber and holder. 3. PSD and holder. 4. Breadboard. b) Plan
view. The breadboard is omitted from the plan view for clarity.
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Figure 2.11. Photograph of the entire assembled device including peripheral
components. 1. The main components of the optical deflection readout system as shown
in Fig. 2.10. 2. Temperature regulated enclosure. 3. Chassis containing connections
to LabVIEW DAQ (BNC 2110) and power supply for the PSD. 4. PC containing
the National Instruments boards and the main LabVIEW program. 5. Awmplificr. 6.
Power supply for temperature control and heat pulse. 7. Fluidic system valve and
pressure sensor rack. 8. Injection valve. 9. Air cushioned optical table to isolate the
device from external vibrations.

the cantilever array is 50 mm and the distance from the cantilever array to the front
plane of the PSD is 40 mm. The custom adapter and mounting pieces were designed
to achieve these distances. The laser beam was aligned to be level horizontal before
being focused on the surface of a test cantilever array in nanopure water. The
assembled device is shown in Fig. 2.10. The path of the laser beam is shown in red in
the figure and shows the calculated focusing and divergence of the beamn.

As shown in Fig. 2.11 the optical beam deflection system is mounted inside the
temperature regulated box, which has a small entrance on the right hand side for
all cables and tubing to enter the box. The box is placed on an optical table (NRC
Pneumatic Isolating Mount, type XL-G, Newport Corporation) to isolate the device

form external vibrations. This is more of an issue for the static mode, for dynamic
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mode the measured frequencies are too high to be affected by any of the external
sources of noise.

The automated stage controllers, fluidic system, injection valve, the laser, and the
laser controller are all mounted on the optical table to help avoid passing external
vibrations along their connections to the optical deflection system and the fluid
chamber. The PC, chassis containing connections to LabVIEW DAQ (BNC 2110)
and power supply for the PSD. power supply, and amplifier (SR560 Low-Noise
Preamplifier; Stanford Research Systems, CA 94089, USA) are placed as near as
possible to the temperature regulated box to keep all electrical connections as short
as possible to reduce electrical noise.

The optical table is grounded to earth, with everything placed on the table grounded
to the table. The breadboard is also connected to the table via a wire to stop any build

up of static electricity due to the motion of the automated stages.

2.3 LabVIEW Programming

LabVIEW is a proprietary platform for the visual programming language “G”
developed by National Instruments. Each LabVIEW program is essentially a virtual
instrument (VI), e.g. a multimeter or an oscilloscope as a simple case, which can be
easily customised to meet the needs of the programmer. LabVIEW allows the
creation of a user interface (front panel) and a corresponding code “behind’ the front
panel on the block diagram. The front panel can be considered to be similar to the
front panel of any physical instrument while the block diagram is analogous to the
electronics inside the physical instrument. The block diagram contains the source
code of any LabVIEW program and focuses on the flow of data between different
nodes on the diagram which are connected by drawing wires between them. The
compiler contained in LabVIEW, which translates the source code into native code
for the CPU, automatically incorporates parallel processing, which makes it very easy
to take advantage of the multiple cores available in modern CPUs. Each LabVIEW
program can be used as a standalone program, or placed as a subroutine inside
another LabVIEW program via the use of the connector panel and in this way
complicated instruments capable of many different tasks can be assembled virtually

and interfaced with the outside world via PCI boards mounted in a PC.

2.3.1 The Main Program

The whole dual-mode device is managed by a single LabVIEW VI which forms the
core of the dual-mode device as shown in the schematic in Fig. 2.12. The main VI

gives the user control over the device via the front panel shown in Fig. 2.13. The front
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Figure 2.12. Schematic of dual-mode device control and measurement procedure. The
main LabVIEW program controls all aspects of the device and the acquisition of data.
Using the device it is possible to record both the dynamic and the static response of the
cantilever. The LabVIEW program uses fuzzy logic to control the heating and cooling
of the box containing the device to maintain a stable temperature to within £0.1 °C.
The flow of liquid through the fluid chamber via air pressure is also controlled using the
LabVIEW program. To obtain the dynamic signal (blue arrows on the schematic) the
laser spot is moved to the position on the cantilever that gives the best response for the
resonance mode of interest. The LabVIEW program controls the frequency generation
board which applies a sinusoidal frequency signal to the piezoelectric actuator. The

antilever is excited at a number of frequencies (f) in a linear range and the response
from the cantilever is detected using the optical beam deflection techimique. The signal
from the PSD is then amplified before being processed by the LabVIEW program which
creates amplitude (A) and phase (¢) frequency spectra. To obtain the static signal
(green arrows on the schematic) the laser spot is moved to the tip of the cantilever
and then the differential and sum signals from the PSD are sampled and passed to the
LabVIEW program which then determines the bending of the cantilever. The resonance
modes and bending of each cantilever are obtained sequentially before moving to the
next cantilever in the array. The dynamic and static data can then be processed using
NOSEtools or a similar routine to obtain the change in mass (Am) and the change in
bending (Az) or surface stress of the cantilever with respect to time (t).
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Figure 2.13. The front panel of the dual-mode device provides the user with a simple
interface for control of the device an monitoring of data. It is split into several tabs
which correspond broadly to dynamic mode, static mode, and control of temperature
and fluid flow.

panel contains several tabs which correspond roughly to the several tasks and types
of data required by the user. It is possible to record from two different, non-adjacent,
frequency ranges in the dynamic mode and each range has a tab for control and viewing
of the data (‘Peak 1" and ‘Peak 27). The distance along the cantilever from which the
dynamic data should be recorded from each cantilever can be set for each frequency
range. The ‘Deflection’ tab contains the static-mode data plots. The “Temperature and
Pressure’ tab gives control of the set point of the temperature regulated box, the heat
pulse to the chamber, and the pressure applied to each fluid bottle and hence the flow
of liquid through the chamber. When using the front panel it is possible for the user to
select the mode of operation of the device i.e. dynamic (one or two frequency ranges),
static, or dual mode. The user can also select which cantilevers will be investigated for
each mode.

The block diagram for the main program is shown in Fig. 2.14. There are three
more or less independent sub-parts in the main program which run simultaneously and
can also share information if needed (e.g. whether a certain input or output channel
is currently in use). The first main component is a large while loop responsible for the
movement of the stages, acquisition and processing of the data, and saving of relevant
data in a way that can be processed easily after the experiment. The core subroutine
of this component will be described in more detail in Section 2.3.2.

The second main component is related to the recording and regulation of the

temperature, implementation of the fuzzy logic routine, and applying the heat pulse
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Figure 2.14. The block diagram of the main program. This is a large piece of code
which contains three more or less independent components which run simultaneously.
1. A large while loop responsible for the movement of the stages in addition to the
acquisition, processing, and saving of data. 2. A sequence detailing the control and
regulation of the temperature inside the box, implementation of the fuzzy logic routine,
and the application of a heat pulse to the fluid chamber. 3. A sequence detailing the
switching of valves and control of the air pressure inside the bottles. 4. This subVI
implements the measurement procedure described in detail in Section 2.3.2 and is shown
in Fig. 2.16.
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to the chamber (see also Section 2.2.1 and Section 2.2.4). Most of the interactions of
this component are via the DAQ board (NI PCI 6221), which is also used during the
static measurement. The static measurement is very short, so it does not affect the
stability of the device if this component is temporarily set to not update or change
status while the static measurement takes place. The temporary pause is achieved by
passing information between the two VlIs using a global variable. Similarly, the same
power supply is used to regulate the box and apply the heat pulse to the chamber so
both operations cannot be run concurrently, and the temperature regulation is
temporarily suspended while the heat pulse is applied. This does not have any effect
on the temperature stability of the device due to the short time of the suspension.
The third main component deals with the regulation of the flow of liquid through
the fluidic system described in Section 2.2.5, monitoring of the pressures and switching

of the valves via the mechanical relay boards NI PCI 6520.

2.3.2 Measurement Procedure

As shown in the schematic in Fig. 2.12 the response of the cantilevers is obtained using
optical beam deflection readout. The position of the reflected beam is measured using
the linear PSD described in Section 2.2.3. The measurement procedure program, as
shown in Fig. 2.15, can be broken down into three steps with a subVI for each step.
The laser spot is moved to the cantilever of interest, then the resonance modes and
bending of each cantilever are obtained sequentially with a short pause between each
measurement. The wait time before obtaining the bending is significantly longer than
the damping time of the vibration of the cantilever and therefore there is no additional

noise in the static signal due to the dynamic readout.

Movement The movement of the automated translation stages is controlled by
several small VIs. The commands for each stage are very similar so only the
movement of Stage 1, the M110.1DG stage, will be described in detail. The stages are
initialised when the main VI is switched on. Briefly, the initialisation checks that the
range of movement is OK, sets the travel velocities of the two stages, and sends them
to their starting positions near the middle of the range of motion (the ‘Home’
position). The laser spot is placed at the tip of cantilever 1 with the XYZ stage prior
to starting the experiment.

When the measurement procedure is started for a cantilever several pieces of
information about the stages are required (Connected Axis, System Number, Error
Status) which are all passed into the Move VI (shown in Fig. 2.16.a) from the Global
memory. The VI then picks the Axis for Stage 1 and passes all of the information to a

lower level VI (Move Stage 1, Fig. 2.16.b) that communicates directly with the stage.
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Figure 2.15. The subVI highlighted in Fig. 2.14 which implements the measurement
procedure in the dual-mode device. The measurement procedure can be broken down
into three steps and hence three sub VIs. 1. Movement of the laser spot to the cantilever
of interest. 2. Measurement of dynamic signal. 3. Measurement of static signal. The
three subVlIs are shown in detail in Fig. 2.16, Fig. 2.17, and Fig. 2.18.

Depending on the cantilever number that the measurement procedure is targeting,
the Move Stage 1 VI will implement in one of two ways. For cantilever 1, Cantilever
Number = 1 and the instruction to the stage will be “Go Home”. If the cantilever
number is not 1, then the instruction to the stage will be to move to the location
(Cantilever Number — 1)x250 pm from ‘Home’. The VI then implements a procedure
whereby it continuously queries whether the stage is moving, which runs until the stage
is no longer moving. The VI then ends and passes the Error Status out.

The only main difference in the motion of Stage 2, the M122.2DG stage, is that
the distance moved is chosen by the user, and it is scaled to account for the 45° angle

between the plane of motion of the stage and the plane of the surface of the cantilever.

Dynamic Signal The acquisition, processing and saving of the dynamic-mode data
during the measurement procedure is handled by the Dynamic VI, shown in Fig. 2.17.a.
Firstly the laser spot is moved to the predetermined position along the cantilever that
gives the best signal for the mode(s) being investigated. This movement is handled
by the Move Stage 2 subVI, which operates in a similar way to the Move Stage 1
VI described above. After a 50 ms pause the dynamic signal is then recorded by the
Dynamic Measurement subVI, which is shown in detail in Fig. 2.17.b.

The Dynamic Measurement VI is a rather complicated procedure that
communicates with two PCI boards (the frequency generator, NI PCI 5406, and the

high speed digitiser, NI PCI 5112), and contains several further subVls (many of
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Figure 2.16. The block diagram of the movement subVI shown in Fig. 2.15 and the
subVI contained within it. This VI sends a signal to the M122.2DG stage to move to
the designated cantilever. a) The block diagram. b) The ‘Move Stage 1" subVI block
diagram has two different instructions depending on the cantilever number. Cantilever
1 is chosen as the ‘Home’ cantilever, so if Cantilever Number = 1, then the instruction
is to “Go Home”. If the cantilever is not 1, then the instruction is to move to the
location (Cantilever Number — 1)x250 pm from ‘Home’. The while loop on the right
hand side queries the stage to check if it is still moving and waits for the stage to stop

moving before ending the subVI.

which contain even further subVls) and so the procedure will not be described in full
detail.

The frequency generation board requires a list of frequencies and corresponding
durations in order to actuate the cantilever. These are calculated from the Waveform
Parameters given by the user on the front panel. The frequency generation board and
the digitiser are then configured by sub VIs. The digitiser starts recording the signal
from the PSD to its buffer and then the frequency generation board starts to generate
the actuation signal. At this point a large loop starts to work which simultaneously
pulls data from the circular buffer of the digitiser to temporary memory on the PC
while also analysing data already on the PC memory.

Because the digitiser starts recording a continuous stream of data (107 samples s~ 1)
from two channels before the signal is generated it is necessary to find the start of the
interesting, relevant data. This is handled by a subVI in the loop. Once the start
position (Zero) of the relevant data is found it can then be broken into the separate

channels (from the PSD and the frequency generator). The data from the two channels
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Figure 2.17. Block diagram of the dynamic subVI shown in Fig. 2.15 and details

of dynamic measurement subVI contained within it. a)The block diagram of the
‘Dynamic’ subVI first instructs the M110.1DG stage to move to the predetermined
position along the cantilever (‘Move Stage 2’), then a brief 50 ms pause before measuring
the dynamic response of the cantilever and then saving the data to an individual file on
the hard drive of the PC. b) The dynamic measurement subVI is a complicated routine
involving several main pieces. 1. Calculate the list of frequencies and durations of
actuation. 2. Configure the frequency generation, configure and start recording from
the PSD with the digitiser, then start the actuation of the frequency list. 3. This
large loop has several pieces which are indicated with red numbers in the figure. This
loop pulls data from the circular buffer (1) and then searches the data for the start
of the response of the cantilever to the actuation. This point has the label ‘Zero’ (2).
The waveform is then split into the components from the PSD and from the frequency
generation board (3) which are then sent to the next iteration of the loop for analysis
(4). The analysis can only begin after the ‘Zero’ has been found. The data fetched in
the previous iteration are added to the data fetched in the iterations before that (6).
The mean amplitude and phase of chunks of the data corresponding to one frequency
are calculated (7) and passed out of the loop (8). 4. After the loop has ended the
digitiser and frequency generation tasks are closed. 5. The data passed from the loop
are arranged into the amplitude and phase arrays that will be sent to the front panel
and saved after the subVI ends.
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is sent to the next iteration of the loop for analysis (which can only begin after the
Zero is found). The data fetched in the previous iteration of the loop is added to the
data fetched in the iterations before that. The data is then split into smaller chunks
that correspond to each separate frequency in the list and the amplitude and phase of
the response is then calculated and passed out of the loop.

The amplitude is calculated as the root mean square (RMS) of the amplitude of the
response waveform for each frequency of the actuation. The phase is calculated from
the waveforms from the PSD and the frequency generation board using the method
outlined in Appendix A.1.

The loop continues until all the relevant data is split and processed or the data
being written to the circular buffer ‘catches up” with the data that has not yet been
pulled to the computer memory.

After the loop ends the digitiser and frequency generation tasks are closed. The
amplitude and phase data are then arranged into arrays that correspond to the
amplitude and phase spectra are sent out of the VI when it ends.

The spectra are then sent to the front panel as plots and are saved to the hard disk

of the PC for post experiment analysis.

Static Signal The acquisition of the static-mode data during the measurement
procedure is handled by the Static subVI, shown in Fig. 2.18.a. The laser spot is
moved to the tip of the cantilever which is managed by the Move Stage 2 subVI1. The
temperature regulation of the box is switched off to clear the DAQ board for use in
the static measurement. A 150 ms wait is then enforced to give the DAQ board (Ni
PCI 6221) time to clear and to also ensure that the cantilever is no longer vibrating
from the measurement of the dynamic mode. Following the wait the static response is
recorded by the Static Measurement subVI shown in Fig. 2.18.b.

The DAQ board is configured to read a differential voltage from two channels
corresponding to the difference (dift, I, — Iy) and sum (/; + [5) signals from the PSD.
The sample number, rate, and timing of the measurement are set and then the
measurement is taken before closing the DAQ task. The signals are digitally DC
filtered to remove any vibration component of the signal due to thermal motion of the
cantilever. The mean diff and sum (2,500 samples at a rate of 10° samples s~!) are
then used to calculate the bending (Az) of the cantilever using Eq. 1.5. The
deflection and some of the other quantities are then sent out of the subVI as it ends.

After a 50 ms wait the temperature regulation is turned back on and the static data
is sent to the front panel for observation during the experiment and will be added to
a static save file following the measurement of the static signal from all cantilevers of

interest.



50 2.4 Results and Discussion

| WTrue ~Bf

Relative position static ][00 B [Move to Zero Position] [Tum OFf Temp/Pressure Reg] (Get Static Turn On Ternp/Pressure Reg]
reeee | BIDOOOOD0OO0O0 Do 000000 000000000

[150] offset Sum (V) [50]
@ Bkt i
@ Temp Reg on/off .. g

@ P PHcHeHeReHeReHoReNoR" ofeHoNeNoRoNsBofsHoHeRrHoReRoNoReoBeReHogoRoNoREoR HoRoNaHoReHeNeRn]

»55L [Diff AC estimate (Vrms)
von1] |Ch. 1 ( diff electrodes)
»o6i | |Mean Diff

[Deflection(nm)=(Diff/Sum}{L{mm)/2}*G] ‘

B e

.['nm L ‘

POEL]|Mean Sum ‘
voet] [Ch. 0 (sum) |
»o6L]|Sum AC estimate (Vrms)

Figure 2.18. Block diagram of the static subVI shown in Fig. 2.15 and details of
static measurement subVI contained within it. a)The block diagram of the ‘Static’
subVT first instructs the M110.1DG stage to move to the tip of the cantilever (‘Move
Stage 27). The temperature regulation is switched off to clear the DAQ board for the
static measurement. A pause of 150 ms gives time to clear the DAQ and ensure that
the cantilever has stopped vibrating following the dynamic measurement. The static
response of the cantilever is then measured and after a 50 ms wait the temperature
regulation is turned back on. b) The static measurement subVI block diagram. The
DAQ board is configured to a differential voltage measurement on two channels. The
number of sample and the rate are then set before the measurement is taken. The
data from the two channels is then DC filtered to remove any vibration effects of
the cantilever. The deflection can then be calculated from the difference and sum
information measured on the two channels using Eq. 1.5.

2.4 Results and Discussion

2.4.1 Performance of Dual-Mode Device

The new dual-mode device contains several electronics upgrades compared to the older
dynamic-mode device which help improve the overall performance of the device. The
SRS SR560 Low-Noise amplifier replacing the Tektronix TM502A (Oplink solutions)
allows a high-pass. low-pass, or band-pass filter to be applied to the output from the
PSD prior to the digitiser and provides a better boosting of the resonance peaks with
respect to the noise levels. The National Instruments frequency generation board (NI
PCI 5406), which only outputs certain waveforms, replaced the arbitrary waveform
generator (NI PCI 5412) which reduces the amount of information that needs to be
stored and generated for the actuation of the cantilevers. This means larger frequency
spans can be actuated with a higher resolution than previously was possible.

The readout of the dynamic signal has been optimised using a circular buffer to

allow measurement of >3,000 data points in each spectrum for eight cantilevers in ~30
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Figure 2.19. The amplitude and phase spectra of a typical 1 gm thick cantilever between
1 kHz and 1.5 MHz. The resonance modes from 2 up to 19 are clearly visible. The
entire spectrum was obtained, as shown, in one measurement. The spectrum contains
3,000 data points. Each point is the average of 10,000 samples taken at a frequency of

107 samples s~ ! over 1 ms.

s (including travel between cantilevers). The sampling rate is set to 107 samples s ! to
satisfy Nyquist’s theorem and avoid aliasing. Each data point in the spectrum is the
average of 10* samples. When only the static signal is being recorded it is possible to
read out from all eight cantilevers once every 6 - 7 seconds, and once every 30 seconds
when the dual mode is used.

- Programming changes implemented to process the data while still acquiring data
lead to reduction in the data stored by a factor 10* and when combined with the
nnplementation of the circular buffer and the new frequency generation board means
an improvement in the frequency resolution of the dynamic signal of a factor ten
compared to the initial dynamic-mode device over the same range. e.g. for a 150 kHz
window the frequency resolution of the dual-mode device is 42.8 Hz compared to 375
Hz for the dynamic-mode device.

As an example of the capability of the dynamic part of the device a frequency
spectrum of a gold coated 1 pm thick cantilever (in liquid) from a typical array used in
experiments is shown in Fig. 2.19. The spectrum clearly shows the flexural resonance

modes from mode 2 to mode 19. The resonance mode frequencies follow an approximate
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squarcd increase with increasing mode numnber. which indicates that they are all flexural
modes (Appendix A.2). The frequency range spans 1 kHz to 1.5 MHz and contains
3,000 data points. The spectrum was recorded, processed and saved in three seconds.
Each data point in the spectrum is the average of 10,000 samples taken at a frequency
of 107 samples s~ !.

Previously to obtain a spectrum such as this one it would be necessary to take
multiple measurements at different positions on the cantilever surface to obtain all
of the resonance modes and then stitch them together during post processing. This
spectrum shows the advantage the new device performance and of having the fine
positioning system and small spot size for obtaining high-quality resonance spectra.
During actual experiments 18 resonance modes are not monitored, as the frequency
resolution would not be optimal, however it is possible to monitor several resonance
modes in cach frequency range specified by the user with good resolution in time and
frequency.

It was not within the scope of the thesis to perform upgrades to the fluid chamber.
As such the chamber presented is from the existing device. The chamber allows for
high-quality measurements in a liquid environment, however there can be a small leak
from one end of the chamber which can cause problems during stop flow experiments.
Occasionally a small bubble can form in the chamber due to the leak which can interfere

with the readout from one or more of the cantilevers.

2.4.2 Line Scan of Cantilever Vibrating in Air

To demonstrate the sensitivity of the dynamic mode to the positioning of the laser
spot on the surface of the cantilever a scan along the longitudinal axis of a typical
bare silicon 1 pm thick cantilever was performed with measurements taken every 5 jumn.
For the (lyilztllli(' measurements the cantilever was excited at its 5 flexural resonance
mode in air and the resonance spectra were fitted with a simple harmonic oscillator
(SHO) model to determine the amplitude of the signal.

The static bending profile was obtained from the PSD signal using Eq. 1.7. The
profiles are shown in Fig. 2.20. The nodes and antinodes of the resonance are clearly
reflected in the dynamic response, with the maximum amplitude of the resonance
peak obtained at the nodes of resonance as indicated by Fig. 1.4 in Section 1.3.4. The
bending profile shows a 3 jpm upwards bend of the cantilever indicating a small residual
tensile stress from the fabrication process. The bending profile was calibrated using

the thick side bar as a reference to account for any tilt of the cantilever in the holder.
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Figure 2.20. Measurement of the amplitude of the 5th resonance mode in air and the
bending of a typical cantilever from the array. The data was obtained by taking a
dynamic measurement followed by a static measurement at 5 pm intervals along the
length of the cantilever and the bending profile can be established using Eq. 1.7. The
120 pm long and ~3 pm thick hinged portion of the cantilever has some flexibility as
indicated by the reduced amplitude of vibration observed [6].

2.4.3 Response to Heat Pulse

To demonstrate the sensitivity of the device to both dynamic and static response of
the cantilever array a heat pulse was applied to the Huid chamber (2 V, 250 s). This
caused a trough to be formed in the static signal (as shown in Fig. 2.21 and Appendix
A3, Fig. A.3) which can be used to calibrate the response of the individual cantilevers
in the array and allow for comparable measurements between the cantilevers [7]. The
downward bending is caused by the different thermal expansion cocthcients of the
silicon cantilever and the gold layer on the upper surface of the cantilever (3 x 107°
°C~! for Si and 14 x 107% °C~! for Au).

The flexural resonance modes 8 to 10 were recorded during the heat pulse and their
response is shown in Fig. 2.22. The shift in resonance frequency is due to the change in
properties of the cantilevers and the surrounding fluid with increase in temperature. It
would be expected that the Huid is less dense at the higher temperature and therefore
the mass of the liquid that is moved with the cantilever as it vibrates is less, thus
increasing the resonance frequency. The higher modes of resonance are more sensitive
to the change in mass of the water as expected [8] and as shown in Appendix A.3, Fig.
A.4. The change in mass corresponds to an average of ~6 £0.5 ng of co-moved water
following analysis in NOSEtools [9, 10] as shown in Appendix A.3, Fig. A.5. It should
be noted that this analysis assumes that the spring constant of the cantilever remains

unchanged during the experiment, which may not be true. A total increase in stress
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Figure 2.21. Average static response of the eight cantilevers in the array to the 250 s

heat pulse. The cantilevers showed an average bending of 230 nm by the end of the

heat pulse.
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Figure 2.22. Average frequency response of the flexural resonance modes 8 to 10 to the
250 s heat pulse. Inset: The maximum frequency shift (Af) vs. mode number (n). It
is clear that the higher resonance modes are more sensitive to an applied stimulus.
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on the cantilever, as caused by the heat induced bending can cause a change in spring

constant, and hence a change in resonance frequency [11, 12].

2.4.4 Syringe Pump vs. Pressure Flow

During some continuous How experiments it was noticed that there was a clear periodic
signal superimposed on the frequency response of the cantilever. It was usually possible
to remove the effect by box filtering of the data, or during reference subtraction the
effect would be removed. The fact that the effect was occurring on all cantilevers with
similar magnitude simultancously indicated that the cause was in the environment of
the cantilever. The temperature of the box, and hence the liquid in the chamber) was
constant and so was not causing the periodic effect. The effect was found to be absent
during stopped flow experiments.

The effect of causing liquid to flow through the fluid chamber using the syringe punp
compared to using the air pressure driven flow was investigated. Nanopure water was
passed through the fluid chamber at various How rates using the syringe pump and
the frequency response was recorded at mode 14 from a number of cantilevers in the
chamber. The resonance peak was fitted with the SHO amplitude equation with added

terms to account for any baseline in the spectrum,

A=Ay + Hl,_/' Sl

Je ; (2.4)

where A is the amplitude, Ay is the intersection of the baseline amplitude, m is the
slope of the baseline, Ay is the zero frequency amplitude, f is the frequency, f. is the
centre frequency of the peak, and @) is the quality factor of the peak. The peak was
fitted to find Ay, m, Ay, [., and @ using a Levenberg-Marquaradt fitting algorithim
implemented in a custom LabVIEW VI. The centre frequency was then plotted versus
time to determine if any effect on the response was induced by the fluid flow. The
bascline corrected frequency response of of three cantilevers to two different syringe
pump speeds are shown in Fig. 2.23. There is an obvious periodic effect visible in the
frequency response.

Following the introduction of the pressure driven flow system described in Section
2.2.5, nanopure water was caused to flow continuously through the fluid chamber by
applying different pressures to the bottles. The frequency response at mode 14 of
three cantilevers at two different applied pressures are shown in Fig. 2.24. There is no
periodic effect obvious to the eye.

The frequency responses were baseline corrected and a fast Fourier transform (FFT)
was performed on the data to determine the period of the effect on the frequency

response. There is a clear periodic response of the syringe pumped How data which
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Figure 2.23. The frequency response of mode 14 of three cantilevers at two different
pumping speeds of the syringe pump. It is clear that there is a periodic response of
the cantilever frequency. a) Response to continuous flow at 10 ul/min b) Response to
continuous flow at 15 pl/min.
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Figure 2.24. The frequency response of mode 14 of three cantilevers at two different
pressure induced How rates. It is clear that there is no periodic response of the cantilever
frequency. a) Response to continuous flow at 10 mbar applied pressure b) Response to
continuous flow at 15 mbar applied pressure.
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Figure 2.25. a) The FFT magnitude of the frequency response of cantilever 4 at 15
nl/min shows a clear peak indicating that there is a definite periodic response of the
cantilever. The other cantilevers show similar responses at all pump speeds. b) A plot
of the frequency of the oscillations vs. the pump speed shows a definite linear trend,
indicating that the periodic response of the cantilever is related to the pumping speed
of the syringe pump.

results in a peak in the FFT magnitude obtained from the data (Fig. 2.25.a). The
period frequency indicated by the peak in the FFT was averaged over the cantilevers
for each pumping speed.

A plot of the period frequency vs. pumping speed (Fig. 2.25.h) clearly shows a
linear trend which indicates that the periodic response of the frequency is related to
the pumping speed of the syringe.

The absence of the effect during pressure induced flow and the linear respouse of
the frequency of the effect with pumping speed indicates that the effect was caused
by the How of the liquid induced by the syringe pump. The cause of the effect within
the syringe pump is less clear. Cleaning and greasing of the pump did not remove the
effect. The effect is unlikely to be due to stick/slip of the syringe due to the very even
effect on the frequency of the cantilever. With stick /slip of the syringe random slips of
different sizes would be expected and so would not lead to a definite peak in the FET.

The effect could be due to the axle of the pump being slightly misaligned and thus
an even pumping speed is not achieved and so the flow rate would vary periodically
with time.

Another possible cause is that at very low pumping speeds of the pump, combined
with a larger volume syringe, the pumping is not continuous as there is a minimum
rotation of the screw drive in the pump. Thus, the average How though the chamber
would match the desired target How rate, but the How speed would not be steady, or
may even be pulsed.

As a result it is preferred to use the pressure induced How of liquid though the
chamber during experiments, especially those with low flow rates, or where a small

response of the cantilever is expected.
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Chapter 3

General Cantilever Preparation

Techniques

In order to build a biosensor from a cantilever array it is necessary to attach a bio-
recognition layer to the surface of the cantilever. The cantilever acts as the mechanical
transducer while the surface coating is the recognition element. The performance of
the sensor depends on the interface between the sensing layer and the cantilever. The
reproducibility of the sensor will only be as good as the reproducibility of this layer.
Cantilevers can respond to virtually any stimulus. Therefore careful preparation of
the cantilever array is essential in order to create a sensor that is both sensitive and
specific to a particular target molecule. In all of the biological experiments presented
in this thesis the basic preparation of the sensor follows the same steps. Firstly the
cantilever array is cleaned to remove any residue from manufacturing, transport and
storage. The clean cantilever array is then coated with a thin Au layer. The Au surface
is cleaned after storage and then thiol chemistry is used to bind the probe molecules
to the Au surface. The steps involved in the preparation of the cantilever array are

discussed in detail below.

3.1 Cantilever Cleaning

Initially the cantilever arrays were precleaned prior to metal coating using a piranha
solution. Piranha solution is a strong oxidiser which is effective at removing organics
and hyroxilates from the Si surface, leaving it hydrophillic. Piranha cleaning is often
used as a first step to clean gross organic materials from the surface ot Si waters in the
semiconductor industry [1]. The protocol for piranha cleaning of cantilever arrays is
presented in Appendix B.1. However, the cleaning process required many rinsing steps
with deionised (DI) H,O to remove the detergent used at the start of the protocol, and

to fully rinse the piranha solution from the chip and avoid leaving sulphur, S, residues
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on the silicon, Si, surface [1].

This method was replaced by an O, plasma cleaning process because it is a safer
technique which yields similar results and does not require multiple steps or leave any
residue on the surface. The UV light generated by the plasma breaks organic bonds of
contaminants on the Si surface. In addition the oxygen species generated react with the
organic contaminants to form e.g. H,O and CO, [1] which are then pumped out of the
vacuum chamber. The protocol for plasma cleaning of cantilever arrays is presented in

Appendix B.2

3.2 Metal Coating

The cantilever arrays were coated with Ti and Au for most experiments to provide a
substrate for thiol binding of the probe molecules to the cantilever surface. The quality
of the surface has a direct impact on the binding of the probe molecules and hence
the performance of the sensors. The reproducibility of the metal coating will therefore
impact directly on the reproducibility of the sensors.

The Au layer has the added advantage of increasing the reflectivity of the surface
which aids in the optical beam deflection. In addition, when only one side of the array
is coated with the metal, a convenient mechanical calibration of the sensor response
can be performed by applying a heat pulse to the array.

The metal coating was initially performed using the BOC Edwards Auto 500
evaporationh system before it was replaced with the Temescal FC-2000 Evaporation
system for better reproducibility and ease of use.  The deposition rates and
thicknesses were optimised and the final Au surfaces had a RMS roughness of ~0.8

nm, with a grain size of ~35 nm [2].

3.2.1 BOC Edwards

The initial metal depositions were performed using the BOC Edwards Auto 500
evaporation system. This system is manually operated by the user and requires
constant small adjustments to yield consistent depositions. The settings used for the
depositions are given in Table 3.1. The Ti deposition was performed by e-beam
evaporation and the Au deposition was performed by thermal evaporation using a
tungsten boat.

The distance from the sample to the target in the BOC Edwards Auto 500 system
is ~20 em. Using thermal evaporation for the deposition of the Au layer generated
radiative heating of the arrays and combined with the short distance could cause the
cantilevers to bend significantly and become unusable in further experiments.

The time taken to reach the base pressure of ~ 4.3 x 107" Torr was on the order of
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Table 3.1. The settings used for metal coating of the cantilever arrays using the BOC
Edwards Auto 500 evaporation system. The base pressure before deposition was ~
4.3 ¥ 10~ % Torr.

Ti Au
Method E-Beam  Thermal
Pressure (Torr) 1.4 x107% 5x 107°
Current (mA) 47 10
Rate (nm/s) 0.02 0.02
Thickness (nm) 2 20

hours and usually resulted in an overnight pump down of the deposition chamber. If a
coating of both sides of the array was required it was necessary to break the vacuum and

manually rotate the arrays, resulting in a ~40 hour time period for a metal deposition.

3.2.2 Temescal

The Temescal FC-2000 Evaporation System was used for the metal deposition as a
replacement for the BOC Edwards system. The Temescal provides an automated
approach to the metal deposition yielding more reproducible results when properly
maintained. The system uses e-beam for both the Ti and the Au evaporations, with
a larger sample-target distance (~50 c¢m) than the Edwards system. The deposition
seftings for the Temescal are given in Table 3.2.

Table 3.2. The settings used for metal coating of the cantilever arrays using the

Temescal FC 2000 evaporation system. The base pressure before deposition was 2x 1079
Torr.

Ti Au
Method E-Beam E-Beam
Pressure (Torr) < 2x107% <2x107°
Rate (nm/s) 0.02 0.05
Thickness (nm) 2 21

The larger distance between the sample and the target leads to less (or no) bending
of the cantilevers. Precision control of the deposition rates and deposition pressure
yields more reproducible depositions.

- The system uses an interlock for the loading of the samples which gives significantly
lower deposition times. A flippable mount can be used in the Temescal which allows
coating of both sides of the array without breaking the vacuum. As a result, with the
Temescal it is possible to load the arrays and coat both sides of the array in under two

hours.
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3.3 UV Cleaning

An Au surface will quickly foul at ambient laboratory conditions [3] and this
contamination could potentially affect the functionalisation of the cantilevers. A
quick UV /ozone cleaning of the surface is thus performed immediately prior to the
functionalisation procedure [4].  The UV cleaning uses UV radiation to remove
organic contaminants from the surface via an oxidative process. The contaminants
can react with oxygen species generated by the UV radiation from oxygen present in
the system to form products that desorb from the surface. The protocol for UV

cleaning of the coated cantilever arrays is presented in Appendix B.3.

3.4 Cantilever Functionalisation

The functionalisation step is the point at which the cantilever array is transformed
into a biosensor. The eight cantilevers in each array allow several different molecules
to be immobilised on the surface to act as test or references for the particular
interaction being investigated. The cantilevers are sensitive to a range of effects
which can interfere with the biological measurement (e.g temperature changes, How
rate changes, environmental noise, etc...) in addition to nou-specific interactions
with the target molecules, and so a proper in situ reference is essential if the correct
interpretations are to be drawn from the data obtained.

For all of the biological experiments presented in this thesis thiol chemistry is used
to form self-assembled monolayers (SAMs) of the the probe and reference molecules on
the surface of the cantilevers [5]. The functional group on the molecule deprotonates

upon adsorption to the Au surface to form a strong thiol bond.

Probe—SH + Au — Probe—S—Au+e” + H' (3.1)

There are several possible methods for functionalisation of individual cantilevers
within an érray, the most popular being immersion of the cantilever in a capillary [6, 7]
or inkjet spotting of drops onto the surface of the cantilever [7-9]. The method used
for functionalisation of the arrays used in the experiments presented in this thesis is
the capillary immersion technique.

For the capillary functionalisation a custom device is used which allows the precise
insertion of the cantilevers in the array into precisely arranged glass capillaries (OD 240
+10 pm, ID 180 £10 pm, length 75 mm, King Precision Glass Inc, California, USA).
The capillaries are arranged such that the spacing between their centres matches the
spacing between the cantilevers in the array. A microscope mounted on the device
allows the user to guide the cantilevers into the capillaries using micro translation

stages, as shown in Fig. 3.1.a.
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Figure 3.1. The individual cantilevers in the array are functionalised using the capillary
immersion technique. The size and spacing of the capillaries are chosen to match the

cantilever array. Individual reservoirs for each capillary allow each cantilever to be given
a unique functionalisation, providing the capacity for multiple tests and references to
be included in each experiment. a) The cantilevers are inserted into the arranged
‘capillaries using a set of microtranslation stages and a microscope. b) The capillaries
are back filled from the reservoirs with the individual functionalisation solutions.

The other end of the capillaries are placed in small individual reservoirs where the
functionalisation solutions can be placed. Flow of the solution from the reservoir to the
cantilever compensates for any loss of liquid due to evaporation (Fig. 3.1.b) Incubation
times of up to two hours are possible using this device. If longer times are required the
device can be placed in a humid chamber to stop evaporation of the functionalisation
solutions.

Prior to use the glass capillaries are plasma cleaned for eight minutes (using the
same settings as in Appendix B.2) followed by a bath in HPLC grade ethanol for a
minimum of ten minutes. The capillaries are dried on filter paper on a hot plate (100 °C)
immediately prior to use. This is done to remove any small debris from the capillaries,
and to remove any oils etc left over from the fabrication process. The cleaning process
was observed to increase the flow rate of liquid from the reservoir to the cantilevers
and results in less cases of the fluid stopping i the capillaries before reaching the

cantilevers.
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Chapter 4

Compressible Fluid Model

Verification

This chapter describes the qualitative agreement between experimental measurements
of the Q factors and flexural resonance frequencies in air of microcantilevers and
calculations based on the compressible fluid model of Van Eysden and Sader [1]. The
Q factors and resonance frequencies observed on two sets of cantilever arrays were
slightly lower than those predicted by the model. This is attributed to the individual
design and geometry of the microfabricated hinged end of the cantilever beams in the
array. Some of the contents of this chapter are published in reference [2] by Jensen

and Hegner, Journal of Sensors, 2011.

4.1 Introduction

Applications for micron-scale cantilevers as a sensing tool have been found in the fields
of genomics [3-8], proteomics [9-11], microbiology [12-17], and many others. Many of
these applications make use of the micro-cantilever as a sensitive mass detector. It has
been shown that operating the cantilever at higher resonance modes increases the mass
sensitivity of the device [18]. This increase in the sensitivity is linked to the increased
Q factor observed for the higher flexural resonance modes of the cantilever [18].
Along with increased interest in possible applications came the need for improved
understanding of the dynamics of cantilevers on this scale and models which can
predict their behaviour in a range of situations. In general the higher the Q factor of
the resonance peak the smaller the minimum observable frequency shift is. Thus it is
desirable to obtain the highest Q) factor possible during experiments to maximise the
sensitivity of the experiment. Models indicating the dynamics of the cantilever are
useful when planning such experiments and determining the expected minimum

response required for successful detection of the target.
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Figure 4.1. a) The critical frequency f. and b) the critical mode n. vs the thickness
h of the cantilever as predicted by the scaling analysis presented in [1]. There should
be a turning point at the n, = 3 mode which occurs below 1 MHz for a 7 pm thick
cantilever. For a 2 pm thick cantilever of the same size the predicted mode is much
higher (n. = 12) and occurs around 3.6 MHz.

Many models detailing the behaviour of microcantilevers have been proposed,
including the Elmer-Dreier model [19] and Sader’s viscous [20] and extended viscous
models [21]. Sader’s extended model includes the 3D flow field of the fluid around the
cantilever beam and can be applied for arbitrary mode number.

The models mentioned above asswne that the fluid in which the cantilever is
vibrating is incompressible, and in general have good agreement with experimental
results [22]. However, recent papers by Van Eysden and Sader [1, 23] which detail a
model for a cantilever beam vibrating in a compressible fluid indicate that this
unbounded increase of the quality factor is not always valid. They predict that as the
mode number increases and passes a coincidence point (which is determined by the
thickness to length ratio of the cantilever and the fluid in which the cantilever is
vibrating) the Q factor will begin to decrease.

This coincidence point occurs when the length scale of spatial vibrations of the
cantilever beam reduces to a point where it is comparable with the acoustic wavelength
of the media in which the cantilever is vibrating. At this point it is possible that energy
can be dissipated by the generation of acoustic waves.

For practical applications of microcantilevers (such as mass sensing) this is not an
issue when operating the cantilever in liquid. However, if the cantilever is vibrated in
alr then it can be possible to observe this effect at higher modes. For a cantilever which
is 100 pm wide, 500 pm long and 7 pm thick the scaling analysis from the compressible
fluid model [1] predicts that there should be a turning point at the n.= 3 mode which
occurs below 1 MHz as shown in Fig. 4.1. For a 2 pm thick cantilever of the same size

the predicted mode is much higher (n. = 12) and occurs around 3.6 MHz.
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4.2 Materials and Methods

The thickness of the cantilevers was measured in a scanning electron microscope (SEM)
(Zeiss Ultra, Cambridge, UK) and were found to be 7.2 £0.5 pm and 1.972 4+0.005
pm thick (Fig. 4.2). The variation in the thicknesses of the cantilevers was shown to
depend on their position on the production wafer. As shown in Fig. 4.2 the cantilevers
are connected to the main body of the chip via a 120 pm long segment which is
approximately twice as thick as the cantilever itself for the 7 pm thick cantilevers and
three times the thickness for the 2 pm thick cantilevers. This design was implemented
to facilitate better definition between the hinge (clamping point) of the cantilever and

the main body of the array.

Figure 4.2. a) SEM image of typical cantilever array used for these measurements.
b) Closer view of the hinged end of one of the 7 pm thick cantilever showing the 120
pm long hinged design that connects the cantilever with the main body of the array.
c) and d) Two closer views of the hinged portion of the 2 and 7 pm thick cantilevers
respectively. The hinge is approximately twice the thickness of the cantilever for the
7 pm thick cantilevers and approximately three times the thickness on the 2 pm thick
cantilevers.

Cantilever arrays were taken at random from the production wafers and multiple
measurcments of the first four flexural resonance modes were taken for the 7 pm thick
cantilevers (Fig. 4.3) and of the first seven modes of the 2 pm thick cantilevers (Fig.

4.4). The resonance peaks obtained can be described by a SHO model [24]

Aof3

JUz =22+

1(/) = Ay + I (4.1)

f2
Q
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Figure 4.3. Sample of the four resonance modes examined for the 7 pm thick cantilevers
using one clamping position. The modes were fitted using Eq. 4.1 to find the centre
frequency and the Q factor. Ten measurements of each mode were recorded. a) Mode
1 at 38.87 kHz. b) Mode 2 at 228.09 kHz. ¢) Mode 3 at 584.60 kHz. d) Mode 4 at
1043.20 kHz.

where Ay is the amplitude of the baseline, Ay is the zero frequency amplitude, f is the
frequency, f, is the resonance frequency of mode n, and @ is the quality factor. The
Q factor and resonance frequencies were extracted from the best fit of the resonance
peaks with the above model using a Levenberg-Marquardt algorithm [25]. The mean
and standard deviation of the resonance frequencies and Q factors of each of the modes
were then calculated from the fitted data.

Van Eysden and Sader’s extended viscous [21] and compressible fluid models [1]
were used to predict the resonance frequency and Q factor of modes of the 7 pm thick
cantilevers: which were below 2 MHz and the modes of the 2 pm thick cantilevers
below 1 MHz. The compressible fluid model is very sensitive to the thickness of the
cantilever for a given length. As shown above the thickness of the cantilevers in the
array can vary significantly across the production wafer. As a result of the variation
of thicknesses observed the models were used to predict the Q factors and resonance
frequencies predicted for the middle and the limits of the range of thicknesses (7.2 £0.5
pm for the 7 pm thick cantilevers and 1.972 +0.005 pm for the 2 pm thick cantilevers).

The material and fluid properties were chosen to match the experimental conditions.
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Figure 4.4. Sample of the seven resonance modes examined for the 2 pm thick
cantilevers using one clamping position. The modes were fitted using Eq. 4.1 to find
the centre frequency and the Q factor. Ten measurements of each mode were recorded.
a) Mode 1 at 10.30 kHz. b) Mode 2 at 63.81 kHz. ¢) Mode 3 at 173.63 kHz. d) Mode
4 at 317.43 kHz. e) Mode 5 at 466.10 kHz. f) Mode 6 at 663.71 kHz. g) Mode 7 at
941.51 kHz.
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Young’s Modulus of Si: 169 GPa; density of Si (ps;): 2330 kg/m?; density of air (pg;,)
(at room temperature (RT)): 1.18 kg/m?; viscosity of air (at RT): 1.78 kg/(m s); speed
of sound in air (at RT): 346 m/s.
The general equations for the resonance frequency and ) factor of a given mode
are [1, 21]
Jvacn
Ve (£, m)

Apgul Lo (fnn)
TPairb e ,
— 4.3
Q Fi(fIH ”) ( )

where h is the thickness of the cantilever, b is the width of the cantilever, f,,., is the

aacuum  resonance frequency of mode n of the cantilever, and 1'(f,,n) is the
dimensionless hydrodynamic function and the subscripts r» and 7 refer to the real and
imaginary components respectively.

The calculations of the Q factor and resonance frequencies required finding the
hydrodynamic function for each of the models (it is this term that the compressibility
of the fluid affects). This involved solving the systems of linear equations given in Eq.
11 of reference [21] and in Eq. 7 of reference [1]. The integer M described in the models
was chosen to be 36 and was shown to provide sufficient convergence of the solution
for the higher modes of vibration as shown in Fig. 4.5. For further information on
the characteristics of these functions and their convergence see references [1, 21, 26].
Mathematica 8.0 was used to perform the calculations, and the source code for all

calculations is contained in Appendix C.

4.3 Comparison Between Theory and Experiment

4.3.1 7 pm Thick Cantilevers

It was found that there was a decrease in the Q factor of the seven cantilever beams
between the third and fourth modes which agrees with the prediction of the scaling
analysis mentioned above that the “coincidence point” is the n, = 3 mode. This
decrease in QQ factor can be clearly seen in Fig. 4.6. The large error bars of the
experimental data shown in Fig. 4.6 correspond to the statistical standard deviation
of the Q factor as measured from five experiments where the cantilever was
unclamped and re-clamped between experiments and is an indication of the coupling
between the piezo and the cantilever. The statistical standard deviation of the
resonance frequencies measured for each cantilever were on the order of 0.001%.
There was a difference of ~400 Hz in the fundamental frequency between cantilever 1
and cantilever 7. A similar decrease was also noted in the higher modes of the

cantilevers. and i1s an indication that there is a noticeable difference in thickness of the
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Figure 4.5. The predicted resonance frequency and Q factor becomes more reliable as
the size of the matrix used to calculate them increases. a) The resonance frequency
of mode 4 in air of a 6.723 pm thick cantilever vs. the matrix size. Inset: Zoom to
show stability of predicted frequency above M = 30 b) The Q factor of the resonance
peak vs. matrix size. Based on these graphs a matrix size of 36 x36 was chosen for all

calculations.
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Figure 4.6. Resonance frequency and Q factor vs. mode number comparison between
theory and experiment for the 7 pm thick cantilevers. The solid square symbols with
dotted lines correspond to the extended viscous model, while the solid circles with
dashed lines correspond to the compressible fluid model. The open symbols with solid
lines correspond to the experimental data. In the frequency plot the experimental data
are overlapping.

-antilevers within the array.

The resonance frequencies measured experimentally at the first mode agreed well
with the models, however as the mode number increased the measured frequencies were
increasingly lower than those predicted by the models. The lower frequencies observed
are consistent with a cantilever which is longer than the cantilevers used here, but
shorter than the cantilever and hinge section added together (~620 pm total length,
data not shown). The strong dependence of the predictions of the compressible Huid
model on the thickness of the cantilever can be observed in Fig. 4.6.

A repeat of the experiment where the cantilever was not removed from the holder
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Figure 4.7. Repeated measurement of the Q factor vs. mode number for a single
cantilever without removing the array between measurements. The statistical standard
deviation of the Q factors for modes 1 - 3 is 0.003% and the statistical standard deviation
for mode 4 is 0.02%. This indicated that the previously observed larger standard
deviations were due to differences in the coupling between the cantilever and the piczo
between experiments.

between measurements is shown in Fig. 4.7. Here ten measurements were taken and it

should be noted that the standard deviation is considerably smaller.

4.3.2 2 pm Thick Cantilevers

The “coincidence point” predicted for a 2 pm thick cantilever was mode 12 with a
resonance frequency of 3.6 MHz. Using the current device it is not possible to observe
the flexural resonance modes at such a high frequency, and therefore only the modes
up to 1 MHz were observed. The hinge portion of the array is relatively thicker for
these arrays than for the 7 pm thick cantilever arrays and as such should have less of
an effect on the dynamics of the cantilever.

Fig. 4.8 shows the comparison between the experimental data and the predictions
of the extended viscous and compressible fluid models. It is clear that the resonance
frequencies are still below those predicted by the models; however they match better
than for the 7 pm thick cantilever array (16% compared to 29% difference at mode
4). This is an indication that the comparatively thinner hinge portion of the array is
making a significant contribution to the dynamics of the 7 pm thick cantilever arrays.

It is clear from Fig. 4.8 that there are differences in the predicted Q factors of the
two models well below the “coincidence point”. The experimental values match well
with those predicted by the compressible fluid model (20% lower for the compressible

Huid model compared to 75% lower for the extended viscous model at mode 7).
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Figure 4.8. Resonance frequency and Q factor vs. mode number comparison between
theory and experiment for the 2 pm thick cantilever. The solid square symbols with
dotted lines correspond to the extended viscous model, while the solid circles with
dashed lines correspond to the compressible fluid model. The open symbols with solid

lines correspond to the experimental data.

It is clear that the experimental data agrees qualitatively with the predictions of the

compressible fluid model of Van Eysden and Sader. but that absolute quantitative

agreement is not demonstrated here.

Deviations of the resonance frequency and Q

factors of the cantilevers between the predictions from the compressible fluid model

and the experimental findings could be due to the hinge of the cantilever being only

approximately twice or three times the thickness of the cantilever (Fig. 4.2). This may

not. provide a sufficiently stiff support and there may be some degree of mechanical

coupling between the hinge and the cantilever beam as shown in Fig. 2.20 in Section
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2.4.2. This is significantly more noticeable for the 7 pm thick cantilevers where the
hinge is comparatively thinner and as such is an indication that the hinge is the cause
of the observed deviations from the compressible fluid model predictions. The models
are based on an ideal cantilever extending from a fixed support and as such should
not be expected to predict exactly the behaviour of cantilevers with a hinge design
such as the one used here, however theoretical geometric assumptions are not always
translatable into physical microfabricated devices.

Another possible reason for a qualitative and not a quantitative result could be
that the model is based on thermal actuation of the cantilever beam and here a piezo
actuator is used to amplify the motion of the cantilever, and while efforts are made to
keep the cantilever operating within the linear regime of the vibrations, this may not
be. 100% successful. It should also be noted that the model is valid for cantilevers with
a large aspect ratio and here the cantilevers used to conduct the experiment have a

ratio of 5 which places them very near the boundary for which the theory is valid.
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Chapter 5

Protein Aggregation and

Parkinson’s Disease

This chapter describes the successful detection of the aggregation of the protein
a-synuclein in a quantitative, label-free manner by functionalising a microcantilever
with a-synuclein monomers and operating it in dynamic mode in the presence of
a-synuclein monomers in solution. A total mass of 6 ng of a-synuclein was detected
over nine hours on the surface of the cantilever.  The result is compared to
conventional Huorescence measurements of a-synuclein aggregation under similar
conditions. It is found that the label-free cantilever detection method requires a
concentration of protein 50 times smaller than that of the current method and
indicated potential for significantly faster response times. Some of the contents of this
('ll;d])l‘(‘l‘ are published in “Quantitative, label-free detection of the aggregation of
a-synuclein using microcantilever arrays operated in a liquid environment™ by Jensen

et al., Journal of Sensors, 2011 [1].

5.1 Introduction

Parkinson’s disease, first described in 1817 by James Parkinson [2], is the second most
common neurodegenerative disorder (Alzheimer’s disease is the most common) and the
most common movement disorder. It affects 1-2% of the population over the age of
65 years [3]. It is a progressive, neurodegenerative disorder that is clinically diagnosed
by muscle rigidity, resting tremor and bradykinesia [3, 4]. Some patients also present
with postural imbalance and festinating gait [3, 4]. In later stages it can also cause
cognitive impairment [3, 4]. The disease currently has no cure and treatment is only
syimptomatic (does nothing to stop the progression of the disease) and becomes less
effective in later stages of the disease [3].

Parkinson’s disease has been associated with mutations of the gene encoding for,

81
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and aggregation of, the protein c-synuclein in the dopamine-containing neurons in the
substantia nigra [3-7]. This brings the disease into the area where nanomechanical
sensors can be used as a fast, efficient and reliable in vitro tool for the investigation of

the self-interactions of the a-synuclein protein.

5.1.1 Parkinson’s Disease and a-Synuclein

a-synuclein is a protein which is highly expressed in the dopaminergic neurons in the
brain (the main source of dopamine in the mammalian central nervous system) where
it is mainly concentrated in the pre-synaptic nerve terminals [8-11]. It contains 140
amino acid residues and is part of the group of natively unfolded proteins (proteins
which disp'lay little secondary structure) [8, 9]. The exact role of «-synuclein within
the dopaminergic neurons is still unknown.

Genetic evidence has directly implicated a-synuclein in the pathogenesis of
Parkinson’s disease. Several genetic mutations in the a-synuclein gene have been
associated with the development of Parkinson’s disease [5, 6, 12 14]. These mutations
are associated with rare hereditary or ‘early onset’ Parkinson’s disease. The majority
of cases of Parkinson’s disease are considered idiopathic (not caused by an inherited
genetic mutation, but rather by an environmental factor).

The neuropathological feature of Parkinson’s disease is the presence of cytoplasmic
mclusions y(fil)rillar aggregates in the cytoplasm of the cell) called Lewy bodies and
Lewy neurites. These cytoplasmic inclusions were first described by Friedrich H. Lewy
in 1912 and were later named by Tretiakoft who showed that they are numerous in the
substantia nigra [3].

Around the same time that the genetic links between a-synuclein and Parkinson’s
disease were established it was found that a-synuclein is a major component of Lewy
bodies [15-17]. The a-synuclein found in the Lewy bodies is in the form of filaments
200-600 nm long and ~5-10 nm in diameter [3, 4, 7, 18].

Animal models have indicated that accumulation of a-synuclein may play a role in
the loss of dopaminergic neurons in Parkinson’s disease [19, 20]. An animal model using
transgenic Drosophila that produce human a-synuclein was able to replicate several of
the essential features of Parkinson’s disease [21].

The findings mentioned above created two leading ideas of the disease pathway in
Parkinson’s disease which are outlined in Fig. 5.1. The first 1s that by either genetic or
other factors there is a dysfunction in the a-synuclein protein. This leads to aggregation
of the protein into protofibrils. The protofibrils then aggregate further into fibrils and
finally the fibrils come together to form Lewy bodies. The Lewy bodies are then
responsible for death of the dopaminergic neurons (the lack of dopamine is responsible

for the clinical symptoms of the disease). The second (indicated by the dashed path
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Figure 5.1. Genetic or environmental factors cause a dysfunction in the a-synuclein
protein. This results in aggregation into Lewy bodies which then cause nerve cell death.
Another possibility is that the the dysfunction in the a-synuclein protein causes the
nerve cell death and the formation of Lewy bodies is a protective measure. Adapted
from Goedert, 2001 [3].

in Fig. 5.1) is that it is the oligomers/protofibrils which are responsible for the death
of the dopaminergic neurons and that the formation of fibrils and Lewy bodies is a
protective action by the cell [3].

It has now become more likely that the oligomers and not the fibrils are cytotoxic,
with a lot of evidence in favour of this theory [22]. It is clear that a better understanding
of the aggregation of a-synuclein would be beneficial in determining the pathway of

the disease and also possibly in the development of a cure for the disease.

5.1.2 Investigating Protein Aggregation

Several methods exist for investigating protein aggregates. They can be split into two
groups, those which are used to characterise the protein aggregates post-aggregation
and those which can be use to determine the kinetics and growth rates during

aggregation.

Post-Aggregation Techniques The morphology of a protein aggregate or fibril can

be determined using AFM [10, 23, 24]. Use of the AFM in force spectroscopy mode
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allows some of the mechanical properties to be determined. such as elasticity or bending
rigidity [25]. A modified form of AFM called scanning conductance microscopy can be
used to determine the dielectric constants of different materials and has been used on
several biological materials [26, 27]. SEM can also be used to determine the dimensions
of the aggregate and determine if it is fibrillar in nature [28]. The structure of a fibril
can also be determined using X-ray diffraction [29].

It is possible to determine the composition of a protein aggregate using nuclear
magnetic resonance (NMR) spectroscopy [28]. This results in a spectrum, the peaks
of which indicate the chemical components contained in the sample. The interactions
between the different compouents can also be determined from the spectrum leading
to structural information about the protein at the atomic level. However, this method
cannot be applied to larger aggregates.

Another way of determining it a specific protein is contained in an aggregate (of
unknown eomposition) is to use an immunolabeling technique in which primary
antibodies are generated which bind to a specific epitope of the specific protein. If
the protein is present in the sample the primary antibody binds to it. The primary
antibody is then labeled with a secondary antibody with a tag attached (e.g.
fluorescent label or gold nanoparticle). The sample is then viewed using a microscopy
technique (SEM or Huorescent microscopy) to determine if the tag is present in the
sample, giving information on the localisation of the target protein within the sample.
This technique only indicates if a particular protein is present and does not give the

full composition of the aggregate.

Real Time Techniques Dynamic light scattering (DLS) is a technique that can
be used to determine the size distribution of particles in suspension. This technique
can be applied to determine aggregation rates for proteins in solution [30]. DLS only
tracks the change in size of the particles in solution and not their morphology, so one
or more of the techniques previously mentioned should be used in addition to confirm
the aggregation/fibrillation of the protein.

Several fluorescent labels are available which undergo a shift in their emission
frequency upon binding to a protein or aggregation of proteins. Thioflavin T is a
fluorescent. label for a-synuclein which undergoes a shift in emission frequency upon
aggregation of the protein [10, 31, 32]. By monitoring the intensity of the shifted
emission frequency rates of aggregation of the protein can be determined [10].
However this technique requires knowledge of the label-fibril binding stochiometries
which can be variable depending on solution conditions or type of protein being
invesLigaLed. a-synuclein aggregation rates determined using Thioflavin T show a
strong dependence on solution conditions such as pH or salt concentration, with

incubation times (at 37 °C) for achieving half the final intensity being ~80 hrs at pH



5.2 Materials and Methods 85

7 and as short as 70 minutes at pH 4 [10]. Typically large concentrations of the
protein are also required to provide sufficient intensity for measurement. Also the
presence of another molecule which interacts with the fibril can affect binding
kinetics, therefore label-free detection techniques which do not affect the kinetics are
preferable [33].

The kinetics and thermodynamics of protein aggregation can be determined using
a QCM [24]. This method tracks the change in bound mass on the surface of the QCM
with time by tracking the dynamic changes of the oscillator (frequency shifts, damping
of the oscillation response). A problem with this technique is that there is no n situ
reference during the experiment and several other experiments with different conditions
must be conducted to act as a reference.

Transitions of the protein from one type of secondary structure to another (e.g. from
random coil to J-pleated sheet conformation) can indicate fibrillation of the protein.
The secondary structure of a protein can be tracked using Fourier transform infrared
spectroscopy (FTIR) or circular dichroism (CD) as a function of environmental factors
(e.g. time or temperature). This can be used to indicate if a protein is aggregating
or likely to aggregate under certain conditions. However, only environmental factors,
such as temperature, can be changed during the experiment. In order to investigate
other conditions, such as pH or salt concentration, individual experiments must be
conducted.

Detection of growth of amyloid fibrils by measuring the deflection of a
microcantilever array has been reported [34]. However this method only reported the
tracking of the deflection of the cantilever with time and the surface stress induced by
the growth. The report did not give any indication of the rate of binding of the,
protein. Therefore the technique is better used as an indication that growth of the
fibril is occurring, but is not suitable for determining the rate of growth or the

kinetics of the interaction in a quantitative manner.

5.2 Materials and Methods

5.2.1 Cantilever Functionalisation

Prior to metal coating the cantilever was coated with polyethylene glycol (PEG), as
described in Appendix B.4, to prevent unspecific binding of protein to the bare silicon
during the experiment. The cantilever array was functionalised using the custom
fabricated capillary functionalisation setup described in Section 3.4. The test
cantilevers were first coated with a monolayer of dithiobis(succinimidyl undecanoate)
(DSU) (NBS Biologicals) [35] by immersion in a solution of 0.5 mM DSU in dioxane
1,4 for 30 minutes. The DSU binds to the gold via a thiol group at one end. The
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Figure 5.2. Schematic showing the functionalisation of the cantilever array. The
backside of the cantilever is coated with a PEG silane monolayer to prevent non-specific
adsorption of a-synuclein during the experiment. The array is coated with a Ti/Au
layer to facilitate functionalisation using thiol chemistry. The reference cantilever is
coated with a self-assembled OH monolayer. The test cantilever is coated with a-
synuclein bound to a DSU monolayer. All remaining binding sites are blocked with

BSA.

reference cantilevers were passivated against protein binding using a hydroxyl
terminated monolayer. The layer was formed by immersing the cantilevers in a
solution of 0.5 mM 11-mercapto-1-undecanol in EtOH for 30 minutes. The array was
then rinsed in dioxane 1,4 for 5 minutes followed by EtOH for 3 minutes. The test
cantilevers were then further functionalised with wild type a-synuclein protein
(r-Peptide, Bogart, Georgia 30622, USA), which binds to the DSU, by immersion in 5
pg/ml a-synuclein in sodium phosphate buffer (20 mM, pH 7) for 2 hours. This was
followed by a rinse in the same buffer for 5 minutes. Any remaining binding sites on
the cantilever array were blocked using bovine serum albumin (BSA) at a
concentration of 0.1 mg/ml in phosphate buffer (20 mM, pH 7.0). The BSA solution
was sonicated and filtered through a 0.2 pm filter to remove any aggregates prior to
immersion” of the cantilever array in the solution. A final schematic of the

functionalised test and reference cantilevers is shown in Fig. 5.2.

5.2.2 Cantilever Measurements

The array was loaded into the dynamic mode fluidic chamber and clamped on top of
the piezo actuator. Sodium phosphate buffer (20 mM, pH 6.0) was passed through the
chamber at a rate of 3.3 pul/min for four hours to allow the a-synuclein on the surface
of the cantilevers to equilibrate to the lower pH and also to establish a baseline from

which the shift of resonance frequency could be measured.
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a-synuclein lyophilised in Tris was resuspended in 18 M2 nanopure water to a final
concentration of 1 mg/ml a-synuclein in 10 mM Tris, pH 7.4. The a-synuclein was
rebuffered in 20 mM sodiumn phosphate buffer, pH 6, using a protein desalting spin
column (Pierce Protein Research Products, Fisher Scientific Ireland, Dublin, Ireland).
The solution was then diluted down to a final concentration of 10 pg/ml in the same
buffer.

The a-synuclein monomers were passed through the fluidic chamber at a rate of 3.3
pl/min. In total 1.8 ml of the monomer solution was passed over the array. Following
the injection of the monomer solution phosphate buffer was passed through the chamber

to check for any unbinding of protein from the surface of the cantilever.

5.2.3 Thioflavin T Measurements

The aggregation of the protein a-synuclein in solution was also measured using
fluorescence measurements as a further control to be compared with the cantilever
array measurement.  The fluorescent marker Thioflavin T was used to indicate

aggregation of the a-synuclein in solution.

Preparation of a-synuclein The «-synuclein lyophilised in Tris was resuspended
in 18 MQ nanopure water to a final concentration of 1 mg/ml a-synuclein in 10 mM
Tris, pH 7.4. The protein was resuspended in 10 M sodium phosphate buffer, pll
7.4 using a dialysis membrane (Slide-A-Lyzer Dialysis Cassette 3,500 MWCO, Pierce
Protein Research Products, Fisher Scientific Ireland, Dublin, Ireland). The 1 il of
protein in Tris solution was injected into the membrane and placed in 800 ml of the
sodivm phosphate buffer for 30 hours and stored at 4 °C. The sodiwm phosphate buffer

was replaced three times during the procedure.

Fluorescence Measurements A 96-well microtiter plate (Sterilin Ltd., Newport,
NP11 3EF, England) was prepared with wells containing 30 pl of 10 mM sodium
phosphate buffer (pH 7.4), 10 pl of 500 mM NaCl in 10 mmM bulffer, 50 pl of a-synuclein
lmg/ml in 10 mM buffer, and 10 pl of 100 pM Thioflavin-T in 10 mM buffer for a final
volume of 100 pul in each well. Reference wells for Thioflavin T and blank measurements
were also prepared. The reference well for Thioflavin T contained 80 pul of 10 mM bufter,
10 pl of 500 mM NaCl in 10 mM buffer, and 10 pl of 100 pM Thioflavin-T in 10 mM
buffer. The blank reference wells contained 90 pl of 10 mM buffer, and 10 ul of 500
mM NaCl in 10 mM buffer. Two wells of each of the above were prepared at three time
intervals 8 hrs apart to facilitate measurements of the aggregation at equally spaced
time intervals.

The plates were incubated at 37 °C while shaking continuously at 150 RPM, with

a diameter of 20 mm. The plates were removed from the incubator for intensity
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measurements every 2.5 hours. The plates were covered at all times to avoid photo
bleaching of the Thioflavin T. The fluorescence measurements were carried out in a
FLUOstar Optima microplate multi-detection reader (BMG Labtech, Aylesbury,
HP20 2QJ, UK) with excitation at 450 nm and emission intensity recorded at 520

nin.

5.2.4 Data Handling

The 14" flexural resonance mode of the cantilever (~640 kHz) was tracked during the
experiment. The frequency range of each scan was 200 kHz, with 2000 steps in the
range giving a frequency resolution of 100 Hz. Each frequency in the range was excited
for 1 ms and the response from the PSD was sampled at a rate of 10° samples per
second. The RMS value of the differential signal from the PSD was then calculated
for each of the frequencies in the spectrum. The resonance mode was measured every
30 seconds for each cantilever in the array. The bound mass on the surface of the
cantilevers was then extracted from the frequency spectra by post-processing of the
data using NOSEtools software [36-38]. Samples of the spectra are given in Appendix
A4, Fig. A.6.

For the Huorescence measurements there were two wells measured at each time
point for the test, reference and blank solutions. The mean of each type was taken and
the test and reference measurements were then scaled by the blank measurement. The
response from the reference wells could then be subtracted from the test wells to give

the true response.

5.0 Results

5.3.1 Cantilever Measurements

The frequency spectra resulting from the cantilever measurements were post processed
using NOSEtools software to determine the shift of the flexural resonance peak and
hence the change in mass on the surface of the cantilever (Fig. 5.3). The reference
cantilever demonstrated a small decrease in frequency during the experiment (data
shown in Appendix A.4, Fig. A.7). The response from the reference cantilever was
subtracted from that of the test cantilever to account for any non-specific adsorption
of protein to the either side (PEG back side or OH-terminated top side) of the cantilever
and to account for any drifts in the response. The only sites available for the c-synuclein
monomers in solution to bind to the surface of the cantilever was by aggregating and
starting its polymerisation with the protein already attached to the DSU monolayer
on the surface. Approximately 6 ng of protein was aggregated on the surface of the

cantilever over a 9 hour period. Following the injection of monomers buffer was passed
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Figure 5.3. Graph of bound mass on the surface of the cantilever vs. time. The
frequency spectra recorded during the experiment were post processed using NOSEtools
software to obtain the resulting plot of bound mass vs. time. The blue scatter plot
shows the raw data (with the reference cantilever subtracted) and the red line shows
the median box filter of the raw data (box size 23). The left axis shows the bound mass
on the surface of the cantilever and the right axis shows the corresponding differential
frequency shift. The grey area indicates the period that 10 pg/ml a-synuclein in 20
mM sodiw phosphate buffer was flowing through the Huidic chamber at a rate of 3.3
nl/min.

through the chamber and a small amount of a-synuclein (~1 ng) was removed from
the surface of the test cantilever.

The small amount of non-specific binding of the a-synuclein to the reference
cantilever highlights the importance of the in situ reference when conducting
experiments of this kind. The subtraction of the response of the reference cantilever
from that of the test cantilever allows any non-specific binding of the protein to be
subtracted from the measurement so that only the response from the protein-protein

interactions are examined.

5.3.2 Fluorescence Measurements

The intensity of the emission from 10 pM Thioflavin T with 0.5 mg/ml a-synuclein
at 520 mm was recorded for 23 hours. The intensities recorded for the Huorescence
measurements were scaled by the intensity from the blank wells in order to account
for changes in the input power of the laser in the microplate reader. The intensity
from the reference wells was then subtracted from the test wells to show the change
in intensity due to the aggregation of the a-synuclein. The experiment was carried
out in duplicate and the data from each time point was averaged (Fig. 5.4). The error

bars correspond to the result of the propagation of the standard error of the mean of
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the intensities through the analysis outlined above. After an initial lag phase of seven
hours there is a steady increase of the average intensity recorded. This indicates that

there is aggregation of the a-synuclein during this time.
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Figure 5.4. Scaled Intensity vs. Time for Thioflavin T intensity measurements. The
intensity of the emission from 10 pM Thioflavin T with 0.5 mg/ml a-synuclein at 520
nm was recorded for 23 hours. The intensity was scaled by the blank measurement
and the Thioflavin T reference was subtracted from the test intensity measurement.
The data shown is the average of the intensity from the two wells and the error bars
correspond to the propagation of the standard error of the mean through the analysis.

5.4 Discussion

These experiments show that it is possible to detect the aggregation of the protein
a-synuclein in a label-free manner using functionalised microcantilevers operating in
dynamic mode in a physiological liquid environment. The concentration of protein
required to detect the aggregation using the label free method is a factor 50 smaller
than that used for the fluorescent method presented here. The total mass of protein
required was also smaller despite the continuous flow method used for the cantilever
measurements, with 50 pg of protein being required per test well, while only 18 pg of
protein was passed through the cantilever Huidic chamber. In addition, no lag phase
was observed during the cantilever measurements, whereas there was a seven hour lag
phase observed in the fluorescence measurements.

The aggregation of the «-synuclein on the surface of the cantilever was

reproducible, however the total mass of protein aggregated was heavily dependent on
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the conformation and density of the initial seeded monomers on the surface of the
cantilever (data not shown).

It should be noted that approximately 6 ng of the protein that was passed through
the fluidic chamber was polymerised on the surface indicating that the continuous flow
method is very wasteful. Employing a method where a smaller amount of a-synuclein
is used and the flow is stopped when the protein is in the fluidic chamber (which has
a volume of ~6 jul) a more efficient detection of the aggregation could be possible.
However, if the aim is to determine the binding kinetics of the aggregation then such a
stop flow situation could lead to imcorrect conclusions as the rate that is obtained can
heavily depend on the diffusion rate of the protein towards the surface of the cantilever
within the Huidic chamber.

The sensitivity of a microcantilever for mass sensing allows detection of a very small
mass of protein from the liquid flowed through the chamber (the current sensitivity of
the device lies in the sub-nanogram regime in liquids). This can be advantageous when
wdking with particularly expensive molecules or when the aim of the experiment is
to detect molecules which are in very low concentrations in a natural, physiological
environment. The method and results presented here show a quantitative measurement
of aggregation of the protein a-synuclein on the surface of a microcantilever with
an in situ reference in a physiological environment. This represents an improvement
over other measurements of protein aggregation using microcantilevers reported in the
literature [34]. As discussed in the introduction the static method is not suitable for

determining the kinetics of the aggregation process.
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Chapter 6
Oligonucleotides and Mass Labels

The successful detection of small biomolecules in a liquid environment is especially
challenging in the dynamic mode, however this is often the main aim of the development
of the use of cantilever arrays as a diagnostic tool. As a result it can be necessary to add
a mass label to the target to enhance the signal obtained from the binding events. This
chapter describes the successful detection of oligo-functionalised NPs with diameters
of 12.3 nm and 50 nm with total mass uptakes on the surface of the cantilever of 12
+3.5 ng and 1.5 +£0.3 ng respectively. The successful detection of the hybridisation of
biotinylated oligos using the static mode and the subsequent detection of the binding
of streptavidin-functionalised polystyrene beads to the hybridised biotinylated oligos
is .also described. This resulted in an average mass uptake of 1.1 0.2 ng on the
cantilevers. The differences in the magnitude of the mass uptake in relation to the size
of the mass label used is discussed. It is suggested that boundary streaming on the
surface of the vibrating cantilevers and the diameter of the particles may play a role

i1 the effectiveness of the mass labels used.

6.1 Introduction

There is a strong history of performance of static-mode applications of cantilever arrays
in-the field of genomics since the detection of a single base pair mismatch in the
hybridisation of two 12-mer oligos [1]. Since then there have been several more reports
of the use of the static mode for the detection of genomic material 2, 3]. There have
been somewhat fewer reports of the detection of deoxyribonucleic acid (DNA) using
the dynamic mode without the use of an additional label to increase the mass of the
target [4]. The majority of the reports of resonating detection of DNA also report the
use of an additional mass label to enhance the signal obtained (whether by QCM or
cantilever) [5-7].

The strong background of research for the detection of oligos using static-mode

microcantilever arrays provides a good platform for the testing of the effectiveness

97



98 6.1 Introduction

of mass labels in the new dual-mode device with a biological interaction that is well
understood and for which there are already good procedures for the preparation of the

cantilever array for use during experiments.

6.1.1 Mass Labels

Micro- and nano-scale cantilevers are capable of detecting very small amounts of mass
when operated in the dynamic mode, with detection limits in the attogram range
reported using cantilevers [8] and a low as 1.7 yg recently reported [9] using a
nanomechanical sensor. However, as discussed previously in Section 1.3 when working
in a physiological liquid environment the sensitivity of the cantilever to small changes
in mass 1s significantly lower than when working in vacuum or in air.

Many biological molecules that are of interest for sensing applications, such as
proteins or small strands of DNA, have such a small mass that they would not be
detectable using cantilever arrays operated in the dynamic mode in a liquid
environment. It is possible to use an additional mass as a label to enhance the signal
obtained from the binding of the molecule to the cantilever.

NPs, and Au NPs in particular, are a convenient choice for use as a mass label due to
their high density (19.3 g/cm?), relatively simple synthesis, and easy functionalisation
using thiol chemistry. They have been reported as a mass label for the detection of
various biological molecules including genomic material of Escherichia coli [5], DNA
[6, 7], prion proteins [10], thrombin [11], and prostate specific antigen [12]. Using a
QCM sensor and Au NP mass labels with oligo aptamers it is possible to detect Hg?'

ions from water samples [13, 14].

6.1.2 Au Nanoparticle Synthesis

The most common synthesis of Au NPs is by the reduction of chloroauric acid (HAuCl)
in water [15, 16]. A commonly used reducing agent is trisodium citrate (Na;CiH;0;)
which can be used to control the size of the NPs by changing the ratio of reducing agent
added to the solution containing the chloroauric acid [17]. The trisodium citrate acts
as both the reducing agent and the capping agent to prevent coaguiation of the neutral
Au NPs once they are formed from the Au®*' ions. These Au NPs can be functionalised
later by replacing the capping molecules with the functional molecules of choice.

It is also possible to synthesise and functionalise Au NPs in one step using
ultrashort pulsed laser ablation of an Au target in a liquid [18, 19] which also
contains the functional molecules [20]. In this case the functional molecules are
thiolated oligos which are then bound to the surface of the Au NPs via the thiol

bond. The oligos act as the capping agent and prevent coagulation of the NPs.
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6.2 Materials and Methods

All of the oligos used during the experiments presented were obtained from Microsynth
(Microsynth AG, Schtzenstrasse 15, P.O. Box 9436, Balgach, Switzerland). Table 6.1
contains information about the oligos used during the experiments presented. The
information includes their sequence, length in number of bps. their modification, and
their molecular weight (MW).

Table 6.1. Information about the oligos used during the experiments. All of the oligos

listed were synthesised by Microsynth and contain a (CH, )4 linker between the 5 end
of the oligo and the functional modification.

1D Sequence #bp 5 Mod MW

g/mol
Unspecl2 5-ACA CAC ACA CAC-3 12 Thiol 3552.2
BioB2 5-TCG TGT TTG AAG-3’ 12 Thiol  3887.7
BioB2¢ 5-CTT CAA ACA GCA-3¥ 12 Thiol 37944
BioB3 5'-CCG GAA GAT TGC-3’ 12 Thiol  3886.4
BioB3c 5'-GCA ATC TTC CGG-3’ 12 Thiol  3817.5
BioB4 5'-GGA AGC CGA GCG-3 12 Thiol  3916.2
BioB4c 5'-CGC TCG GCT TCC-3’ 12 Thiol  3769.5
#930352 5-TCG CTA CAG TGT GAT-3’ 15 Thiol  4737.0
#930353 5-ATC ACA CTG TAG CGA-3’ 15 Thiol  4614.8
#930356 5-AAA AAA TCA CAC TGT AGC GA-3* 20 Thiol  6280.3
#1‘23476() 5'-TCG CTA CAG TGT GAT-3 15 Biotin  4998.0
#1234761 5-ATC ACA CTG TAG CGA-3’ 15 Biotin  4965.8

6.2.1 Laser-Ablated Au Nanoparticles

A 1 ml, 5 uM, oligo (#930352) solution in nanopure water was prepared using the
protocol presented in Appendix B.5. The solution was sent to Particular GmbH for
use in functionalising Au NPs prepared using the laser ablation technique. The initial
request was for batches of Au NPs with diameters of 20-25 nm and 50 nm, however
when SEM analysis was performed by Particular GmbH on the batch of functionalised
NPs the average diameter was observed to be 12.32 nm and 42 420 nm nm respectively.
The stock concentration of the 12.32 nm oligo-functionalised NPs was 13.78 nM and
the n situ functionalisation resulted in an average of 29 oligos per NP. The stock
concentration of the 42 nm oligo NPs was 222 fM (based on a diameter of 42 nm).
The 12.32 nm oligo NPs were stored in nanopure water following synthesis and were

transferred to a 10 mM sodium phosphate, 150 mM NaCl buffer using the protocol
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presented in Appendix B.6. Despite many attempts it was not possible to resuspend
the larger 42 nm oligo NPs in buffer solution. The larger particles appeared to become
unstable and flocculate with even a small raise (2 mM sodiwn phosphate) in the salt
concentration of the storage solution.

A cantilever array was prepared as described in Chapter 3 and functionalised with
10 uM thiolated oligo (prepared as described in Appendix B.5) in 50 mM
triethylammonium acetate (TEAA) (see Table. 6.2) for 20 minutes. The test
antilevers, in the array were functionalised with the complement of the oligo on the
NP. A longer complementary oligo with an additional five A bases at the 5 end was
also used to check if the additional spacer provided an increase in binding of the NPs
from solution. An unspecific oligo Unspecl2 was used as a reference which would not
hybridise with the oligo on the NPs. After functionalisation the array was rinsed in
50 mM TEAA for 5 minutes followed by rinsing in buffer for 5 minutes prior to
loading into the fluid chamber.

Table 6.2.  Functionalisation of cantilever array for laser-ablated nanoparticles
experiment.

Cantilever Functionalisation

1 None

2.4 Unspecl2
3,5, 7 #930353
5, 8 #930356

Following loading of the array into the Huid chamber buffer was caused to tlow
through the chamber at a rate of 5 pl/min using a syringe pump, this flow rate was
maintained for the duration of the experiment. The system was allowed to equilibrate
for 45 minutes prior to acquisition of a baseline for 125 minutes. A 100 pl injection
loop was used to inject 464 pM oligo NPs in buffer into the chamber at the 125 minute
mark and again at the 205 minute mark (as a test of saturation of the cantilevers). A
final baseline was acquired following the second injection.

Three resonance modes were recorded once per minute from each cantilever during
the experiment between 560 kHz and 940 kHz, corresponding to the 14-16"" flexural
resonance modes, with 2,500 points per frequency sweep (frequency resolution 152 Hz).
Samples of the resonance modes are shown in Appendix A.5, Fig. A.8. The data was

processed using NOSEtools [21].

6.2.2 Citrate-Reduction Au Nanoparticles

Due to the large variation in size of the larger laser-ablated Au NPs and their lack of

stability in buffer solutions, 50 nm diameter Au NPs (BBI Life Sciences) with a size
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variation of <8% were functionalised with thiolated oligos using the protocol presented
in Appendix B.7. The oligo-functionalised NPs were stored in 10 mM sodium phosphate
pH 7.4 buffer which resulted in a better yield of NPs from the buffer transfer protocol
than when higher salt concentrations were used. Dropping the NaCl concentration
in the buffer lowered the melting temperature of a typical 15 mer oligo from 44 °C
to around 30 °C depending on the exact sequence. This melting temperature is still
sutficiently high that the bond between the 15 mer oligo and its complement will
be stable at room temperature. The BioB2 oligo was used during the optimisation
of the protocol, with DLS used to confirm an increase in size of the NP following
functionalisation. The longer oligo #930356 was used for functionalisation of the 50
nm NPs for the dynamic mode experiments.

"~ A cantilever array was prepared as described in Chapter 3 and functionalised with
10 uM thiolated oligo (prepared as described in Appendix B.5) in 50 mM TEAA (see
Table. 6.3) for 20 minutes. The test cantilevers were functionalised with the
complement of the long oligo and the reference cantilevers were functionalised with
an unspecific oligo which would not hybridise with the oligo on the NPs. After
functionalisation the array was rinsed in 50 mM TEAA for 5 minutes followed by
rinsing in buffer for 5 minutes prior to loading into the fluid chamber.

Table 6.3. Functionalisation of cantilever array for #930356-functionalised
nanoparticles experiment.

Cantilever Functionalisation

1,8 None
2,0, 7 Unspecl?2
3,4, 6 #930352

Following loading of the array into the fuid chamber buffer (10 mM sodium
phosphate, pH 7.4) was caused to flow through the chamber at a rate of 26 ul/min
using the pressure flow system, this flow rate was maintained during equilibration of
the system, and was the flow rate used for the injection of the sample into the fluid
chamber during the experiment. The system was allowed to equilibrate for 45
minutes prior to acquisition of a baseline for 45 minutes during which there was no
flow of fluid through the chamber. The oligo NPs were injected into the chamber at a
concentration of 4.5 x10?/ml using a 100 pl injection loop for 150 seconds and then
the flow was stopped. The 150 second injection was timed to ensure that there was
sufficient mixing within the fuid chamber and that the concentration of NPs withing
the chamber was stable. After 42.5 minutes the chamber was rinsed with buffer prior
to obtaining a final baseline with no flow through the chamber.

Two resonance modes were recorded once per minute from each cantilever during
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the experiment between 275 kHz and 425 kHz, corresponding to the 10 and 11*
flexural resonance modes, with 1,000 points per frequency sweep (frequency resolution
150 Hz). Samples of the resonance modes are shown in Appendix A.5, Fig. A.9. The

data was processed using NOSEtools [21].

6.2.3 Streptavidin-Coated Polystyrene Beads

In order to determine that the oligos on the NPs were hybridising with their
complements on the cantilevers a two-step test using biotinylated oligos and
streptavidin-coated polystyrene spheres (Spherotech) was performed. The initial step
was a static mode experiment where the biotinylated oligos were injected into the
chamber and the deflection of the cantilever caused by the hybridisation is detected.
Following the hybridisation the streptavidin-coated beads were injected which could
then bind with the biotin on the hybridised strands. This test has the advantage of
confirming that the oligo SAMs were functional and not damaged and also provides a
simple proof of concept test for the experiments presented in Chapter 7, using similar
sized beads with the well understood and simpler biological interaction between
biotin and streptavidin.

For these experiments Dulbecco’s phosphate-buffered saline (DPBS) was used as a
buffer as it was determined that it provides a better static response of the cantilevers
to hybridisation of oligos than regular phosphate-buffered saline (PBS) [22]. The

formulation of DPBS is given in Appendix A.6.

Test of static response to biotinylated oligo hybridisation.

An initial static only experiment was performed to test the static response of the 1 jpm
thick cantilevers to the hybridisation of the two complementary 15 mer oligos with one
of the oligos biotinylated on the 5" end. A large concentration of oligo was injected to
ensure a response from the cantilever. A cantilever array was prepared as described
in Chapter 3 and functionalised with 10 pM thiolated oligo (prepared as described in
Appendix B.5) in 50 mM TEAA (see Table. 6.4) for 25 minutes. After functionalisation
the array was rinsed in 50 mM TEAA for 5 minutes followed by rinsing in DPBS for

5 minutes prior to loading into the fluid chamber.

Table 6.4. Functionalisation of cantilever array for static biotinylated oligos experiment.

Cantilever Functionalisation
1,2,5,0 = #930362

S-S T Unspecl?2

8 Broken
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" Following loading the array into the fluid chamber DPBS was caused to flow through
the fluid chamber at 42 pl/min using the pressure flow system while the system was
equilibrating. The flow was stopped and a short baseline was recorded from cantilevers
2-7 (a signal could not be obtained from cantilever 1). The deflection of the cantilevers
was measured once every 6 seconds. Once a stable baseline was achieved a heat pulse
was applied to the chamber by applying 2 V to the resistors below the chamber for
4 minutes. The system was allowed to return to equilibrium and then the chamber
was rinsed for 5 minutes. The How was stopped and the system was allowed to re-
equilibrate and a baseline was recorded before injecting 100 nM oligo #1234761 for 90
seconds at a flow rate of 42 ul/min. After 45 minutes the chamber was rinsed with
DPBS at 82 ul/min for 5 minutes before a final baseline was recorded with no flow

through the chamber.

Two-step experiment with biotinylated oligos and streptavidin beads.

The streptavidin beads obtained from Spherotech had a mean diameter of 1.87 +0.046
pm and were stored in 0.016 M PBS, pH 7.4 with 0.02% sodium azide at a concentration
of 2.78 x10°% beads pl~!'. They have a stated binding capacity of biotin of 0.56 nmol
biotin-FITC to 1 mg of beads. The beads were rinsed three times by centrifuging at
3,000 ¢ and removing the liquid and replacing with an equal volume of DPBS and
resuspending. The beads were then diluted by to 0.182% of stock concentration (5,055
beads pl=!) in DPBS for injection during the experiment.

A cantilever array was prepared as described in Chapter 3 and functionalised with
10" pM thiolated oligo (prepared as described in Appendix B.5) in 50 mM TEAA (see
Table. 6.5) for 25 minutes. After functionalisation the array was rinsed in 50 mM
TEAA for 5 minutes followed by rinsing in DPBS for 5 minutes prior to loading into
the fluid chamber.

‘Table 6.5. Functionalisation of cantilever array for two-step biotinylated oligos with
streptavidin beads experiment.

Cantilever Functionalisation

15,7 #930353
358 #930356
2,4, 6 Unspecl2

Following loading the array into the fuid chamber DPBS was caused to fow through
the fluid chamber at 42 pl/min using the pressure flow system while the system was
equilibrating. The flow was stopped and a short baseline was recorded. The deflection
of the cantilevers was measured once every 6 seconds. Once a stable baseline was

achieved a heat pulse was applied to the chamber by applying 2 V to the resistors
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below the chamber for 1 minute. The system was allowed to return to equilibrium and
then the chamber was rinsed for 3 minutes. The flow was stopped and the system was
allowed to settle and a baseline was recorded before injecting 20 nM oligo #1234760
in DPBS for 90 seconds at a low rate of 42 pl/min. After 30 minutes the chamber was
rinsed with DPBS for 10 minutes at a flow rate of 80 pl/min.

Once the system was settled the static and dynamic response of the cantilevers
were recorded once per minute. A baseline was recorded for 30 minutes and then 1.87
pm diameter streptavidin-coated polystyrene beads were injected at a concentration of
5,055 beads micro 17! for 90 seconds at a flow rate of 42 jil/min. The beads were left
in the chamber with no ow for 45 minutes before a 20 minute rinse with DPBS at 80
ul/min. A final baseline was recorded after the rinse.

A single resonance mode was recorded between 210 and 250 kHz (mode 9), with
1,000 data- points per frequency sweep (40 Hz frequency resolution). Samples of the
resonance modes are shown in Appendix A.5, Fig. A.10. The data was processed using
NOSEtools [21].

6.3 Results

6.3.1 Laser-Ablated Au Nanoparticles

The baseline corrected bound mass data from four of the cantilevers in the array
is shown in Fig. 6.1. A large periodic noise is visible in the four sets of data and is
particularly noticeable in the data corresponding to the cantilever which has the largest
mass increase following injection of the 464 pM NP suspension. The periodic noise was
found to be due to the continuous flow of the liquid through the chamber being driven
by the syringe pump (see Section 2.4.4 for more details). The scatter due to the syringe
pump flow can be smoothed by applying a median box filter to the data (box size 31).

The Unspecl2-functionalised reference cantilever (red trace in Fig. 6.1) did not
show any response to the injection of the functionalised NPs as expected. Thus, the
reference SAM was formed correctly and protected the cantilever from any non-specific
interactions with the NPs.

The cantilever functionalised with the longer complementary oligo #9030356 (light
blue in Fig. 6.1) did not show any significant difference in response to the functionalised
NP injection than the bare Au (unfunctionalised) reference cantilever (orange in Fig.
6.1). This suggests that the oligo SAM was not formed correctly and that the oligo was
not in a pdsition to hybridise with the complementary oligo on the NP. It is possible
that the oligo on the surface of the cantilever did not form a full SAM and instead was
in a lying down position instead of the preferred standing position.

The differential response of the cantilever functionalised with the complementary
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Figure 6.1. The blue plots show the data from the cantilever functionalised with
complementary oligo #930353 (dark) and oligo #930356 (light), the red plots show
the data from the reference cantilever functionalised with the unspecific oligo, and the
orange plots show the cantilever with no functionalisation. The scatter plots show the
raw baseline corrected data and the lines corresponds to the median box filtered data
(box size 31). The grey area indicates the period that 464 pM Au NPs-functionalised
with oligo #930352 in 10 mM sodium phosphate, 150 mM NaCl buffer was flowing
through the chamber at a rate of 5 pl/min.
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Figure 6.2. The scatter plot shows the reference corrected data and the line corresponds
to the median box filtered data (box size 31). The grey area indicates the period that
464 pM oligo NPs in 10 mM sodiwm phosphate, 150 mM NaCl buffer was flowing
through the fluidic chamber at a rate of 5 pl/min. The scatter in the raw data is
due to the pumping of the fluid using the syringe pump. There is a clear increase of
mass on the cantilever of ~12 +3.5 ng. The second injection of functionalised NPs was
performed to test if the cantilever surface was saturated. No further increase in mass
was observed during the second injection.
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oligo #930353 is shown in Fig. 6.2. There is a significant increase of mass on the surface
of the cantilever of 12 +3.5 ng if the full range of the scatter due to the pumping is
taken into account. This corresponds to a surface coverage of ~80% of the cantilever

with 12 nm diameter NPs.

6.3.2 Citrate-Reduction Au Nanoparticles

The BioB2 oligo was used during the optimisation of the Au NP functionalisation
protocol.  The concentration of oligo used for functionalisation was too low to
measure the amount of oligo remaining in the supernatant following centrifugation of
the functionalised NPs. Thus, the exact number of oligos per NP could not be
confirmed, but it is assumed that the well-documented protocol by Mirkin (sce
Appendix B.7) is robust and provides a surface coverage in the region of what is
predicted (35 pmol/cm?). DLS used to confirm an increase in size of the NP following
functionalisation (see Fig. 6.3) as a substitute for measuring the remaining oligo
concentration following functionalisation.

There is a clear increase in the average diameter of the NPs of 9 nm, which is
consistent with the expected length of the BioB2 12 mer. Single-stranded
deoxyribonucleic acid (ssDNA) has a bp length of ~ 0.6 nm [23], so for 12 bps a full
length of 7.2 nm is expected. The persistence length of ssDNA is 1-2 nm which
causes the observed length of the oligos sticking out from the surface of the NPs to be
somewhat less than the maximum of 7.2 nm predicted. Thus, an increase of diameter
of 9 nm is consistent with a surface modification to the Au NPs with 12 mer oligos.

Initial tests using the BioB2-functionalised NPs during experiments resulted in very
little or no hybridisation of the functionalised NPs with the complementary BioB2c
strand on the cantilever. Similarly only small hybridisation of BioB3- and BioB4-
functionalised NPs with their complements BioB3c and BioB4c¢ were observed during
measurements where the functionalised cantilever array was immersed in 70 pul of stock
concentration (~ 2 x10' ml~") functionalised NPs in 10 inM sodium phosphate buffer
for 30 minutes, followed by a 30 second rinse in DI water. SEM was used to check
for the presence of NPs on the surface of the cantilevers (data shown in Fig. A.11
in Appendix A.7). A large non-specific interaction between unfunctionalised Au NPs
with unfunctionalised Au coated cantilevers was observed.

By using the longer oligo #930356 to functionalise the NPs it was possible to
observe an increase of mass on the surface of the test cantilevers functionalised with
the complementary oligo #930352 as shown in Fig. 6.4.a. The three test cantilevers
showed a similar mass uptake, within 0.4 ng, and the average differential response (Fig.
6.4 b) was a mass uptake of 1.3 0.3 ng by the end of the period that the functionalised

NPs were present in the chamber. Each NP has a mass of 1.3 +0.3 fg, indicating that
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Figure 6.3. DLS was used to confirm functionalisation of the NPs with the 12 mer
oligo BioB2 which was used during the optimisation of the functionalisation protocol.
A clear increase of the diameter of the particles was observed with the average peak
centre moving from 61.41 nm for the bare Au to 70.46 nm for the functionalised NPs.

there was an average of (1.0 £0.2) x10° NPs hybridised to the surface of each cantilever.
This corresponds to a surface coverage of 20 +4 NPs/pm?.

It was found that the oligo NPs did not store well and were best used as soon as
possible after functionalisation. DLS measurements of the Au NPs functionalised with
the oligo #930356 following one week of storage at 4 °C in 10 mM sodium phosphate
buffer at pH 7.4 revealed that there was no observable difference in the diameter of
the bare NPs and the functionalised NPs as shown in Fig. 6.5. It is clear that the
oligos were no longer attached to the NPs and therefore must be free in the solution.
If experiments are performed with the functionalised NPs, even after a small period
of time following the functionalisation, it is possible that the free oligos in solution
would compete with the reaction between the functionalised NPs and the cantilevers,
resulting in lower or no observed mass uptake during the experiment. As a result it
is advised to rinse the functionalised NPs before each experiment and to use them as
soon as possible after functionalisation for best results.

The finding that the oligos were dissociating from the Au NPs in a relatively short
time span is in good agreement with Bhatt et al. [24] who conducted a systematic
study of the stability of the thiol bond in DNA-functionalised Au NPs (17 bp long
DNA with 13 nm diameter Au NPs). They found that while there was no degradation
of the DNA there was spontancous dissociation of the bond under all test conditions
and that DNA-functionalised NPs should be freshly prepared and used within a day or

two. They conclude that for storage of oligo NPs low temperature, low ionic strength,
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Figure 6.4. a) The baseline corrected average change in mass for the three test
cantilevers (blue data) functionalised with the #930352 oligo and for one of the reference
cantilevers (red data) functionalised with the Unspecl2 oligo. b) The differential
response of the average of the test cantilevers. There is an average change in mass
of 1.3 £0.3 ng following the injection of the #930356-functionalised 50 nm NPs. The
grey shaded area indicates the time during which there was functionalised NPs present
in the chamber. The hatched areas indicate the time during which the buffer in flowing
through the chamber i.e. during injection and rinsing.
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Figure 6.5. DLS was used to check the functionalisation of the NPs with the 20 mer oligo
#9030356 following one week of storage at 4 °C. It is clear that there is no observable
difference between the functionalised and bare NPs indicating that the majority of the
oligos are no longer on the surface of the NPs.

and slightly acidic pH is best.

6.3.3 Streptavidin-Coated Polystyrene Beads
Test of static response to biotinylated oligo hybridisation.

The heat pulse applied to the chamber resulted in a large downward (away from the Au
Layer) bending of the cantilever as shown in Fig. A.12.a in Appendix A.8. There was a
120 mm difference in the total deflection of the six cantilevers measured. The response
from the cantilevers was calibrated by normalising the response of each cantilever to the
mean of the maximum deflection of the six cantilevers during the heat pulse. As shown
in Fig. A.12.b in Appendix A.8 the calibrated signal displays less spread in the response
of the cantilevers to the heat pulse. The calibration factor for each cantilever was then
used in all subsequent analysis of the bending during the rest of the experiment.

Fig. 6.6.a shows the baseline corrected and calibrated data from cantilevers 3 —
6. The data recorded from the other two cantilevers was too noisy and as such was
disregarded from the rest of the analysis. There was a large downward bending of the
cantilevers when the injection and rinsing stages of the experiment (the hatched areas
in the Fig. 6.6.a). This bending is due to the positioning of the cantilevers slightly
below the centre of the liquid inlet and the subsequent force applied to the top surface
of the cantilever by the flowing liquid entering the chamber. If left for a sufficient

amount of time with a steady How rate the cantilevers would come to a stable position
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Figure 6.6. a) Bascline corrected and calibrated data for the two test cantilevers
functionalised with the complementary oligo (#930352) and the reference cantilevers
functionalised with Unspecl2. b) The averaged response of the test and reference
cantilevers. The hatched areas correspond to times when the liquid is flowing through
the chamber for injection or rinsing, and the grey area corresponds to the period when
the target biotinylated oligo is present in the chamber. The large downward bending
observed is due to the flow of the liquid through the chamber.
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Figure 6.7. When the average reference response is removed from the test response,
there is an average differential deflection of 40 +3 nm. The hatched areas correspond
to times when the liquid is flowing through the chamber for injection or rinsing, and
‘the grey area corresponds to the period when the target biotinylated oligo is present in
the chamber.

within the stream.

- The average response from the two test cantilevers functionalised with oligo
#930532 and the two reference cantilevers coated with oligo Unspecl2 is shown in
Fig. 6.6.b. There is a clear difference in the response of the cantilevers to the
injection of the 100 nM solution of the biotinylated oligo #1234761. The
Unspecl2-functionalised cantilevers show very little response to the injection as
expected. The #350352-functionalised cantilevers show an upward bending (towards
the Au layer). The upward bending of the cantilevers indicates that a tensile stress is
formed on the surface of the cantilevers. This was unexpected as generally a
compressive stress is formed upon hybridisation of oligos on the cantilevers [1], but
can be explained by a change in configurational cntropy in the SAM as hybridisation
occurs, which depends on the state of the intital oligo monolayer [25]. It is also
possible that the tensile stress formed is as a result of the biotin modification to the
5" end of the probe oligo.

As shown in Fig. 6.7 the differential deflection of the #930352-functionalised
cantilevers is 40 3 nm. The large bending signal observed during the injection and
rinsing stages of the experiment is removed by the subtraction of the reference
cantilever. Once the rinsing was complete the average difference in deflection between
the test and the reference cantilevers was stable and there was no loss of hybridised

oligos from the surface of the test cantilevers.
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Two-step experiment with biotinylated oligos and streptavidin beads.

The calibrated and baseline corrected data from the static mode response to the
injection of the 20 nM of oligo #1234760 again showed clear bands corresponding to
the test cantilevers functionalised with the oligo #350353 and the reference cantilever
functionalised with Unspecl2. When the average of the response for the test and
reference cantilevers was taken there was again an obvious upwards bending response
of the test cantilevers to the injection of the biotinylated oligo when compared to the
reference cantilevers. The calibrated and baseline corrected data for five of the
cantilevers and the averaged response for the test and reference cantilevers are shown

in Appendix A.9 Fig. A.13.
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Figure 6.8.  The differential response of the cantilevers functionalised with oligo
#350353 to the injection of 20 nM oligo #1234760. There was an average upwards
bending of the cantilevers when compared to the reference cantilevers of 30 +£5 nm.
The hatched area corresponds to the time when the liquid was flowing through the
chamber for the injection of the biotinylated oligos and the shaded area corresponds to
the time when the biotinylated oligos were present in the chamber.

As shown in Fig. 6.8 the differential response of the test cantilevers is 30 £5 nm.
This response is smaller than the response previously observed, but is the result of a
lower concentration injection over a shorter period of time, and so a similar magnitude
was not expected. The tensile stress formed by the hybridisation with the biotinylated
oligos is observed indicating that there were biotin molecules available for binding the
streptavidin on the polystyrene beads.

Upon injection of the streptavidin-functionalised beads there was an increase in the
scatter of the measured resonance frequency of the cantilevers, as can be seen in Fig.
6.9.a as scatter in the observed bound mass. The increase in the scatter is due to the

streptavidin beads which have a diameter of 1.87 pm passing through the path of the
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Figure 6.9. a) Baseline corrected data from the dynamic mode step of the experiment.
b) Averaged data (dots) and median box filtered data (lines, box size 15). The colours
of the lines correspond to the different functionalisations of the cantilevers: blue for
oligo #930353, green for oligo #930356, and red for the Unspecl2 oligo. The hatched
areas indicate the times that liquid was flowing through the chamber for the injection
of the beads and the rinsing of the chamber. The grey shaded area indicates the time
that the beads were present in the chamber.
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Figure 6.10. The average differential response of the test cantilevers during the
dynamic mode step of the experiment. Both types of test cantilever showed an
average increase of mass of 1.1 0.2 ng. The colours of the lines correspond to the
different functionalisations of the cantilevers: blue for oligo #930353 and green for
oligo #930356. The hatched arcas indicate the times that liquid was flowing through
the chamber for the injection of the beads and the rinsing of the chamber. The grey
shaded area indicates the time that the beads were present in the chamber.

laser as the resonance frequencies of the cantilevers were being measured. The scatter
in the resonance frequencies reduced to a similar level to the baseline following the
rinsing of the chamber.

After the injection of the streptavidin beads there is a clear difference in the response
of the three types of functionalised cantilevers which is visible in the averaged response
shown in Fig. 6.9.b. The test cantilevers functionalised with oligos #930353 (blue) and
#930356 (green) deviate from the average response of the Unspecl2-functionalised
reference cantilevers (red).

The differential response of the cantilevers is shown in Fig. 6.10. Initially the
cantilevers coated with oligo #930353 appear to gain more mass while the
streptavidin beads are present in the chamber. However, once the rinsing of chamber
was compléte there was little difference in final mass bound to the surface of the two
types of functionalised cantilevers with each showing 1.1 £0.2 ng.

The final observed mass uptake due to the binding of the streptavidin beads to the
hybridised biotinylated oligos was small. This was unexpected as there was a clear
signal from the static mode indicating the hybridisation of the biotinylated oligos on
the test cantilevers. The small frequency shift in response to the binding of the beads
to the cantilever when compared to similar experiments using the Au NPs could be

due to the size of the secondary mass labels used.
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6.4 Discussion

It would be expected that the larger mass labels, the 1.87 pm diameter polystyrene
beads, despite being less dense (ppo, =1.06 g/cm?) would give a larger mass uptake
on the surface of the cantilever than the 50 nm diameter Au NPs (p1,=19.3 g/cm?)
for a similar surface coverage. A rough calculation based on the number of spherical
particles of the same size as the labels that could fit on one side of the cantilever in
a hexagonal close-packed (HCP) formation gives ~60 ng for the polystyrene beads,
~29 ng for the 50 nm Au NPs; and ~ 7.5 ng for the 12.32 nm Au NPs. Thus for the
same area coverage on the surface of the cantilever it would be expected that the mass
uptake from the beads would be approximately twice that of the 50 nm NPs, and eight
times that of the smaller NPs. However, this is clearly not what is observed in the
exi)orimems presented, with the mass gain observed following the opposite trend when
the difference in single or double sided functionalisation is taken into account.

The mass calculated by NOSEtools is based on the assumption that the mass uptake
on the cantilever is evenly distributed over the entire surface (see Section 1.3.2 for more
details). For an individual point mass or a small number of point masses the detection
of a mass increase on the surface of the cantilever is dependent on the position of the
mass on the surface of the cantilever as is well documented in the work of the Boisen
research group [26, 27]. Based on this research it is possible that the masses which are
positioned near the nodes of the resonance modes will not result in a frequency shift,
and thus will not be detected.

Research by Dorrestijn et al. [28] indicates that particles on the surface of the
cantilever can form inverted Chladni figures when the cantilever is vibrated in a fluid
(i.e. the smaller particles move to the nodes while the larger particles move to the
antinodes). They attribute this effect to boundary streaming caused by the vibrating
surface in a viscous medium. This ceffect causes thie particles on the surface to be
driven towards the nodes or the antinodes depending on their size. Dorrestijn et al.
define a critical diamneter D, which is based on the Stokes boundary layer thickness, o,
multiplied by a fitting parameter which they determine to be 2.8,

8 2v
0=1/—

(6.1)

w

where w is the radial frequency of the vibration, and v is the kinematic viscosity of the
medium (1.004 x107% m?/s at 20 °C). Thus,

D, = o (6.2)

7r”

where f,, is the resonance frequency of mode n. The D, can be calculated for the various
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Figure 6.11. The critical bead diameter D, was calculated for the 1 pm thick cantilevers
based on the resonance frequencies measured in Fig. 2.19 and the analysis of particle
behaviour on the surface of a cantilever by Dorrestijn et al. [28]. Above the D, particles
on the surface will move towards the antinode, while below the D, the particles will
move towards the node. The numbers above the data points indicate the resonance
mode and the dashed line in the inset shows the mean diameter of the beads used
during the experiment.

resonatice modes using the frequencies recorded for the Hexural resonance modes 2-19
(Fig. 2.19) and Eq. 6.2 as shown in Fig. 6.11.

Based on these calculations the streptavidin-functionalised beads are below D, for
the 9" resonance mode used in the experiment. In order to ensure that the 1.87 pm
diameter beads move towards the antinodes the 15 mode or above would need to be
measured (see the inset of Fig. 6.11). Thus, during the experiment it is possible that
the beads could move towards the nodes and a smaller frequency shift than expected
could be measured.

In the case of the biotin-streptavidin interaction the beads and cantilever interact
via molecular recognition. The hybridisation of the oligos occurs before, during the
static mode measurement. An additional improvement to the experiment which may
increase the probability of bead binding would be the incorporation of an additional
spacer and dangling end on the target oligo consisting of a few bases overhang which
would protrude further into the liquid and would therefore be more favourable for the
biotin-streptavidin interaction.

Dorrestijn et al. also observed that smaller particles move about slower on the
surface than larger particles, which is likely due to interactions with the surface. The

observed speed was 30-50 times slower for a 500 nm diameter particle than a 4 pm
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diameter particle. This could explain why the nanoparticles used here showed a larger
increase in mass on the cantilever than the beads. The analysis by Dorrestijn et al.
considered particles as small as 500 nm, and it is expected that the decrease in speed
continues as the particle size becomes even smaller. It is postulated that the NPs used
here are so small that they either move very slowly and thus stay close to where they
bind to the cantilever, or they do not move at all due to the low kinetic energy imparted
to them by the cantilever and the slow velocity of the liquid immediately above the
surface of the cantilever. Thus, for the smallest NPs the assumption that the mass
is evenly distributed is valid, but it may not be the case for the larger micron-scale
particles.

The hybridisation bond between the oligos should be strong enough to keep the
particles in place once they are hybridised, however the beads and NPs must come
within several nanometers of the surface for a period of time before the two strands
have the opportunity to find cach other and hybridise. It is possible that the streaming
effects are occurring before the hybridisation can occur and thus the beads are free to
move due to the streaming.

Sweeping the cantilever through several resonance modes may also cause additional
forces on the particles are they are first driven towards one position and then another
as the modes change. Thus, a multifrequency (29, 30] approach to the actuation of the
cantilever where the applied actuation signal is a superposition of several sinusoidal
signals with frequencies corresponding to different resonance modes of the cantilever

may prove beneficial in future work.
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Chapter 7

Antibodies and Magnetic Mass
Labels

This chapter will describe a measurement of the binding of anti-biotin
antibody-functionalised magnetic beads to a biotin SAM on an Au-coated cantilever
array. An average of 3.0 +0.3 ng of beads were detected on the surface of the biotin
SAM cantilevers. The binding of the beads to the cantilevers was confirmed with
SEM analysis of the cantilever array. This work forms the preliminary measurement
of an assay designed to use -functionalised magnetic beads and NPs with cantilevers

as part of an assay for the detection of inflammation proteins from liquid samples.

7.1 Introduction

To continue on from the preliminary work presented in Chapter 6 and move towards
the development of a biological assay magnetic particles were introduced as a mass
label. By functionalising the magnetic particles with an antibody that is specific
against the antigen of interest it should be possible to fish for the antigen from a
liquid sample or perform a preconcentration step prior to detection using an
anﬁl)()(l_\,’—fl111('Li()11211iso(1 cantilever array as depicted in the schematic in Fig. 7.1 in an

enzyme-linked immunosorbent assay (ELISA)-like sandwich assay [1].

7.1.1 Magnetic Nanoparticles

Magnetic NPs and microparticles are becoming increasingly popular for work with
biological sample separation and DNA extraction [2], in bioassays [3], and as contrast
agents in magnetic resonance imaging [4, 5. Typically the particles are made from iron
oxide although other materials may be used and they display superparamagnetism, i.c.
they display magnetic properties only when in the presence of a magnetic field, which

makes them ideal for use in sample separation applications.
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SRR (b)oeéo © .6

Figure 7.1. Outline of the experiments using nanoparticles as a mass label: (a)
Magnetic particles will be synthesised with an antibody (blue in the above outline)
attached to the surface which binds the target antigen. (b) These antibody-coated
magnetic particles will then be mixed with the solution containing the target antigen in
a low concentration. The target antigen will then bind to the antibody on the surface of
the nanoparticle. (c) The nanoparticles can then be separated easily from the solution
by applying a maguctic ficld. (d) The cantilever array will be functionalised with
another (different) antibody (red in the above outline) which also binds the target
antigen. (e) When the antigen-antibody-particle chain comes in contact with the
antibody on the surface of the cantilever it will bind the magnetic particle to the surface.
Thus there will be a relatively large mass bound to the surface of the cantilever for
every antigen detected, improving the overall sensitivity of antigen detection using the
dual-mode device. (Drawings not to scale.)
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7.1.2 ELISA

ELISA has become a standard wet-lab technique since its development in the 1960s as
a replacement for radioactive labelling techniques [6]. ELISA involves the use of a solid
support and antibodies as a recognition element for the detection of a specific antigen.
In an indirect ELISA the antigen is fixed to the solid support and an antibody that
recognises the antigen is added on top. The antigen is either labelled, which results in
a visible signal if the antigen is present, or a secondary antibody with a label is added
which causes the visible signal.

Another type of ELISA is the sandwich assay in which an antibody is attached to
the solid support (e.g. a 96-well plate). A sample that may contain the antigen is
added on top and then rinsed off. An antibody that recognises the antigen is then
added followed by a secondary antibody with label which results in a visible signal if

the antigen was present in the sample.

7.2 Materials and Methods

Anti-biotin antibody-functionalised magnetic beads were prepared by crosslinking anti-
biotin antibodies (ab6643, abcam, 330 Cambridge Science Park, Cambridge, CB4 OFL,
UK) with 1T — 2 pm diameter protein G crosslinked magnetic beads (PGMX-10-5,
Spherotech) using the protocol described in Appendix B.8. There was a loss of beads
of ~ 25 — 30% during the protocol. and the final stock was diluted by a factor of 150
in -PBS to yield a final concentration of 0.0047 % w/v.

A cantilever array was prepared as described in Chapter 3 and the test cantilevers
were functionalised with Biotin SAM (as described in Appendix B.9) in ethanol (see
Table. 7.1) for one hour. The reference cantilevers were passivated against nonspecific
binding using a hydroxyl terminated monolayer. The layer was formed by immersing
the cantilevers in a solution of 0.5 mM 11-mercapto-1-undecanol in ethanol for one
hour. After functionalisation the array was rinsed in ethanol for 5 minutes followed by
rinsing in nanopure water for 5 minutes prior to loading into the Huid chamber.

Following loading of the array into the Huid chamber buffer (PBS, pH 7.4) was
caused to How through the chamber at a rate of 42 pl/min using the pressure flow

system, this How rate was maintained during equilibration of the system, and was

Table 7.1. Functionalisation of cantilever array for anti-biotin magnetic beads
experiment.

Cantilever  Functionalisation
1, 2.5 6 0.5 mM OH SAM
3,4, 7.8 0.1 mM Biotin SAM
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the How rate used for the injection of the sample into the fluid chamber during the
experiment. The system was allowed to equilibrate for 45 minutes prior to acquisition of
a baseline for 50 minutes during which there was no flow of fluid through the chamber.
The anti-biotin magnetic beads were injected into the chamber at a concentration
of 0.0047 % w/v using a 100 pl injection loop for 100 seconds and then the flow was
stopped. The 100 second injection was timed to ensure that there was sufficient mixing
within the fluid chamber and that the concentration of beads within the chamber was
stable. After 45 minutes the chamber was rinsed with buffer for 10 minutes prior to
obtaining a final baseline with no flow through the chamber. A single resonance mode
was recorded once per minute between 800 and 900 kHz (mode 15), with 1,000 data
points per frequency sweep (100 Hz frequency resolution).

SEM analysis was performed on the cantilever array following the experiment to
confirm the presence of magnetic beads on the surface of the test cantilevers. The
array was imaged using a Carl Zeiss Ultra SEM with a voltage of 5 kV and a working

distance of 5.8 mm. The array was dried in air prior to imaging.

7.3 Results

The average frequency response and average differential mass uptake from the test
:antilevers functionalised with the biotin SAM are shown in Fig. 7.2.a. There is a
clear decrease in the average frequency of the test cantilevers upon the injection of the
0.0047 % w /v anti-biotin magnetic beads. There is a small rise in the frequency during
the rinsing stage, but this is due to the Huid Howing across the surface of the cantilever
and is not.due to unbinding of the beads as the frequency returns to the same level
once the rinse is finished.

There is an average gain in mass of 3.0 £0.3 ng on the surface of the test cantilevers
compared to the reference cantilevers upon injection of the 0.0047% w/v anti-biotin
magnetic beads as shown in Fig. 7.2.b.

SEM ahalysis of an array from a similar experiment with identical protocol (shown
in Fig. 7.3) indicated that there is significant binding of the anti-biotin magnetic beads
towards the tip of the test cantilevers. The beads show up as small white objects on
the surface of the cantilevers. The beads are not perfectly spherical and are described
as ‘granules’ with an average diameter in the 1 — 2 pm range by the manufacturer
Spherotech. This is consistent with the particles observed in the SEM images which

are imperfect shapes with a diameter in the region of 1 pm.
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Figure 7.2. a) The average frequency response of the test cantilevers during the
injection and binding of anti-biotin magnetic beads. There is a clear decrease of the
frequency of the test cantilever upon injection of the beads. b) The averaged differential
mass uptake on the surface of the test cantilevers. There is an average gain of 3.0 £0.3
ng following the stabilisation after rinsing. The scatter plot shows the data and the
line corresponds to the median box filtered result. The hatched areas indicate the time
during which the fluid was flowing through the chamber. The grey arca indicates the
time in which the beads were present in the chamber. The larger scatter in the shaded
region is due to the scattering of the laser beam by the beads.
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Figure 7.3. SEM images showing the binding of the anti-biotin magnetic beads
preferentially to the cantilevers functionalised with the biotin SAM from a similar
experiment to the data presented in Fig. 7.2. a) Cantilevers 5 — 8 indicating a clear
preferences of the binding of the beads (white dots in the image) with cantilevers 7 and
8. b) A close up image of the reference cantilever number 6 showing very little binding
of beads. ¢) Cantilever 7 showing a lot of beads near the tip of the cantilever. The large
white object near the bottom of the image is a salt crystal. d) Close up on cantilever
8 showing the size of the particles is in line with the manufacturer description.
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7.4 Discussion

There is a average total gain in mass of 3.0 £0.3 ng on the test cantilevers compared to
the reference cantilevers as shown in Fig. 7.2. The beads are comprised of polystyrene
with approximately 12% magnetite (Fe;O,). Based on the observed size of the particles
being close to 1 pm in diameter there would need to be ~110 beads to result in the
observed mass shift, which agrees within ~10% of what is observed on the surface
of the front 100 pm of the cantilever during SEM analysis (see Fig. 7.3). There is
an observed preference of the binding towards the tip of the cantilever. This could
be in part due to some of the effects mentioned in Section 6.4. It is also possible
that there was incomplete functionalisation of the surface of the cantilever during
the capillary functionalisation step as a 1 hour functionalisation step can lead to a
significant evaporation of the cthanol in the reservoir which can lead to a receding of
the liquid in the capillary tubes.

The experiment presented and the SEM confirmation of binding of the anti-biotin
magnetic beads to the cantilevers provides a good proof of principle for future work
with a full assay incorporating magnetic beads and antibodies as a preconcentrator and
mass label for the detection of inflammation antigens from solution in an ELISA-like

sandwich assay with a cantilever.
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Chapter 8

Conclusions and Outlook

8.1 Conclusions

The device presented is capable of rapid and reliable readout of both the static and
dynamic response of a cantilever array in a physiological liquid environment. The
static-mode resolution of the device is on the order of ~2 nm when using a 1 pm
thick cantilever. Using the dynamic mode it is possible to readout up to the 19th
flexural resonance mode of a 500 pm long and 1 pm thick cantilever. The static and
dynamic response of eight cantilevers can be obtained in 30 s with good signal-to-noise
levels from the tip of the cantilevers and line scan analysis of the cantilevers is also
possible. While the limits of detection and absolute bending measured are dependent
on the particular cantilevers chosen for a particular experiment, the device presented
here is easily customisable and can provide readout from virtually any 2D array of
micron-scale cantilevers with little modification while providing a temperature stable
environment with control over Huid flow through the chamber integrated into the user-
friendly LabVIEW program.

Using the developed device it was observed that there is at least qualitative
agreement with Sader’s compressible fluid model for practical microcantilevers with a
thickness to length ratio of ~7:500 and an aspect ratio of 5. The prediction from the
scaling analysis of Van Eysden and Sader of a “coincidence point” at mode 3 for the 7
pm thick cantilever is accurate and is clearly observed in the experimental data. The
lower than predicted Q factors and resonance frequencies are likely attributed to the
geometry and design of the hinge portion of the cantilever. The compressible fluid
model should be considered when planning experiments involving the use of higher
resonant modes of relatively thick microcantilevers in air.

For the preliminary biological measurements detecting the aggregation of the
protein a-synuclein it was possible to quantitatively detect aggregation in a label-free

manner on the surface of a cantilever using a concentration of protein that was 50
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times less than in comparable fluorescence measurements.

Using the dual-mode device it was possible to detect oligo-functionalised Au
nanoparticles from solution using cantilevers functionalised with the complementary
strands. It was also possible to observe the tensile stress induced by the hybridisation
of biotinylated oligos on the surface of the cantilever. By injecting
streptavidin-functionalised polystyrene beads the frequency shift resulting from the
binding of the beads to the biotin was observed. The frequency shifts resulting from
the binding of the various sized mass labels indicates a trend towards smaller
frequency shifts with larger labels was discovered. The trend was explained by the
motion of the larger labels away from the sensitive regions of the cantilever induced
by boundary streaming on the surface of the vibrating cantilever.

Knowledge gained from the initial experiments using mass labels and oligos was
applied to the detection of anti-biotin antibody-functionalised magnetic particles with
an average mass uptake of 3.0 £0.3 ng on the surface of the cantilevers, which was
confirmed with SEM analysis of the cantilever surface. This measurement represents
the final step in the preparation for a full assay incorporating magnetic particles and
antibodies for the detection of inflammation proteins from liquid samples using the
dual mode device.

The measurements presented in this thesis represent state of the art combined-
mode measurements of biological interactions measured in liquids at the limit of the
microelectromechanical systems technology. The measurements at higher modes (up to
the 19"" mode), which require a unique design of hardware and software, are uniquely

performed at the Nanobiotech lab in CRANN.

8.2 Outlook

8.2.1 Instrumentation

While the new dual-mode device is very stable, with good noise levels and fast
performance there are several potential improvements which could be applied to the
device or implemented in a newer version of the device. The first and perhaps most
pressing improvement would be related to the Huid chamber.  As previously
mentioned it was not within the scope of the thesis to also develop a new fluid
chamber and so the existing fluid chamber was implemented in the dual-mode device.

The existing fluid chamber works well in terms of actuation and providing clean
resonance spectra. Idealised flow simulations using Comsol indicate that there is good
mixing of fluids and samples within the chamber and the fow is directed uniformly
across the cantilevers in the array when arrays without sidebars are used. However, the

U-shaped borosilicate glass cover does not form a tight seal with the machined PEEK
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body. As such it is possible for the chamber to leak during measurements. This poses
a significant hindrance during stop flow experiments where it is the surface tension of
the liquid which is preventing a bubble from forming in the chamber and invalidating
the experiment. The fluid chamber should be redesigned to incorporate a tight seal
of the glass cover to the machined body, while still maintaining the desirable design
properties of the existing chamber.

The overall sensitivity and performance of the device in the dynamic mode in liquid
is impressive with sub-nanogram sensitivity possible on a routine basis. In order to
push the sensitivity lower, higher Q factors of the cantilevers will be necessary. There
are several possible methods which could be implemented to achieve better sensitivity.
The first and most obvious change could be a move towards smaller sensors as is the
trend with most other nanomechanical-sensor-based devices [1], however this would
introduce additional problems with unique functionalisation of the individual sensors.
Another possibility would be to implement a form of noise squeezing or parametric
pumping of the cantilever to potentially increase the Q factor [2].

There has been a lot of interesting work in the field of multifrequency AFM which
involves the actuation of the cantilever by applying a superposition of sinusoidal signals
with frequencies matching several of the resonance mode frequencies simultaneously
[3]. The result is a complex vibration of the cantilever surface corresponding to several
resonance modes. By applying the multifrequency actuation to the cantilever when
working with the mass labels it should be possible to avoid streaming particles to areas
of the cantilever that are less sensitive to mass and instead towards areas that are more
sensitive. In addition by choosing the modes actuated carefully it may be possible to
remove some of the less sensitive areas that would be associated with resonance at
a single mode. A final advantage of this approach would be the faster recording of
the response due to a linear sweep of several thousand frequencies being replaced by
a single actuation signal. It should be noted that with this multifrequency approach
there would be some loss of information which is due to no longer recording the full
resonarnce spectra.

As a final outlook on the instrumentation of the device, the current software is
coded in LabVIEW 8.2. A reprogramming of the device in a new version of LabVIEW
could provide some small computational performance enhancements and may allow for

real-time analysis of the resonance spectra.

8.2.2 Experimental

The experimental work presented in the final two chapters is the foundation for an
assay which will utilise magnetic particles functionalised with antibodies in conjunction

with the dual-mode device to detect proteins involved in inflammation from a liquid
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sample. A collaboration has been established with the research group of Yurii Gun’ko
in the School of Chemistry, Trinity College Dublin to provide magnetic nanoparticles
which will have a size that is compatible with the boundary streaming effects discussed
in Chapter 6. Using these particles the final experiments will be performed for the
detection of Interleukin 1 and C Reactive Protein, which are two proteins that play
major roles in the inflammation process in the human body [4, 5].

The reproducibility of the cantilever Au surface has a direct effect on the
reproducibility of the functionalisation of the cantilever and hence the reproducibility
of the experiments performed using the cantilever arrays. Early in the thesis the
metal deposition was moved from using the largely manual Edwards evaporation
system to the Temescal system which was automatically controlled and promised a
more reproducible Au surface. In order for such a tool to provide a reproducible
result it must be maintained in a suitable manner. It was found during the course of
the experimental work that the batch to batch variation of the quality and thickness
of the Au surface was rather large. This had a direct effect on the experimental work
performed and made it difficult to achieve consistent results. A move away from
metal deposition towards functionalisation schemes that are directed towards the
bare silicon could prove to yield more consistent results despite using more
complicated chemistry.

During the work presented there were several interesting observations about the
effects of fluids on cantilever dynamics. The effect of the changing velocity of the
liquid caused by the syringe pump as shown in Chapter 2 indicates a possible relation
between the velocity of the fluid flowing across the surface of the cantilever and the
resonance frequency of the cantilever. Further investigation into this effect would be
interesting from a physics point of view.

During- the investigation into the compressibility of the fluid on the cantilever
resonance modes there were indications that some of the data could be used for
distinguishing between, or the verification of, some other models of cantilever
dynamics.  With a small time investment some interesting comparisons between

theory and experiment could be established.
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Appendix A

Supplementary Information

A.1 Calculation of Phase Shift

The phase shift ¢ of the response of the cantilever as measured on the PSD (Rpgp)
compared to the driving force applied to the cantilever (F') can be calculated as follows,
assuming the frequency of the two signals is the same.
Let
F(t) = Apcos (wt + ¢F) (A.1)

and

Rpsp(t) = Apgp cos (wt + ¢psp) (A.2)
where Ap and Apgp are the amplitudes; ¢r and ¢pgp are the phase shifts of the
signals; and w is the frequency of the signals.

Multiplying the two signals together gives

F(t)Rpsp(t) = ApApsp cos (wt + ¢r) cos (wt + ¢psp) (A.3a)
ApApg
= % ((,'()S (2&}/ + (,b[.“ + (/)p_g[)) -+ cos ((,7[? — (,7[)5]))) (ASI))

and by low-pass filtering (averaging) the high frequency term is removed and thus

Aps b
Mean[F(t) Rpsp(t)] = === cos (¢F — ¢psp) (A.4)

where ¢ = ¢ — dpgp, and so

(¢ = arccos (2 an“ (l)RPSD(,)]> : (A.S)
ArApsp
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Figure A.1. The frequency, f,, vs. mode number, n, for modes 2 to 19 in the example
spectrum. There is a clear ~ n? dependence of the frequency which indicates that the
modes measured are the flexural modes of resonance and that no torsional modes are
observed in the spectrum.

The resonance frequencies of the modes in Fig. 2.19 when plotted against the mode
number n display an ~n? dependence, as shown in Fig. A.1, which indicates that they
are the flexural modes of resonance of the cantilever.

As can be observed from Eq. 1.16 the eigenfrequency of mode n of a cantilever with
a distributed mass in the absence of damping, fo,, is proportional to (n — 0.5)%. The
flexural resonance frequency obtained from the resonance peak, f,, can be obtained
from fq, by Eq. 1.17.

Thus, a plot of fn2 vs. (n — 0.5)* should yield a straight line. As shown in Fig.
A.2 there is a good agreement between the linear fit and the data. There is a slight
deviation of the data from the fit due to the fact that the mass of co-moved liquid
my, upon which fy, and v both depend, also varies as a function of n as discussed in

Section 1.3.3 and reference [2].
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Figure A.2. The frequency, f,, vs. (n—0.5)%, for modes 2 to 19 in the example spectrum.
There is a good agreement between the linear fit and the data, despite the dependence
of the mass of co-moved liquid, m;, also depending on n. This dependence is responsible
for the observed slight deviation of the data from a linear trend.
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A.3 Heat Pulse

Supplementary graphs showing the individual response of each of the eight cantilever
to the heat pulse are contained in this appendix. Fig. A.3 shows the static response of
the individual cantilevers to the heat pulse. Cantilever three exhibits a larger response
than the rest of the array. During an experiment the heat pulse is used as a calibration
technique and the bending response of all eight cantilevers is normalised to the average
of the eight.

Fig. A.4 shows the frequency response of the eight cantilevers to the heat pulse.
There is around 2% variation in the starting resonance frequency of mode 8 of the
cantilevers, which reduces to 0.6% for mode 10. Some of the cantilevers exhibit a
larger frequency shift during the pulse, however the trend of the response of the eight
cantilevers is similar for each mode. As expected the higher the mode, the larger
the frequency shift for each cantilever. Again, normalisation of the response of the
cantilevers can be applied if necessary.

Fig. A.5 shows the change in co-moved mass of the cantilevers in the array as
calculated by NOSEtools [3]. An average change of ~6.0 £0.5 ng is observed. It
should be noted that this analysis assumes that the spring constant of the cantilever

remains unchanged during the experiment, which may not be true [4, 5].

50 F Heat Pulse
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Figure A.3. Individual static bending response of the eight cantilevers in the array to
the heat pulse. Cantilever three shows a significantly larger response to the heat pulse
that the cantilevers in the rest of the array, with the rest of the cantilevers bunching
within 40 nm of each other at their maximum deflection.
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Figure A.4. The frequency response of modes 8, 9, and 10 to the heat pulse. a) Start
frequency and maximum frequency for each of the eight cantilevers in the array for the
‘three modes. There is a small variation in the start frequency of each of the cantilevers,
around 2% for mode 8 reducing to 0.6% for mode 10. b) Maximum frequency change
of the resonance modes for each of the cantilevers in the array. Some of the cantilevers
exhibit a larger response to the heat pulse, however the trend of the magnitude of the
response of the eight cantilevers is similar for each mode. The joining lines are intended

as a guide for the eye only.
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Figure A.5. The change in co-moved mass during the heat pulse as calculated by
NOSEtools [3]. a) The change in mass for the individual cantilevers. The average
noise in the experiment is < 1 ng for most of the cantilevers, with cantilevers 1 and
2 being more noisy. b) The mean response of the eight cantilevers to the heat pulse
shows an average change in mass of ~ 6.0 £0.5 ng. The error bars correspond to the

standard error of the mean of the eight samples.
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A.4 Protein Aggregation Cantilever

Measurements

S
o

Hz" 2)

rms

=
~

Amplitude (V
o
(3]

O " 1 " 1 n
550 600 650 700
La] Frequency (kHz)
—'N 03
@
> 02
Y]
o
2
= 0.1
g
<
0.0%

Phase (%)

1

0 1 1 2 "
550 600 650 700
Frequency (kHz)

=]

Figure A.6. The amplitude and phase spectra for the 14" flexural resonance mode for
a) the test cantilever functionalised with a-synuclein and b) the reference cantilever
functionalised with an OH SAM.The black spectra correspond to the first measurement
and the red spectra correspond to the last measurement. The inset in a) shows the
small frequency change in the resonance frequency of the test cantilever.
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Figure A.7. Graph of bound mass on the surface of the cantilever vs. time. The
frequency spectra recorded during the experiment were post processed using NOSEtools
software to obtain the resulting plot of bound mass vs. time. The blue plots show the
data from the cantilever functionalised with a-synuclein monomers and the red plots
show the data from the OH-functionalised reference cantilever. The scatter plots show
the raw data and the line corresponds to the median box filtered data (box size 23). The
grey area indicates the period that 10 pg/ml a-synuclein in 20 mM sodium phosphate
buffer was flowing through the fluidic chamber at a rate of 3.3 pl/min.
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Figure A.8. The amplitude and phase spectra for the 14-16"" flexural resonance modes
for a) the test cantilever functionalised with the complementary strand # 930353
and b) the reference cantilever functionalised with an unspecific 12 mer. The black
spectra correspond to the first measurement and the red spectra correspond to the last
measurement.
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Figure A.9. The amplitude and phase spectra for the 10" and 11*" flexural resonance
modes for a) the test cantilever functionalised with the complementary strand #
930352 and b) the reference cantilever functionalised with Unspecl2. The black
spectra correspond to the first measurement and the red spectra correspond to the
last measurement.
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Figure A.10. The amplitude and phase spectra for the 9" flexural resonance mode for
a) a test cantilever functionalised with the complementary strand # 930353 and b) the
reference cantilever functionalised with Unspecl2. The black spectra correspond to the
first measurement and the red spectra correspond to the last measurement.
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A.6 Dulbecco’s PBS

Dulbecco’s phosphate-buffered saline (DPBS) is a variation of PBS first described by
Dulbecco in 1954 [6] which is typically used in a range of cell culturing applications. The
DPBS used in the oligonucleotide experiments is obtained from Gibco ®) and contains
additional calcium and magnesium which improves the bending signal obtained during
hybridisation of the two oligonucleotide strands. The formulation of the buffer is given
in Table A.1 [7].

Table A.1. The formulation of Gibco ®) DPBS as described in Reference [7].

Inorganic Salts Molecular Weight Conc.  Conc.
mg/L mM

Calcium Chloride 111 100 0.901

(CaCl,)

Magnesium Chloride 203 100 0.493

(MgCl,—6H,0)

Potassium Chloride 75 200 2.67

(KCI)

Potassium Phosphate monobasic 136 200 1.47

(KH,PO,)

Sodium Chloride 58 8000  137.93

(NaCl)

Sodium Phosphate dibasic 268 2160 8.06

(Na,HPO,—T7H,0)
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A.7 SEM Images of Au Nanoparticles on

Cantilever Surface

25 um

Figure A.11. SEM images showing the binding of the oligo-functionalised Au NPs
preferentially to the cantilevers functionalised with the complementary oligo strand
(faint white dots in the images). The number of NPs bound to the surface of
the functionalised cantilevers was lower than expected due to the decreased melting
temperature of the oligo hybridisation in the lower salt concentration buffer. a)
Unfunctionalised Au NPs unspecifically bound to surface of bare Au coated cantilever.
b) BioB2-functionalised Au NPs bound to BioB2c-functionalised Au coated cantilever
surface. ¢) BioB3-functionalised Au NPs bound to BioB3c-functionalised Au coated
cantilever surface. d) BioB4-functionalised Au NPs bound to BioB4c-functionalised
Au coated cantilever surface.
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A.8 Heat Pulse for Calibration of Static-Mode
Oligo Hybridisation Test
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Figure A.12. a) The baseline corrected change in deflection of six cantilevers. There is
a difference of ~120 nm between the total deflection of the cantilevers as shown in the
inset. b) The response of the cantilevers is calibrated by scaling the response of each
of the cantilevers to the mean of their maximum deflection using NOSEtools [3]. The
grey area corresponds to the time when the heat pulse is being applied to the chamber.
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A.9 Biotinylated Oligos with Streptavidin Beads
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Figure A.13. a) The calibrated and baseline corrected data from the injection of 20
nM oligo #1234760. The test cantilevers functionalised with oligo #350353 are shown
in shades of blue and the reference cantilevers functionalised with Unspecl2 are shown
in shades of red. b) The averaged response of the test and reference cantilevers. The
‘hatched area corresponds to the time when the liquid was flowing through the chamber
for the injection of the biotinylated oligos and the shaded area corresponds to the time
when the biotinylated oligos were present in the chamber.
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Appendix B

Protocols

B.1 Piranha Cleaning of Cantilever Arrays

This protocol is used for the cleaning of the cantilever arrays prior to metal deposition.
Piranha cleaning removes organic contaminants from the surface of the cantilevers and

leaves them hydrophillic.

Precautions Extreme care must be taken when working with piranha solution and
full PPE including face shield, lab coat, and suitable gloves must be worn. The piranha
solutions should be prepared in minimal amounts and all work should be performed in
a fume hood due to gasses produced by the solution. Due to its violent reaction upon
contact with organic materials, and the high temperatures reached during reactions
(>100 °C), piranha solution should not be stored. It should always be prepared fresh
before use and disposed of in an appropriate manner immediately after use to avoid

risk of explosion.

Materials
i Sulphuric Acid (H,SO,), 99.99%
e Hydrogen Peroxide (H,0,), 30%
e RBS detergent solution, 2% in nanopure water
| e Sodium Chloride (NaCl), 1 M
e Ethanol (C,H,O), HPLC Grade
e [sopropanol (C,;H,O), HPLC Grade
e Nanopure water, 18 M (2
e Teflon beakers and teflon coated tweezers

153
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e Large beaker of water (e.g. 2 I.) for quenching solution after use

Method

1. Preclean:
Wash array in 2% RBS detergent solution for 2 minutes.
Rinse in 1 M NaCl for 30 seconds.

Rinse in nanopure water for 30 seconds.

2. Bath 1

Prepare 5-10 ml piranha solution (H,SO,:H,0, = 1:1) by slowly adding the
H,O; to the H,SO,.

Dip the cantilever array in the piranha solution for 30 seconds.
Rinse in 1 M NaCl for 30 seconds.

Rinse in nanopure water for 30 seconds.

3. Bath 2:
Prepare 5-10 ml piranha solution.
Bathe in piranha solution for 20 minutes.
Bathe in 1 M NaCl for 5 minutes.

Bathe in ethanol/nanopure water (C,H;O:H,O = 1:1) for 5 minutes.
Rinse in nanopure water for 30 seconds.
4. Bath 3:
Prepare 5-10 ml piranha solution.
Bathe in piranha solution for 10 minutes.
Bathe in 1 M NaCl for 5 minutes.
2' x Bathe in ethanol/nanopure water (C,HsO:H,O = 1:1) for 5 minutes.

Bathe in isopropanol for 2 minutes.
5. Dry on filter paper and store in vacuuimn.
Note If adequate rinsing is not performed after the RBS detergent wash and the NaCl

rinse steps residue may be left on the cantilever surface. These steps can be omitted

from the protocol if desired and a clean cantilever surface will still be obtained.
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B.2 Plasma Cleaning of Cantilever Arrays

This protocol is designed to clean the cantilever surface prior to metal deposition.
Plasma cleaning removes organic contaminants from the surface of the cantilever arrays.
The plasma cleaning is performed in a Diener PICO Barrel Asher (Diener Electronic
GmbH & Co. KG, Nagolder Str. 61, D-72224 Ebhausen, Germany). The Ti/Au
deposition should be performed immediately after the plasma cleaning.

Materials

e Acetone (C3HO), HPLC Grade

“e Ethanol (C,H4O), HPLC Grade

Method

1. Bathe in HPLC grade acetone (Sigma-Aldrich) (minimum of 15 min). Dry on

filter paper.
2. 5 minute exposure to O, plasma, O, at 0.3 mbar, 160 W, 40 kHz.

3. Bathe in HPLC grade ethanol (2 min).
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B.3 UV Cleaning of Cantilever Arrays

This protocol is used to regenerate the surface of the Ti/Au-coated cantilever arrays
prior to functionalisation. The UV /ozone cleaning is performed using a Boekel UV
Cleaner (UV Clean 135500, Boekel, 855 Pennsylvania Blvd, Feasterville, PA. 1905,
USA).

Materials

e Ethanol (C,H4O), HPLC Grade

Method
1. 5 minute exposure to UV in air.
2. 5 minute bath in HPLC grade ethanol.

3. Dry ou filter paper.
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B.4 PEG Silane Functionalisation

This protocol is used to coat the bare silicon cantilever array with PEG prior to metal
deposition on one side only. The PEG prevents unspecific binding of material to the
bare silicon surface during measurements.
Materials

e 4,900 pl Ethanol (C,H,O), HPLC Grade

e 50 pul Hunig’s Base (N-Ethyldiiopropylamine) (CyH,(N) (Fluka)

e 50 pl (Hydroxy(polyethyleneoxy)propyl)triethoxy silane (8-12 EO) (ABCR

GmbH & Co. KG)

Method

1. Mix the materials in a 10 ml beaker and carefully place the clean bare silicon

cantilever array inside.

2. Leave on shaker at 150 RPM for 2 hours.



158 B.5 Oligonucleotide Preparation

B.5 Oligonucleotide Preparation

This protocol is designed to remove dithiothreitol (DTT) (C,H,,0,S,) from the
thiolated oligo solutions obtained from Microsynth. DTT is used a protective agent
with thiolated DNA to prevent dimerisation of the terminal sulphur atoms in the
presence of oxygen [1]. The DTT is removed from the solution by a series of
extractions using diethylether which is very weakly soluble in water and is less dense
and so form a layer above the water after mixing. The DTT is soluble in the

diethylether and is thus removed with the diethylether.

Materials
e Thiolated oligonucleotide solution protected with DTT (1 pM)
e Diethylether ((C,H;),0)

e Nanopure H,0O

Method

1. Depending on the final concentration of oligonucleotide required, mix the oligo
solution with the nanopure H,O to obtain 100 pl total volume in a 1 ml eppendorf

tube.
2. Add 500 pl of diethylether and shake.

3. Allow the solution to separate into two layers (the diethylether will be on top)

and then carefully pipette the diethylether out.
4. Repeat the previous two steps 5 times.

5. After the last extraction ensure that all of the diethylether is removed from the
eppendorf by removing the bottom layer (containing the oligos) using a pipette

and place in a new eppendorf tube.
6. Place in SpeedVac on low setting for 10 minutes.

7. Measure concentration in Nanodrop and resuspend in buffer if required. Aliquot

as necessary. Store at -20 °C.
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B.6 Functionalised Au Nanoparticle Buffer

Transfer Protocol

This protocol is based on a protocol recommended by Particular GmbH for the
addition of salt to their oligo-functionalised Au nanoparticles. The aim is to transfer
the nanoparticles from water to a buffer. The final buffer required 1s 10 mM sodium
phbsphato and 150 mM NaCl. After each step the solution should be mixed fully and
placed on a linear shaker at 275 RPM while incubating. The centrifuge speed
depends on the size of the nanoparticles used. The speed stated is for 12 nm diameter

nanoparticles.
Materials
e Oligonucleotide-functionalised Au nanoparticles
e 100 mM sodium phosphate buffer, pH 7.4 (NaH,PO,/Na,HPO,)

e 2 M NaCl

e 10 mM sodium phosphate, 150 mM NaCl buffer

Method

1. For a 400 pl starting volume of functionalised nanoparticles in water, add 44.4 pl
100 mM sodium phosphate bufler to raise the concentration to 10 mM. Mix and

place on linear shaker for 24 hrs.

2. Add 5.6 pl 2 M NaCl to raise the NaCl concentration to 25 mM. Mix and leave

on shaker for 3 hrs.

3. Add 5.7 pl 2 M NaCl to raise the NaCl concentration to 50 mM. Mix and leave

on shaker for 13 hrs.

4. Repeat the above two steps twice adding 5.8, 5.85, 5.9 and 6.0 pl of 2 M NaCl
cach time to raise the concentration of NaCl to 150 mM total. The total time

for all steps is 72 hrs.

. Centrifuge at 14,000 ¢ for 15 mins, replace buffer and resuspend. Store at 4 °C.

(S}

Note A glass vial (e.g. 1 ml) should be used for the buffer transfer protocol salt
addition steps. When normal or low binding eppendorf plastic tubes were used a
lot of binding of the nanoparticles to the walls of the tubes occurred. After each

additional step the colour of the suspension would fade and more binding to the walls
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was observed. Losses when using the plastic tubes were too high (around 90%) to

provide useful samples.
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B.7 Au Nanoparticle-DNA Conjugation

This protocol is based on the Mirkin protocol [2, 3] for conjugating thiolated oligos with

Au nanoparticles which is presented in a longer form in Current Protocols in Nucleic
Acid Chemistry [4].

Materials

Thiolated oligonucleotide 1 mM dissolved in water

e Au Nanoparticle Colloid, 50 nm Diameter (BBI Life Sciences)

e 2 M NaCl

e 100 mM sodium phosphate bufter, pH 7 (0.0584 % w/v NaH,PO,, 0.1547 % w /v
Na,HPO,)

e 10 mM sodium phosphate/100 mM NaCl buffer, pH 7

Method

1. Calculate number of moles of oligo needed for functionalisation using the following
formula [4]

Number of Moles = 47r* x ¢, x 35 pmol/cm® x V (B.1)
where 7 is the radius of the nanoparticles (25 nm), ¢, is the concentration of the
nanoparticles (4.5 x 10! ml™'), and V is the volume of nanoparticles in litres.
Using the above formula gives 0.12 nmol of oligos for 1 ml of nanoparticles.

2. Add 1.5 times the number of moles calculated to the solution of Au nanoparticles.

3. Leave for 16 hrs on a linear shaker at 75 RPM in a covered glass vial.

4. Add 2 M NaCl and 100 mM sodium phosphate buffer to bring the final
concentration t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>