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Summ ary

Since the introdnction of the atomic force microscope (AFM) and the sui)se(iuent 

availahihty of higii-(iuahty cantilevers tiie interest in tiie application of 
microcantilevers as biosensors has increased year-on-year. Much of the work using 

these sensors in\ol\es 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 (plant it at ive biosensing in a liciuid. Due to the 
large damping of the licjnid the api)lication of the dual-mode device for the detection 

of small bioniolecules in low concentration rc'cjuires the use of a mass label which can 

increase the sensitivity of the device.

D u a l-n io d e  cantilever array d ev ice

This section describes the (leveloi)ment of a cantilever-based sensing platform capable 

of the measurement of both the static and dynamic resi)onses of a cantilever array 

containing eight cantilevc'rs with a length of 500 iim, a width of 100 pm, and acentre-to- 

centre si)acing of 250 jun in a physiological licjuid environment. The device incori)orates 

a laser mountetl 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 f - 2 nm and in the dynamic mode it is possible 

to measure up to the 19̂ '̂ flexural resonance mode of vibration. The entire de\ ice is 
controlled and managed via a user-friendly LabVlEW' en\ ironnient.

C om pressib le fluid m odel verification

The qualitative agreement Ijetwet'u the j^redictions of the compressible fluid model 

developed Ijy Van Eysden and Sader and experimental observations of the Hexural 

resonance freciuencies and Q factors of 2 and 7 inn thick cantilevers vii)rat(’d in air is 

presented. The prediction that the Q factor of a vibrating cantilever can decrease after 

a specihed critical resonance mode is veriHed. The obser\’ed rc’sonance frequencies and 

Q factors were lower than the predicted values and this is attribut('d to the design of 
the hinged section of the cantilevers.
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vi Siin i i i ian

P ro te in  aggregation  and P ark inson ’s d isease

Using the  d y n am ic  m ode it was possible to  (U'tc'ct th(' aggregation  oi th(' p ro te in  o- 

synnclein, which is a p ro te in  relevant in nc 'u rodegenerative  dis('ases such as P a rk in so n 's  

Disease, on th e  s tn face  oi a 1 ]un th ick  cantilever in a ( jnan ti ta t ive  an d  label-i'rec' 

m an n er .  A to ta l  m ass  <jf G ng of o -synnc le in  was det('Ct t'd ov('r nin(' hours  on t he surface  

of th e  c:antilever. T lie  result is co m p ared  to  lo n v en tio n a l  tluors'scence m easu rem en ts  

of tt-synnclein agg regation  u n d er  s im ilar  conditions. It is found th a t  th e  label-free 

can tilever d e tec t io n  m e th o d  requires  a co n cen tra t io n  of p ro te in  50 t im es sm alle r  th a n  

th a t  of th e  current m e th o d  a n d  in d ica ted  i>otential for s igniticantly  fas te r  response  

t imes.

M ass label exp erim en ts

In it ia l  exi)erim ents w ith  m ass labels a n d  oligonucleotides (oligos) d e m o n s t r a te d  the  

successful d e tec t io n  of o ligo-functionalised n an o p a r t ich 's  ( . \P s )  w ith  d iam e te rs  of 12.3 

inn an d  50 nm  with to ta l  m ass u])tak('s on tlu ' snrfacc' of t lu ' cantilevc'r of 12 ± 3 .5  ng and  

1.5 ± 0 .3  ng respectively. T h e  successful d e tec t io n  of t lu ’ hyb rid isa t ion  of l)io tiny la ted  

oligos using th e  s ta t ic  m o d e  an d  th e  subsequent detc 'ction of the  b ind ing  of s t rep tav id in -  

functionalised  p o lys ty rene  beacls to  th e  hybrid ised  b io tiny la t( 'd  oligos res til t iug  in an 

average m ass u p tak e  of 1.1 ± 0 .2  ng on th e  can tilevers is also described . B o u n d a ry  

s trc 'am ing on tlu ' surfac'e of tlu; v ib ra t in g  cfuitih'vi'rs is tound  to  uHcct th(' resonance  

freciuency shift observed  d ep en d in g  on th e  size of t lu ’ ma.ss lab('l used.

T h e  de tec t ion  of b ind ing  of an t i-b io t in  antib(jdy-functionalisc 'd  m ag n e tic  b ea d s  to 

a  b io tin  self-assembled m onolayer (SA M ) on an  An coatc'd can tik 've r  a r ray  re su lting  

in an  average m ass increase of 3.0 ± 0 .3  ng is pres('nt('d. T h is  m easu rem en t repres( 'n ts  

th e  final s tep  tow ards  th e  devt'kjpnunit of a  full assay for th e  d e tec t io n  ot 

inH annna tion  p ro te ins  from liquid sam ples  using an tibody-fuuctionalisc 'd  m ag n e t ic  

bc'ads an d  canlilevt'r  arrays.
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Sym bols

,3 angle between the incident laser and the cantilever normal.

ditnensionless hydrodynanhc function.

-) dam ping  factor.

A /  frecjuency shift- oj' change in frecinency.

A m  change in mass.

A.S change in the  position of the  spot on the position sensitive detector (PSD). 

A s  deflection.

() Stokes boundary  layer thickness.

<)f bandw id th  of a resonator.

0  angle of delk'ction.

A wavelength. 

u k inematic viscosity.

density of gold (19,300 kg/nr* at room teni))erature (RT)).

Pair density of air (1.1839 kg/nr^ a t RT).

l>poiy density of polystyrene (1,060 kg/m'* a t f^T).

/>Si density of silicon (2,330 kg/m* at RT).

0  phase.
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.1 amplitude.

.4() zero frequency amplit ude.

Aiii baseline amplitude.

I) width.

C() intrmsic dam ping coelficient per unit length.

Cy ilissipation coefficient.

D(. critical l)ead diameter.

D,-i d iam eter of the  laser spot on t he cant ilever.

D„,ii d iam eter  of t he c:olliniated laser beam.

< l i > S D  distance between the cantilever and the PSf3.

D O F  dei)th of focus.
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C hapter 1 

Introduction

The iuiproveiiieiil of silicon Iabric:ation technologies over the last lew decades and 

the introduction of the atomic force microscope (AFM) [1] created the availability of 

high-(inality, reproducible, and relatively inexpensive silicon cantilevers. Starting in 

the mid 1990s [2 G] the interest in ai)i)lying these micron-scale cantilevers in sensing 

applications other than AFM has increased year-on-v('ar. The versatility and sensitivity 
of these sensors has led to a broad range of sensing applications as described recently 
in several excellent review ])apers [7, 8]. The use of cantilevers as transduci'rs in 

i)iosensors provides many interc'sting and potentially lucrative applications in clinical 
and industrial settings.

1.1 N anom echanical Sensors

Nanoniechanical sensors, and cantilevers in particular, have found ai)plications in many 

areas including mass, chemical (liciuid and vapour), and humidity sensing in addition 

to surfac(' stress and tln'rmal effect measun'iiients among otlu'rs [9, fO].

The cantilevers used most fr('(iuently are fabricated from silicon because the 

manufacturing technology is well established by the semiconductor industry and 

allows for reproducible, high ])recision fabrication. The size of the cantilevers used 

range from sub-micron to hundr('ds of microns in length with a similar range of 

thicknesses, in single or arrayed format. Fig. 1.1 slunvs a typical array of eight silicon 

cantilevers usc’d in the work presented here. The resonance frecjuencies of the 

cantilevers in this tyj:»e 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 recjuired if the correct deductions are to be taken 

from the recorded response. The use of an array such as the (;ne shown in Fig. 1.1 allows 

the inclusion of multiple tests and m  sttu r('ferences in one experiment. This greatly

1
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500 |im

Figure 1.1. A typical cantilever array used in tlic' work presc'utc'd here. The' arrays 
are fabricated from silicon in the IBM Rc'st-arcli Lai)()ratory at Hiischlikon. Zurich. 
The array contains eight cantilevers with a length of •’301) ]un. w idth of 100 jim and a 
thickness of 1 jmi. The centre-to-('entre spacing of tlu' cantilevers is 250 [im. The arrays 
are available with or without |)rot('ctiv(' sidi'bars. The arrays can b(' fabricatc'd with  
a range of cantilever thicknesses betwec'U 500 nm and 7 )un depc'uding on tlu' desired 
sensing ajjplication. M ultii)le cantilevers in an array allows for se\('ral ex])erinients with  
in situ  references to be performed simultanc'ously on the same' sm all sam i)le volunu'. 
Image adaj^ted from [11].

increases throughput and ensures that unwanted r('s])ons('s of tlu' t('st cantilevers can 

be accounted for (e.g. therm al drift).

There  are two basic operational modes of a  cantilever based sensor, the s tatic  mode 

and the dynamic mode which will be described in detail in Section 1.2 and Section 

1.3. Most ai)plications deal with only one of the modes of operation; however sensing 

devices have been designed th a t  can provide readout from both modes simultaneously 

[11-13]. ■

Laser beam  deflection [14] was introducc'd (juickly after the development of the AFM 

as a m ethod to measure the response' of a cantik'ver and is tlu' most connnon detection 

method in use today. There  are, however, many other possible nu 'thods th a t  allow the 

monitoring of the res])onse of a cantilever including interferonu'try [15], capacitive [IG], 

and piezoresistive [17].
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1.1.1 N anoniechanical B iosensors

N an o n ieeh an ica l  can tilever sensors have been  widely app lied  in th e  fiekl ol biology 

d u e  to  th e ir  versa til i ty  an d  easy  I’unc t io n a l isa t io n  w ith  a b ro ad  range  of chem ical an d  

l:)iological molecules. T h e  sensor can  b e  o p e ra te d  in licjuid [18] which allows d e tec t io n  

of th e  ta rg e t  m olecules in a  physiological en v iro n m en t,  p rov id ing  useful ins igh ts  in to  

biological i>rocesses.

W ith in  a  sh o r t  t im e  of th e  in itia l work using canti levers  as sensors F ritz  el. al. 

show ed th a t  it was possib le  to  d e tec t  a single base pa ir  (bp) m ism a tch  be tw een  two 12- 

u ier  o ligonucleo tides  (oligos) in a label-free m a n n e r  using a  cant ilever a r ray  o i)era ted  in 

th e  s ta t ic  m o d e  [19]. T h is  sens it iv ity  com bined  w ith  th e  p o ten t ia l  for easily  upsca ling  

th e  n u m b e r  of can ti levers  in an  a r ra y  has k'd to  w idesp read  in terest  in th e  a rea  of 

D N A -b in d in g  an d  genom ics involving cantilevers [20 25] w ith  th e  vast m a jo r i ty  of the  

a p p l ic a t io n s  using  th e  s ta t ic  mode.

I ’lie lain-l-lree capab il it ies  of mil rocantili 'ver baseil d e tec t io n  oiler an  a t t r a c t iv e  

a d v a n ta g e  over m an y  o th e r  d e tec t io n  m e th o d s  enii)loy('d in m ore t ra d i t io n a l  or 

s t a n d a r d  biological assays such as fluorescence based  m e th o d s  which recjuiri' the  

ta rg e t  to  be  m arked  w ith  a label. In th is  m an n e r  can tih 've rs  are  used in ap p l ica t io n s  

for th e  d e tec t io n  of p ro te in s  [2G], as innnunosenso rs  [27], and  for th e  investigaticju of 

m e m b ra n e  p ro tc in - l ig an d  in te rac t io n s  [28].

A n o th e r  biological a rea  where  can tilevers  have found an  ap p lica tio n  includes the  

d e tec t io n  of m icro -o rgan ism s such as viruses [29, 30] an d  b ac te r ia  [31, 32]. It is also 

possib le  to  perfo rm  bac te r ia l  an d  fungal g row th  d e tec t io n  m easu rem en ts  using 

can ti lever  a r ray s  [33 3C]. Here th e  can ti lever is coatc'd w ith  a th in  layer of agarose  

w'hich IS loaded  w ith  n u t r ie n ts  in th e  sam e way as a  s ta n d a r d  i)ctri dish. T h e  g row th  

of th e  fungal spores  a n d  th e  rtjsulting mycelim n a long  th e  can ti lever aflect the  

re sonance  proi)ert ies  of th e  can tilever an d  allow th e  g ro w th  to  be  d e tec ted  ciuickly in 

a  q u a n t i t a t iv e  m a n n e r  [3G].

T h e  biological a i)p lica tions of can ti levers  m en tio n ed  above are  just a  few exam ples  

of w h a t  is possible. T h e  versatil i ty  of fu u c tioua lisa t ion  of th e  can ti lever a r ra y  allows 

d e te c t io n  or m easu rem en t of v ir tu a l ly  any  bioniolecule once a  su i tab le  func tiona lisa t ion  

is ])ossible. W i th  ai)p lica tions in t)iology on th e  rise for can tilevers it is w o rth  no ting  

t h a t  si)ecial ca re  m ust be  m ad e  to  em ploy  one or m ore  suitai)le referent:e an d  contro l 

can ti levers  in th e  m easu rem en t  or d e tec t io n  schem e if the  correc t d ed u c tio n s  a re  to  

be  m a d e  from th e  s ignals  o b ta in ed .  Also, th e  passing  of th e  func tiona lised  canti lever 

th ro u g h  a li(iuid-to-air in terface shou ld  be  avoided  if the  a im  of the  m easu rem en t  

is to  inves t iga te  the  in te rac t io n  i)etween i)iological molecules as th e  fu n c tio n a li ty  <jr 

co n fo rm at io n  of th e  m olecules m ay  b e  a l te red  or d am ag ed .  In ad d it io n ,  pass ing  the  

can ti lever  from a  salt-lMiflered so lu tion  to  air will invariab ly  lead to  th e  fo rm a tio n  of
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sail crys ta ls  on th e  suri'ace of the  cantilever which m ay lead to  m is in te rp re ta t io n  of the  

resu lts  ob ta ined .  T h u s ,  th e  'd ip  an d  d r y ’ m e th o d  should  Ix' avoided.

1.1.2 C om peting Technologies

r i ie re  arc; m an y  different ty p es  of nanome(4ianical stnisors whit h operate ' u n d e r  niori' 

or less th e  sam e  basic principles as the' can ti lever sensor. T h ese  in(4ude 

t ram p o l in e -sh a p ed  re sona to rs  [37], i)addle-shap('d  levers [38, 38], m em b ran e

resona to rs  [39], doul)ly-clami)ed b eam s [40], and  nanow ires  [41. 42] am ongst others .

A novel ap])roa(li to  overcom e th e  (4iall('ng('s associatc 'd w ith  o p e ra t in g  a  cantilever 

in a liciuid env ironm ent for biological app lica tions  has bec'u dc‘vt4oped by th e  M analis  

research g roup  a t Mi l' wliei'c'by the  liquid is flowed th ro u g h  a channel in a vacuum  

l>acketl cantilevi-r. T h e  susj^cnded m iiro ch an u e l  re sona to r  combinc's m icrolluidics with  

re so n a tin g  d e tec t io n  to  allow impn'ssiv( ' m ass resolution  of 1 fg in a 1 Hz l)andw id th  [43] 

with label-free b io de tec tion  i)ossible [44]. T h e  suspcnuk’d m icrocham u'l  res tinator allows 

a series (jf m easu rem en ts  to  be pc'rfornu'd on indi\ idual c<'lls in an au to m a t( 'd  mannc'r 

(like How cy to m etry )  prov id ing  in fo rm ation  such as tlu- weight [43]. an d  density  [45] of 

th e  cells. D ensity  m easure 'm ents of ind iv idual c('lls has  a])plications in d is t ingu ish ing  

betw een u n h ea lth y  an d  lu 'a l thy  c<'lls for vario\is disi'ast's including sickl('-c('ll anc'mia 

an d  leukem ia [45]. Direct m o n ito r in g  of th e  g row th  of m an u n a l ian  cells ovc'r nniltiple 

gene ra t ions  is also possible [46].

D espite  th e  range  of o th e r  available nanom echan ica l  sensors, m an y  of th em  have 

s im ilar ad v an tag es  a n d  d isadvan tag i 's  as th e  cantil( 'ver-i)ased sensor. W'ith the  

exception  of th e  suspende tl  microchannc'i re sona to r  all of tlu ' ilevices will suffer from 

ad d i t io n a l  d a m p in g  if working in a liciuid env ironm en t.  For re so n a tin g  d e tec t io n  the  

limit of det:eclion is re la ted  to  th e  to ta l  m ass  of th e  sen.sor, so as w ith  cantilever 

based  sensors m oving  to  a sm alk 'r  si/(> will increase tlu ' sc'nsitivity of the  sensor. T h e  

overall sensit iv ity  of som e of these  sensors can  Ix' im pressive in vacuum , w ith  m ass 

sensit iv ity  ap p ro ach in g  th a t  of an  ind iv idual p ro ton  (1.7 yg =  1.7 xlO^^'^ g) using a 

c a rb o n  n a n o tu b e  rc 'sonator [47]. However, rela tively  little  work has  been perform ed 

w ith  these  re sona to rs  in licjuid. T h e  cantilever a r ray  allows easy func tiona lisa t ion  of 

ind iv idual can ti levers  v ia  cap il la ry  innnersion (discussed in m ore dc'tail in Section 3.4) 

w hereas  for d o u b ly -c lam p ed  b eam s  or nanow ires ind iv idua l func tiona lisa tion  m ay  not 

l)rove to  be  as trivial.

T h e  m ain  rival tcj nanon iechan ica l sensors in general is th e  (juar tz  c rys ta l  

m icroba lance  (Q C M ) [48] which has  a ln 'a d y  achievc'd connnc'rcial success w ith m ore 

th a n  tw enty  different ilevices available from eleven nu u m fac tu re rs  in 2010 [49]. As 

C^CM has becom e m ore  accep ted  as a  s ta n d a rd  m easurem ent device the  n u m b er  of 

pub lica t ions  re la t in g  to  C^CM listc'd p er  year on tlu' ISI Web of Science has risen from
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ju s t  under 100 in 2001 to well over 500 in 2010 [49].

The QCM  is a mechanical resonator with a size on the centim eter sc'ale which is 

capable of mass sensing. As the nam e suggests t he device is based on the i)iezoelect ric 

properties of a (juartz crystal and when an AC voltage is ai)i)li('d to  the crystal a 

s tand ing  shear wave is est ahlislu'd. CJCM derives its sensit i\'ity Ironi t he high freciuency 

and Q factors associatc'd with the  shear m otion which is only weakly coui)led to the 

surroundings and  so suffers from little dam ping  efiects.

While QCM  has its origins with gas sensing and thin-Hlm deposition it has been 

increasingly ai)plied to the  l)iosciences as t he increase in the  num ber of biology related 

QCM  publications indicates [49], with much of the  work involving small molecules, 

I)rotein adsorpt ion, and innnunoassays.

T he  sensitivity of the QCM  to protein adsorption is in the uM range when operated  

in licjuid [50, 51]. This can be improved to lAl sensitivity by using ‘(hp and d ry ’ 

m ethods [50]. This compares favourably with cantilever based s('usors which have 

reported  sensitivity down to 0.3 pM in H(iuid [50, 52]. Thus, cantilever based sensors 

are potentially  more sensitive than  the more well-estabHshed C^CM, i)ut work nmst i)e 

done in order to estai)lish cantik 'ver sensors as a connnonly u.sed tool in biok)gy. as 

descritx'd in the  review by C’alleja et al. [8].

1.2 Static M ode

In th(' s tatic  mod(' tlu' deflection of th(' cantilc'ver. caused by a (hfferential surface 

stress, is measured with respect to time. T he  cantilever is typically coated with a 

functional monolayer on one si(k> and passivatx'd against the target molecule on tlu' 

opposite  skk'. The t)ending is induced by adsorption of the target molecule onto the 

functional layer [9]. The bending response of the  cantilever is caused by stress a t  

the  interface between the adsorbed and functional layers [9, 10]. This stress can be 

generated by a num ber of interactions including volume ('xpansion of the functional 

layer, steric hindrance, changes in the structure; of the functional layer, charge clfects, 

or a combination of these efiects. The cantilevers used in s tatic  mode exix 'riments are 

fabricated with a very low elastic spring constan t to ensure th a t  the  smallest forces 

possible are detectable.

1.2.1 Static-lVIode D etection

There are Ia v o  main types of s ta tic  m easurem ent that can be recorded using the laser 

beam deflection m ethod [14]. 4 ’he first and  m(jst connnon m ethod is to record the 

deffection of the  cantilever by taking a single measiirement of the  deflection at the tip 

of the  cantilever. The other is to take nniltiple measurements, or a scan, along the
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k'Ugth ot tln' t autik:v('i' to I'stahlisli tln' lull oriuliiig p n ) l i U '  tlir  i. a ii t i l o x ’r r .

M easu rem en t from  th e  T ip  o f th e  C antilever

The tip met hod lias the advaiilagx' that it is very fast and allows more measiiremeuls to 

be obtained  in a shorter  period of lime and is thus suitable for m onitoring the bending 

of the cantilever in ex])eriments when' a fast intc'raction i)c'tw(’en the cantilever and 

the target is expected. T he  speed of this nu’thod typically allows a grc'ater num ber 

of sanijjles’ of the bending to be taken during each measurc'uient which reduces the 

noise of the  measuremenl. However, this met hod does maki' the assum ption that the 

cantilever bends with a uniform curvature.

Laser beam detiectiou is ust'd to nu'asurc' tiic bt-nding from tlu' t ip  of the- cantilevcr 

as shown in Fig. 1.2 and tlu' detiectiou of the  laser bt'am on tlu' smfacc' of tlu; position 

sensitive detector (PSD) can be relat('d to the bending of the cantilever by a calibration 

factor G based on the g('omelrv of the pa th  of tlu' laser beam.

Figure 1.2. A schematic of the static-nicxle beiuliug of a cantilever and readout using 
laser be;uii detiectiou. 'I’lie laser beam is deflected h'oui the surface of the cantilever 
and a small change in the Ijending of tiie cantilever rc'sults in a ciiange in tlie pcjsition of 
tlie laser spot on the surface of the PSD. Tlie chang(' in tlu' bending A :  can be related 
to the cliange in the spot i)osition A.s by a calculation based on the geometry of the 
laser path.

The ai)plication of a bending moment M  to the free' end of the  cantilever causes a 

small deflection of the  cantilever by an amomit Ac, through an angle (-), which can be 

dehned by [53]

( 1 . 1 )
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and

( 1.2 )

where L is the length of the cantilever, E  is the Yoinig’s modulus, and 1 is the moment

If the bending angle 0  of tlu; cantilever is small tlien the angular deflection of the 

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

where A s  is the change in the j)osition of the spot on the PSD and (Ii\sd is the distance 
between the cantilever and the PSD as show'n in Fig. 1.2.

When E(i. 1.2 and Ecj. 1.4 are conil)ined a relation between the change in the spot 

position on the PSD, A.s, and the i)ending of the cantilever, As, is obtained

where G  =  L/-ldi\si) if’ the calibration factor.
Thus, the bending of the cantilever can l)e 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 ])ath of the laser and recjuires accurate measurement of the distances and angles 
involvetl. It is possible to hud the calibration factor by ol)taining a thermal noise 

power spectrum from the cantilever and using the ecjuipart it ion 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.

M easureiiient o f  the  Line Profile o f  th e  C antilever

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 signihcantly slower than the tip meas\uenu?nt method 

as more mea.sm’ements per cantilever are required to establish the profile. This method 
also reciuires a laser which is moveable in two directions in order to obtain the bending 

prohle of several cantilevers in an arra>’.
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 ^ direction, z{x),  can be obtained 

i)y relating the local slope of the cantilever surface to the position of the laser spot on

of inertia of the cantilever. By combining Ecj. 1.1 and Ecp 1.2 the small deflection A z  

becomes

A.S' =  6’A.s (1.5)
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PSD

Figure 1.'5. A .scheuiatic of tiie s ta t ic  m ode tx 'ud ing  of a cantilever and  liiic ]jrotile 
readou t using laser b eam  deilectiou. I’lie laser beam  is scanned  along the length of
the  can tilever in th e  x  d irection  resulting  in a  change in the  sjxit position on th e  PSD  
s{x) .  T h e  bending  profiU' of th e  cantilevcr 2:(.r) can b(' dt'rivc'd from the  changc' in spot 
])osition

th e  su r fa c e  o f  th e  P S D ,  s { x )  [55].

T h e  local s lo p e  o f  t h e  c a n t i le v e r  su r fa c e  c a u se s  a c h a n g e  in th e  i)osit ion  o f  t h e  la se r  

sp o t  on  th e  s u r fa c e  of  t h e  P S D .  how ever  t h e  m o t io n  of  i h e  la se r  a lo n g  th e  le n g th  of 

th e  c a n t i le v e r  a lso  c o n t r ib u t e s  to  t h e  c h a n g e  in t h e  p o s i t io n  o f  t h e  s p o t ,  t h u s  [55]

w h e n  i t  is s tra igh t,.  T h e  s e c o n d  t e r m  in t h e  a b o v e  ( '( jua t iou  a c c o tm ts  for th e  m o t io n  of 

t h e  la se r  d u r in g  th e  profile  m e a s u r e m e n t .  H ence , t h e  c a n t i le v e r  jno f i le  c a n  b e  o b t a in e d  

by  in te g r a t io n  o f  Ecj. l.G,

( l . G )

w h e re  .i is t h e  an g le  b e tw e e n  th e  in c id e n t  la se r  b e a m  a n d  th e  n o r m a l  to  th e  c a n t i le v e r

X

P S D P S J )
(1.7)

0

1.3 D ynam ic M ode

In t h e  d y n a m ic  m o d e  c h a n g e s  in th e  re s o n a n c e  fre (iuency  o f  t h e  c a n t i le v e r ,  d u e  to  

c h a n g e s  in  t h e  p h y s ica l  p r o p e r t i e s  o f  t h e  c a n t i le v e r  (jr s u r r o u n d in g  UK'dium, a re  

m e a s u re d  w i th  re sp ec t  to  t im e .  T y p ic a l ly  th e  can tik 'vc 'r  is v ib ra tc 'd  at o n e  of  i ts
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resoiiaiK'e liequeiu’ies and can Ije useil as a vi'i'y lint; nuriobalancL'. Tlu; 

eigenii'equencies (the free viijrati(jnal frequencies in vacuum, dillerent 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. T he  cantilever is typically coated with a 

functional layer on one or both sides. Therefore, as m aterial l)inds to the functional 

layer a change in the properties of the cantilever oc:curs which is reflected in the 

frequency observed. Detection of mass changes of as litt le as 1 ag have been re{)orted

[29].
In addition  to mass sensing, a c:antilever opera ted  in dynamic mode can be used 

to  characterise Newtonian Hnids [5G]. The resonance fre(iuency of a cant ilever dei)ends 

on not only the  mass bound to the cantilever, but also the viscosity and density of the 

Hviid in which it is vil>rating. Any change in these factors results in a change of the 

resonance freciuency (shifts or dami)ing).

T he  m ajority  of tlu' work presentc'd here involves the vibration of cantilevers in a 

litfuid environment, where l)oth the surrounding fluid and the targi;t can alh;ct the 

properties of the  cantilever. There are many known challenges when opera ting  a 

cantilever sensor in a licjuid enxironm ent, ('spc'cially in dynamic mode. In i)articular 

the  large dam ping  caused by the li(iuid causes low Q factors (see Section 1.3.1) and 

thus lowers the  sensitivity. The added uuuss of the  li(niid co-moved with the cantilever 

when it v ibrates causes the eHective mass of tlu; cantilever to incr(;ase. and thus also 

lowers the sensitivity of the sensor. However, by opera ting  the cantilever a t  its higher 

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

1.3.1 Q u ality  Factor

T he (luality factor or Q factor is a dimensionless i)aranieter that is used to describe the 

danii)ing of a resonator, or e((uivalently, to characterise the bandw idth  of a resonator 

relative to its centre fre(|uency.

For a dam ped  resonator, such as a cantik 'ver or an RLC circuit, the Q factor can 

Ix! defined as [57]

Q = 2. ’<‘"'■'■‘1 (1,8)
E n e r g y  lost per  cycle

Th(' Q factor ('an b(' ('(luivah'ntly d('lin('d as tlu' ratio of the  i'('ntr(; frc'cjut'ncy, fc,  and 

the l)andwidth, <)/, for high Q factors [57]

Q = î . (1.9)

which can be measured from the amplitude-fre(iuency spectrum  of the vibration.

From the bandw idth  definition of the Q factor, it is obvious th a t  the  higlujr the 

factor of a resonator the sharper the  am plitude response and thus a sharper resonance
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peak  is formed in th e  fnxiueney s p ec t r u m .  For appl ica t ions  tha t  involve' t racking the  

rrt'cjuency ol th e  rest jnator th is  simpliht 's  the  Ic'cdback control  electronics,  nhnimises  

the  pc ' r turbing ell'ect (ji the  dri\ 'c (^lectrcniics. an d  providi 's a high ri^scjlution [58]. A 

liigii Q fac tor also indicates  l l iat t lu'  re sonat o r  is weakly coui)led its su rround ings  wliich 

gives h igh accu racy  an d  long- le rm s labi l i ly  [58].

In ordc'r to  u n d e r s t a n d  how th e  Q fac tor  of a cant ik ' \ ' cr  can In’ aflectt 'd it is useful 

to consider th e  d iss ipation,  which is d eh n e d  as th e  ra t io  of energy lost pe r  cycle to 

tlie energy s to red i.e. l / Q .  T h e  di ss ipat ion can be  descr ibed as the  sm n  of various 

con tr ibu t ions  of energy diss ipat ion in th e  syst( 'ui [7, 58 GO], as follows

^   ̂  ̂ ^  (1 fu)
r hn u p  ^ J v i s  Q „ ,  Q n t h r r

where \-/Qrian>p energy dissii )at ion into the  base due to the  c l am ping of the

cant ik 'ver  [58, Gl], i/Q|.,.s is the  dissii )at ion due  to  v i s ions  and acoust ic  cllects wi th 

the  s u r ro u n d in g  nu 'd im n  [58, G2]. \ /Q„iaf  >he di.ssi])ation due' to  int( 'rnal mater ia l  

(lami)ing [58, 59], l /Qthvrmo  <lissij)ation d u e  to thermo-e las t ic  d a m p i n g  [58, GO,

G3, G4], and  \ / Q „ i h c r  t l ' e  d i ss ipat ion d u e  to  o th e r  cllects.

1.3.2 M ass D etection  in a Liquid Eiiviroiniieiit

T h e  d y n am ics  of microcant i levers  o p e r a t i n g  in liepiid are  well docu n u 'u te d  in the  

l i te ra tu re  b o t h  theore t ica lly  [G2. G5 71] an d  ( 'xpc'rimentally [5G, G7, 72] d u e  to the  

i m p o r t an ce  of u n d e r s ta n d in g  thei r  behav io u r  for use wi th AFM .  T h e  model ,  upon  

which th e  d a t a  analys is  sof tware N O S E to o l s  [73 75] us('d in this project  is based,  is 

descr ibed in detai l  in B r a u n  c/ al., 2005 [G7]. An outline'  of tlu'  model  will be 

presen ted  lu're.

r i ie  ecuiation of mot ion  of a cant i lcver  in a v a iu u n i  is given by (modilieil  Irom 

reference [7G], see also reference [G7])

 ̂ ^ d u { x , t )   ̂ v i r 0 ~ u { x j )  _
Ox̂  + T  y;2

where  E  is Yoim g’s modulus ,  I  is the  m o m en t  of inert ia,  Co is the  int rinsic d a m p i n g  

co('lHci('nt p('r uni t k' l igth,  Jiic is the  m as s  of the  canti lever,  L  is the  length of the  

canti lever,  u { x , t )  is the; il(;Ilcction of t ln'  cantik've'r ix-rinuidicular to i ts surface,  x  is 

th e  coo rd in a te  a long the  cant i lever,  an d  I is t ime.

W h e n  (I cant i lever  is v i b ra ted  in a  li([uid there  are  several  factors  which are  not 

present  in a  v ac m n n  th a t  m u s t  be t ak en  in to  account .  Tin- Hrst is t h a t  wh en  tht '  

canti lever is dr iven it is no longer  only  the  mass  of the  cant i lever  which must be  

acceleratet l ,  a spi-cihc mass  of licjuid (//;/) will also be accek ' ra ted  wi th tlu'  canti lever
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l)eani. Tliis results in an additional inertial I'orce acting on the cantilevx'r. The second 

is that  because the liquid is not an ideal lluid the cantilever will experience a dissipative 

force i)er unit length that is proi)ortional to the  velocity of the  cantilever.

W hen these additional forces, and the driving force applied by the  piezoelectric 

ac tua to r  are taken into account tiie ecjuation of motion of the cantilever is

where C„ is the dissijnition coeilicic;nt.

In order to solve the  etiuation of mot ion completely nif and nuist be determined. 

By letting

=  (1.13)

the resonance fre(iuenci(!s, f„,  can be determin('d from the complex solutions of 

Eq.  1 .1 1 .

■fn — ( \ ! ~  ' r  +  i~! ) ( 1 -f^)

where the  dam ping  factor. 7  (with dinu'nsion of invc-rsc- time'), is deiinc-d l)y

—  Ol + C.’
^ [ 2 / L ) { n i , .  +  nil)

and /() is the fundam ental eigenfrc'ciuency in a vacuum in the absencc' of damping, with 

the mass concentrated  at one point (like a simple harmonic oscillator).'

The  f n are ecjual to the  r('sonance fre(iuenci('s of a  dam{)ed harmonic oscillator 

except for the a„  term. a„  is the 7(th positive root of 1 +  cos a„  cosh =  0 and is

related to the eigenvalues of the modes (a i  =  1.875, <V2 =  4.G94, .. ., =  n [n -  0.5)).

W hen the rectangular shape of the cantik'vers is taken into account, the 

eigenfrequencies of a cantilever with a distribut('d  mass in the al)sence of dam ping  are 

given l)y

. / ( ) " .  =  i / t t t  l i l  ^  ( 1 - l G )27t y 3 (/;;,. +  iiii)

where k = 3EI / L ' ^  is the  si)ring constant.

The resonance fr('([uency, /„ ,  nu 'asured as tlu' m axinnun of the  ami)litude response 

in depedence on driving freciuc'iicy (the resonanc(' peak) can be related to /o„ by

' T h e  eigtMifrtxiuency is th e  free v il jra lion  of tlie eaii li lever hi th e  al)seiice of (laii ipiiig given by 
H<1. 1. 16, w hereas  th e  re sonance  freciuency refers t,o tlie n iax iu iinu  o f  th e  aniplilvuie resi)ouse o f  tlie 
can t i lever  w hen  v il jra ted  in th e  h(|uid.
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If ex tra  mass (A?/;) hinds to the  surface of tlie cantik'vc'r uniforml\- then tiu' total 

mass {riifotai) given by

HI total  =  >Hc +  n i l  + ■^>11 (1-18)

Assuming the spring constant, k, does not change then E<i. I.IG can he modified to 

become

(1.19)
2tt y 3 {ill,. +  nil +  Ant)

If A m  -C +  nil then the following a])i)roximation can Ix' mad('

. f  1 A m  \
\  2 I I I , .  +  ni l )

Thus
2 A /

Joii

where A  f  =  /„„ -

T he  sensitivity, S,  of the  cantik'vc'r can be defined as

5  =  ^  =  ------ — -----   (f.22)
A m  '2(m,. + mi)

wliich indicates that the sensitivity of a mass loadc'd cantik'vc'r incn'ases with mode 

number. This  is a valid measure' of sensitivity i)ecause the accuracy of the nn'asurement 

of A  f  is independent of tlu' eigenfre(|uencies.

This calculation of the added mass from the freciuencv shift makes the assum ption 

th a t  the  added mass is uniformly distr ibu ted  on the surface in a thin layer and that 

the spring constant remains unchanged by the adsorption of the addc'd mass. Tluis, 

care should be taken when using such a m ethod as the adsorlnnl molecules can afiec:t 

the spring constant of the cantilever in some cases where the thickness of the  adsorbed 

layer is non-negligible [77].

T he  pofsition of the adsorbed layer of mass can also play a rok' in the resi)ons(' of 

the  cantilever as shown by the varied resjjonse of a microcantilever to the adsorption 

of bacteria on the surface of the cantilever [78]. I’his effect is shown to be ('V('ii more- 

position dependent when higher resonance modes are used [79]. The positioning of 

individual or several point masses on the surface of the cantilevc'r can also have varied 

eliects on the resonanct; frecjuency [80, 81].

1.3.3 H igher R esonance JVIodes

In order to overcome some of the  lost sensitivity due to working in a licjuid environm ent 

it is possible to vibrate the  cantilever at one or more' of its higlu'r rc'sonance modes. It
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has been shown that, the Q factor of tiie cantilever increases with mode number [18, 82] 

as predicted by several models [G5, GG, 70]. The Q factor increases approximately 

(excluding internal danii)ing) as [83]

Q n = - ^ C h  (1.23)
./I

w'here Q„ is the Q factor at mode ?; and /„ is the frequency of mode n. hicreasing the 

mode number to increase the Q factor works in general for most ai^plications, however 

there are ctLses where this does not ajjply [G2, 71] as discussed in detail in Chapter 4.

The sensitivity of a resonating cantilever beam increase's as the mode number of 

the resonance increases. It has been shown that- for a niicrocantilever vibrating in air 

the sensitivity of the cantilever increases linearly with the scjuare of the mode number 
n [82]. The effect cjf moving to higher nunles increasing sensitivity has been well 

established with niicrocantilever resonators [84, 85].

It has been shown that the amount of liciuid that is co-nioved (/u/) with the 

cantilever decreases asyin])totically with increasing mode number n, [18]. This is due 
to the smaller amplitude of the vibrations of the cantilev'er as the mode number 
increases. It can be easily determined from E<|. 1.22 that as the mass of co-inov(>d 
liciuid rtii decreases the sensitivity iiicrecuses. 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 licjuid enviroiinient.

1.3.4 D ynam ic-M ode D etection

Laser L'eam deflection is commonly used in AFM devices to measure the resi)onse of 

\-ibrating cantilevers. When tlu' cantilever is vibrated at a higher resonance mode 
there are several nodes and antinodes of vibration estaijlished along the length of the 

cantilever. La.ser beam deflection is very sensitive' to the change in the slope of the 
cantilever and not so sensitive to the amplitude of the vii)ration of the cantilever, which 

can be on the order of a nanometer when using higher modes in a liciuid. Thus, as 

shown in Fig. 1.4, for the maximum signal the lasc'r must be focused at, or nc!ar to, 

a node of the resonance mode where the change in the slope of the cantilever surface 

during vibration is largest.

1.4 Scope o f T hesis

Despite the large number of devicc's noted in the literature dcisigncKl to use c:antilever 

sensor arrays, very few devicc's are capai)le of the readout of i)oth the static and dynamic 

response of the cantilc'vc'r array. Tlu' work prc'sc'iitc'd within this tlu'sis details the
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P S D

laser

antinode

node

P S D

laser

F ig u re  1.4. S c h e m a t ic s  sh o w in g  t h e  r e a d o u t  o f  t h e  d y n a m ic  r e sp o n se  of  th e  c a n t i le v e r  
v ib r a t in g  a t  th e  fifth re so n a n c e  m o d e  us ing  o p t ic a l  b e a m  dc'Hection. W h e n  th e  lasi 'r  is 
focused  neai' tl ie  a n t in o d e  of  th e  re so n a n c e  th e re  is on ly  a sm a ll  s ignal (A .s i)  obsc 'rved 
o n  t h e  P S D .  W h e n  th e  la se r  is focusc'd n e a r  tlu> nod( ' o f  the' resonance ' tlu'rc' is a  largt ' 
s igna l  (Aa'2 ) o b se rv e d  o n  th e  P S D .
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upgrade and develoi)nienl of a dual-niode cantilever-based sensing platform capaijle 

of tlie readout of bo th  the s ta t ic  and dynamic response of the cantilevers in a licjuid 

environment. T he  ai)plication of the  dual-m ode device is geared towards biological 

m easurem ents in liquid environm ents which i)resent their own unicjue set of challenges.

Due to the  varied natu re  of the  work invoh'ed in the (leveloi)ment of the dual­

mode device for biological m easurem ents tlie m ain body of the thesis has been split 

into several d istinct sections with the more physics and engineering related m aterial 

appearing  in the  early chai)ters and the  api)lication of the developed device to biological 

detection appearing  in the  later chapters.

C hap te r  2 details  the development of the  dual-m ode device with a brief (lescrii)tion 

of the  original dynam ic-m ode device, and detailed di.scussion of the instrum enta tion  

and progrannning  involved in the development of the dual-mode device. Several initial 

m easurem ents and  dem onstra tions of various capabilities of the devic:e are i)resented 

in the  results section of the chapter.

Chai)ter 3 descril)cs the general preparation  techniciues th a t  are applied to the 

cantilever array  for most experiments.

C h ap te r  4 presents verificaticjn of the  coni];ressible Huid model described Ity \ ’an 

Eysden and  Sader in air using 2 |im and 7 imi thick cantilevers.

Cha\)ter 5 describes work performed on the dc'tection of the aggregation of the 

protein cv-synuclein which is invoKx'd in Park inson’s disease.

C hap te r  6 (lescril)es initial work on the use of nanoi)articles (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 

laix'l used and the  resulting response of the  cantilever is discussed.

C hap te r  7 expands on the  work in the previous chapter and yjresents 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.

C hap te r  8 draws conclusions and provides an  outlook for future work.

The Appendices of the thesis are split into sections relating to supplem eutary  

information, experimental i)rotocols, and M atheniatica  .source code. A list of 

presentations and i)ublications by the au tho r  is given after the main appendices. A 

full list of figures and tables contained within the thesis is also given after the 

ai)])endices. 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-M ode D evice

This chap ter  will doscrilx' tlu' ( l ( ' V ( ' l o ] ) i i K ' n t  of an cxpc'riincnital (U'vicc cfipahic' of t h<' 

uieasurenicnt of the s ta tic  and dynamic responses of a niicron-scale cantilever array in 

a physiological licjnid environment. Firstly the dynam ic-m ode device existing a t  the 

s ta r t  (jf my studies will be briefly describc'd to iH'ovide a ref(U'ence point from which 

the development of the  current generation of the device began. T he  main components 

of the  current ilual-mode tlevice. includmg the Huid chamber, optics, laser positioning 

system, PSD, tem pera tu re  control, and the Huidic system will be descriin'd in detail. 

A l)rief description of the  measurement jnocedure and tlie main ct)Usideratious in the 

L aboratory  Virtual InstrunuMitation Engineering \ \brkl)ench (L ab \  lEW ) 

progranuning behind the device will i)e givc'u. Finally sonu' m easm em ents  of the 

frequency spectrum  and res])onse of a gold coated cantilever array to a heat i)ulse will 

be shown to demonsti'ate tlu; working devicc. The improvements of flowing fluid 

using the pn-ssiu'c' flow systc-m coni])ar('d to tlu' syi'ingc' pum p will Ix' highlightc'd.

2.1 E xisting D ynam ic-M ode D evice

riic  existing cU;vict' list'd an ojjtical beam deflecti(jn nu-thod to read out tlu; rt-sponse 

of the  each cantilever during the experiment. An array of eight vertical-cavity surface- 

em itting  lasers (VCSELs) (Avalon Photonics) were used in a time-multii)lexed m anner 

to provide read out from each of the eight cantilevers in the  array. T he  VCSELs had 

a wavelength of 7G0 um. The cone of light produced from a VCSEL has an angle of 

divergence th a t  depends on the a])erture size. For the  VCSELs used here the solid angle 

was 13° at full width a t  half m axim um  (FW'HM). T he  output power of the VCSELs 

when opera ted  at 5 niA was 1.2 m \ \ ’.

The VCSELs were focused onto the siuface of the cantilevers using an external 

focusing syst em. The focusing syst('ui consisted of two 12.5 nnn diam eter convex lenses 

(Rdnum d Scic'iitiHc) each with a focal length of 45 mm plactul next to each other. 'I'he 

VCSELs were located at tlu' focal point of one of the leus('s and the lens system was

23



24 2.1 Existing Dynaniic-Mode Device

moved so that the cantilever array was at the focal point of the ollu'r. The  pitch of 

the  VCSEL array m atched  th a t  of the  cantilever array with the idea being that using 

one-to-one optics ensured that the laser spot from each VCSEL was focusc'd onto the 

surface of the corresponding cantilever. The VX’SEL array and tiu' focusing system 

were m ounted on a lockable stage on a dove tail rail, which could be moved in one 

dimension to allow the  i)ositioning of the cantilever array at the focal point.

The PSD was m ounted on a stack of t ransla tion  and rotation stages which allowed 

the PSD to be moved in three dimensions in addition to being ro ta ted  about the vertical 

axis.

Fluid was pum ped through the chamber using a syringe pum p (Kent Scientific). 

Polyether-ether-ketone (PE E K ) tubing  was used to  bring the liciuid from the syringe 

to the  fluid chamber.

The device was housed inside a small refrigeration unit (Intertrouic) which i)rovided 

a tem i)erature stable environment. A small CCD camera was mounted in the box to 

aid in the aligmnent of the  VCSELs on the surface of tii(' cantil('V('rs.

2.1.1 P rob lem s w ith  th e  E x ist in g  D ev ice

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, wdiich was m ounted separati'ly. This sliding mount did not 

allow fine positioning of the  VCSELs which m ade it diflicult to position the locus of 

t he laser on the surface of t he cant ilever. Th(' locking scrcnv was ai)])lied from one side' 

of the  rail only and could move the beam ofi axis when applied, causing majoi' difficulty 

in the alignment of the  beam. In addition, the VCSEL array and focusing system were 

m ounted on an XY translation i)latform which allowed only a coarse adjustm ent of 

the  spot position on the cantilever surface. The VCSEL array was m ounted in a tube  

which was ro ta tab le  for aligning the array of VCSELs with the array of cantilevers. 

This ro ta tion was done coarsely by hand and alignuKnit of the  two arrays could only 

be performed by tedious sequential switching on and off of the  VCSELs.

The wavelength of the  VCSELs was partially  in the  infra-red and so it was difficult 

to ol)serve when the laser spot was i>roperly focused on the surface of the  cantilever. 

The small CCD camera sa tu ra ted  easily when the VCSELs were turnc'd on and did 

not have sufficient resolution to show if the  t:orrec;t focus had been achie\'ed. It was 

sufficient to tell if the  laser was h itt ing  the cantilever, but not more than  that.

I’he ditficulty in focaising and moving the  VCSEL si)Ot. 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 be tte r  sensit i \ i ty  for mass change [f] 

(see Section 1.3.3).
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Another i)rol)lern witli the existing device was lliat I lie VCSEL array was located in 

the  same tube  th a t  held the focusing system. This  did not allow for the  VCSEL array 

to  be tem pera tu re  regulated, which could lead to instability of the  VCSEL outi)ut. 

Instability in the  laser output can lead to an  additional source of noise in experiments 

and could potentially  shorten (he lifespan of the  VCSELs (which are no longer available 

as an 'oft the  shelf' component and must be fabricated to order a t  a signiHcantly higher 

price than  when the device was originally developed).

The optics technique used in the  focusing system created small differences in the 

optical pa th  length between each VCSEL and  its corresponding cantilever. While 

these pa th  differences were ind(;etl very small, it has been shown th a t  small differences 

ill the  optical pa th  can lead to different calibration factors of the  device [2], and so for 

higli-quality precision measurem ents differences in the  path  should be avoided.

The m any degrees of freedom of the PSD  motion and alignment of the VCSELs 

caused the initial se tup  of each experiment to be painstaking and lead to small 

dilfereiiies in the  se tup  for eaili experiment. T he  time taken for alignment coukl vary 

signihcantly and was lujt suited for m easurem ents whc'n: tlu' ciuality of the 

functioiialisation of the  cantilever surface was time .sensitive.

2.2 Instrum entation  

2.2.1 F lu id  C ham ber

T he  chamber which houses t he cant ilever array  is coniprisc'd of two halves which are 

precision machined from PEElv and are screwc'd together using M4 screws. The 

chamber has a single inlet and outlet which couple to s tandard  f /1 6 ” tubing and is 

d('sigii('d such tha t  the flow of li(|uid is dircctt'd from the side fuid across tlu' 

cantilevers in the  array and minimises dead volume and areas of poor mixing. The 

to ta l volume of the chamber is ai)proxiniat('ly G jd which is small enough to allow 

efficient changing of Iluids (e.g. during sample injection) and minimise the amount of 

sample re(}uired. The entire chamber is slunvii in Fig.2 .f.a.

The therm al motion of the cantilevers when ininier.sed in licjuid does not provide 

sufficient amplitiuk 's of moticni to allow measurcniK'nt b(!y(jncl the; first few rc'sonaiice 

modes to the  higher resonance modes of the  cantilevers. In order to obtain  the higher 

resonance modes the cantilevers are driven using a piezoelectric ac tua to r  (EBL 

P roducts  Inc., East Hartford, C T  00108, USA). T he  cantilever array l)ody is clamped 

on top of the  piezoelectric ac tua to r  to allow coupling of the cantilevers and the 

ac tua to r  (Fig. 2.1.b). I lie  piezoi'lectric a c tua to r  dotis not creati' any iioii-tiexural 

peaks in the frequency spectrum  of the ac tua ted  cantilever (as shown in Fig. 2.2).

The piezoelectric ac tua to r  is sei)arated from the licjuid cham ber by a 180 iiiii thick
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Figure' 2,1. Tlu; fluid chamber and clos(' up view, a) T h e  fluid cha iiibcr. The 
chamber is precision madiined from PEEK and is comjirised of two halves wliich are 
screwed together by three M l screws. The excess screws i)rotruding 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 i} resistors. 5. Seal for the fluid inlet/outlet 
with o-ring hidden, b) C lose u p  view  of th e  fluid c lia itiber. The chamber contains 
an actuator which is separated from the fluitl by a ISU jnn thick membrane which is 
thin enough to allow coupling of the cantilevers and the actuat(H', but thick enough to 
!)(' mechanically stable and long lasting. The resistors are ust'd to provide a heat pulse 
to the chamber. The electionic components are stUToundcd by lorseal in the  finished  
])iece 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 liold the array in 
place. 10. Two 15 H resistors. 11. Piezoelectric stack.
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Figure  2.2. CoiiiparlHon i)et\veeu the a in p h tiu le  o f the piezoelectric ac tua to r and the 
actuated cantilever vs. frecjuency. I t  is clear from  the overlay th a t the ac tua tion  o f the 
cantilever does not create any non-flexura l peaks in  the response o f the cantilever. The 
am p litu d e  o f the ac tua to r v ib ra tio n  was measured using a laser D op i)le r v ih rom e te r 
(Po lytec F ibe r V ib rom e te r O FV-552, Po lytec L td ., Lam bda House, B a tfo rd  M ill,  
Harpenden H ertfo rdsh ire , A L5  5BZ, U K ).

u ien ib ra iie  w h ich  providc's a ba rrie r between the li( iu id  and the p iezoelectric a c tu a to r 

to  avoid sh o rtin g  and daniagt'. The  m em brane is th in  i-nougli to  a llow  for e ffic ien t 

coup ling  o f energy from  the p iezcx'lectric a c tu a to r to  the cantilevers, but (h ick  enough 

to  be n iec lian ica lly  stab le and long lasting.

The can tileve r array is position('d  a t an angle o f 45° to  the edges o f the cham ber 

to ,avo id  the c rea tion  o f in terference in  the frc(iuenc:y spec:tra due to  the fo rm a tio n  o f 

s tand ing  waves in  the lir ju id  or re flections from  the walls o f the  cham ber. In  a d iiit io n , 

the base o f the  ean tik 've r array is su ffic ie n tly  th ic k  to  avoid any scjneeze film  effects 

l^etween the cantilevers and the m embrane.

The custom  boros ilica te  glass cover (V it  roC on i, M o u n ta in  Lakes, New Jerst'y 0704G) 

and p o s itio n in g  o f t l ie  can tilever a rray  a llows t lu ' lasc-r lig h t to  enter and leave the 

cham l)er a t 90° to  the lic iu id /g lass interl'ac:e and thus avoids any divergence o f the 

beams due to  re frac tive  index changes.

A  heat pulse can be app lied  to  the llu id  chambcir by pa.ssing a current t in o u g h  two 

15 resistors connected in  series and located below the flu id  cham b('r. T h is  allows 

ca lib ra tio n  o f the  res])onse o f the in d iv id u a l cautilev('rs  in  the  a rray  and results in 

com parable measurements between the cantilevers.

The e lectron ic com poniu its  below the flu id  c lia m ln 'r are a ll covered w ith  a layer 

o f Torseal w h ich  is a llow txl to  d ry  before being machined Hat on the  siu'face. T h is
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provides  fu r th e r  iso lation  of th e  c o m p o n en ts  from the  licjuid in th e  chaml>er.

2.2 .2  O ptics  and Laser P o s it io n in g  S ystem

A single-w avelength  fibre-coupled d iode laser (032.99 nm  ± 1 .5  pm , free s])ace power 

> 2 .4  niVV, l inew id th  < 2 0 0  kfiz ,  SW X 7504-P ;N ew  Focus, Nevvi)ort, CA 92G0C, USA) 

w ith  con tro lle r  (SW L-7500 E C D L  contro ller .  New Focus) is used to  replace th e  V C SEL 

array. T h e  laser cu rren t  an d  d iode  te m p e r a tu r e  can  be contro lled  via a  serial connection  

from a  P C  to  th e  controller .  For oj)tinial stai)ilily  an d  pe r fo rm an ce  th e  laser is o j je ra ted  

a t  th e  reco m m en d ed  fac to ry  se t t in g s  which are  unicjue to  each laser. For th e  laser used 

here th e  laser c u r ren t  is 85 m A  a n d  th e  d iode  t e m p e ra tu re  is 21.3 °C. T h e  laser has 

a  very s tab le  o u tp u t  (power is s tab le  to  w ith in  1% once it has  been tu rn ed  on for 20 

m inu tes )  an d  th e  ten i j je ra tu re  con tro l  avoids any  changes in i>ow('r tha t  can  be observed 

w hen using an  a r ra y  of V C S E L s for re ad o u t .

T h e  b ea m  is collim atetl  in to  a 3.45 n un  d iam e te r  b(!ani using a Hl)re co llim ation

p rea l ig n ed ,to  co ll im ate  th e  i)eam p ro p a g a t in g  from  th e  t ip  of t lu ' conni-cted hbr(> w ith  

difl'raction l im ited  perfo rm ance .  T h e  d ivergence of the  co ll im ated  beam  is 0.014° when 

used a t  th e  a l ig n m en t w avelength  of G35 nm . T h e  recep tac le  of th e  ])ackage is angled 

to  en su re  t h a t  th e  co ll im ated  b eam  is a ligned w ith  the  m echan ical  axis of th e  packag*'.

is suflicient to  s a tu r a te  th e  P S D  w'hich has  a  m ax in n u n  o u tp u t  of 10 V. T h e  o u tp u t  

of th e  laser was a t t e n u a te d  using an  ab so rp tiv e  n eu tra l  dens ity  (ND) iilter (O D  1.3 

N E513B; T h o r lab s ,  C am bridgesh ire ,  C B 7  4EX , UK) w ith  a  t ransm iss ion  of 5%. For 

in itial focusing a n d  a l ig n m en t of th e  laser a  s t ro n g e r  XD  Iilter was usc-d (OD  G.O 

NE5C0B) vyith a  tran sm iss io n  of 0.0001% to  avoid eye dam age .

T h e  b ea m  is focused in to  a  spot on  th e  surface  of th e  cantilev( 'r using a  50 nun

T h e  lens is a c h ro m a tic  an d  can  be  u s c h I to  achieve a  d iffraction  lim ited  spot when 

com bined  w ith  a  a  m o n o ch ro m a tic  source.

T h e  sp o t  size of th e  laser on  th e  surfac:e of t he can ti lever can  be  ca lcu la ted  using 

th e  basic  op tics  fornuila  for l)eam d ia m e te r  a t  t he w’a is t  of th e  b ea m  [3].

w here  D d  is th e  d ia m e te r  of th e  sp o t  on th e  can tilever,  A is t lu ' w avelength  of the  

laser, is th e  focal leng th  of th e  lens, an d  D(.„// is th e  collimatc'd beam  d iam eter .

Using th e  values m en t io n ed  above th e  s p o t  size on  th e  canti lever can  be ca lcu la ted  to  

be  ~ 1 2  /;m.

l)ackage (F280 A P C -B ; Tliorlal)s, C am bridgesh ire .  C B 7  4E X , UK). T h e  ))ackage is

rii( ' in ten s i ty  of th e  lasc'r w hen  re llec ted  from th e  surface  of a gold coa ted  cantilever

focal-length  d o u b le t  (AC254-050-A1-M L; T h o rlab s ,  C am bridgesh ire ,  C B 7 4EX , UK).

cns
( 2 . 1)
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Figvue 2.3. Tlie optic cagc and laser positioning system , a ) T h e  o p t ic  cag e . The 
cage system  keeps the optic axis of the system  aligned. 1. Cage plates. 2. Cage 
rods. 3. Cage m ounting adap ter 4. F ilter holder with sw itchable ND hlter. 5. 50 
inm focal-length achrom atic doublet. 6. M ounting adap te r for collim ator i>ackage. 7. 
Aspheric collim ator packiige. b )  L a s e r  p o s i t io n in g  s y s te m . T he positioning system  
allows movement of the laser spot t)ctween and along the length of the  cantilevers via 
the m otion of two au tom ated  stages. Initial focusing of the laser spot on the cantilever 
is achieved using the XYZ translation  stage 8. M-122.2DG j)recision m icro-translation 
stage. 9. M il.ID G  precision m icro-translation stage. 10. M icro-translation XYZ 
translation  stage.
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The depth of focus ( DOF)  of is given by [3]

The deptli of focus can be calculated to be ~340 fiin, wliich 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 nnn Cage mounting adapter: CP02B; Collimator Mounting adapter: A D llF ;  Cage 
Plate: CP02/M ; Rods: ER2; Filter fiolder: NE5f3B] (Thorlabs, Cambridgeshire, CB7 
4EX, UK).

Two automated translation stages (M llO .lD C and M122.2DI); Physik Instriunente, 

Bedford, MK43 OAN, UK) allow the secjuential readout of the response from the eight 
cantilevers in the array (Fig. 2.3.1)). 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 f and 20 nnn /s  respectively), with v'ery repeatabh' positioning of the spot 

on the surface as shown in Fig. 2.4.

The spot position repeatability was measured by rotating the I’SD l>y 90° and 
measuring the static response of the cantilever as the translation stage moved the spot 

from cantilever to cantilever rei)eat,edly over a two hour i)eriod. As a r('sult the position 

of the spot on the surface of the cantilev'er (and not the bending of the cantilever) was 
measured. The s])ot position repeatability using the MlUl.lf^G stage has a spread 
of ~ 2  nm at the 4ionie’ position on cantilever f 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 ~fO mn and similar drifts (data not shown). Thus, the motion of 

the stages will not contribute signiKcantly 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 !)OGf-XYZ-M; Newport, CA 92G0G, 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 LabVlEW program (see Section 

2.3.2) and two Mercury C8G3 DC Motor Controllers (Physik Instrumente). As shown 

in Fig. 2.5 the laser spot is positioned at the tip of cantilever 1 at the s tart of the 

experiment using the xyz niicro-translation stage. The MffO, fDG stage is then used 

to place the spot at the position which gives the best dynamic signal (see Section f .3,4), 

The M122.2DD stage is used to move the laser spot bc'tween cantilevers at a speed of
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Figure 2.4. The position of the laser s])ot on the surface of the cantilever was measured 
as the spot was niovc'd rep(>at('dly from cantilevc'r to cantilever over a two hour period 
using the M l 10.IDG stage and measuring the static response of the cantilever with 
the PSD rotated 90°. This allows the i)osition of the spot on the cantilever (not the 
l)ending of the cantilever) to he measured, a )  The spot position on cantilever 1 has 
a spread of ~ 2  nni and very little drift, b )  T he spot position on cantilever 5 also has 
a s{)read of ~ 2  nm l)ut has a drift of ~3 .5  nn i/h r.  The motion of the stages should 
not contribute significantly to the noise- l(-v('ls in the stiitic or dyn;unic response- of the 
cantilevers.

10 in iii/s ,  an d  th en  th e  M H O .ID G  is used to  move tlu ' spot a long  th e  can tilever at a 

speed  of 1 n n n / s  to  th e  host position. Following th e  niovenient t lu 're  is a short ot) nis 

wait l)(?for(' tin; dyiianiie nu-asurc-nK'nt is takcni to  I'lisurc' th a t  tlieix' is no elh'ct of tiii' 

m ovem en t on  th e  m easu red  cantilever resi)ouse.

T h e  second posit ion ing  s tag e  com bined  w ith  th e  sm all spot size of th e  laser allows 

th e  b e s t  posit ion  for readout of each d y n am ic  m ode to  be  found on eacli can ti lever in 

th e  array. T h e  maxin„nmi signal in 1 lu' d y n am ic  m ode  is achieved when th e  laser is 

pos i t ioned  a t  a n ode  of th e  n 'so n an ce  re su lt in g  th e  th e  largest an g u la r  cleHectiou of 

th e  b ea m  (see Section 1.3.4). Ind iv idua l  pos i t ion ing  a long each can ti lever c o m p en sa te s  

for sm all difi’erences betw een  th e  can ti levers  a n d  as a result  m ore  t:antilevers in th e  

a r ray  can  be  read out suc:cessfully d u r in g  each  ex perim en t.  Previously, w ith  a  V C S E L  

a r ray  or a  single t ran s la t io n  s tage, it was not alw ays possible to  have low nois( '/ l i igh  

a m p l i tu d e  read ings from all can tilevers in th e  a r ra y  bet:aus(' th e  h igher resonance  nodes 

a re  no t  necessarily  a t  exac tly  th e  sam e d is tan ce  from tlu ' t ip  of each cantilever.  T h e  

second a u to m a te d  s tag e  also ])rovides easy nsc; of a r rays  co n ta in in g  iliHerent n u m b ers  

of cantilevers, different length  can tilevers (hai 'i>sliaped arrays),  or can ti levers  w ith  

ditterc'nt prop('rti( 's (c'.g. th ickness, w id th ) .

T h e  s tab le  optical  sy s tem  allows for ease' of use of th e  (k'vice. O nce th e  lasc'r has 

been  aligned, tlu; a r ray  an d  the  lluid ch am b er  can  b(' r(unovetl a n d  replac('d m an y  tim es 

w i th o u t  any  need for a d ju s tm en t  of th e  op tics.  T h e  focus of th e  laser has  no t needed  

a d ju s tm e n t  since th e  in itial a l ig n m en t (> 1  year).
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Figiin ' 2.5. Scliciiiatic showing the movement of tlu ' laser spot iw'tween cantihsvers. The 
M HO.IDG  stage is used for moving along the cantilever and the M122.2DD stag(' is usc'd 
for moving between cantilevers. 1. The laser sjjot is positionc'd a t the tip of cantilevt'r 
numl)er 1, with the xyz nhcro-translation  stage, at the s ta rt of the experimc'nt. 2. The 
laser spot is moved to the best position for dynam ic m easm tnnent on cantilever 1 using 
the M l 10.IDG stage at a speed of 1 n n n /s . 3. riie  laser spot is num 'd  to c;uitilev('r 2 
using the M122.2DD stage a t a speed of 10 nnn /s . 4 .Once the spot is on cantilever 2 it 
is then  moved along the cantilever to the best position for dynaniic nieasm’em ent using 
the M l 10.IDG stage. Once the laser spot lui.s moved there is a 50 ms pause before the 
measiu'ement of the dynam ic 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 examj)le.

2.2.3 Position Sensitive D etector

A PSD is usually a PIN diode device (a layered seuiicoiidtictor device consisting of 

a lightly doped intrinsic seniicondticlor region sandwiched between p-type and n-type 

semiconductor regions) operated in reverse bias. A simple example of a PSD struct ure 

is shown in Fig. 2.G.a. The PSD can measure the position of a spot of light based on 

the amount of current generated at each contact caus(’d by the formation of carriers in 

tiie depletion region by the incident light. The position of the s})Ot (.s), measured from 

the centre line, on a ID PSD can be calculated using the following fornnda [4, 5]

l x - l 2 L p s i )  ^'' = 7rn^-r
where I\ and I 2 are the currents from the contacts on the PSD, and LpsD •f’ active 
length of the PSD. The position of the si>ot calculated does not depend on the intensity
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F igu re  2.6. a )  T h e  PSD  is a  P IN  d iode op era ttn i in reverse bias. T h e  device consists 
of th ree  layers, a p -ty p e  sem iconducto r, an  n-ty i)e  sem iconducto r, and  a  ligh tly  doped  
in trin sic  layer sandw iched  betw een  th e  o th e r  two layers. T h e  m eta l c o n ta c t on the  
backside of th e  device is th e  c a th o d e  an d  a  b ias vo ltage of 15 V is ajjp lied  across th e  
device. T h e  tw o m eta l (xm tacts on th e  to p  su rface  are  used for m easu ring  th e  cu rren ts  
I\  an d  I 2 w hich are used to  ca lcu la te  th e  positio n , s, of th e  laser sp o t on th e  surface of 
th e  P S D . b )  T h e  PSD  is m oun ted  in a  cu sto m  m achined  a lum in ium  holder on a  linear 
tra n s la tio n  stage . T h e  stage  has a  sm all ran g e  of m ovem ent w hich allow s th e  PSD  
to  be m oved such th a t  th e  reflected laser beam  strikes th e  PSD  a t  th e  cen tre . T his 
co m p en sa tes  for any  sm all in itia l bend in g  of th e  can tilever p rio r to  th e  s ta r t  of th e  
ex p i'r im en t. 1. T h e  PSD  and  electron ics in housing. 2. C usto m  m acliined a lum in ium  
holder. 3 . L inear tra n s la tio n  stage.
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of the light, incident on the detector and the position obtained is a centre of gravity 

j)Osition meaning that  the measurement is relatively insensitive to the shape of the 

sp o t .

T he  PSD used in the  current device is a ID  PSD ( 1L1()-1()-ASU15, Sitek, Sweden) 

m ounted in a  custom machined housing containing an electronics board to convert the 

ciu’rents to voltages and op-am])s to amplify the signal. The PSD has three contacts, 

two on the front side for measuring the currents and a ca thode on the backside for 

applying the Ijias voltage (5-30 V range with typical value of 15 V). The rise tim e of 

the  PSD is typically CO ns with a maximum  of 110 ns. T he  linearity of the response of 

the  PSD between the two electrodes is excellent (data  not shown). The bandw idth  of 

the  PSD  is 2 MHz.

A ID PSD, as opposed to a 2D PSD. was chosen because the fiexural resonance 

modes of the cantilever are of interest. By aligning the axis of the PSD with the plane 

(;i motion cjI the laser beam inilui'cd by tin; llexmal modes, the ('Ik'i’t (j1 the torsional 

modes of resonance can be removed from the measured response.

An image of the m ounted PSD and holder is shown in Fig. 2.C.1). The custom PSD 

holder is m ounted on a one dimensional micro-translation stage (Low profile gothic- 

arch transla tion  stage, 25x25  nun platform. 12.7 nnn travel, X('w Focus) which allows 

the the  PSD to lie moved to account for any small initial bending of the cantilevers 

and positioning of the  spot a t  the centre line of the  PSD.

2.2.4 T em perature Control

A steady  tem pera tu re  is essential when working with cantil('V('rs which are coated on 

one side with a  metal. Any change in tem pera tu re  in the system  will induce a l)ending 

in the  cantilevers due; t.o the tlilfen;nce in tlu-rmal exjnmsion coellicients of tlii' metal 

and the  silicon. To avoid this the entire device is housed inside a small refrigeration 

iniit (Intertronic, Interdiscount, Switzerland) which is capable of heating and cooling. 

The tem pera tu re  is m aintained a t  a  constant tem i)erature of 23.0 ±0.1 °C via a  power 

supply (Agilent E3C14A DC power sui)ply, Agilent Technologies Ireland Ltd., Unit 3, 

Euro House, Euro Business Park, Little Island, Cork, Ireland) and a fuzzy logic routine 

implemented in the  main LabVIEVV program.

T he  tem pera tu res  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 d a ta  ac(niisition board (DAQ) 

(NI PC I 6221, National Instrum ents, Texas, USA) and an in pu t/ou ti)u t  board (BNC 

2110, National Instrum ents)  which is connected to the  DAQ and is housed in the 

chassis.

In order to have a reliable reading of the  tem pera tu re  the thermocouples were
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Figure 2.7. Tlie three tlieniioeoiiples used in the teni])erature regulation system were 
calibrHled by measuring the amplified thermueouple vcjltage at three temperatiues (1. 
25 and 39 °C) and lifting with the eciuatiun T — aV  +  h to determine the constants for 
the linear response of the thermocouple around room temperatine. The constants for 
the three thermocou])les are given in Table 2.1. A mercury thermometer was used as a 
reference for the calibration.

Table 2.1. The (X)nstants for th e c:alibrati<jn o f th(' thrcH' thern iocoupk's.

Thermocouple a {°C/V) h (°C) 

Room -22.8 ±1.8 8G.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 tliernK)meler was used as an analogue reference during the 

calibration. The linear response of the tliermocotiples was then determined by fitting 

(he data  with the eciuation T = (iV + h, where T  is the temperature in Celsius, V  is 

the thermocouple voltage, and a and l> are constants. The ht of the data  is shown in 

Fig. 2.7 and the constants for each thermocouple are given in Table 2.1.

The refrigeration unit C(Mitains a heat sink at t he rear of the box which is aided i)y 

a fan that w'as comiecit'd to the main power of the unit. The unit is heated and cooled 
by varying the voltage ai)plied to the unit, and thus the fan would not run at a steady 

rate if it remained connectc’d to the main power. The fan could also create a small 

vibration in the system when it was running at full si)eed. 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 l)o maintained at a stable 
level even when the fan speed is reducc'd to 5 V.

To aid the smooth healing and cooling of the air inside the unit a 9 cm "silent’ PC 
case fan was positioned on a side wall insid(' 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 afiect 

the noise levels in the static or dynamic response of the cantik'vers.

2.2.5 Fluidic System

Th(' fluid can be pumpc'd through th(? chamlx'r in a numbi'r of ways. For (piick 

measurenu'uts it is possible to use a syringe ])ump (Kent Seii'utiiie Corjioration, 

Connecticut 06790 USA). However, cantilever arrays are very sensitive' to changes in 

the pressure and flow rate of the lluid passing through the lluid chamber. When using 

a syringe })unii) it is possible that there will be a freciuency response of the cantilever 
to small changes in the flow rate. Thert'fore, for sensitive’ measurements, it is 

preferred to use an air pressure tlriven flow whicli will provide' a cejntinuous steady 
How even at low How raters.

An air pressiu'e drivc'n Huid How system was implementi'd to replace' the syringe' 
pumj) (Fig. 2.8). The bottk's are standard Pyre'x nie’dia l)e)ttk’s (l)ore)siHcate glass, ISO 
4790 25 nd or 50 ml, Fisher Sc:ientiHe' Irelanel Ltel., 30 Herbert St., Dublin 2, Dublin. 
Ireland) moeliheel by a glass blower to have an air inlet at the top anel a litjuiel e)utlet 
from the centre of the base of the bottle. A 0.2 //,m i)ore size KIter is plae;ed below 
the bottle as a c'onnecticHi to the standarel f/ lG" O.D. teHe>n Huiel tul)ing (0.3 nun 
I.D.). The; fluid is thein e'ause'd to How through the chambe;r by a])plying pre'ssure' to 

the bottle.

The pressure is monitore'el using a pressure se'nsor (140 PC 3, Sensor Technics, 

McGowan House, 06C Somers Road, Rugby, Warwickshire CV22 7DH, Unitexl 

Kingdom) for each Huiel bottle. The pressure sense)rs are' e-alil)rate'ei and temperature 
compensated by the manufae-ture'r. The output signal is anipliHed and is in the range* 

0 - 0 V with 3 \ ’ set to atme)sphe'rie- pressure. The flenv rate' anel se'nsor ve)ltage are? 

shown for a range of i)ressure?s in Fig. 2.9. The respe)nse of the pressure sensors is 

linear for small changes of the pressure in the system.
The Hoŵ  of air to anel from the bottk;s is e;ontrolleel by swite'hing valves (EV2 k  EV3. 

Clipparel, Pare; ScientiHe|ue Einste;in, I?ue;du Bosejuet, 6. B-134S Louvain-la-Neuve-Suel. 

Belgium). The switching of the valves is controllcHl via the main LabVlEW program 

anel a mechanical relay board (NI PC1-G520, National Instruments, Te'xas, USA).

The' pre'ssuH' appliexl te> the- bottles e-an be' enthi'r positive- (]>ush(;d flow) or nc'gative' 

(pulled flow) depe-nding on se'tting of the' valves and the eomieetion to the- eonqa’esseul
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Figure  2.8. Tlie  various (•oiai)oiieiits of the  Huidic system  (the pressure  regu la to r  is not 
shown), a )  T h e  pressure  valve and  sensor rack. Air p ress ine  can be' app lied  to  up  to  
four l io tt les  sim ultaneously . 1. Switching valves. 2. P ressure  sensors. 3 . Connection  
to  regu la ted  com pressed  air. 4 . C onnec tion  to  vacuum  i)unip. 5. C onnec tion  to  B N C  
2110, D A Q  a n d  L ab V IE W . 6. C onnection  to  relay bo a rd  NI P C I  G520. b )  Custom ised  
glass bo tt le s .  The bo tt le s  are semi tilled w ith  the  buffer and  the  inlet at the  to p  allows 
th e  a ir  p ressure  in the  b o tt le  to  be changed  causing  flow of the  liquid in to  (or out of) 
th e  bo tt le .  A 0.2 f a n  pore  size h lter  is placed below the  b o t t le  as a connection to  the  
fluid lines. T h e  black tu b e  connects  to  th e  glass h t t in g s  visible beh ind  th e  valves in 
p h o to g ra p h  (a), c )  M anual sw itching injecticju valve. T h e  in jection  loop volume can 
be changed  to  suit the  experim ent. T h e  loop is lilled via the  needle p o r t  a t  the  front 
of the  tu b e  w hen th(' switch is in the  load pt)sition.
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Figure 2.9. Calibration plots for pressure sensors and tlie H(nv rate of niUKjpure w:iter 
into the fluid chamber for an applied ])ressure. a) The flow rate (jil/iniu) vs applied 
pressure (uif)ar). The valve was in the loatl i)osition for the nieasiu'enients of flow rate. 
When in the inject position the resvilting tube length is longer, an thus the flow rate 
will be correspondingly low'er for a given applied ])ressure. b) Voltage (niV) vs applied 
pressure (inbar) for the pressiu'e sensors. The response of the pressure sensors is linear 
for small changes in pressure in the system.

air regulator (0 - 50 iiii)ar ,U33, Spectrolec, Spoctroii Gas Control Systems GmbH, 

Fritz-Klatte-Str. 8, D-65933 PYankfurt) 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 Loo]> D Uni, ECOM  spol. s r.o., Americka 3, CZ12035 

P raha  2. Czech Republic) has been incorporated  into the fluidic system. The injection 

loop can be filkid via a needle po r t  of the  front of the valve when the valve; is in tlu; 

load position. The loop can be filled during tlu' experiment with no efl'ect on the 

How of buffer to the Huid chamber. Switching the valve does not show any eflect on 

the measured response of the  cantilevers. The flow i-at(>s measiu'ed in Fig 2.9.a were 

measured with the bottle  at the  same height as the ink't for the Huid chamber and 

the valve in tlie load position. W hen the valve is in the inject i)osition the to ta l tube 

length of the  fluidic system is increased and thus the corresponding How rate  for a given 

applied pressure is lower. F̂ or most buffer solutions usc;d for (;xperiments the  How rate  

a t 50 m bar applied pressm e is 42 iil/niin when the valve is in the  inject i)osition and 

80 jil/niin when in the  load i)osition for a 100 jd loop..

The efiect of Howing the Huid using the syringe pum p compared to the  pressure 

How' system will be dem onstra ted  in Section 2.4.4.

2.2.6 The A ssem bled  D ual-M ode D evice

The main comj^onents of the  optical beam deHection system are assembled on a 

breadboard (Thorlabs) such th a t  the d istance from I he m idplane of the doublet to
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Figure 2.10. The a-sseuibled (hial-uiode device optical tletiection system. The device is 
asseiiihk'd on a breadboard. The custom  m achined alumiiiimii m ounts and connectors 
are designed such th a t the d istance from the lens to the cantilever is 50 nun and the 
d istance from the cantilever to  the PSD is 40 nun. The XYZ and linear translation  
stages allow small ad justm ents to  m ade to  ensure a sharp  focus of the laser on the 
cantilever surface and th a t tlie laser reflects onto the centre of the PSD. I’he path  
of the laser beam  is indicated in red, and represents the calculated beam  shape, a ) 
I s o m e tr ic  v iew . Shown w ithout cables for clarity. 1. O ptic cage and laser i)ositioning 
system . 2. Fluid cham ber and holder. 3. PSD  and holder. 4. B readboard, b ) P la n  
v iew . T he breadboard is om itted  from the plan view for clarity.
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Figure 2.11. Photograi^h of’ the entire assembled device including peripheral 
com ponents. 1. The main com ponents of the optical deHection readout system  as shown  
in Fig. 2.10. 2. Tem perature regulated enclosure. 3 . Chassis containing connections 
to LabVIEW  DAQ (B N C  2110) and i)ower supply for the PSD . 4 . PC containing  
tlie N ational Instrum ents boards and the main LabVIEW  program. 5. Amj)liiier. 6 . 
Power supply for tem perature 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 vil>rations.

the cantilever array is 50 nnn and the d istance from the cantilever array to the front 

plane of the  PSD is 40 nnn. The custom  adap te r  and m ounting i>ieces 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 ligure and shows llu' crdculated focusing and divt'rgcnce of the beam.

As shown in Fig. 2 .11 the optical beam deflection system is m ounted inside the 

tem pera tu re  regulated box, which has a small entrance on the right hand side for 

all cables and tub ing  to enter the  box. The box is plac(’d on an optical table (NRC 

Pneum atic  Isolating M ount, type XL-G, Newport Corporation) to isolate the  device 

form external vibrations. This is more of an issue for the s ta tic  mode, for dynamic
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mode 11k' iiieasiin'd lii'cuK'neii's aii' l(x) high to be alieeted by any oi the extt'i iiai 

sources of noise.

The au tom ated  stage controllers. Iluidic system, injection valve, the  laser, and the 

laser controller are all mount ('d on the oi)tical lal)le to lielp avoid passing external 

vibrations along their connections to  the  optical ck'Hection system and the  Htiid 

chamber. The PC, chassis containing connections to LabV IEW  DAQ (BNC 2110) 

and power supi)ly for the  PSD. power supply, and amplifier (SR5G0 Low-Noise 

Preamplilier; Stanford Research Systems, CA 94089, USA) are placed as near as 

possible to tlie tem pera tu re  regulatc'd box to keep all electric:al connections as short 

as possible to reduce electrical noise.

The optical taljle is grounded to earth , with everything placed on the table grounded 

to  the  tal)le. T he  breadboard is also connected to the table via a wire to stop any build 

up of s ta tic  electricity due to the  motion of the  au tom ated  stages.

2.3 LabV IEW  Program m ing

LabVTEW is a proprie tary  platform for the  visual progrannning language ‘‘G ’ 

(leveloi)ed by National Instrum ents. Each Lal)VTE\V i)rogram is essentially a virtual 

in s tnnnen l  (VI), e.g. a nniUiuieler or an oscilloscoi)e as a simple case, wliicli can be 

easily customised to meet the  needs of the  i)rogrannner. LabV IEW  allows the 

creation of a user interface (front panel) and a corresponding code ‘beh ind’ the  front 

panel on the block diagram. The front panc'l can be considered to be similar to the 

front panel of any i)hysical instrum ent while tlu' block diagram  is analogous to the 

electronics inside the i)hysical instrument. T he  block diagram  contains the  source 

code of any LabVIEW  program and focuses cjn the How of d a ta  between dillerent 

nodes on the diagram which are i-onnected l)y drawing wires between them. T he  

compiler contained in LabVIEW , which transla tes  the source code into native code 

for the  CPU, autom atically  incorporates i)arallel processing, which makes it very easy 

to take advantage of the  multiple cores available in modern CPUs. Each LabVIEW' 

l)rogram can be used as a standalone i)rogram, or placed as a  subroutine  inside 

ano ther  LabV IEW  program via the  use of the connector panel and in this way 

complicated instrum ents c:apal)k; of m any dillerent tasks can be assembled virtually  

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

2.3.1 T h e  M ain  P rogram

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 t he front panel shown in Fig. 2.13. T he  front
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Figure 2.12. Schem atic  of (hial-mode device control and  mea,sur('ment i)rocedure. T he  
m ain  L ah V IE W  j)rogram controls  all a spec ts  of the  device and  the  ac<iuisition of d a ta .  
Using the  device it is i)ossible to  record b o th  the  dynam ic  an d  the  static' response of the  
cantilever. T h e  L a b V IE W  ])rogram ii.ses fuzzy logic to  coutnjl th e  hea ting  an d  (X)oling 
of the  box con ta in ing  th e  device to  m a in ta in  a s tab k ' teni])era ture  to  w ith in  ±0.1  °C. 
I'he How of liquid th ro u g h  the  fluid cham ber  via air pressure  is also controlled using the  
L ab V IE W  program . To ol)tain the  dynam ic  signal (blue arrows (ju the  schem atic) the  
laser spo t  is moved to  th e  position  on th e  cantilever t i ia t  gives th(' Ix'st response for the  
resonance moile of interest.  T h e  L ab V IE W  program  controls  the  fn'cjuency genera tion  
bo ard  which a])plies a sinusoidal frecinency signal to  the  piezoc'lectric ac tu a to r .  T h e  
cantilever is excited a t  a  nu m b er  of frecjuencies ( / )  in a  linear range and  the  response 
from the  cantilever is dc'tecti 'd using tlu ' optic;d b eam  deflection tcclmifiue. I'Ik' signal 
from the  P S D  is th en  amplified before being  processed by th e  L ab V IE W  program  which 
crea tes  am p li tu d e  (/I) and  phase  {(p) frefjuency sjjectra. To ob ta in  the  s ta t ic  signal 
(green arrows on th e  schem atic) th e  laser si)ot is moved to  the  t ip  of the  cantilever 
and  th e n  th e  differential a n d  sum  signals from th e  P S D  are  sam pled  and  passed to  the 
LabVIEW ' p rog ram  which th en  de te rm ines  the  bend ing  of th e  cantilever. T h e  resonance 
m odes and  bend ing  of each cantilever are  ob ta ined  seciuentially before moving to  the  
nex t can tilever in th e  array. T h e  dynam ic  and  s ta t ic  d a ta  can th en  be processed using 
N O SE too ls  or a  s im ilar rou tine  to  ob ta in  th e  change in m ass ( Ai n )  and  the  change in 
b end ing  ( A 2:) or sm ’face stress of the  cantilever w ith  respect to  tim e (/).
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Figure 2.13. The front panel of the dual-niode device provides the user with a simple 
interface for control of the device an monitoring of data. It is split into several tal)s 
which correspond broadly to dynamic mode, static mode, and (x)ntrol of temperature 
and fluid flow.

panel contains several tabs which correspond roughly to the several tasks and types 

of d a ta  reciuired l)y the user. It is po.ssible to record from two different, uon-adjaceut, 

frecjuency ranges in the dynamic mode and  each range has a tab  for control and viewing 

of the  (lata (‘Peak 1’ and ‘Peak 2 ’). T he  distance along the cantilever from which the 

dynam ic d a ta  should be recorded from each cantilever can be set for each frecjuency 

raiigx'. r iu ' ‘Dcifli'ction' tal) contains th(' static-modc' d a ta  plots. The' ‘ le inp i 'ra ture  and 

P ressure’ tab  gives control of the set, point of the tem pera tu re  regulated box, the  heat 

pulse 1o the cliamber, and the pr(;ssure applied to each lluid bottle  and hence the  How 

of licpiid through the chamber. W hen using the front panel it is possible for the user to 

select t he mode of operation of the device i.e. dynamic (one or two frecjuency 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-])arts in the  main i)rogram which run simultaneously and 

can also share information if needed (e.g. whether a certain input or ou tp u t  channel 

is currently  in use). The first main component is a large while loop responsible for the 

movement of the stages, accjuisition and processing of the da ta , and saving of relevant 

d a ta  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 

tem pera ture , implem entation of the fuzzy logic routine, and applying the heat pulse
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Figure 2.14. The block diagram of the main jjrograni. This is a large piece of code 
which contains three more or less independent comi)onents which rmi simultaneously. 
1. A large while loop resi)onsible for the movement of the stages iii addition to the 
ac(juisitipn, processing, and saving of data . 2. A secjuence detailing the (tjntrol and 
regulation of the tenij)erature inside the box, implementation of the fuzzy logic routine, 
and the application of a heat pulse to the fluid chamber. 3. A secjuence detailing the 
switching of valves and control of the air pressure inside the bottles. 4. This subVI 
imi)lenients the meiisurement i)rocedure descrilx'd in detail in Section 2.3.2 and is sliown
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to the chamber (see also Section 2.2.1 and Section 2.2.4). Most of the interactions ol' 

this component are via the DAQ board (N1 PCI G221), which is also used d in ing  the 

s ta t ic  m easurem ent. Tlie s tatic  measurement is very short, so it does not allect the 

s tability  of the  device if this component is tem porarily  set to not up d a te  or change 

s ta tu s  while the  s ta t ic  measurem ent takes place. The tem porary  pause is achieved l)v 

passing information between the two Vis using a global varial)le. Similarly, the  same 

power supply is used to regulate the  box and apply the heat pulse to the cham ber so 

l)oth operations cannot be run concurrently, and the tem i)erature  regulation is 

tem porarily  suspended while the lu'at pulse is applic'd. I’liis does not have any effect 

on the tenii)erature  stability  of the device due to the  siiort time of the suspension.

riie th ird  main component deals with tlie regulation of the  How of liquid througli 

the  fluidic system described in Section 2.2.5, m onitoring of the  i)ressures and switching 

of the  valves via the  mechanical relay boards N1 PCI G520.

2.3.2 M easurem ent Procedure

As shown in the schematic in Fig. 2.12 the response (jf the cantilevers is obtained using 

optical ijeam deflection readout. The position of the  r('fiected beam is measured using 

the linear PSD described in Section 2.2.3. The measurement procedure program, as 

shown in Fig. 2.15, can l)e broken down into three steps with a sul)Vl for each step. 

The laser spo t is moved to the cantilever of interest, then  the resonance modes and 

bending of each cantilever are obtained secjuentially with a short i)ause l)etween each 

measurem ent, riie wait time bc'fori; ol;taining the l;ending is significantly l(;nger tiuui 

the  dam ping tim e of the vibration of the cantilever and therefore there is no additional 

noise in the  s ta t ic  signal due to the dynamic readout.

M o v e m e n t  T he  movement of the au tom ated  transla tion  stages is controlled by 

several small Vis. The connnands for each stage are very similar so only the 

movement of Stage f, the Mf fO.lDG stage, will be descril)ed in detail. The  stages are 

initialised when the main VI is switched on. Briefly, the initialisation checks th a t  the 

range of movement is OK, sets the travel velocities of the  two stages, and sends them 

to their s ta r t ing  positions near the  middle of the range of motion (the ‘f iom e’ 

position). T he  laser spot is placed at the tij) of cantilever f with the XYZ stage prior 

to s ta r ting  the experiment.

W hen the measurenu'ut procc'dure is start( 'd  for a cantilever several pieces of 

information abou t the stages are recjuirc'd (Connect('d Axis, System Number. Error 

S tatus) which are all passed into the Move VI (shown in Fig. 2.1G.a) from the Gloi)al 

memory. The VI then picks tlu' Axis for Stage 1 and i>asses all of the information to a 

lower level VI (Move Stage 1, Fig. 2.1G.b) th a t  connnmiicates directly with the  stage.
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Figure  2-. 15. The su l)V I h ighhghted in F ig. 2.14 w iiich  inipk'UK 'uts the nieasurenient 
procedure in the (iua l-n iode device. T lie  n ieasurenu'ut prcM'echu'e can !>e l)n)ken dinvn 
in to  three stejis and hence three .sul) V is . 1. Movement o f the las('r spot to  the cantilever 
o f in terest. 2. M easurem ent o f dynannc signal. 3. Mc'asurenient o f s ta tic  signal. The 
three subV Is are sliown in  de ta il in F ig. 2.1G, F ig. 2.17, and F ig. 2.18.

Depending on the can tilever num ber th a t the moasurement i)roce(lurc is ta rge ting , 

the Move Stage 1 V I w ill im p lem ent in  one o f tw o  ways. For can tilever 1, C a n l i l e v e r  

N W i lb e r  =  1 and the in s tru c tio n  to  the stage w ill be "Gcj Hom o” . I f  the can tilever 

num ber is ,n o t 1, then the in s tru c tio n  to  the stage w ill be to  move to  the loca tion  

{C a n t i l e v e r N u m b e r  — l ) x 2 5 0  jim  from  ‘H om e’ . T he  V I then im plem ents a procedure 

whereby i t  con tinuously  ([ueries w hether the stage is m oving, which runs u n til the  stage 

is no longer m oving. T he  V I then ends and passes the E rro r S ta tus out.

r iu ' on ly  m ain difference in the m o tion  o f Stage 2. the M122.2DCJ stagi', is th a t 

the d istance moved is chosen by the  user, and it is scak'd to  acccnmt for the  45° angle 

between the plane o f m o tion  o f the  stage and the plane o f the surface o f the cantilever.

D y n a m ic  S ig n a l The  ac(|u is ition , processing and saving o f the dynam ic-m ode da ta  

d u rin g  the m eastuem ent proco'dure is handled by the D ynam ic  V I, shown in  Fig. 2.17.a. 

F irs t ly  the  laser spot is moved to  the predetern iinc 'd  pos ition  along the can tilever th a t 

gives the best signal fo r the m ode(s) be ing investigated. T h is  movem ent is handled 

by the Move Stage 2 subV I, w h ich  operates in  a s inh la r way to  the Move Stage 1 

V I described above. A fte r  a 50 ms pause the dynam ic  signal is then recorded by the 

D ynam ic M easurem ent subV I, w hich is shown in de ta il in F ig . 2.17.1).

The  D ynam ic  Measurement V I is a ra the r com i)lica ted  procedm e tha t 

connm m icates w ith  tw o P C I boards (the  fre(iuency generator, N I P C I 5406, and the 

h igh speed d ig itise r, N l P C I 5112), and conta ins .several fu rth e r subV Is (m any o f
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Figure 2.16. The block diagraiu of the inoveineiit subVI shown in Fig. 2.15 and the 
snt)\T contained within it. T liis VI sends a signal to the M 122.2DG stage to move to 
the designated cantilever, a ) The block diagram, b ) The 'Move Stage 1’ subVI block 
diagram has two dilferent instructions depending on the cantilever number. Cantilever 
1 is chosen as the 'H om e’ cantilever, so if C d i i t i l e vevN ui i ib v r  — 1, then the instruction  
is to “Go Home” . If the cantilever is not 1. then the instruction is to move to the 
location (Ca i i t i l everNurnbey '— l)x 2 5 l)  pm from 'Home'. The while loop on the right 
hand side cjueries the stage to check if it is still m oving and waits for the stage to stop  
moving before ending tlie subVI.

which contain even further subVIs) and so the procedure will not be (lescribed in full 

detail.

The frecinency generation board rc'cjuires a list of freciueneies and corresponding 

durations in order to ac tua te  the cantilever. Tiiese are calculated from the Waveform 

Param eters  given by the us('r on tlie front i)anel. The frecinency generation board and 

tlu' (ligitis('r arc; then conligurc'd by sub Vis. The digitiser s ta r ts  recording the signal 

from the PSD t-o its bulh'r and then the freciuency genc-ration board s ta r ts  to  gcnierati; 

the  ac tuation  signal. At this point a large loop s ta r ts  to work which sinniltanc'ously 

pulls d a ta  from the circular buifer of the digitisc;r to tem porary  memory on the PC 

wiiile also analysing d a ta  already on the P C  memory.

Because the digitisc'r s ta r ts  rc'corcling a continuous stream  of d a ta  (10' samples s“ ') 

from two c'hannels before the signal is generated  it is nc'cessary to  find the sta r t  of the 

interesting, relevant da ta . This is handlc'd by a subVl in the loop. Once the s ta r t  

position (Zero) of tlu' rc'levant da ta  is found it can then be broken into the separate  

channels (from the PSD and the frc'ciuency generator). The d a ta  from the two c:liann('ls
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Figiiro 2.17. Block (liagraiu of the (iyiiaiiiic suhVI shown in Fig. 2.15 and details 
of dynamic measurement suhVl contained witliin it. a )T lie  l)lock (Uagram of the 
‘Dynamic’ subVI first instructs the M l 10.IDG stage to movt' to the predetermined 
position along the cantilever (‘Move Stage 2 ’), then a brief 50 ms pause before measiu’ing 
the dynamic response of the cantilever and then saving the d a ta  to an individual hie on 
the hard drive of the PC. b )  The dynamic measurement subVI is a comj^licated routine 
involving several main jjieces. 1. Calculate the list of freciuencies and dvu'ations of 
actuation. 2. Conhgure Ihe ire(]Urncy generation, coniigure and start recording from 
the PSD with the digitiser, then s ta r t  the actuation of the fre(iuency list. 3. This 
large loop has several pieces which are indicated with red numbers in the figure. I’his 
loop pulls d a ta  from the circular buffer (1) and then searclies the d a ta  for the start 
of the response of the cantilever to the actuation. This point has the label ‘Zero’ (2). 
The waveform is then sj)lit into the components from the PSD and from the frecjuency 
generation board (3) which are then sent to the next it('ration of the loop for analysis 
(4). The analysis can only begin after the ‘Zero’ has been found. The d a ta  fetched in 
the j)revious iteration are added to the d a ta  fetched in the iterations before tha t  (G). 
The mean amplitude and phase of chunks of the d a ta  corresponding to one frequency 
are calculated (7) and passed out of the loop (8). 4. After the loop has ended the 
digitiser and frefiuency generation tasks are closed. 5. Tlu' d a ta  passed from the looj) 
are arrangetl into the am plitude and phase arrays that will be sent to the front [)anel 
and saved after the subVI ends.
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is sen t  to  th e  next i te ra tio n  of th e  loop for ana lysis  (whicli can  only begin a f te r  th e  

Zero is found). T h e  d a ta  fetclu 'd in th e  prev ious i te ra t io n  of th e  loop is ad d ed  to  th e  

d a t a  fetched in th e  i te ra tio n s  before th a t .  T h e  d a t a  is th en  si)lit in to  sm alle r  chunks  

t h a t  co r resp o n d  to  each se p a ra te  frecniency in th e  list an d  th e  a n q j l i tu d e  an d  p h ase  of 

th e  response  is th en  ca lcu la ted  an d  passed  o u t  of t he loop.

T h e  aini) l i tude is ca lcu la ted  as th e  roo t m ean  sciuare (R M S) of tlie am i)l i tude  of th e  

resi)onse waveform for each frecjuency of th e  ac tu a t io n .  T h e  phase  is ca lcu la ted  from 

th e  w aveform s from the  P S D  an d  th e  freciuency g en e ra t io n  b o a rd  using th e  m e th o d  

ou t l in ed  in A p p en d ix  A .I .

T h e  loop continues  until all th e  relevant d a t a  is split an d  processed or th e  d a t a  

be in g  w r i t ten  to  th e  circu lar  buffer 'catclies  u p ' w ith  th e  d a t a  t h a t  has  not yet been 

pulled  to  th e  com i)u ter memory.

A fte r  th e  loop ends  tlie d ig itiser an d  freciuency g en e ra t io n  ta sk s  a re  closed. T h e  

a m p l i tu d e  an d  phase  d a ta  a re  then  a r ran g ed  in to  a r ra y s  t h a t  co r resp o n d  to  th e  

a m p l i tu d e  an d  phase  s p e c tr a  a re  sen t o u t  of th e  VI when it ends.

T h e  sp e c tr a  are tlien sent to  th e  front i)anel as p lo ts  a n d  are  saved to  th e  h a rd  disk 

of th e  P C  for post experim ent analysis.

S t a t i c  S ig n a l  T h e  acciuisition of the  s ta t ic -m od( ' d a t a  d u r in g  th e  m easu rem en t 

p ro ced u re  is hand led  by th e  S ta t ic  subV'l. show n in Fig. 2.18.a. T h e  laser s p o t  is 

moved to  th e  t ip  of th e  can tilever which is m an ag ed  by th e  Move S tage  2 su b V l.  T h e  

te m i jc ra tu re  icgu la t ion  of thc  ̂ box is sw itched  olf to  clerU' the  DAQ b o ard  for use in 

th e  s ta t ic  m easu rem en t.  A 150 ms w ait is th en  enforced to  give th e  D A Q  b o a rd  (Ni 

P C I  6221) t im e  to  clear an d  to  also ensu re  t h a t  th e  can tilever is no longer v il ira t ing  

from th e  m easu rem en t  of th e  d y n am ic  m ode. Following th e  wait th e  s ta t ic  response  is 

recorded  by th e  S ta t ic  M easu rem en t  su b V l shown in Fig. 2.18.1).

T h e  DACJ l)oard is configun 'd  to  read  a  d ifferential voltage from two c-hannels 

I 'o rrespouding  to  th e  ttiffc;rent;e (diff, l \  — I 2 ) an d  su m  (7i +  I 2 ) s ignals from th e  PSD . 

T h e  sam p le  num ber,  ra te ,  an d  t im in g  of the  m easu rem en t  a re  set a n d  th en  th e  

m easu rem en t  is taken  l)efore closing th e  DACJ task . T h e  signals  are  d ig ita lly  D C  

filtered to  remove any v ib ra t io n  c;omponent of th e  signal tlue to  th e rm a l  m o tio n  of th e  

cantilever. T h e  m ean  diff and  sum  (2,500 sam ples  a t  a  ra te  of lO'"̂  sam ples  s “ ^) a re  

th en  used to  ca lcu la te  th e  b en d in g  ( A i )  of th e  can ti lever using Eci- 1.5. T h e  

defiection an d  some of th e  o th e r  q u an t i t ie s  are  th en  sent ou t of th e  s u b \ ' l  as it ends.

A fte r  a  50 ms wait th e  t e m p e ra tu re  regu la t ion  is tu rn e d  back on an d  th e  s ta t ic  d a t a  

is sen t  to  th e  front panel for (observation d u r in g  th e  ex i)erim en t an d  will be a d d e d  to  

a  static' save lile follcjwing th e  m easu rem en t of th e  s ta t ic  signal from all can ti levers  of
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Figure 2.18. Block diagraiu of the static  sui)Vl shown in Fig. 2.15 and details of 
static  measurement sui)VI contained within it. a )T lu ' l)lock diagram of the 'S ta tic ’ 
sui)VI first instructs the M llO .lD G  stage to move to the tij) of the cantilever (‘Move 
Stage 2’). The tem perature  regulation is switched olf to clear the UAC^ i)oard for the 
static measurement. A i)ause of 150 ms gives tinu' to clear the DAQ and ensure that 
the cantilever has stoppc'd vibrating following tlu' dynaniic nu'asurement. The static 
response of the cantilever is then measurc'd and after a 50 ms wait the temperatmx' 
regulation is turned hack on. b ) The static measurement s u h \d  block diagram. The 
DAQ board is (’onhgured to a differential voltage measurement on two channels. The 
number of sample and the rate are then set before the measurc'ment is taken. I 'he 
d a ta  from the two channels is then DC hltered to remo\'c any vibration effects of 
the cantilever. The deflection can then be cakailated from the diflerence and sum 
information measured on the tw'o channels using E(). 1.5.

2.4 R esu lts and D iscussion  

2.4.1 Perform ance o f D ual-M ode D evice

The new flual-niode device cont ains several electronics tipgraik’s c:onipare(i to the older 

dynaniic-niode device which help improve the overall performance of the device. The 

SRS SR5G0 Low-Noise arnpliher replacing the Tektronix TM502A (Oplink solutions) 

allow's a high-pass, low-pass, or band-pass filter to be applied to the ou tpu t from the 

PSD prior to  the digitiser and  i)rovides a be tte r  boosting ol the  resonance peaks with 

respect to the  noise levels. T he  National Instrum ents  Ireciuency generation board (N1 

PCI 5406), which only o u tp u ts  certain  waveforms, replaced the  arb itra ry  waveform 

generator (NI PCI 5412) which reduces the amount of information th a t  needs to be 

stored and generated for the  ac tuation  of the  cantilevers. This means larger fretiiiency 

spans can be ac tua ted  with a  higher resolution than  previously was possible.

r iie  readout- of tlu; dynam ic signal has been optinhst'd using a circular buller to 

allow' measiu'ement of >3,000 d a ta  points in each spectrum  for eight cantilevers in ~ 3 0
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Figure  2.19. T he  a m p lit ude and ])liase spectra o f a typ ica l 1 // in  t li ic k  cantilever between 
1 kH z and 1.5 M H z. T he  rcsonanc'e inodes from  2 up to  19 are c learly  visit)le. The 
entire  spectrum  was obta ined, as shown, in  o iu ' measurement. The spectrum  contains 
3.()()() da ta  po in ts. Each jio in t is the av'erage o f 10.()()() samples taken a t a freciucncy o f 
10' samples s * over 1 ms.

s ( in c lu d in g  trave l between cantilevers). T he  san ii)ling  ra te  is set to  10' samples s ' to  

sa tis fy  N y c iiiis t ’s tlico re u i and avoid a liasing. Each data  i)o iiit in  the  s})ectru in  is the 

average o f 10'  ̂ sani])lcs. W hen on ly  the s ta tic  signal is being recorded i t  is possible to  

read o \it from  a ll e igh t cantilevers once every G - 7 seconds, and once every 30 seconds 

when the dua l m ode is used.

P rog ram m ing  changes im })lem ented to  i)rocess the d a ta  w h ile  s t i l l  acciu iring da ta  

lead to  reduc tion  in  the data  storc'd by a fac to r lO'  ̂ and when com bined w ith  the 

im p le m e n ta tio n  o f the  c ircu la r buffer and the  new freciuency generation board  means 

an im provem ent in  the frecjuency reso lu tion  o f the  dynam ic  signal o f a fa c to r ten 

com pared to  t he in it  ia l dynam ic-m ode device over the same range, e.g. fo r a 150 kHz 

w indow  the frecjueucy reso lu tion  o f the dua l-m ode device is 42.8 Hz com pared to  375 

Hz for the  dynan iic -m ode  device.

As an exam ple o f the  c a p a b ility  o f the  dynam ic  part o f the  device a freciucncy 

spectrum  o f a go ld coated 1 //m  th ick  can tilever (in  lic iu id) from  a typ ica l a rray  used in 

ex i)erim ents is shown in Fig. 2.19. 4 'lu ' spectrum  c lea rly  shows the Hexural resonance 

modes from  m ode 2 to  mode' 19. The  resonance mode frc'ciuencies fo llow  an approx im ate
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stiuarcd incrc'asc willi int icasiiij^ incnlc nunil)cr. which indicates that tlicy aix- ail flexural 

modes (Api)endix A .2). The I'reciuency range spans 1 kHz to 1.5 MHz and contains 

3,000 d a ta  points. T he  spectrum  was recordc'd, processed and saved in three seconds. 

Each d a ta  i)oint in the  spectrum  is the average' of 10,000 samples taken at a  frecpiency 

of 10' samples

Previously to obtain  a sj)ectrum such as this one it would be necessary to take' 

multiple measurem ents at ditt’erent positions on the cantik;ver surface to obtain  all 

of the resonance modes and then sti tch  them  together during j)ost processing. This 

spectrum  shows the advantage the new device performance and of having the tine 

])Ositioniug system and small si>ot size for obtain ing high-ciuality resonance spectra. 

During actual exi)eriments 18 resonance modes are not monitored, as the freciuency 

resolution would not be optimal, howc'ver it is po.ssible to m onitor several rc'sonance 

mod('s in ciach fn'(iu('ncy rangx' s])c'cili('d by th(' usc-r with good ix-solution in lime and 

frecniency.

It was not within the scope of the  thesis to ijerlorm upgrailes to the  fluid chamber. 

As such the cham ber presented is from the existing device. T he  cham ber allows for 

high-(iualit.y m easurem ents in a li(iuid environment, however there can be a  small leak 

from ont; end of the  c-haniber which can causc' problems during sti>p flow c'xperiments. 

Occasionally a small l)ubl)le can form in the chambc'r due to t he leak which can interfere 

with the readout from one or more of the  cantilevers.

2.4.2 Line Scan o f  C antilever  V ib ratin g  in Air

To dem onstra te  the sensitivity of the dynam ic mode to the  positioning of the laser 

si)ot on the sm'face of the  cantilever a scan along tlu' longitudinal axis of a typical 

bare silicon 1 jnn thick cantilever was performed wit h m easurem ents taken every 5 iim. 

For the dynamic m easurem ents the c:antilever was excited at its flexural rc'souance 

mode in air and the resonance spectra  were Htteil with a simple harmonic oscillator 

(SHO) model to  determ ine the am plitude  of the signal.

The s ta tic  bending profile was obtained  from the PSD signal using Ecj. 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 m axim um  am plitude of the  resonance 

peak obtained a t  the  nodes of resonance as indicated by Fig. 1.4 in Section 1.3.4. The 

bending profile shows a 3 jnn upwards bend of the cantilever indicating a small residual 

tensile stress from the fabrication process. The bending proHle w'as calibrated  using 

the thick side bar as a reference to account for any tilt of the  cantilever in the hokler.
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Figure  2.20. M easurem ent o f tlu> a m p lit\id e  o f the 5 th  resonance mode in  a ir and the 
bending o f a ty p ica l cantilever from  the array. T lie  da ta  was obta ined by ta k in g  a 
dynam ic m easurement followed by a s ta tic  measurement a t 5 pm intervals along the 
length o f the cantilever and the bending ijro file  can be established using Eq. 1.7. The 
120 lun  long and pm th ick  hinged i)o rtio n  o f the cantilever has some H ex ib ility  as 
ind icated  by the reduced am ])litude  o f v ib ra tio n  observed [G].

2.4.3 R esp on se to  H eat P ulse

To (len ionstra te  the  se n s itiv ity  o f the device to  bo th  ( lyn a n iic  and s ta tic  response o f 

the  can tilever a rray  a heat pulse was ajjplicKl to  the Haiti cham ber (2 \ ' ,  250 s). T h is  

caused a tro u g h  to  be ib rn ied  in  the s ta tic  signal (as shown in  F ig. 2.21 and A p p e n d ix  

A .3, Fig. A .3) w h ich can be used to  ca lib ra te  the response o f the in d iv id u a l cantilevers 

in  the array and a llow  for coni])arable n ieasurenients between the cantilevers [7]. The 

downward bend ing  is causc'd by the d ifterent tln 'rm a l ex])ansion coe llic ien ts o f the 

s ilicon can tileve r and the gold layer on the upper surface o f the  can tilever (3 x  10” *’ 

°C“ ' fo r Si and 14 x  K ) - '’ ° C " ‘ fo r A u ).

r i ie  fle xu ra l resonance modes 8 to  10 w'ere recorded d u rin g  the heat pulse and th e ir 

response is shown in  F ig. 2.22. The sh ift in  resonance fre(iuency is due to  the change in 

properties  o f the  cantilevers and tin- su rround ing  flu id  w ith  increase in  tem pera tu re . It 

w ou ld  be expected th a t the Huid is less dense at the h igher te n ip e ra tin e  and therefore 

the mass o f the  lic ju id  tha t is moved wdth the can tileve r us i t  v ib ra tes  is less, thus 

increasing the resonance fre(iuency. T he  h igher modes o f resonance are more sensitive 

to  the  cliange in  mass o f the w’a te r as expected [8] and as shown in  A p p e n d ix  A .3, Fig. 

A .4. The cliange in  mass corrt'sponds to  an average o f ~G ± 0 .5  ng o f co-nioved w ater 

fo llow ing  analysis in  N O S E too ls  [9, 10] as shown in  A p p e n d ix  A .3, Fig. A .5. I t  should 

be noted th a t th is  analysis assumes tha t the  sp ring  constant o f the  can tilever remains 

unchanged d u rin g  the experim ent, w hich m ay not be true . A  to ta l increase in  stress
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Figiu'e 2.21. Average s ta tic  response o f the c'ig iit ('antilevers in the a rray to  tlu ; 250 s 
heat i)ulse. The cantilevers slujwc'd an average h('nd ing  o f 230 nni by the end o f the 
heat pulse.
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Figure  2.22. Average frequency response o f the flexura l resonance nunles 8 to  11) to  the 
250 s heat pulse. In s e t :  The n ia x in iu n i freciuency sh ift ( A / )  vs. mode n iunher { t i ) .  I t  
is clear th a t the higher resonance modes are more sensitive to  an applied stim ulus.
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on the cantilever, as caused by the heat induced bending can cause a change in sjjring 

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

2.4.4 Syringe Pum p vs. Pressure Flow

signal sui)eriniposed on the fre(}uency response of the  cantilever. It was usually possible 

to remove the  effect by box filtering of the  da ta , or tluring reference subtrac:tion the 

effect would be reinovetl. The fact th a t  the  effect was occurring on all t;antilevers with 

similar m agnitude  simultaneously indicated that the  cause was in the environm ent of 

the cantilever. The tem pera tu re  of the box, and hence the li([uid in the  chamber) was 

constant and so was not causing the periodic ('ffect. I'lie ('ttert was found to be absent 

during stoj^jjed ilow experinu'nts.

r iie  ('ffect of causing liciuid ti.) ffow through the fluid chamber using the syringe pum p 

compared to  using the air prt'ssure driven ffow was invc!stigated. Nanopure water was 

passecf tfu'ougfi tfie ffui(f cfiamber at various fknv rates using tlu; syringe pum p and 

the fre((uency resi)onse was record('d at mode 14 from a num ber of cantilevers in the 

chamljer. T he  resonance peak was fittecf with the SHO ami)litude ecjuation with added 

terms to account for any baseline in the si)ectrum.

where .4 is the  amplitude, A y  is the intersection of the baseline amplitude, in. is the 

slope of the baseline, /lo is the zero fre([>iency ampfitude, /  is the freciueucy, J'r is the 

centre freciuency of the j)eak, and Q  is the cjualitA' factor of the peak. The pcmk was 

fitted to ffnd .4/,/, ni, ,4o, and Q  using a Levenberg-Marc[iiaradt h t t ing  algorithm 

implemented in a custom LabVIEW  VI. The centre freciuency was then plotted versus 

time to  determ ine if any effect on the response was inducixl l)y the ffuid ffow. The 

baS('lin(' corrc'cted fn'ciuency ri'sponsc' of of thrc'c' cantilevcirs to two differc'nt syringe 

pum p spc’eds are shown in Fig. 2.23. d’hen- is an oiwious jx-riodic effect visible in tln' 

freciuency response.

Following the introducticMi of tfu' prt'ssure (friven ffow system described in Sc'ction 

2.2.5, nanopvu’e water was causecf to  ffow continuousfy tfu'ougfi tfu; ffuid cfiamber l)y 

applying different pressures to tfie bottfes. Tfie freciuency response at mode 14 of 

tfu'c'e cantifevers a t  two cfiff’eri'nt appfiecf pressure's are sfiown in Fig. 2.24. Tfiere is no 

periocfic effect obvious to tlu' eye.

T he  freciuency rc'sponses were baseline correctc'd and a fast Fourier transform (FFT ) 

was perforniecf on tfu' cfata to (fett'rmine tfie periocf of tfie effect on tfie freciuc'iicy 

response'. I ’fiere is a cft'ar periocfic rc'sponse of tlie syringe; punipecf ffow (fata wliicfi

During some continuous ffow experiments it was noticed tfiat tfiere was a cfear periodic

(2.4)
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Figtu'o 2.23. The frequency response o f mode 14 o f tiire e  cantilevers at tw o different 
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the cantilever frecjuency. a) Response to  continuous How at 10 i i l / n i in  b )  Response to 
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Figure 2.25. a) The FFT niagnitude of the fr('queney response of cantilever 4 at 15 
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of the frequency of the oscillations vs. the ijunij) speed shows a dehuitc linear trend, 
indicating that the periodic response of the cantilever is related to the pumping s|)eed 
of the syringe i)uni}).

results in a peak in the  F F T  m agnitude obtained from the d a ta  (Fig. 2.25.a). The 

period freciuency indicated by the peak in the  F F T  was avt'ragc'd over the cantilevers 

for each pum ping si)eed.

A i)lot of tlie period ireciuency vs. pumi)ing s])e('(l (Fig. 2.25.b) i4early shows a 

linear trend which indicates that the  periodic response' of the  freeiuencv is related to 

the pum ping speed of the syringe.

T he  abstmce of the  eftect during pressure iuducc'd How anil the  liut'ar ri'sjjonse of 

the fr(!quency of the effect w'ith pum ping  speed indicates th a t  the effect was c-aused 

by the How' of the liquid induced by the syringe pump. I 'h e  cause of the  effect within 

the syringe punij) is less clear. Cleaning and greasing of the  pum p did not remove the 

effect. 'Fhe effect is unlikely to be due to  s tick/slip  of the  syringe due to the  very even 

(iffc'ct on th(' fr{Hiu('ucy of tlu- cantih'ver. W ith  stick/slip  of tlu' syriugi' random slips of 

dilh'r('nt si/,c's would ix' ex])('cted and so would not lead to a d(4init(- jx'ak in the I'T’T.

Fill,' c'ilect coukl be- dui' to  the axle ol the pum p being slightly misaligni'd and thus 

an even pum ping speed is not aciiieved and so the Iknv rate  would vary periodically 

with time.

A nother ])ossil)le cause is th a t  a t  very low pm nping si)eeds of the pum p, combined 

with a  larger volume syringe, the  punijjing is not continuous as there is a mininnun 

ro ta tion  of the  screw drive in the pump. Thus, the  average; flow though the (4ianiix'r 

would m atch the desired targe t  flow rate, bu t the flow speeil would not be steaily, or 

may even be {)ulsed.

As a result it is preferred to use the  pressure induced flow of liquid though the 

chamber during experiments, especially those with low how rates, or where a small 

response of the cantilever is expected.
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Chapter 3

General Cantilever Preparation  
Techniques

hi order to build a biosensor from a cantilever array it is necessary to a ttach  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 

re])roducil)ility of the sensor will only be as good as the repro(hicibility of this layer.

Cantilevers can respond to virtually any stimulus. Therefore careful prei)aration of 

the  cantilever array is essential in order to create a sensor that is bo th  sensitive and 

specific to a particidar target molecule. In all of the  biological experiments presenti'd 

in this thesis the  basic ])reparati(Mi of the sensor follows the same steps. Firstly the 

cantilever array is cleaned to remove any residue from manufacturing, transj)ort and 

storage. The clean cantilever array is then coated with a th in  An layer. The An surface 

is cleaned after storage and then thiol chemistry is used to bind the i^robe molecules 

to the An surface. The ste))s involved in the  prepara tion  of the cantilever array are 

discussed in detail below.

3.1 Cantilever Cleaning

Initially the cantilever arrays w'ere precleanc'd i)rior to m etal coating using a p iranha 

solution. P iranha  solution is a strong oxidiser which is effective a t  removing organics 

and hyroxilates from the Si surface, leaving it hydrophillic. P iranha  cleaning is often 

used as a first step to clean gross organic materials from the  surface of Si wafers in the 

semiconductor industry  [!]. The protocol for p iranha  cleaning of cantilever arrays is 

l)resented in Appendix B . f . tiowever. the  cleaning process reciuired many rinsing steps 

with deionised (DI) fi.2() to remove the detergent used a t  the  s ta r t  of the  protocol, and 

to fully rinse the i)iranha solution from the chip and avoid leaving sulphur. S, residues

61
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on t}ie silicon, Si, surface  [1].

T h is  niethocl was rep laced  by an  O 2  i)lasnia c lean ing  process  because it is a  safer 

tech n iq u e  which yields s im ilar  resu lts  a n d  does not recjuire nn iltip le  s tep s  or leave any 

res idue on  th e  surface. T h e  UV light g en e ra ted  l)y th e  p la sm a  breaks o rgan ic  b o n d s  of 

c o n ta m in a n ts  on th e  Si surface. In a d d i t io n  th e  oxygen sjjecies g en e ra ted  react w ith  the  

organ ic  co n tam in an ts  to  form e.g. H 2 O an d  CO2 [ l̂ ^ re  th en  p u m p e d  out of the

vacum n cham ber.  T h e  pro toco l for p lasm a c leaning  of can ti lever a r ra \ ’s is p re sen ted  in 

A j)pend ix  B.2

3.2 M etal C oating

T h e  can ti lever a r rays  were co a ted  w ith  T i  an d  Avi for most ex p e r im en ts  to  provide a 

s u b s t r a te  for thiol b ind ing  of th e  p ro b e  m olecules to  th e  can ti lever surface. T h e  ([uality 

of th e  surface has  a  d irec t  im i)act on th e  b ind ing  of th e  p ro b e  molecules an d  hence 

th e  p erfo rm ance  of th e  sensors. T h e  rep ro d u c ib i l i ty  of th e  m eta l  ccjating will therefore 

im p ac t  d irec tly  on the  re i)roducib ility  of th e  sensors.

T h e  A u layer has  th e  ad d e d  ad v a n ta g e  of increasing  th e  reHc'ctivity of th e  surface 

which a ids in th e  op tical  b e a m  deflection. In add it ion ,  w hen  only  on(> side of th e  a rray  

is cx)ated w ith  th e  m eta l ,  a convenient m echan ica l ca lib ra t io n  of th e  senst)r response  

can  b e  perfo rm ed  by ap p ly ing  a heat pulse to  th e  array.

T h e  m eta l  co a tin g  was in itia lly  perfo rm ed  using th e  130C E d w a rd s  A u to  500 

evai)oratioti  sys tem  before it was rep laced  w ith  th e  Tem escal FC-2000 E v ap o ra t io n  

sy s tem  for b e t te r  rep ro d u c ib i l i ty  an d  ease of use. T h e  deposi t ion  ra te s  and  

th icknesses weri; optim iscil  anil th e  linal A u  surfaces h ad  a R M S roughness  of  ~ 0 .8  

nm , w ith  a  g ra in  size of ~ 3 5  n m  [2].

3.2.1 BOC Edwards

T h e  in itia l m e ta l  depos i t ions  were p e r fo rm ed  using th e  B O C  E d w a rd s  A u to  500 

ev a p o ra t io n  system . T h is  sy s tem  is m an u a lly  o p e ra te d  by th e  us('r an d  recjuires 

c o n s ta n t  sniall a d ju s tm e n ts  to  yield consis ten t  dei)ositions. T h e  se t t in g s  used for the  

depos i t ions  a re  given in T ab le  3.1. T h e  T i deposi t ion  was perfornietl by e-beam  

ev ap o ra t io n  an d  th e  A u dep o s i t io n  was p e r fo rm ed  by th e rm a l  ev a p o ra t io n  using a 

tu n g s te n  boat .

T h e  d is tan ce  from th e  sami)le to  th e  ta rge t  in th e  B O C  E d w ard s  A u to  500 sys tem  

is ~ 2 0  cm. Using th e rm a l  eva i)o ra tion  for th e  deposi t ion  of th e  Au layer g en e ra ted  

rad ia t iv e  h ea tin g  of th e  a r ray s  and  com bined  w ith  th e  short d is tan ce  could  cause  the 

can ti levers  to  b en d  significantly  a n d  becom e unusab le  in fu r th e r  experim en ts .

T h e  tim e taken  to  reach  th e  base p re ssu re  of ~  4.3 x 10” ' T o rr  was on  th e  o rd e r  of



3.2 Metal Coating 63

Table 3.1. The settings used for metal coating of the cantilever arrays using the BOC 
Edwards Auto 500 evaporation system. The base pressiue before deposition was ~  
4.3 X 10"'^ Torr.

Ti Au

M ethod E-Beam Therm al

Pressure (Torr) 1.4 X 10-'’ 5 X 10-^

Gurrent (niA) 47 10

Rate  (nni/s) 0.02 0.02

Thickness (nm) 2 20

hours and iisuaiiy resulted in an overnight pum p down of the deposition chamber. If a 

coating of botli sides of t he array was reciuired it was necessary to  break tlie vacuum and 

manually ro ta te  the  arrays, resulting in a ~ 4 0  lioiu’ time period for a metal deposition.

3.2.2 Teniescal

T he Teniescal FC-2()0() Evaporation System was used lor the metal deposition as a 

replacement for the  BOC’ Edwards system. The Teniescal provides an au tom ated  

approach to the  nu'tal deposition yielding more rc'producible results when properly 

m aintained. T he  system uses e-beani for both  the Ti and the Au evaporations, with 

a larger sam ple-target distance (~ 50  cm) than  the Edwards system. The deposition 

settings for the  Teniescal are given in Table 3.2.

Table 3.2. The settings used for metal coating of the cantilever arrays using the 
Tenicscal FC 2000 evaporation system. The base pressure before deposition was 2x 10“ *’ 
Torr.

Ti Au

M ethod E-Beam E-Beam

Pressure (Torr) <  2 x 10"*’ <  2 x lO"*’

Rate  (imi/s) ().()2 0.05

Thickness (nni) 2 21

The larger d istance l)etween the sample and the target leads to less (or no) bending 

of the cantilevers. Precision control of the deposition rates and dejiosition i)iessure 

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 tlu* Teniescal which allows 

coating of bo th  sides of the  array without breaking the vacuum. As a result, with the 

Teniescal it is possible to load the arrays and coat bo th  sides of the  array in under two 

hours.



G4 3.3 UV Cleaning

3.3 U V  Cleaning

An Au surface will ([uickly foul at ambient lal)oratory conditions [3] and this 

contamination could potentially afi'ect the functioualisation of the cantilevers. A 

cjnick UV/ozone cleaning of the surface is thus performed innnediately prior to the 

functioualisation procedure [4]. The UV cleaning uses UV radiation to remove 

organic contaminants from the surfac:e via an oxidative i)roc“ess. 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 Ai)})cndix B.3.

3.4 Cantilever Functionalisation

The functioualisation step is the point at which the cantilever array is transformed 
into a biosensor. The eight cantilevers in each array allow sc'vi'ral dillerent ni(ik!i;ules 
to l)e innnobilised on the surface to act as test or refe'rences for the particular 
interaction being investigated. The cantilevers art' sensitive to a range (jf effects 

which can interfere with the biological measurement (e.g temperature changes, flow 
rate changes, environmental noise, etc. . . ) in atldition to non-spt'citic intc'ractions 

with the target molecules, and so a proper in situ  reference is essential if the correct 

interpretations are to be drawn from the da ta  obtain('d.
For all of the biological exi)erinients presented in this thesis thiol chemistry is used 

to form self-assembled monolayers (SAMs) of the tlu' probc' 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 - A u  +  e“ +  H ' (3 .f)

There are several possible methods for functionafisation of individual cantilevers 
within an array, the most popular being innnersion of the cantilever in a capillary [6, 7] 

or inkjet spotting of drops onto the surface of the cant ilever [7 9]. The method used 

for functionalisation of the arrays used in the exi)eriments i)resented in this thesis is 

the capillary innnersion techniciue.

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 jnn, ID 180 ±10 jnn, length 75 nnn. King Precision Glass Inc, California, USA). 
The capillaries are arranged s\ich tha t the spacing between their centres matches the 

spacdng between the cantilevers in the array. A microscope mounted on the device 
allows the us('r to guide the cantilevers into the ca])illaries 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 
innnersion techniciue. The size and spacing of the capillaries are chosen to match the 
cantilever array. Individual reservoirs for each capilliuy allow each cantilever to ije given 
a mu(iue functionalisation, j)roviding the capacity for multiple tests and references to 
he included in each experiment, a) The cantilevers are inserted into the arranged 
capillaries using a set of niicrotranslation stages and a microscope, b) The capillaries 
are back filled from the reservoirs with the individual functionalisation solutions.

The o ther end of the capillaries are i)lacc(l in sniall individual reservoirs where the 

fiiiictioualisaliou solwtious can be placed. Flow ol' th e  sohit iou from the  reservoir to  the 

cantilever compensates for any loss of lic}ui(l due to evaporation (Fig. 3 .Lh) h icubation 

times of up to two hours are possible using this device. If longer times are recjuired the 

device can be placed in a humid chamber to  s top evaporation of the functionalisation 

sohitions.

Prior to use the glass capillaries are plasm a cleaned for eight minutes (using the 

sam e settings as in Appendix B.2) followed by a  ba th  in H PLC grade ethanol for a 

mininnun o f te n  minutes. 'Hie capillaric's are dried on filtc'r papc'r on fi hot plate (100 °C) 

inunediately prior to use. This is done to  remo\'e any small debris from tlie capillaries, 

and to remove any oils etc left over from the fabrication process. T he  cleaning i)rocess 

was observed to increase the flow rate  of liquid from the reservoir to the  cantilevers 

and results in less cases of the  lluid s topping in the  capillaries before reaching the 

cantilevers.
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Chapter 4 

Com pressible Fluid M odel 
Verification

This chapter describes the (luahtative agreement between experimental measurements 

the Q factors and flexural resonance frequencies in air of niicrocanlilevers and 

calculations based on the compressii^le fluid model of Van Eysden and Sader [1]. The 

Q factors and resonancc' frtxiuencies observed on two sets of cantilever arrays were 
slightly lower than thos(' prc'dicti'd by the model. This is attributf'd to tlu' individual 

design and geometry of the microlabricated hinged end of the cantilever beams in the 
array. Some of the contents of this chapter are publislu'd in reference [2] by Jensen 

and Hegner, Journal of Sensors, 201 f.

4.1 Introduction

Applications for micron-scak; cantilevers as a sensing tool have Ikhui found in the Hekls 
of genomics [3 8], proteomics [9 fl],  microl)iology [12-17], and many others. Many of 

these applications make use of the niicro-c:ant.ilever as a sensitive mass detector. It has 

been shown tha t operating t lu' cant ilever at higher resonance modes increases the mass 

sensitivity of the device [18]. This increase in the sensitivity is linked to the increased 

factor observed for the higher fl(?xural r('sonanc;e models of tlu' cantilever [18].
Along with increasc'd interest in possible applications came the need for improv{!(l 

understanding of tJie dynamics of cantilevers on this scale and models which can 

l)redict their behaviour in a range of situations. In general the higher the Q factor of 

the resonance peak the smaller the minimum observable frecjuency 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 exi)ected niininiuni 

response rec}uired lor succ^essful detection of the target.

67



68 4.1 I i i t ro d u c lio n

12.9

£ 8.6

4.3

0.0

■

1.5

1.0 •

■ .
0.5

4 6 8
■

■

4 6

h  (urn)
10

52

39

26

13

■ 6 ■

5 ■

4

3

•  ■ •

■
■

4 6 8

4 6 10

Figure 4.1. a )  T he critical freciueiicy f c  and b )  the criti(uil mode i i c  vs the thickness 
h  of tiie cantilever as predicted by the scaling analysis presented in [1]. There should 
l)c a turning i)oint a t the t i c  =  ^ mode which occurs below 1 MHz for a 7 inn thick 
cantilever. For a 2 pm thick cantilever of the same size the predicted mode is nuich 
higher ( i i c  =  12) and occin’s around 3.6 MHz.

M any  m odels  d e ta i l in g  th e  b eh av io u r  of m icrocan tilevers  have been proposed , 

including  t'he E ln ier-D re ier  m odel [19] an d  S ad er 's  viscous [20] and  ex ten d ed  viscous 

m odels  [21], S ad e r 's  ex tend( 'd  m odel includc's th e  3D How Held of tlu' Huid a ro u n d  th e  

can tilever b eam  an d  can  be  app lied  for a rb i t r a ry  m o d e  nunilx 'r.

r i ie  m odels  m en l io n ed  above; assum e th a t  tin: Huid in which th e  can tik 've r is 

v ib ra t in g  is incom pressib le ,  an d  in general  have good agreem ent w ith  ex p e r im en ta l  

resu lts  [22]. However, recent p ap e rs  by Van E ysden  an d  S ader  [1, 23] which de ta il  a 

m odel for a  can ti lever b eam  v ib ra t in g  in a  com pressib le  Huid ind ica te  th a t  th is  

u n b o u n d ed  increase of th e  (juality fac to r is not always valid. T h ey  p red ic t  t h a t  as th e  

m ode n u m b er  increases an d  j)asses a  co incidence point (which is d e te rm in ed  by th e  

th ickness  to  len g th  ra t io  of th e  can ti lever an d  th e  Huid in which th e  cantilever is 

x 'ibrating) th e  Q fac to r  will Ijegin to  decrease.

T h is  coincidence i)oint occurs  w hen th e  leng th  scale of sp a t ia l  v ib ra t ions  of th e  

can tilever b ea m  reduces  to  a  point w here  it is co m p arab le  w ith  th e  acoustic  w avelength  

of th e  m ed ia  in which th e  can ti lever is v ib ra t ing .  A t th is  p o in t  it is possib le  th a t  energy 

can  be d iss ipa ted  by th e  g en e ra t io n  of acoustic  waves.

For p rac t ica l  ap p l ica t io n s  of m icrocan t ilevers (such as m ass  sensing) th is  is no t an  

issue w'hen o p e ra t in g  th e  can ti lever in liquid. However, if th e  can ti lever is v ib ra te d  in 

air th en  it can  be possib le  to  observe th is  ellect a t  h igher m odes. For a can tilever which 

is 100 inn wide, 500 p m  long an d  7 lan  th ick  th e  scaling  analysis  from th e  com pressib le  

fluid m odel [1] p red ic ts  t h a t  th e re  s liould be  a  tu rn in g  point at th e  ri^= 3 m ode  which 

occurs below 1 M Hz as show n in Fig. 4.1. For a  2 pm  th ick  cantilever of the  sam e size 

th e  p red ic ted  m ode  is nm ch h igher { u c  =  12) an d  occurs  a ro u n d  3.6 MHz.
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4.2 M aterials and M eth ods

T he thickness of the  cantilevers was m easured in a scanning electron microsc:ope (SEM) 

(Zeiss Ultra, Cambridge, L'K) and were found to l)e 7.2 ±0 .5  inn and 1.972 ±0.005 

lan  thick (Fig. 4.2). T he  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 coimected to  the  main body of the cliii) via a 120 jnn long segment which is 

approxim ately  twice as thick as the  cantilever itself for the  7 jnn thick cantilevers and 

three times the  thickness for the  2 pm thick cantilevers. This  design was implemented 

to  facilitate b e tte r  definition Ijetween the hinge (clami:>ing point) of the cantilever and 

t he 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 juu thick cantilever showing the 120 
[un 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 api>roximately twice the thickness of the cantilever for the 
7 pm thick cantilevers and approximately tliree times the thickness on the 2 pm thick 
cantilevers.

Cantilever arrays were taken at random  from the production wafers and nmltii)le 

m easurem ents of tin; first four flexm'al n'sonancc; niod('s were' takc'ii for tlu' 7 pm thick 

cantilevers (Fig. 4.3) and of the  lirst seven modt's of the 2 pm thick cantilevers (Fig. 

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

A | / )  =  A„ +  (4.1)

^{P -  li f  + ^
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Figure 4.3. Sample of t4ie four resouaut-e uuxles exauiiuc'd for thc' 7 ]iui thick cantilevers 
using one clauijjiug position, l l i e  modes were fitted using Eq. 4.1 to lind the centre 
freciuency and the Q factor. Ten measurements of each mod(' were recorck'd. a) Mod(> 
1 at 38.87 kHz. b) Mode 2 at 228.09 k llz . c) Mode 3 at 584.GO kHz. d) Mode 4 at 
1043.20 kHz.

where is the amplitude of the baseline, /lo is the zero fre(}uency anii)litude, /  is the 
frequency, / „  is the resonance freciuency of mode ?/, and Q is the (luality factor. The 
CJ factor and rt'sonance freqiu'iicii's wt;re extract(!(l from the Ix'st Ht of the resonancc' 
peaks with the above model using a Levenberg-Marciuardt algorithm [25]. The mean 
and standard deviation of the resonance frequencies and Q factors of each of t he modes 
were then calculated from the fitted data.

Van Eysden and Sader’s extended viscous [21] and compressible lluid models [1] 
were used to predict the resonance freciuency and Q fac:tor of modes of the 7 jim thick 
cantilevers' which were below 2 Mfiz and the modes of the 2 jiin thick cantilevers 
below 1 MHz. The comprc^ssiljle Huid model is very sensitive to the thickness of the 
cantilever for a given length. As shown alcove the thickness of the c'antilevers in the 
array can vary signitic:antly across the produc:tion wafer. As a result of the variation 
of thicknesses observed the models were uscxl to predict the factors and resonance 
frequencies prcxlicted for t he middle and the limits of t he range of thicknesses (7.2 ±0.5 
lim for the 7 imi thick cantilevers and 1.972 ±0.005 inn for the 2 iim thick cantilevers).

I’lie material and Huid 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 jnn thick 
cantilevers u.sing one clamping jjosition. The modes were fitted vising Eq. 4.1 to Hnd 
the centre freciuency and tlie Q factor. Ten measurements of each mode were recorded, 
a) Mode 1 at 10.30 kHz. b )  Mode 2 at 63.81 kHz. c) Mode 3 at 173.03 kHz. d )  Mode 
4 at 317.43 kHz. e) Mode 5 at IGG.IO kHz. f )  Mode 6 at 663.71 kHz, g) Mode 7 at 
941.51 kHz.
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Young’s M odulus of Si: 1G9 GPa: density of Si 2330 k g /n r ‘; density of air (/>„,, )

(at room tem pera tu re  (RT)): f .fS  kg/nr*; viscosity of air (at fiT): 1.78 kg/(n i  s); sj)eed 

of sound iu air (at RT): 34G m /s.

The general ecjuations for the  resonance fr('qu('ncy and factor of a given mode

where h is the  thickness of the cantilever, b is the width of the  cantilever, /„„e,n is the 

vaciunn resonance freciuency of mode n  of the cantilever, and is the

dimensionless hydrodynanhc function and the siibscripts r  and I r('fer to the real and 

imaginary com ponents  respectively.

The calculations of the  factor and resonance frequencies rc'quired hnding the 

hydrodynam ic function for each of the models (it is this term  th a t  the compressibility 

of the  fluid affects). This involved solving the systtuns of linear e([\iaticnis given in Eq. 

II of reference [21] and in Ecj. 7 t)f reference [1], The int('g('r M  dc'scribed in the models 

was chosen to  be 3G and was shown to proviik' sufliciinit convergeni.:e of the solution 

for the higher modes of vibration as shown in Fig. 4.5. For further information on 

the characteristics of these fmictions and their convergence sec' references [1, 21, 26]. 

M atheniatica  8.0 was used to perform the calculations, and the source code for all 

calculations is contained in Appendix C.

4.3 C om parison B etw een  T heory and E xperim ent 

4.3.1 7 pm  T hick  C antilevers

It was found th a t  there was a decrease in the Q factor of the  seven cantilever beams 

between the third and fourth modes which agrees with the i)rediction of the scaling 

analysis meutionoxl above th a t  the “coincidence point” is the  Jic =  3 mode. This 

decrease in Q factor can be clearly seen in Fig. 4.G. T he  large error bars of the 

experimental d a ta  shown in Fig. 4.G correspond to  the statistical s tandard  deviation 

of the  Q factor as m easured from five exi^eriments where the cantilever was 

u n d a m p e d  and re-clamped between experiments and is an indication of the  coupling 

between the piezo and the cantilever. T he  s ta tis tical s tandard  deviation of the 

resonance frequencies m easured for each cantilever were on the order of 0.001%. 

There was a difference of ~400  Hz in the  fundam ental freciuency between cantilever 1 

and cantilever 7. A similar dec:rease was also noted in the higher modes of the 

cantilevers.and is an indication th a t  there  is a noticeable differc'uce in thickness of the

are [1, 21]

(4.2)

(4.3)
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M a t r i x  S i z e

Figure 4.5. The precHcted resouanee frecjuency and Q factor becomes more rehal)le a.s 
the size of the matrix used to calculate them increases, a) The resonance frecjuency 
of mode 4 in air of a G.723 pm thick cantilever vs. the matrix size. In se t: Zoom to 
show stability of predicted frtxiuency above M  = 30 b) The Q factor of the resonance 
l)eak vs. matrix size. Bas(‘d on these gra])hs a matrix size of 3Gx3G was chosen for all 
calculations.
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Figure 4.6. Resonance frocinency and Q factor vs. inode number (X)uiparison l.'etween 
theory and exijerin ient for the 7 jnn th ick cantilevers. The sohd scjuare symbols w ith  
dotted lines corresi)oud to  the extended viscous model, while the sohd circles w ith  
dashed lines correspond to the compressible flu id model. The ojx>n symbols w ith  sohd 
lines correspond to the exjjerim ental data. In the freciuency plot the experimental data 
are overlapping.

cantilevers w ith in  t lie  array.

T lie  resonance frequencies measured exp e riu ie u ta lly  a t the firs t m ode agreed w'ell 

w i t l i  t l ie  nijodels, however as the mode num ber increased the measur('d (recjuencies were 

increasing ly lower than  those p red ic ted  by the m oflels. T lie  lower freciuencies observed 

are consistent w ith  a can tileve r w h ich  is longer than  the cantilevers used here, bu t 

shorte r than  the can tilever and hinge section added together (~ 620  in n  to ta l length, 

da ta  no t shown). The  s trong  dependence o f the  p red ic tions o f the com pressible flu id  

model on the t hickness o f t he can tileve r can be observed in F ig. 4.6.

A  rej)eat o f the experim ent where the  can tilever was not remov('d from  tlie  holder
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Figure 1.7. Repeated ineasureuu'iit of the Q factor vs. mode iiuiiiher for a single 
cantilever witliout removing tlie array l)etween measurements. The statistical standard 
deviation of tlie Q factors f(jr mcxk's 1 - 3 is ().()()3% and the statistical standard deviation 
for mode 4 is 0.02%. This indicated that the previously observed larger standard 
(Icvialions vvcri' due to dillVri'Uci's in the coupling Itclwccn the cant ilcx’cr and Ihe pic/o 
between experiments.

between nieasurenients is shown in Fig. 4.7. Here ten m easurem ents were taken and it 

should be noted th a t  the s tandard  deviation is considerably smaller.

4.3.2 2 pm Thick Cantilevers

The “coincidence })oint” predictc'd for a 2 jun thick cantilever was mode 12 wi th a 

resonance freciuenc:y of 3.G MHz. Using the  current device it is not possible to observe 

the Hexm’al resonance mod(;s at such a high frequency, and therefore only the modes 

up to 1 MHz were observed. The hingc' i)ortion of the  array is relatively thicker for 

these arrays than  for the 7 jnn thick cantilever arrays and as such should have less of 

an efiect on tlu; dynamics of the cantilever.

Fig. 4.8 shows the comparison between the experimental d a ta  and the predictions 

of the  extended viscous and compressible fluid niotlels. It is clear tha t  the  resonance 

frequencies are still below those predicted by the models; however they m atch  be tte r  

than  for the  7 jnn thick cantilever array (1G% com pared to 29% tlilierence a t  mode 

4). This  is an indication th a t  the conn)aratively th inner hinge portion of the array  is 

m aking a significant contribution to the  dynamics of the  7 jun thick cantilever arrays.

It is clear from Fig. 4.8 th a t  tlu're are differences m the predii tetl Q factors of the 

two models well below the “coincidence po in t” . The experimental values m atch  well 

with those predicted by the compressible fluid model (20% lower for tlu' comprt'ssible 

fluid model com pared to 75% lower for the  extended viscous model at mode 7).
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Figure 4.8. Resonance frc(iuency and Q factor vs. mode nun ilx 'r comparison l)et.ween 
tlieory and experiment for the 2 jnn th ick  cantilever. The solid scjuan' symbols w ith  
dotted lines correspond to the extended viscous model, while the solid circles w ith  
dashed lines correspond to the compressible flu id model. The ojjen symbols w ith  solid 
lines correspond to the experimental data.

4.4  D is c u s s io n

I t  is clear t l ia t  the  experim en ta l d a ta  agrees c iu a lita tive ly  w ith  the p red ic tions o f the 

com pressible Huitl m odel o f Van Eysden and Sader. but th a t absolute c juan tita tive  

agreement is no t dem onstra ted  here. D ev ia tions  o f the  resonance frequency and Q 

factors o f the  cantilevers between the p red ic tions  from  t l ie  com pressible f lu id  model 

and the experim en ta l find ings could be due to  the hinge o f the  cantilever being on ly  

ap i)rox im a te ly  tw ice  or three tim es the thickness o f the can tilever (F ig . 4.2). T h is  may 

not ])rov id(' a s u llic i( 'i it ly  s t if f  su]j])()rt and there' may be- sonn' degr(;e o f nu'chanical 

co tii) ling  between the hinge and the can tileve r beam as shown in  F ig. 2.20 in Section
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2.4.2. Tins is significant 1\- niori; noticc.-abk; ioi' tin; 7 jun thick cantilevers where the 

hinge is comparatively th inner and as such is an indication th a t  t he hinge is the cause 

of the  observed deviations from the compressible lluid model predictions. The models 

are based on an ideal cantilever extending from a fixed support  and as such shoukl 

not be expected to predict exactly the behaviour of cantilevers with a hinge design 

such as the  one used here, however theoretical geometric assum ptions are not always 

transla tab le  into physical microfabricated devices.

Another possible reason for a (jualitative and not a (juantitative result could be 

th a t  the  model is based on therm al ac tuation  of the  cantilever beam  and here a i)iezo 

ai;tuator is used to amplify the motion of the  cantilever, and wliile efforts are m ade to 

keep the  cantilever operating within the linear regime of the  vibrations, this may not 

be 100% successful. It should also be noted th a t  the model is valid for cant ilevers with 

a large aspect ratio  and here the  cantilevers used to conduct the  experiment have a 

ratio  of 5 which i)laces them  very near tlu' boundary  for which th(’ theory is valid.
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Chapter 5

Protein  A ggregation and  
Parkinson’s D isease

T h is  c h a p te r  describes  th e  succ'essful d e tec t io n  of th e  agg regation  of th e  jjro tein  

a -sy n u c le in  in a  (}uantitative, label-free m a n n e r  by fnnc tiona lis ing  a m icrocan tilever 

w ith  rt-synnclein m onom ers  an d  o p e ra t in g  it in d y n a m ic  m ode in th e  presence of 

a -sy n u c le in  m onom ers  in solution. A to ta l  m ass of G ng  of a -sy n u c le in  was d e tec ted  

over n ine hom\s on th e  surface of th e  cantilever. T h e  result is co m p ared  to 

conventional fluorescence m easu rem en ts  of a -sy n u c le in  aggregation  u n d e r  s im ilar 

conditions. I t  is found th a t  the  label-free can ti lever d e tec t io n  m e th o d  retjuires a 

co n c en tra t io n  of i)rotein 50 tim es sm aller  th a n  th a t  of th e  cu r ren t  m e th o d  and  

in d ica ted  p o ten t ia l  for s igniticantly  fas te r  resi)ouse times. Som e of th e  co n ten ts  of this 

ch a p te r  are  pub lished  in "Q u an t i ta t iv e ,  label-free d e tec t io n  of th e  agg reg a tio n  of 

fv-synuclein using m icrocan tilever a r ray s  o p e ra ted  in a  liciuid e n v iro n m e n t” by Jensen  

el al., Jo u rn a l  of Sensors, 2011 [1].

5.1 In trodu ction

P a rk in s o n ’s disease, first desc ribed  ni 1817 by Ja m e s  P a rk in so n  [2], is th e  second m ost 

co n n n o n  n eu ro d eg en e ra t iv e  d iso rder (A lzh e im er’s disease is th e  m ost  connnon) a n d  the  

m ost  co nnnon  m ovem en t disorder. It affects 1-2% of th e  p o p u la t io n  over th e  age of 

65 years  [3]. It  is a  progressive, n eu ro d eg en e ra t iv e  d iso rder  th a t  is clinically d iagnosed  

by muscle rigidity, res ting  trem o r  an d  b rad y k in es ia  [3, 4], Some p a t ie n ts  also p resen t  

w ith  p o s tu ra l  im balance  an d  fe s tina t ing  gait [3, 4]. In la te r  s tages  it can  also cause 

cognitive im pairm en t [3, 4]. T h e  disease cu r ren t ly  has  no cm'e an d  t r e a tm e n t  is only 

sy in p to m a tic  (does no th in g  to  s to p  th e  progression of th e  disease) an d  becom es less 

elfective in la te r  s tages  of th e  d isease [3].

P a rk in s o n ’s disease has  been  assoc ia ted  w ith  m u ta t io n s  of th e  gene en co d in g  for.
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and aggregation of, the  protein a-synuelein in the  doi)aniin('-containing neurons in the 

subs tan tia  nigra [3 7]. This brings the disease into the area  where nanoniechanical 

sensors can be used as a fast, efheient and reliable m  vitro tool for the investigation of 

the  self-interactions of the  a-synuclein protein.

5.1 .1  P a rk in son ’s D isea se  and a -S yn u cle in

tt-synuclein is a protein which is highly expressed in the  doi)aniinergic neurons in the 

brain ( the main source of dopam ine in the niannnalian central nervous system) where 

it is mainly concentrated  in the pre-synai)tic nerve term inals [8 If]. It contains 140 

amino acid residues and is i)art of the group of natively unfolded proteins (proteins 

which display little secondary s tructure)  [8, 9]. The exact role of a-synuclein within 

the dopaminergic neurons is still unknown.

Genetic evidence has directly imi^licated a-synuclein in the  pathogenesis of 

Park inson’s disease. Several genetic m uta tions  in the  a-synuclein gene have been 

associated w i th  the development of Parkinson 's  disease [5, G, 12 14], These m uta tions  

are associated with rare herc’d ita ry  or "early onset' Parkinson 's  disease. T he  m ajority  

of cases of Pa rk inson’s disease are considered idiojjathic (not caused by an inherited 

genetic nuitation, but ra ther  by an environmental factor).

The neuropathologicaf feature of Park inson’s di.seaso is the  presence of cytoplasmic 

intrusions (fil)rillar aggrt'gates in the  cyloplasni of the c('ll) calk'd L('vvy bodies and 

Lewy neurites. These cytoplasmic inclusions were first descrii)ed Ijy Friedrich H. Lewy 

in 1912 and were later named l)v Tretiakofi’ who showed th a t  they are numerous in the 

substan tia  n igra [3].

Around the same time th a t  the  genetic links between (t-synuclein and Park inson’s 

disease w'ere estai)lished it was found th a t  ^^-synuclein is a m ajor component of Lew'y 

bodies [15-17]. The a-symiclein foinid in the  Lewy bodies is in the form of filaments 

200-600 nni long and ~5-10 nni in d iam eter [3, 4, 7, 18].

Animal models have indicated t ha t  accunm lation of a-synuclein may play a  role in 

the  loss of dopaminergic neurons in Park inson’s disease [19, 20]. An animal model using 

transgenic Drosophila  th a t  produce hum an a-synuclein was able to rei)licate several of 

the essential features of Park inson’s disease [2f].

The findings m entioned above created  tw'o leading ideas of the  disease pathw ay in 

Park inson’s disease which are outlined in Fig. 5.1. The first is th a t  by either genetic or 

o ther factors there is a dysfunction in the cv-synuclein protein. This leads to aggregation 

of the protein into protofiljrils. The protofibrils then aggregate further into fibrils and 

finally the  filjrils come together to form Lewy bodies. T he  Lewy bodies are then 

responsible for dea th  of the  dopannnergic nem’ons (the lack of (loi)annne is responsible 

for the  clinical sym ptom s of the disease). The second (indicated by the dashed path
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,  ( iLiiclic KaclDi s

e.g.  M iMuIkhis in (he 
a - s y n u c lc in  g e n e

Kn\ H iinnienla l Kaclors

n-syn i ie len i  
J y s ru n c l io n ' ' ' : ^

L cw v  b o d ie s
i n u  n c u r i t c s

N c r \  c  c o l l  c ica t l i

Figure 5.1. Genetic or eiivironuieiital factors cause a dysfuuction in tlie fv-syuuclein 
protein. Tliis results iu aggregation into Lewy l)odies which then cause nerve ceU death. 
Another possibility is that tlie the dysfunction in tlie u-synucleiii protein causes tlie 
nerve cell death and the formation of L(!\vy Ixxiies is a protective measure. Adapted 
from Goedert, 2001 [3].

in Fig. 5.1) is th a t  it is the  oligomers/protolibrils which are responsible for the  death  

of the  doi)aniinergie neurons and th a t  the formation of fibrils and Lewy bodies is a 

protective action by the cell [3].

It has now Ijecome more likely th a t  the oligomers and not the Hbrils are cytotoxic, 

with a lot of evidence in favour of t his theory [22]. It is clear t hat, a bet ter understanding  

of the  aggregation of a-synucleiu would be bciiclicial in determ ining the pathway of 

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

5.1.2 Investigating P rotein  A ggregation

Several m ethods exist for investigating protein aggregates. They  can l)e split into two 

groups, those which are used to characterise the protein aggregates post-aggregation 

and those which can be use to determ ine the kinetics and growth rates during 

aggregation.

P o s t - A g g r e g a t i o n  T e c h n iq u e s  T he  morphology of a protein aggregate or fibril can 

be d e te r m in e d  using AFM  [10, 23. 24], Use of the AFM  in force spectroscopy mode
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allows some of the  mechanical properties to he 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 dill'erent m aterials and has been used on 

several biological m aterials [26, 27]. SEM can also be used t(j determine the dimensions 

of the aggregate and determ ine if it is fibrillar in na tu re  [28]. The s tructure  of a fibril 

can also be determ ined using X-ray diffraction [29].

It is possible to  determ ine the c'oniposition of a protein aggregate using nuclear 

magnetic resonance (NMR) si)ectroscopy [28]. This results in a spectrum, the peaks 

of w'hich indicate the  chemical comi)oneiits contained in the sample. The interactions 

between the difierent com ponents  can also be determ ined from the spectrum  leading 

to s truc tu ra l  information about the protein at the atomic level. However, this m ethod 

caimot be applied to larger aggregates.

AnotluT way of (k 'termining if a spc'cilic ])rot(un is contained in an aggrc'gatc' (of 

miknown composition) is to use an inununolabeling teclmiciue in which prim ary 

antibodies are generated  which bind to a sj^ecilic epilojje of the sj;ecilic protein. If 

the protein is present in the  sample the i)rimary antil)ody binds to it. The  primary 

an tibody is then labeled with a secondary an tibody with a tag a ttached  (e.g. 

fluorescent label or gold nanoparticle). The sample is then viewed \ising a microscopy 

technique (SEM or fluorescent 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 particu lar protein is present and does not give the 

full composition of the aggregate'.

R e a l  T i m e  T e c h n iq u e s  Dynamic light scattering (DLS) is a technicjue th a t  can 

be vised to determine the size distr ibution of i)articles in susi)ension. This technique 

can be applied to  determ ine 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 mention(;d should be used in addition to confirm 

the aggregation/fibrillation of the protein.

Several fluorescent labels are available whicdi undergo a shift in their emission 

frequency upon binding to  a protein or aggregation of proteins. Thioffavin T  is a 

ffuorescent- label for a-synuclein w’hich undergoes a  shift in emission frequency upon 

aggregation of the  i)rotein [10, 31, 32]. By m onitoring the intensity of the shifted 

emission frequency rates  of aggregation of the i)rotein can be determined [10]. 

Ilowc'ver this te'chnicjuc' r('cj\iirc's knowl('dg(' of tlu' lab('l-fibril binding stochionuitric's 

which can be variable depending on solution conditions or type of i)rotein being 

investigated, ri'-syuuclein aggregation rates  determ ined using riiioflavin 1’ 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 ~ 8 0  hrs a t  i)H
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7 and  as short as 70 niinutcs a t  pH 4 [10]. Typically large concentrations of the 

protein are also required to proviile sullicient intensity for measurement . Also the 

presence of another molecule which in teracts with the fibril can alfect binding 

kinetics, therefore label-free detection techniques which do not affect the  kinetics are 

preferai)le [33].

T he kinetics and therm odynam ics of i)rot,ein aggregation can be determ ined using 

a QCM  [24], This m ethod tracks the change in bound mass on the surface of the  QCM 

with t ime by tracking the dynamic changes of t he oscillator (frecjuency shifts, dam ping 

of the  oscillation resi)onse). A problem with t his techni([ue is th a t  there is no nt sihi 

reference during the experiment and several o ther experiments with ilifferent conditions 

must be conducted to act as a reference.

Transitions of the  protein from one type of secondary s truc tu re  to another  (e.g. from 

random  coil to ,!i-])leat('d slu'(!t ('onformation) ('an indicate; librillation of tlu' prot('in. 

The secondary s truc tu re  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 tem pera ture).  This can l)e used to iu(hcate if a protein is aggregating 

or likely to aggregate under certain conditions, flowever. only environmental factors, 

such as tem pera ture , can be changed d m in g  the experinienl. In order to investigate 

o ther conditions, such as phi or salt concentration, individual experiments must be 

conducted.

Detection of growth of amyloid fibrils by measuring the tlelk'ction of a 

niicrocantilever array has been reported [34]. fiowever this m ethod only reported  the 

tracking of the  deflection of the cantilever with time and the  surface stress induc:ed by 

the growth. The report did not give any indication of the ra te  of binding of the^ 

protein. Therefore the techniciue is be tte r  used as an indication th a t  growth of the 

fibril is occurring. l)ut is not suitable for d('t(>rniining tlu; ra te  of growth or the 

kinetics of the  interaction in a ciuantitat ive maimer.

5.2 M aterials and M ethods  

5.2.1 Cantilever Functionalisation

Prior to metal coating the cantilever was coated with i)olyethylene glycol (P E G ), as 

described in Api^endix B.4, to prevent unspecific Ijinding of protein to the  bare silit:on 

during the exi)erinient. The cantilever array was functionalised using the custom 

fabricated capillary functionalisation setu}) (lescril)ed in Section 3.4. T he  test 

cantilevers were Hrst coated with a monolayer of dithiobis(succininhdyl undecanoate) 

(DSU) (NBS Biologicals) [35] by innnersion in a sohition of 0.5 niM 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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BSA  u-synucle in

OH
m onolayer.

Au

PEG , 
Silanc

Figure 5.2. Schem atic sliowiiig the huictioiialisatioii of tlie cantilever array. Tlie 
backside of the cantilever is coated with a Pi*>G sil;uie nionoiaycr to prevent non-six'cihc 
adsorption of ti-synuclein during tlie exi)erinient. The array  is coatetl with a T i/A u  
layer to  facilitate functionalisation using thiol chemistry. T he reference cantilever is 
coated with a self-assembled OH monolayer. T he test cantilever is coated w ith  a - 
synuclein bound to a DSU monolayer. All rem aining binding sites are bloeke<l with 
BSA. .

reference cantilevers were passivated against i)rotein binding using a hydroxyl 

term inated  monolayer. T he  layer was formed by innnersing the cantilevers in a 

solution of 0.5 luM 11-mercapto-l-undecanol in EtO H  for 30 minutes. The array  was 

then rinsed in dioxane 1,4 for 5 m inutes followed by E tO H  for 3 minutes. T he  test 

cantilevers were then further functionalised with wild type a-synuclein i)rotein 

(r-Peptide, Bogart, Georgia 30622, USA), which binds to the  DSU, by innnersion in 5 

Hg/nil a-synucleiii in sodium phosphate  butter (20 inM, pH 7) for 2 hovu’s. Fhis was 

followf'd by a rinsc' in tlu' same' butter for 5 minutes. Any n 'uiaining binding site's on 

the cantilever array were blocked using bovine serum all)umin (BSA) a t a 

concentration of 0.1 m g /m l in phosphate  butter (20 niM. pH 7.0). The BSA solution 

was sonicated and filtered through a 0.2 jim filter to remove any aggregates prior t-c; 

innnersion' 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 C antilever M easurem ents

f’he array w'as loaded into the  dynamic mode ttuidic chamber and t:lamped on top of 

the piezo actuator. Sodium phosjjliate buffer (20 niM. pH 6.0) was passed through the 

chamber a t a rate  of 3.3 id /m in  for four hours to allow the a-synuclein on the surface 

of the cantilevers to  e(|uilibrate to the  knver ])H and also to estal)lish a baseline from 

which the shift of resonance fre(}uency could be measurc'd.



5.2 M aterials and Methods 87

(t--syimcleiii lyoi)hihsed in Tris was resuspended in 18 M12 nanopurt; water to a iinal 

concentration of 1 n ig /m l rt-synnclein in 10 niM Tris, pH 7.4. The a-synnclein was 

rebuffered in 20 niM sodium phosphate  buffer. pH G, using a protein desalting spin 

cohunn (Pierce Protein  Research Products ,  Fisher Scientific Ireland, Dublin, Ireland). 

The solution w'as then  diluted down to a hnal concentration of 10 lig/nil in the  same 

buffer.

T he  a-synuclein monomers were passed through the ffuichc chamber a t a ra te  of 3.3 

n l/m in . In to ta l 1.8 ml of the  monomer solution was passed over the  array. Following 

the injection of the monomer solution phosphate  buffer was passc'd through the cham ber 

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

5.2.3 Thiofiavin T M casiiroincnts

The aggregation of the protein «-synuclein in solution was also m easured using 

fluorescence m easurem ents as a fm ther  control to be compared with the  cantilever 

array  measureuK'nt. The fluorescent marker Thiofiavin T  was used to indicate 

aggregation of the  a-synnclein in solution.

P r e p a r a t i o n  o f  cv-synuclein  The o-synuclein lyophilised in Tris was resuspended 

in 18 MJ2 nano])un; water to a Iinal concentration of 1 n ig/m l o-synuclein in 10 niM 

I'ris, pH 7.4. I 'h e  protein was rcsuspcnded in 10 niM scnlium phosphate' bulfcr, pH 

7.4 using a  dialysis m em brane (Slide-A-Lyzer Dialysis C assette  3,500 M W CO, Pierce 

P ro te in  Research Products , Fisher Scientific Ireland. Dul)lin. Ireland). The 1 ml of 

protein in Tris solution was injected into the  m em brane and j^laced in 800 ml of the  

sodium phosphate  buffer for 30 hours and stored at 4 °C. T he  sodium phosphate  bufler 

was replaced three times during the procedure.

F l u o r e s c e n c e  M e a s u r e m e n t s  A 96-well m icrotiler p late  (Sterilin Ltd., Newport, 

N P l l  3EF, England) was prei)ared with wells containing 30 jd of 10 niM sodium  

phosphate  buffer (pH 7.4), 10 jil of 500 niM NaCl in 10 niM buifer, 50 pi of a-synnclein 

Im g /n il  in 10 niM buifer. and fO jil of 100 jiM Thiofiavin-T in 10 niM buifer for a final 

volume of 100 jil in each well. Reference wells for Thi(.)fiavin T  and blank m easurem ents 

were also i)repared. T he  reference well for Thiofiavin T  contaim 'd 80 jil of 10 niM buffer, 

10 jd of 500 niM NaCl in fO niM buffer, and  10 pi of 100 pM ThioHavin-T in 10 niM 

buffer. The blank reference wells contained 90 jd of fO niM buffer, and 10 jd of 500 

niM NaCl in 10 niM l)uff’er. Two wells of each of the  al)ove were prt'pared at th ree  time 

intervals 8 hrs apart to facilitate meastu-enienis of the aggregation at equally si)aced 

time intervals.

T he  plates were incubated at 37 °C while shaking continuously a t  150 RPM , w'ith 

a d iam eter of 20 mm. The plates were removed from the incubator for intensity
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nieasureuieuls every 2.5 hours. The i)lates were covered at all times to avoid photo 

bleaching of the  Thioflavin T. The lluorescenie measm’ements were carried out in a 

FL U O star  Oj)tima niicroijlate multi-detection reader (BMG Labtech, Aylesbury, 

HP20 2Q,i, UK) with excitation at 450 nm and emission intensity recorded at 520 

nm.

5.2.4 D ata  H andling

The 14' ‘̂‘ flexural resonance mode of the cantilever (~G40 kHz) was tracked during  the 

experiment. The frequency range of each scan was 200 kHz, with 20t)0 steps in the 

range giving a  frecjuency resolut ion of 100 Hz. Each freciuency in the range w'as excited 

for 1 ms and the response from the PSD was sampled at a rate  of 10*' sami)les per 

second. The RMS vahu' of the; dirten'iitial signal from th(' PSD was then calculated 

for each of the  frequencies in the spectrum. The resonance mode was m easured every 

30 seconds for each cantilever in the array. T he  bound mass on the surface of the 

cantilevers was then ex tracted  from the freciuency s])c'ctra by i)ost-procc'ssing of the 

d a ta  using NOSEtools software [3G 38]. Sami)lc\s of th(' spc'ctra are given in A ppendix 

A.4, Fig. A.G.

For the llucHt'scence measm'enients there' werc> twcj wi'lls measured at each time 

point for the tc\st, reference and blank solutions. The m ean of each type was taken and 

the test and reference m easurem ents were then scalcxl by the blank m easurement. The 

response from the reference wells could then be subtractc'd from the test wells to give 

the true  response.

5.3 R esu lts

5.3.1 C antilever M easurem ents

T he frequency spectra  resulting from the cantilever measurem ents were ])ost processed 

using NOSEtools software to determ ine the shift of t he llexin'al resonance peak and 

hence the change in mass on the  surface of the  cantilcwer (Fig. 5.3). The reference 

cantilever dem onstra ted  a small decrease in frecjuency during the experiment (da ta  

shown in A ppendix A.4, Fig. A .7). The resj)onse from the reference cantilever was 

sub trac ted  from th a t  of the  test cantilever to account for any non-specilic adsorption 

of protein to the  either side (P E G  back side or OH-terminatcKl top side) of the  cantilever 

and to account for any drifts in the  response. The only site’s available for the cv-synuclein 

monomers in solution to bind to the surface of the  c:antilever was by aggregating and 

s ta r ting  its polymerisation with the protein already a ttached  to the DSU monolayer 

on the surface. Apj)roximately 6 ng of protein was aggregated on the surface of the 

cantilever over a 9 hour period. Following the injection of m onomers butter was passed
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Figure 5.3. Graph of l)ound mass on the surface of the cantilever vs. time. The  
fi'equency spectra recorded during the experim ent were post processed using N O SE tools 
software to obtain the restilting plot of bound mass vs. time. The blue scatter plot 
shows the raw data (w ith the reference cantilever subtracted) and the red line shows 
the mediiui box filter of the raw data (l>ox size 23), T iie left axis shows the l)ound mass 
on the surface of the cantilever <md the right axis shows the corresponding differential 
freciuency shift. The grey area indicates the period that 10 jig/m l a-synucleiu in 20 
niM sodivun phosphate bulfer was llowing through the lluidic chamber at a rate of 3.3 
lil/iiiin .

th rough the chamber and a small amouiit of a-synuclein (~1  ng) was removed from 

t he surface of the test cantilever.

The small amount of non-speciKc binding of the  ('k-syuueleiii to the reference 

cantilever higliliglits the im portance of the  m  sii'n reference when conducting 

exi)eriments of this kind. The sub trae tion  of tlie response of the  reference eantilever 

from lliat of tlie test cant ilever allows any non-si)ecific biutliiig of t lie i;rot-eiu to Ije 

sub trac ted  from the m easurem ent so th a t  only the response from tlie i)rotein-protoin 

interactions are examined.

5.3.2 F luorescence M easurem ents

The intensity of the  emission from 10 pM Thioflavin T  wit h 0.5 m g/m l a-synuclein 

a t 520 nm was recorded for 23 hours. The intensiti(>s recorded for the  Huortjscence 

measurem ents were scaled by the intensity from the blank wells in order to account 

for changes in the  input power of the  laser in the microi)late reader. The intensity 

from the reference wells was then sub trac ted  from tlie test wells to  show the change 

in intensity due to the aggregation of the  tt-synuclein. The experiment was carried 

out in duplic'ate and the d a ta  from each time i)oint was averaged (Fig. 5.4). T he  error 

bfus correspond to the result of the propagation of the s tandard  error of tlie m ean of
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the  intensities throngh the  analysis ou thned  al)Ove. Al'tc'!' an initial lag phase of seven 

iiours there is a s teady increase of the  average intensity recorded. This indicates that, 

there is aggregation of the  (i-synnclein during this time.

0.5
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20 240 4 8 16
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Fig\ire r>.4. Scaknl Intensity vs. r im e for I'hiotiiwin T intensity n>e;isureineiits. The 
iiiteiisity of the emission from 10 [iM Thiofiavin T with 0.r> m g/m l fv-synuclein a t 520 
urn was recorded for 23 hours. The intensity was scaled by the blank measurement 
and tiie Thiofiavin T  reference was subtrac ted  from the test intensity measiu'ement. 
The d a ta  shown is the average of the intensity from the two wells and the error bars 
correspond to the propagation of the s tandard  error of the mean through the analysis.

5.4 D iscussion

These experiments show that it is possible to detect the aggregation of the  protein 

Q'-synnclein in a label-free m anner using functionalised microcantilevers opera ting  in 

dynamic mode in a physiological liquid environment. T he  concentration of protein 

required to detect the  aggregation using the  label free m ethod is a factor 50 smaller 

than  th a t  used for the  fluorescent m ethod  presented here. The to ta l mass of protein 

required was also smaller despite the  continuous H(jw m ethod  used for the  cantilever 

m easurements, with 50 pg of protein being required i)er test well, while only 18 pg of 

protein ŵ as passed through the cantilever fluidic chamber. In addition, no lag phase 

was observed during the cantilever m easurements, whereas there was a seven hour lag 

phase oljserved in the  fluorescence measurements.

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

rei)roducible, however the  to ta l mass of protein aggregated was heavily dependent on
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the  coiifoniiatioii and density of the initial seeded monomers on the surface of the 

cantilever (da ta  not shown).

It should he noted th a t  api)roximately C ng of the  ])rotein th a t  was passed through 

the fluidic (chamber was polymerised on the surface indicating th a t  the  continuous How 

m ethod  is very w'asteful. Employing a m ethod where a smaller am ount of ci-synuclein 

is used and the How is s topped when the protein is in the  Huidit: c:liamber (which has 

a volume of ~C jil) a more efficient detection of the  aggregation could l)e possible. 

However, if the  aim is to  determ ine the  binding kinetics of the  aggregation then such a 

s top How situation could lead to incorrect conclusions as the  ra te  th a t  is obtained can 

heavily depend on the diH'usion rate  of the protein tcnvards the stu'face of the cantilever 

within the Huidic chamber.

T he  sensitivity of a microcaut ilever for mass sensing allows detection of a  very small 

mass of protc'in from the litjuid flow('d through tlu' chaml)cr (the- currc'iit sc'nsitivity of 

the  device lies in the sub-nanograrn regime in licjuids). This  can l)e advantageous when 

working with particularly  expensive molecules or when the aim of the experiment is 

to detect molecules which are in very low concentrations in a na tura l, physiological 

environment. The met hod and results presented here show a ([uantitat ive measurement 

of aggregation of the protein a-synuclein on the s>ufac(' of a microcantilever with 

au in situ  reference in a physiological environment. This represents an improvement 

over o ther measurements of protein aggregation using microcantilev(’rs reported in the 

literature  [34]. As discussed in the in troduction the s ta t ic  m ethod is not suitable for 

determ ining t he kinet ics of t he aggregation process.
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Chapter 6 

O ligonucleotides and M ass Labels

T he sviccessful detection of small biomolecules in a liqviid environment is especially 

challenging in the dynamic mode, however this is often the main aim of the  development 

of t he use of cant ilever arrays as a diagnost ic t ool. 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 s ta tic  mode and the  subsecjuent detection of the  binding 

of streptavidin-functionalised i)olystyrene Ijeads to the hybridised biotinylated oligos 

is also described. This resulted in an average mass uptake of 1.1 ±0 .2  ng on the 

c:antilevers. The differences in the  m agnitude  of the mass uptake in relation to the size 

of the  mass label used is discussed. It is suggested that boundary  s tream ing on the 

surface of the  v ibrating cantilevers and the d iam eter of the  particles may play a role 

in the cHectiveness of the mass lalx'ls used.

6.1 In trod u ction

There is a s trong history of performance of s ta tic-m ode applications of cantilever arrays 

in t he field of genomics since t he det ect ion of a single base pair mismat ch in t he 

hybridisation of two 12-nier oligos [1]. Since then there  have been several more reports 

of the  use of the sta tic  mode for the detection of genomic material [2, 3]. There have 

been somewhat fewer reports of the detection of deoxyribonucleic acid (DNA) using 

the dynam ic mode w ithout the  use of an additional label to increase the mass of the 

target [4]. The m ajority  of the reports  of resonating detection of DNA also rej^ort the 

use of an additional mass label to enhance the signal obtained (whether l)y QCM or 

cantilever) [5 7].

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

microcantilever arrays provid(!s a good platform for the testing cjf the  effectiveness

97
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of m ass labels  in th e  new d u a l-n io d e  device w ith  a l)iological in te rac t ion  th a t  is well 

u n d e rs to o d  a n d  for which th e re  a re  a lread y  good  procc'dures for th e  ]) reparation  of th e  

can ti lever a r ray  for use d u r in g  experim en ts .

6.1.1 M ass Labels

Micro- an d  nano-scale  can ti levers  a re  cap ab le  of d e tec t in g  very small a m o u n ts  of m ass  

w hen o p e ra te d  in th e  d y n am ic  m ode, w ith  d e tec t io n  l im its  in the  a t to g ra m  range  

re i)orted  using  cantilevers [8] an d  a  low as 1.7 yg recen tly  report( 'd  [9] using a 

n an o m ech an ica l  sensor. However, as  d iscussed previously  in Section 1.3 when w'orking 

in a  physiological licjuid en v iro n m en t th e  sens it iv ity  of th e  canti lever to  sm all changes 

in m ass is s ign iiican tly  low'ei' th a n  wiu-n woi'king in vacuum  or in air.

M any  biological molecules th a t  are  of interest for sensing  api)lications. such  as 

p ro te in s  or sm all s t r a n d s  of D N A , have such  a  sm all m ass  that, they  would not be 

d e tec tab le  using cantilever a r ray s  o p e ra te d  in th e  d y n am ic  m ode in a  licjuid 

en v ironm en t.  It is possil)le to  use an  ad d i t io n a l  m ass as a label to  enhance  th e  signal 

o b ta in ed  from th e  l)inding of th e  m olecule to  th e  cantilever.

N Ps,  an d  A n N P s  in p a r t icu la r ,  are  a  convenien t choice for use as a m ass label d u e  to  

th e ir  high densi ty  (19.3 g /cn i^ ) ,  re la tive ly  s im ple  synthesis ,  and  easy func tiona lisa t ion  

using thiol chem istry . T h ey  have been  re p o r ted  as a  m ass  label for th e  d e tec t io n  of 

variovis l)iological molecules includ ing  genom ic m ate r ia l  of Escfier ichm  coli [5], D NA  

[6, 7], p rion  p ro te in s  [10], th ro m b in  [11], a n d  p ro s ta te  speciHc an tigen  [12]. Using a 

Q C M  sensor a n d  A u N P  m ass  labels  w ith  oligo a p ta n ie rs  it is possible to  d e tec t  Hg'^* 

ions from w a te r  sam ples  [13, 14].

6.1.2 Au Nanoparticle Synthesis

T h e  m ost co n n n o n  syn thes is  of A u N P s  is by th e  red u c tio n  of ch loroauric  acid (H A tiC ^ )  

in w'ater [15, 16]. A connnon ly  used reduc ing  ag en t  is t r iso d iu m  c i t ra te  (N a 3 C(jHr,C)7 ) 

which can  be  used to  contro l  th e  size of th e  N P s  l>y chang ing  th e  ra tio  of reduc ing  agen t 

ad d e d  to  th e  so lu tion  co n ta in in g  th e  ch loroauric  acid [17]. T h e  t r iso d iu m  c i t r a te  ac ts  

as b o th  th e  reducing  agen t  a n d  th e  cai)i)ing agent to  prevent- coagu la t ion  of th e  n eu tra l  

A u N P s  once th ey  a re  form ed from th e  Au^* ions. T h ese  A u N P s  can  be functionalised  

la te r  by rep lacing  th e  cap p in g  m olecules w ith  th e  func tiona l molecules of choice.

It  is also possib le  to  syn thes ise  an d  functionalise  A u N P s  in one s te p  using 

u l t ra sh o r t  i)ulsed laser ab la t io n  of an  A u ta rg e t  in a  licjuid [18, 19] which also 

co n ta in s  th e  func tiona l m olecules [20]. In th is  case th e  functional m olecules are 

th io la ted  oligos which are  th en  b o u n d  to  th e  surface  of th e  A u N P s  via th e  thiol 

bond. T h e  oligos ac t  as th e  cai)i)ing agent an d  i)revent coagu la tion  of th e  N Ps.
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6.2 M aterials and M ethods

All of the oligos used during the exi)erinients i^rcsented were obtained from M icrosynth 

(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 (CH2 )(j linker between the 5’ end 
of the oligo and the functional modification.

ID Sequence #  1)P 5’ Mod MW

g/m ol

Unsi)ecl2 5’-ACA CAC ACA CAC 3’ 12 Thiol 3552.2

BioB2 5’ TOG TG T TTG AAG 3’ 12 Thiol 3887.7

BioB2c 5’ C TT CAA ACA GCA 3’ 12 Thiol 3794.4

BioB3 5’ CCG GAA GAT TGC 3’ 12 Thiol 3886.4

BioB3c 5’ GCA ATC TTC  CGG 3’ 12 Thiol 3817.5

BioB4 5' GCA AGC CGA GCG 3’ 12 Thiol 3916.2

BioB4c 5’ CGC TCG GCT TCC 3’ 12 Thiol 3769.5

#930352 5’ TCG CTA CAG TG T GAT 3’ 15 Thiol 4737.0

#930353 5’ ATC ACA CTG TAG CGA 3’ 15 Thiol 4614.8

#930356 5’ AAA AAA TCA CAC T G T  AGC GA 3'’ 20 Thiol 6280.3

#1234760 5’ TCG CTA CAG T G T  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 jiM, oligo (#930352) solution in nanopure water was })rei)ared using the 

protocol presented in Appendix B.5. The solution was sent to Particular GmbH for 

use in functionalising Au NPs jirepared using the laser ablation teclmicjue. The initial 

request was for batches of Au NPs with diam eters of 20 25 nni and 50 nni, however 
when SEM analysis was i)erformed by Particular GmbH on the batch of functionalised 

NPs the average diam eter was observed to be 12.32 nni and 42 ±20 nm nm respectively. 
The stock concentration of the 12.32 nm oligo-functionalised NPs was 13.78 nM and 

the in situ  functionalisation resulted in au average of 29 oligos {)er NP. The stock 

concentration of the 42 nm oligo NPs was 222 fM (based on a diam eter of 42 nm). 

The 12.32 nm oligo NPs were stored in nanopure water following synthesis and were 

transferred to a 10 iiiM sodiiun phosphate. 150 niM NaCl I)uffer using the protocol



100 G.2 Materials and M ethods

presented in Appendix  B.G. Despite m any atteni])ts it was not possible to resuspend 

the larger 42 nni oligo NPs in bulfer solution. The larger particles appeared to l>econie 

unstable and flocculate with even a small raise (2 niM sodium phosphate) in the salt 

concentration of the storage solution.

A cantilever array was prepared as described in C hap te r  3 and functionalised with 

10 jiM thiolated oligo (prepared as described in A ppendix B.5) in 50 niM 

trie thylam nionium  aceta te  (TEAA ) (see Table. G.2) for 20 minutes. The test

cantilevers, in the  array were func:tionalised with the comi)lenient of the oligo on the 

NP. A longer complementary oligo with an additional hve A bases at the 5 ’ end was 

also used to check if t he additional spacer ])rovided an increase in binding of the  NPs 

from solution. An imspecific oligo U nspecl2  was used as a reference which would not 

liyl)ridise with the oligo on the NPs. After functionalisation the array was rinsed in 

50 niM T E A A  for 5 rninutc's followc'd by rinsing in bull('r for 5 minut('s prior to 

loading into the fluid ihaml)er.

Table G.2. Fuuctlonalisation of cantilever array  for last'r-ablateci nanoparticles 
experim ent.

Cantilever F'unctionalisation

1 None

2, 4, 6 U nspecl2

3, 5, 7 #930353

5, 8 #930356

Following loading of the array into the fluitl chambc'r buffer was i;aused to  flow 

through the chamber a t a ra te  of 5 p l /n n n  using a syringe pum p, this How rate  was 

maintained for the  duration  of the  experiment. The system was allowed to eciuilibrate 

for 45 minutes prior to acquisition of a  baseline for 125 minutes. A 100 jil injection 

loop was used to inject 464 pM oligo N Ps in bulfi'r into the chamber at the  125 m inute 

m ark and again a t the  205 m inute m ark  (as a test of sat m at  ion of the cantilevers). A 

final l)aseline was acquired following the  second injection.

Three resonance modes were recorded once per m inute from each cant ilever during 

the exi)erinient between 560 kHz and 940 kHz, corresponding to the  14 16' *̂ Hexmal 

resonance modes, with 2,500 points per frcKiuency sweep (freciuency resolution 152 Hz). 

Sami)les of the  resonance modes are shown in Appendix A.5, P"ig. A.8. The d a ta  was 

processed using NOSEtools [21].

6.2.2 C itrate-R eduction  A u Nanoparticles

Due to the large variation in size of the  larger laser-af)lat('d An NPs and their lack of 

stability in buffer solutions. 50 mn diam eter Au NPs (BBI Life Sciences) with a  size
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variation of <8%  were functionahsed witli tliiolated ohgos using the protocol presented 

in Appendix  B.7. The ohgo-functionalised N Ps were stored in 10 niM sodium phospliate 

pH 7.4 buffer which resulted in a b e tte r  yield of NPs from the buifer transfer protocol 

than  when higher salt concentrations were used. Dropping the NaCl concentration 

in the  buffer lowered the  melting tem pera tu re  of a typical 15 mer oligo from 44 °C 

to around 30 °C depending on the exact sequence. This melting tem pera tu re  is still 

sufficiently high th a t  the  bond between the 15 mer oligo and its complement will 

be s table a t room tem peratu re . T he  BioB2 oligo was used during the  optim isation 

of the  protocol, w'ith DLS used to confirm an increasi' in size of the  N P following 

functionalisation. The longer oligo 7^930356 was used for functionalisation of the  50 

nm NPs for the dynamic mode experiments.

A cantilever array was prepared as described in C hap te r  3 and functionahsed with 

10 pM tliiolated oligo (prepared as described in Appendix  B.5) in 50 niM T E A A  (see 

Table. 6.3) for 20 minutes. The test cantilev'ers were functionahsed with the 

(omi)lement of the long oligo and the reference cantilevers were functionahsed with 

an unspecific oligo w'hich would not hybridi.se with the oligo on the NPs. After 

functionalisation the array was rinsed in 50 niM T E A A  for 5 minutes followed by 

rinsing in buffer for 5 minutes prior to  loading into the Huid chamber.

Talkie G.3. Fuiictioualisatioii o f ('aiitilever array for #y30356-l:'uii€tionalise(l
iianopartickis exporiiiiont.

Cantilever P'unctionalisation

f, 8 None

2, 5, 7 Uns})ecl2

3, 4, 6 #930352

Following loading of the  array into the  Huid chamber buffer (10 niM sodium  

phosphate, pH 7.4) was caused to flow through the  cham ber at a ra te  of 2G jil /m in  

using the pressure flow system, this flow ra te  was m aintained during equilibration of 

tlu' syst('m. and w'as tlu' flow rate' usc'd for tlu' injc'ction of the; sampk' into the Huid 

chamber during the experiment. The system was allowed to  ecjuilil)rate for 45 

minutes prior to acquisition of a baseline for 45 minutes during which there was no 

How of fluid through the chamber. T he  oligo NPs were injected into the cham ber a t  a 

concentration of 4.5 xlO 'Yml using a 100 jil injection looj) for 150 seconds and  then 

the How was stopped. The 150 second injection was tim ed to ensm't; th a t  there  w'as 

sufficient mixing within the Huid chamber and tha t  the concentration of NPs withing 

the chamber was stal)le. After 42.5 minutes the cham ber w'as rin.sed with buffer prior 

to obtain ing a Huai baseline with no How through the chamber.

Two resonance modes were recorded once per m inute from each cantilever during
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the exi)erinient between 275 kHz and 425 kHz, corresponding to the 10' '̂ and 11*̂ ' 

flexural resonance modes, with 1.000 points per freqiuincy sweep (iretiuc'ncy r(!sohition 

150 Hz). Sanij)les of the  resonance modes are shown in Appendix A.5, Fig. A.9. The 

d a ta  was processed using NOSEtools [21].

6.2.3 Streptavid in-C oated  P olystyrene B eads

In order to determ ine th a t  the oligos on the NPs were hybridising with their 

complements on the  cantilevers a two-step test using biotinylatecl oligos and 

strei^tavidin-coated polystyrene spheres (Si)herotech) was performed. The initial step 

was a s ta t ic  mode exj)erinient where the liiotinylated oligos were injected into the 

chanilx'r and the; dc'flec'tion of tin- cantili;v('r caused by the hybridisation is detc'cted. 

Following the hybridisation the streptavidin-coated beads were injected which could 

then l)ind with the biotin on the hybridised strands. This test has the advantage of 

confirming th a t  the  oligo SAMs were functional and not dam aged and also provides a 

simple proof of concei)t test for the experiments ])resented in C hap ter  7, using similar 

sized l)eads with the well understood and simpler biological interaction between 

biotin and streptavidin.

For these exi)eriments D\ili)ecco’s phosphate-buffered saline (Df’BS) was used as a 

buffer as it was determined tha t  it provides a b e tte r  s ta tic  response of the cantilevers 

to  hybridisation of oligos than  regular phosphate-buffered saline (PBS) [22]. The 

fornnilation of DPBS is given in Api)endix A.6.

T est o f  sta tic  resp on se to  b io tin y la ted  o ligo  hybrid isation .

An initial s ta tic  only experiment was performed to test the stat ic resi^onse of the 1 jun 

thick cantilevers to the hybridisation of the  two com plem entary  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 prei)ared as described 

in C hap ter  3 and functionalised with 10 jiM thiolated oligo (prepared as described in 

Appendix B.5) in 50 niM TEA A  (see Table. 6.4) for 25 minutes. After functionalisation 

the array was rinsed in 50 niM TEA A  for 5 minutes followed by rinsing in DPBS for 

5 minutes prior to loading into the fluid chamljer.

Table 6.4. Functionalisation of cantilever array for static biotinylated oligos exj)erinient.

Cantilever Functionalis;ation

1, 2,  5 , 6 #930352

3, 4 , 7 L'nsi)ecl2

8 Broken
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Following loading t he; array into t lu; fluid t-hanilxir DPBS was caused to flow through 

the fluid ehaniber at 42 iil/m in using the pressure flow system while the system was 

equilibrating. The flow was stopped and a short baselint* was recorded from cantilevers 

2-7 (a signal could not be obtained from cantilev(>r f). Tii(> 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 equilil)rium and then the chamber 

was rinsed for 5 minutes. The flow was stopped and the system was allowed to re­

equilibrate and a baseline was recorded before injecting 100 uM oligo #1234761 for 90 

seconds at a How rate of 42 iil/m in. After 45 minutes the chamber was rinsed with 
DPBS at 82 iil/m in for 5 minutes before a final baseline was recorded with no flow 

through the chamber.

T w o-step  exp erim en t w ith  b io tin y la ted  o ligos and strep tav id in  beads.

The streptavidin beads obtained from Spherotech had a mean diam eter of 1.87 ±0.046 
pm and were stored in 0.016 M PBS, i>H 7.4 with 0.02% sodium azide at a concentrat ion 
of 2,78 xlO*  ̂ beads p l^ '. They have a stated binding cai)acity of biotin of 0.56 nmol 

biotiu-FITC to 1 mg of beads. The beads were rinsed three times by centrifuging at 

3,000 y and removing the licjuid and replacing with an e(}ual volume of DPBS and 
resuspending. The beads were then diluted by to 0.182% of stock concentration (5,055 

beads in DPBS for injection during the experiment.

A cantilever array was prepared as described in C hapter 3 and functionalised with 

lO jiM thiolated oligo (prepared as described in Api)endix B.5) in 50 mM TEAA (see 
Table. 6.5) for 25 minutes. After functionalisation the array was rinsed in 50 niM 

TEAA for 5 minutes followed by rinsing in DPBS for 5 minutes i>rior to loading into 

the fluid chamber.

•Table 6.5. Fuiictioiialisatioii of cantilever array for two-ste]) l)iotinylate<l oligos with
streptavidin l)eads experiment.

Cantilever Functionalisation

1, 5,7 #930353

3, 8 #930356

2, 4 ,6 Uuspecl2

Following loading the array into the ffuid chamber DPBS was caused to flow through 

the fluid t:haniber at 42 iil/m in using the pressru’e flow system while the system was 

(Hiuilibrating. The flow was stopped and a short baselinf' was recorded. The deflt'ction 

of the cantilevers w'as measured once every 6 seconds. Once a staijle baseline was 

achieved a heat pulse was applied to the chamber by ai)plying 2 V to the resistors
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below the chamber for 1 minute. T he  system was allowed to re tu rn  to equilibrium and 

then the chamber was rinsed for 3 minutes. The flow was s topped  and the system was 

allowed to settle  and a baseline w'as recorded before injecting 20 uM oligo #1234760 

in DPBS for 90 seconds a t a How rate  of 42 jil/min. After 30 minutes the  cham ber was 

rinsed with DPBS for 10 minutes at a How ra te  of 80 jil/min.

Once the system was settled the s ta tic  and dynamic response of the  cantilevers 

w'ere recorded once per minute. A baseline was recorded for 30 minutes and then 1.87 

imi d iam eter strei)tavidin-coated polystyrene beads were inject ed at a concent ration of 

5,055 beads micro 1^' for 90 seconds at a How rate  of 42 iil/niin. T he  beads were left 

in the chamber with no How for 45 minutes before a 20 m inute  rinse with DPBS at 80 

lil/min. A final baseline was recordeil after the  rinse.

A single resonance mode was rec:orded between 210 and 250 kHz (mode 9), w'ith 

1,000 data-i)oints i)er frequency sweej) (40 Hz frecjuency resolution). Samj)les of the 

resonance modes are shown in A ppendix A.5, Fig. A. 10. The da ta  was processed using 

NOSEtools [21].

6.3 R esults

6.3.1 Laser-Ablated Au Naiioparticles

The baseline corrected bound mass d a ta  from four of the  cantilevers in the  array 

is shown in Fig. 6.1. A large i)criodic noise is visible in the  four sets of d a ta  and is 

particularly  noticeable in the d a ta  corresponding to the cant ilever which has the  largest, 

mass increase following injection of t he 464 pM NP suspension. The periodic noise was 

found to  be due to  the  continuous flow of the  liquid through the chamber bemg driven 

by the syringe pum p (see Section 2.4.4 for more details). The sca tter  due to the  syringe 

pum p How can be smootlual by applying a median box liltcr to the d a ta  (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 N Ps as expected. Thus, the 

reference SAM was formed correctly and protected  the cantilever from any non-speciHc 

interactions with the NPs.

The cantilever functionalised with the longer com plementary oligo #9030356 (light 

blue in F̂ ig. 6.1) did not show any signiflcaiit dift'erence in response to the  functionalised 

N P  injection than  the bare Au (unfunctionalised) reference cantilever (orange in Fig. 

6.1). This suggests th a t  the  oligo SAM was not formed correctly and th a t  the oligo was 

not in a position to hybridise with the com plem entary  oligo on the NP. It is possible 

th a t  the oligo on the surface of the cantilever did not form a full SAM and instead ŵ as 

in a lying down position instead of the preferred standing  position.

Tlu' ditter('ntial rc'sponsc' of tlu' cantik 'ver buictionalised with the  com plementary
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F igure  6.1. T he  blue p lo ts show the da ta  from  the  cantileve r fm ic tiona lised  w ith  
com plem entary o ligo #930353 (da rk) and o ligo  #930356 ( lig h t) , the  red p lo ts show 
the  da ta  from  the  reference cantilever functiona lised  w ith  the  unspecific ohgo. and the 
orange p lo ts show the cantilever w ith  no fu nc tiona lisa tion . T he  sca tte r p lo ts  show the 
raw  baseline corrected da ta  and the lines corresponds to the m edian f)ox filte red  da ta  
(box size 31). T he  grey area ind icates the period  th a t 461 pM  A u  N P s-fnnctiona lise tl 
w ith  oligo #930352 in  10 n iM  sodium  phosphate. 150 n iM  N aC l buffer wa.s flow ing  
th ro ug h  the c liam l)e r a t a rate o f 5 i i l /m in .

BulTer Au NPs15ng
• Complementary

Complementary Filtered
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F igure  6.2. The sca tte r p lo t shows the reference corrected da ta  and the  line corresponds 
to  the m edian box filte re d  da ta  (box size 31). The grey area ind icates the period th a t 
464 pM  oligo NPs in  10 n iM  sodium  phosphate, 150 m M  N aC l buffer was flow ing  
th ro ug h  the flu id ic  cham ber at a ra te  o f 5 i i l /m in .  The sca tte r in  the raw da ta  is 
due to  the pum p ing  o f the flu id  using the syringe pum p. There is a clear increase o f 
mass on the cantileve r o f ~12  ±3 .5  ng. The second in jec tion  o f functionaliscHl NPs was 
perform ed to  test i f  the cantilever sm'face was sa tura ted . No fu rth e r increase in  mass 
was oliserved d u rin g  the second in jection .
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oligo ^930353  is shown in Fig. 6.2. 'H u’iv is a siguilicani iiu n 'asc oi mass on tlu' suiiacc 

of the  cantilever of 12 ±3 .5  ng if the full range of tlie sca tter  cine to the pumping is 

talcen into acc:ount. This corresponds to a surface coverage of ~80%  of the cantilever 

with 12 nm diam eter NPs.

6.3.2 C itrate-R eduction  Au N anoparticles

The BioB2 oligo was used during the oi)tiniisation of the  Au NP functionalisation 

protocol. T he  concentration of oligo used for functionalisation was too low to 

measure the am ount of oligo remaining in the  superna tan t  following centrifugation of 

the  functionalised NPs. Thus, the exact num ber of oligos per NP could not be 

conhrmed, hu t it is assinned tha t  the  well-documentcMl protocol by Mirkin (see 

Appendix B.7) is robust and provides a surface coverage in the region of what is 

predicted (35 pmol/cni^). DLS used to conhrni an increase in size; of the NP following 

functionalisation (see Fig. 6.3) as a subs ti tu te  for measuring the remaining oligo 

concentration following functionalisation.

There  is a clear increase in the average diam eter of the NPs of 9 nm, which is 

consistent with the exi)ected 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 m axinnun of 7.2 mn predicted. Tims, an increase of diam eter 

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 N Ps with the  comi)lementary BioB2c 

s trand  on the  cantilever. Similarly only small hyl)ridisation of BioB3- and BioB4- 

functionalised NPs with their complements BioB3c and BioB4c were observed during 

m easurem ents where t he functionalised cant ilever array was innnersed in 70 pi of stock 

concentration ( ~  2 x lO '” m l“ ')  functionalised N Ps in 10 niM sodiinn phosphate  buffer 

for 30 minutes, followed by a 30 second rinse in D1 water. SEM was used to check 

for the presence of NPs on the surface of the cantilevers (da ta  shown in Fig. A. 11 

in A})pendix A .7). A large non-specific interaction between unfunctionalised Au NPs 

with luifuuctionalised Au coated cantilevers was observed.

By using the  longer oligo #930356 to  functionalise the  N Ps 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 th a t  the  functionalised 

N Ps were present in the  chamber. Each N P has a mass of 1.3 ±0.3  fg, indicating tha t



6.3 R esu lts 107

[5are
I 'u n c lio n a liscd15

10

5

0 m m H i

10 100 1000 10000

D iam eter  (nm )

Figiu’f  G.3. DLS w h s  used to  coufinii functioualisation of the N Ps with the 12 iiier 
oligo BioB2 w hidi was used during tlie optiiuisatiou of the fiuictionalisation protocol.
A clear increase of tlie d iam eter of the particles was observed w ith the average peak 
centre moving from 61.11 mn for the bare An to 70.4G nm for the fimctionalised NPs.

th e re  was an  average of (1.0 ± 0 .2 )  x 10** i\ 'Ps hyb rid ised  to  th e  surface  of each cant ilever. 

T h is  co rresponds  to  a surface  coverage of 20 ± 4  NPs/jnn '^ .

It was found t h a t  th e  oligo N P s  did  not s to re  well and  were bes t  used as soon  as 

po.ssil)le a f te r  func tioua lisa tion .  DLS n ieasu ren ien ts  of th e  A u N P s  functionalised  w ith  

th e  oligo # 9 3 0 3 5 6  following one week of s to rag e  a t  4 °C in 10 niM  so d iu m  p h o sp h a te  

buffer a t  pH 7.4 revealed th a t  th e re  was no observable  differcnu-e in th e  d ia m e te r  of 

th e  bare  N P s  an d  th e  functionalised  N P s  as shown in Fig. 6.5. I t  is clear t h a t  the  

oligos were no longer a t ta c h e d  to  th e  N P s  an d  there fo re  nu is t  be  free in th e  solution. 

If ex p e r im en ts  are  perfo rm ed  w ith  th e  functionalised  N Ps,  even a f te r  a  sm all per iod  

of t im e following th e  func tioua lisa tion ,  it is possible th a t  th e  free oligos in so lu tion  

would co m p e te  w ith  th e  reac t ion  t)etween th e  functionalised  N P s  an d  th e  cantilevers, 

resu lt ing  in lower or no observed  m ass u p ta k e  d u r in g  th e  ex p e r im en t.  As a  re su lt  it 

is adv ised  to  rinse th e  functionalised  N P s  before each  ex i)erim ent a n d  to  use th e m  as 

soon as possible a f te r  func tioua lisa t ion  for bes t  results .

Fhe finding t h a t  th e  oligos were d issoc ia t ing  from th e  A u N P s  in a  re la tively  sho rt  

t im e sp an  is in good  agreem ent w ith  B h a t t  cl, al. [24] w ho co n d u c ted  a  sy s tem at ic  

s tu d y  of th e  s tab i l i ty  of th e  thiol b o n d  in D N A -func tionalised  A u N P s  (17 Ijj) long 

DNA w ith  13 nm  d ia m e te r  Au N Ps).  T h ey  found th a t  while th e re  was no d eg rad a t io n  

of th e  D N A  th e re  was sp o n tan eo u s  d issoc ia tion  of th e  bo n d  u n d e r  all te s t  cond it ions  

and  th a t  D N A -func tionalised  N P s  shou ld  l)e freshly p rep a red  an d  used w ith in  a  d ay  or 

two. T h ey  conclude tha t  for stt>rage of oligo N P s  low te m p e ra tu re ,  low ionic s t re n g th .
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Figure 6.4. a ) T he baseline corrected average change in mass for the th ree test 
cantilevers (blue data) functionalised w ith the #930352 oligo and for one of the reference 
cantilevers (red d a ta) functionalised w ith the U nspecl2 oligo. b ) 'I’hc diffc'rc'utial 
response of the average of the test cantilevers. T here 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  tim e during which there was fimctionalisefl N Ps present 
in the cham ber. The hatched areas indicate the tim e diu'ing which the buffer in flowing 
through the cham ber i.e. during injection and rinsing.
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Figure 6.5. DLS was used to check the fuuctionalisation of the NPs witli the 20 iiier ohgo 
#9030356 foHowiug one week of storage at 4 °C. It is clear tha t there is no obsc'rvable 
dilicrencL' between the functionahsed and Ijare NPs indicating tha t the majority of the 
oligos are no longer on the surface of the NPs.

and slightly acidic pH is best.

6.3 .3  S trep tav id in -C oated  P o ly sty ren e  B ead s

T est o f s ta tic  resp on se to  b io tin y la ted  o ligo  hyb rid isation .

T he heat pulse applied to  the  rhainber resulted  in a large dow nw ard (away from th e  Au 

Layer) bending of the  cantilever as shown in Fig. A. 12.a in A ppendix  A .8. T here was a 

120 nni difference in the  to ta l deflection of the  six c:antilevers m easured. T he response 

from the  cantilevers was calibrated  by norm alising t he response of each c:antilever to  the 

m ean of the m axim um  deflection of the  six cantilevers during  the  heat puLse. As shown 

in Fig. A .12.b in A ppendix  A .8 the ca lib ra ted  signal displays less si)read in the  response 

of the  cantilevers to  the  heat pulse. T he calibration  factor for each cantilever was then 

used in all subsequent analysis of the  bending during  the  rest of th e  experim ent.

Fig. 6.6.a shows the baseline corn 'c ted  and ca lib ra ted  d a ta  from cantilevers 3 

6. T he d a ta  recorded from the  o ther two cantilevers w-as too noisy and as such was 

disregarded from the  rest of the  analysis. T here  was a large downw ard bending of the 

cant ilevers when the injection and rinsing stages of the experim ent (the hatched areas 

in th e  Fig. 6.6.a). T his bending is due to the  i)ositioning of the  cantilevers slightly 

below the  centre of the licjuid inlet and t he subsc'quent force api)lied to  the  top  surface 

of the  cantilever by the  flowing li(|uid en tering  the  cham ber. If left for a sufficient 

am ount of tim e w ith a s tt'ady  How ra te  the  cantilevers would come to a stable position
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F igure  6.6. a ) Baseline corrected and ca lib ra ted  data  fo r the tw o test cantilevers 
functiona lised  w ith  the com plem entary o ligo  (#930352) anti the reference cantilevers 
functiona lised  w ith  U nspecl2 . b )  T he  averaged response o f the test and reference 
cantilevers. The hatched areas corresi)ond to  tim es when the li iiu id  is flow ing th rough  
the chaniber fo r in je c tion  or rins ing , and the  grey area corresi>onds to  the period  when 
the ta rge t b io tin y la te d  oligo is present in  the chamber. The large downward bending 
observed is due to  the flow  o f the liq u id  th rough  the  chamber.



6.3 R esults 111

Oligo + Buffer HulTer[Juffer

R inse

r i m e  ( m i n )

Figure 6.7. When the average reference response is removed from the test response, 
there is an average (Hfferential deflection of 40 ±3 nni. The hatched areas correspond 
to times when the liciuid is flowing througli the clianiber for injection or rinsing, and 
the grey area corresjionds to tlie period when the target biotinylated oligo is present in 
the chamber.

w ithin the stream .

T he  average response from the  two tes t cantilevers i'uuctiourtlised w ith oligo 

#930532 and the  two reference cantilevers coated w ith oligo U iisi)ecl2 is shown in 

Fig. 6.6.1). T here is a clear difierence in the response of the cantilevers to  the 

injection of the  100 uM solution of the b io tiny lated  oligo #1234761. T he 

U nspecl2-functionalised  cantilevers show very little  response to  the  injection as 

expected. T he #350352-f\uictionalised cantilevers show an ujnvard bending (tow ards 

the An layer). T he upw ard bending of the  cantilevers indicates th a t a  tensile stress is 

form ed on the  surface of the  cantilevers. This was unexpected as generally a 

com pressive stress is formed upon hybrid isation  of oligos on the  cantilevers [1], b u t 

can be (;xplained by a change in configurational entropy in tlu; SAM as hybrid isation  

occurs, which depends on the  s ta te  of the  in tita l oligo m onolayer [25]. It is also 

possil)le th a t  the  tensile stress formed is as a result of the  b iotin  m odification 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. T he large liending signal observed during  the  injection and 

rinsing stages of the  experim ent is removed by the  sub trac tion  of the reference 

c:antilev'er. Onct; the rinsing was com plete the  average difi’erenc;e in deflection b(‘tween 

the  tes t and the reference cantilevers was stab le  and there  was no loss of hybridised 

oligos from the  surface of the  test cantilevers.
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T w o-step  exp er im en t w ith  b io tiiiy la ted  o ligos and strep tav id in  beads.

The caliljrated and t)aseline correctt'd data  Iroin lh(' static mode response to the 

injection of the 20 uM of oligo #1234760 again showed clear bands corresponding to 

t he 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 Hve of the 

cantilevers and the averaged resi)onsc for the test and reference cantilevers are shown 

in Appendix A.9 Fig. A. 13.

40nm
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Figure (i.8. T Ik' differcnitial response of tlie cantilc'vers functionalised with oligo 
#350353 to  the injection of 20 uM oligo #1234760. T here was an average ui)wards 
bending of the cantilevers w'heu com pared to the reference' cantilevers of 30 ±5  nm. 
I’he hatched area corresponds to the tim e when the lieiuid was flowing througli the 
chamt^er for the injection of the biotinylated oligos and the shaded area corresponds to 
the tim e when the biotinylated oligos were present in the chamber.

As shown in Fig. 6.8 the difl'erential response of the test cantilevers is 30 ±5 nm. 

This response is smaller than  the resj^onse previously observed, l)ut 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 th a t there were biotin molecuk's available for Ijinding the 

streptavidin on the polystyrene beads.

Upon injection of the streptavidin-functionalised beads there was an increase in the 

scatter of the measurtHl resonance freciuency of t he cant ilevc'rs, 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 diam eter of 1.87 jim passing t hrough the path of the
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Figure 6.9. a ) Baseline corrected d a ta  from the  dynam ic mode step  of the experim ent, 
b )  Averaged d a ta  (dots) and m edian box filtered d a ta  (lines, box size 15). The colours 
of the lines correspond to  the different fiuictionahsations of the cantilevers; l)lue for 
oligo #930353, green for oligo #930356, and red for the Unsi)ecl2 oligo. T he hatched 
areas indicate the times that liquid was llowing through the cham ber for the injection 
of the beads and the rinsing of the cham ber. T he grey shaded area indicates the time 
th a t the  l)eads were present in the chamber.



114 6.3 Results

2,0ng

1.5 

1.0
(T3S

0.5 

0.0 

-0.5
0 20 40 60 80 lOOmin

Time

Figure 6.10. The average ditfereutial response of the test cantilevers during the 
dynam ic m ode step  of the exj)erim ent. Botli tyj)es of test cantilever sliowed an 
average increase of mass of 1.1 ±0 .2  ng. T he colours of the line's corresjjond to  the 
different func:tionalisations of the cantilevers: blue for oligo #930353 and green for 
oligo #9303r)G. 'I’lic hatched arc'fis indicatc' thi' tinu's that lic|uid was flowing through 
tlie cham ber for the injection of the beads and tiie rinsing of the chamber. T he grey 
shaded area indicates the tim e tlia t the beads were ])resent in the chamber.
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laser as the  resonance frf'cjuencies of the  cantilevers wei(' Ix'ing nieasurc’d. The scatter  

in the  resonance fre(}uencies reduced to a similar level to the  baseline following the 

rinsing of the  chamber.

After the  injection of the  s trep tav id in  beads tlu'n; is a ck'ar dificrc'ncc in tlie 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 Unspecr2-functionalised 

reference cantilevers (red).

T he  differential response of the  cantilevers is shown in Fig. 6.10. Initially tlie 

cantilevers coated with oligo #930353 appear  to gain more mass while the 

strep tav id in  beads are present in the  chamber. However, once the rinsing of chamber 

was complete there was little diflerence in final mass bomid to the  surface of the two 

types of functionalised cantilevers with each showing 1.1 ±0.2  ng.

r iie  final observed mass tiptake due to the  biniling of the  streptavidin  beads to the 

hybridised biotinylated oligos was small. Tiiis was unexi)ected as tliere was a clear 

signal from the static  mode indicating the hybridisation of the  biotinylated oligos on 

the test cantilevers. T he  small frequency shift in response to the  binding of the beads 

to the cantilever when compared to  similar experiments using the An NPs could be 

dtie to the  size of the  secondary mass labels used.
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6.4 D iscussion

I t  would b e  expec ted  t h a t  th e  larger m ass  labels, th e  1.87 n m  d ia m e te r  i)olystyrene 

beads, d esp ite  be ing  less dense  {ppuiy =1.0G g /cm ^ )  would give a  larger m ass u i)take 

on th e  surface  of th e  can tilever t h a n  th e  50 n m  d ia m e te r  A u  N P s  (/y4„=19.3 g /cm ^) 

for a s im ilar  surface coverage. A rough  calculat ion based  on  th e  m u n b e r  of spherical 

par tic les  of th e  sam e size as th e  labels  t h a t  could  tit on one side of th e  can tilever in 

a  hexagonal  close-packed (H C P ) fo rm a tio n  gives ~G0 ng for th e  p o lys ty rene  beads, 

~ 2 9  ng for th e  50 m n  A u N Ps, an d  ~  7.5 ng  for th e  12.32 nm  A u N Ps. T h u s  for th e  

sam e a rea  coverage on th e  surface of the  can ti lever it  would be  ex p ec ted  t h a t  th e  m ass  

ui)take from  th e  b ead s  would be  ap p ro x im a te ly  twic-e t h a t  of th e  50 n m  N Ps, an d  eight 

tim es t h a t  of th e  sm aller  N Ps. How'ever, th is  is c learly  n o t  w h a t  is observed  in th e  

ex p e r im en ts  i)resented, w ith  th e  m ass  gain  observc'd following th e  o p p o s i te  t ren d  when 

th e  difference in single or doub le  sided func tiona lisa t ion  is tak en  into account.

T h e  m ass  ca lcu la ted  by N O S E to o ls  is btised on th e  a s su m p t io n  t h a t  th e  m ass u p tak e  

on th e  can tilever is evenly d is t r ib u te d  over th e  en tire  su rface  (see Section  1.3.2 for m ore  

deta ils).  For an  ind iv idua l p o in t  m ass  or a  sm all im niber of p o in t  m asses th e  d e tec t io n  

of a  m ass  incretise on th e  surface  of th e  can ti lever is d e p e n d e n t  on th e  i^osition of th e  

m ass on th e  surface  of th e  can ti lever as is well d o cu m en te d  in th e  work of the  Boisen 

research grouj) [26, 27]. Based  on th is  research  it is possible  th a t  th e  m asses which are  

pos it ioned  nea r  th e  nodes of th e  resonance m odes will n o t  result in a  fre(}uency shift, 

and  th u s  will no t be de tec ted .

R esearch  by D orres t i jn  el al. [28] ind ica tes  th a t  pa r tic les  on th e  sm face  of th e  

can tilever can form inverted  Chladiii  figures when th e  can ti lever is v ib ra te d  in a fluid 

(i.e. th e  sm aller  pa r tic les  move to  th e  nodes while th e  larger parti(.-les move to  th e  

antinod('s) .  'riu'V a t t r i b u t e  th is  effect to  b o \u id ary  s t re a m in g  caused  by th e  v ib ra t in g  

surface in a  viscous m ed ium . T h is  effect causi;s th e  par tic le s  on tlu; surface to  be 

d riven  tow^ards th e  nodes or th e  an t in o d es  d ep e n d in g  on  th e ir  size. D orres t i jn  el. al. 

define a critica l d iam e te r  Dc  which is based  on th e  Stokes b o u n d a r y  layer t hickness, 6, 

nm ltip lied  by a fit t ing  p a r a m e te r  which th ey  d e te rm in e  to  be  2.8,

w here  u  is th e  rad ia l  freciuency of th e  v ibra t  ion, a n d  is th e  k in em atic  viscosity of th e  

m ed iu m  (1.004 x lO ^ '’ m ‘̂ /s  at 20 °C). T h u s ,

where / „  is the  resonance freciuency of m o d e  n.. T h e  Dc can  be calc:ulated for the  variotis



116 6.4 Discussion

25

20

15

?

5

0
0 200 400 600 800 1000

/ ( k H z )

Figure G .ll. T he critical head d iam eter Dc was calculatc'd for tlie 1 jun thick cantilevers 
based on the resonance frecjuencies m easured in Fig. 2.19 and the analysis of particle 
behaviour on the surface of a cantilever by D orrestijn et. al. [28]. Above tlic D f particles 
on the surface will move towards tiie autinode, while below the the i)articles will 
move tow ards the node. T he num bers above tlie d a ta  points indicate the resonance 
m ode and the daslied line in the inset shows the mean d iam eter of the beads used 
during the experim ent.

resonance  m odes  using  th e  frequencies recortled for th e  flexural resonance m odes 2 19 

(Fig. 2.19) an d  Ecj. 6.2 as show n in Fig. 6.11.

B ased  on these  ca lcu la t ions  th e  s trep tav id in -fu n c t io n a l ised  b ead s  are below for 

th e  9*̂ ' re sonance  m o d e  used in th e  expe rim en t . In o rder  to  ensu re  th a t  th e  1.87 jini 

d ia m e te r  b ead s  move tow ards  t he an t in o d es  th e  15̂ '̂ m o d e  or above would need to  be 

m easu red  (see th e  inse t  of Fig. 6.11). T h u s ,  d u r in g  th e  ex p e r im en t  it is possible t h a t  

th e  b ea d s  could  move to w ard s  th e  nodes an d  a  sm alle r  freciviency shift th a n  expec ted  

could  be  m easured .

In th e  case of th e  b io t in - s t r e p ta v id in  in te rac t io n  th e  b ead s  a n d  cant ilever in te rac t  

v ia  m o lecu lar  recognition . T h e  hy ljr id isa tion  of th e  oligos occurs  before, du r in g  th e  

s ta t ic  m o d e  m easu rem en t.  A n a d d i t io n a l  im})rovement to  th e  ex p e r im en t  which m ay 

increase th e  p ro b ab il i ty  of b ea d  b in d in g  would b e  th e  in co rp o ra t io n  of an  add it iona l  

spacer  a n d  d ang ling  end  on th e  ta rg e t  oligo consis ting  of a  few bases overhang  which 

would p ro t ru d e  fu r th e r  into th e  licjuid a n d  would therefore  be  m ore  favourable  for th e  

b io t in - s t r e p ta v id in  in terac tion .

D orres t i jn  et al. also observed  th a t  sm alle r  par tic les  move about, slower on the  

surface  th a n  larger partic les ,  which is likely due  to  in te rac t io n s  w ith  th e  surface. T h e  

observed  speed  was 30-50  tim es  slower for a  500 n m  d ia m e te r  par tic le  th a n  a  4 jnn
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diam eter particle. This could explain why the nano()articles used here showed a larger 

increase in mass on the cantilever than  the beads. The analysis by Dorrestijn et. al. 

considered i)articles as small as 500 mn, and it is expected th a t  the  decrease in speed 

continues as the  particle size becomes even smaller, it is postu la ted  th a t  the N Ps used 

here are so small th a t  they either move very slowly and t hus stay close to where they 

l)ind to the  cantilever, or they do not move a t  all due to the  low kinetic energy imi^arted 

to  them  by the cantilever and the slow velocity of the licjuid immediately above the 

surface of the  cantilever. Thus, for the smallest NPs the assm nption th a t  the  mass 

is evenly d istr ibu ted  is valid, bu t  it may not be the case for the  larger micron-scale 

particles.

The hybridisation bond between the oligos should l)e strong enough to keep the 

particles in i)lace once they are hybridised, however the  beads and N Ps must come 

within several nanometers of the surface for a  period of time l)efore the  two strands 

lum- the opportun ity  to find each other and hybridise. It is possible that the s tream ing 

eifects are occurring before the hybridisation can occur and tlius the  beads are iree to 

move due to the  streaming.

Sweeping the cantilever through sc'veral resonance modes may also cause additional 

forces on the particles are they are first drivtni towards one position and then another 

cVs the modes change. Thus, a multifrecivieucy [29, 30] approach to the ac tuation  of the 

cantilever where the api)lied ac tuation  signal is a superposition of several sinusoidal 

signals with frequencies corresponding to difierent resonance modes of the  cantilever 

may prove benehcial in future work.
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Chapter 7 

A ntibodies and M agnetic M ass 
Labels

This cha])ter will describe a iiieasureiiient ol' the  binding of anti-l)iotin 

antibody-fuuctioualised magnetie beads to a  i)iotin SAM on an An-coated cantilever 

array. An average of 3.0 ±0.3  ng of beads were' d('tect('d on the surface (if the  biotin 

SAM cantilevers. The l)niding of the  beads to tin ' cantilevers was confirmed with 

SEM analysis of the cantilever array. This work forms the i)reliminary m easurem ent 

of an  assay designed to use -functionali.sed magnetic beads and N Ps with cantilevers 

as [jart of an assay for tlu' d('t('ction of inilannnat ion proteins from liciuid sample's.

7.1 In trodu ction

To continue on from t he preliminary work presentc'd in Cliap'ter 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 an tibody th a t  is specihc 

against the  antigen of int('rest it shcjnld be possible to  fish for the  antigen from a 

licjuid sample or perform a preconcentration stej) jjrior to detection using an 

antibody-functionalised cantilever array as depicted in the  schematic in Fig. 7.1 in an 

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

7.1.1 M agn etic  N anop artic les

Magnetic NPs and microparticles are becoming increasingly pojiular 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 a lthough other materials may be used and they display snperi)aramagnetism, i.e. 

they display magnetic properties only when in the  prescnicc; of a magnetic field, which 

makes them  ideal for use in sam])le se])aration ajiplicat ions.
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Figure 7.1. O utline of the experim ents usiiig nanoparticles as a mass laljel: (a )
M agnetic particles will be synthesised w ith an an tibody  (blue in the above outline) 
a ttached  to the surface whi(;h binds the targe t antigen, (b ) These antibody-coated 
m agnetic particles will then  be mixed w ith the solution containing the targe t antigen in 
a low concentration. The targe t antigen will then  bind to  the an tibody on the surface of 
the nanoparticle, (c) T he nanoparticles can then  be separated  easily from the solution 
by applying a m agnetic held, (d )  The cantilever array will be fimctionalised with 
another (difierent) an tibody  (red in the above outline) which also binds the target 
antigen, (e) W hen the an tigen-antibody-particle chain comes in contact with the 
an tibody on the  surface of the cantilever it will bind the m agnetic particle to the siu'face. 
Thus there will be a relatively large m ass bound to  the surface of the cantilever for 
every antigen detected , improving the overall sensitivity of antigen detection using the 
dual-m ode device. (Drawings not to  scale.)
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7.1.2 ELISA

ELISA has l^econie a  s tandard  wet-lab technicjue since its develoi)nient in the 19G0s as 

a replacement for radioactive labelling techniciues [G]. ELISA involves the use of a solid 

stipport and antibodies as a recognition element for the  detection of a specific antigen. 

In an indirect ELISA the antigen is fixed to  the solitl support  and an antii)ody th a t  

recognises the  antigen is added on top. T he  antigen is either labelled, which results in 

a visil)le signal if the antigen is present, or a  secondary an tibody  with a label is added 

which causes the visible signal.

Another type of ELISA is the sandwich assay in which an an tibody  is a ttached  to 

the solid sup])ort (e.g. a 96-well plate). A sami)le th a t  may contain the antigen is 

added on top and then rinsed off. An antil)ody th a t  recognises the antigen is then 

added follow(’d by a secondary an tibody with laljt'l which rc;sults in a  visiljle signal if 

the antigen was i)resent in the sample.

7.2 M aterials and M ethods

Anii-biotin antibody-functionalised magnetic beads were prepared by crosslinking an ti­

biotin antil)odies (abG643, abeam. 330 Cambridge Science Park. Camt)ridge, CB4 OFL, 

UK) with 1 2 jun diam eter protein G crosslinked magnetic beads (PGMX-10-5.

Spherotech) using the protocol described in Api)endix B.8. There  was a loss of beads 

of ~  25 -  30/{ dui'ing the protocol, and the Hnal stock was diluted l)y a factor cjf 150 

in PBS to yield a final concentration of O.OOIT % w'/v.

A cantilever array was prepared as described in Chai)ter 3 and the test cantilevers 

were functionalised with Biotin SAM (as described in Ajipendix B.9) in e thanol (see 

Table. 7.1) Ibr one hour, r iie  reference cantilevers were passivated against nonspecific 

binding using a  hydroxyl term inated  monolayer. T he  layer was formed by innnersing 

the cantilevers in a solution of 0.5 niM 11-m ercapto-l-undecanol in e thanol for one 

hour. After fuuctionalisation the array was rins('d in e thanol for 5 minutes followed by 

rinsing in nanopure water for 5 minutes prior to loatling into the fluid chamber.

Following loading of the  array into the fluid chamber buffer (PBS, j)H 7.4) was 

caused to How through the (:haml)er a t  a ra te  of 42 iil /m in  using the pressure How 

system, this flow rate  was m aintained during ecuiilibration of the  system, and w'as

Tal)le 7.1. Functioiialisaticju of cantilever array for anti-i)iotiu magnetic l)eads 
experiment.

Cant ilever Fuuctionalisation

1, 2, 5, G 0.5 niM OH SAM

3, 4, 7, 8 0.1 niM Biotin SAM
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lln' flow rati.' us«,'(l tor the iuj('t,tion ol the saiiii>k' into the Ihiid chainln'r (huiiig tin' 

experiment. Tlie system was allowed to eciuilihrate lor 45 minutes prior to acciuisition 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 cham ber a t a concentration 

of 0.0047 % w /v  using a  100 pi injection loop for 100 seconds and then the  flow was 

stopped. The 100 second injection was tim ed to ensure tha t  there was sufHcient mixing 

within the fluid chamber and th a t  the  concentration of beads within the cham ber w'as 

stable. After 45 minutes the  chamber was rinsed with bufier for 10 minutes prior to 

obtain ing a final baseline with no How through the chamber. A single resonance mode 

was recorded once per m inute  between 800 and 900 kHz (mode 15), with 1,000 d a ta  

points per frequency sweep (100 Hz  frequency resolution).

SEM analysis was performed on the cantilever array following the experiment to 

coniirm th(' prc'scnicc; of magiu'tic Ix'ads on tiu' sui’facc' of tlu' tc-st ('antih'vc'rs. 'I'he 

array was imaged using a Carl Zeiss Ultra SEM with a voltage' of 5 kV and a working 

distance of 5.8 nun. T he  array  was dried in air prior to  imaging.

7.3 R esults

r iie  average frecjuency response and average tlifierential mass uptake from the  test 

cantilevers functionalised with the biotin SAM are shown in Fig. 7.2.a. There  is a 

clear decrease in the  average frecjuency 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 

tlu' rinsing stagt;, but this is (hu; to tlu- Huid flowing a,cro.ss the  sui faci; of th(' cantilever 

and is no t-due  to unl)inding of the beads as the  freciuency returns to the sam e level 

once the rinse is hnished.

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  

m agnetic  beads as shown in Fig. 7.2.b.

SEM analysis of an array from a similar experiment with ident ical protocol (shown 

in Fig. 7.3) indicated th a t  there  is significant binding of the  anti-biotin m agnetic  beads 

towards the tip  of the  test cant ilevers. The beads show uj) as small white objects  on 

the surface of the  cantilevers. The beads are not perfectly spherical and are described 

as ‘granules’ with an average diam eter in the  1 2 jan range by the m am ifacturer

Spherotech. This is consistent with the particles observed in the SEM images which 

are imperfect shapes with a  d iam eter in tlie region of 1 jim.
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Figtu'e 7.2. a ) The average f’n '(iue iicy  response t)f the test cantilevers d u rin g  the 
in je c tion  and b in d in g  o f a n ti-b io tin  m agnetic beads. There is a clear decrease o f the 
frequency o f the test cantilever upon in jec tion  o f the  beads, b )  The averaged d iffe ren tia l 
mass uptake on the siu'face o f the test cantilevers. There is an average gain o f 3.0 ±0 .3  
ng fo llow ing  the s tab ilisa tion  a fte r rinsing. The sca tte r p lo t shows the da ta  and the 
line  correspontls to  the m edian box filte red  result. T he  hatched areas ind ica te  the tim e 
d u rin g  w h ic ii the ll t i id  was llow ing  th rough  the cham ijer. Tlu.' grey area ind ii:ates the 
tim e  in  w hich the beads were present in  the chamber. The larger scatter in  the shaxled 
region is due to  the sca tte ring  o f the laser beam by the beads.
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Figure 7.3. SEM images sliowing the l:)iii(liiig of the aiiti-biotin  m agnetic Ijeacis 
preferentially to  the cantilevers functionalised w ith the biotin SAM from a sim ilar 
experim ent to  the d a ta  presented in Fig. 7.2. a ) Cantilevers 5 8 indicating a clear
preferences of the binding of the beads (white dots in the image) w ith cantilevers 7 and 
8. b )  A close up image of the reference cantilever numl)er G showing very little l>intliiig 
of beads, c) Cantilever 7 showing a  lot of beads near the tij) of the cantilever. T he large 
white object near the bo ttom  of the image is a salt crystal, d )  Close uj) on cantilever 
8 showing the size of the particles is in line w ith the m anufacturer description.
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7.4 D iscussion

T here is a average to ta l gain in mass of 3.0 ±0 .3  ng on the test cantilevers com pared to 

the  reference cantilevers as shown in Fig. 7.2. Tlu' beads are conii)rised of polystyrene 

with approxim ately 12% m agnetite  (Fe-jOj). Based on the observed size of the  particles 

being close to 1 iim in d iam eter there  would need to be ~110  beads to  result in the 

observed mass shift, which agrees within ~10%  of w hat is observed on the surface 

of the front 100 inn 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 pa rt  due to some of the  efi'ects mentioned in Section 6.4. It is also possible 

that  there  was incomplete fuuct.ionalisation of the  surface of the  cantilever during 

the  capillary functionalisation step as a 1 hour functionalisation stej) can lead to  a 

signihcant c'vaporation of the ethanol in the  rc;servoir which can Ic'ad to a rcn-cding of 

the  li(}uid in the  cai)illary tubes.

T he experiment presented and the SEIVI conhrm ation 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  tletection of inflaunnation antigens from solution in an ELlSA-like 

sandwich assay with a cantilever.
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Chapter 8 

Conclusions and O utlook

8.1 Conclusions

T he device presented its cai)able of rapid and rehable readout of botli the  stat ic and 

dynam ic response of a cantilever array  in a i)hysiological hcjuid environment. The 

s ta tic-m ode resohition of the  device is on the order of ~ 2  nm when using a 1 jnn 

thick cantilever. Using the dynamic mode it is [)ossiljle to readout up to the  19th 

llexural resonance mock' of a oOU jnn long and 1 jim thick cantilever. The s ta t ic  and 

dynam ic resi)onse of eight cantilevers can l)e obtained in 30 s with good signal-to-noise 

levels from the tip of the  cantilevers and line scan analysis of the cantilevers is al.so 

possible. While the limits of detection and absolute i)ending m easured are dependent 

on the particular cantilevers chosen for a particu lar ( 'xperiment, the  device pres('nt(’d 

here is easily customisable and can provide readout from virtually any 2D array of 

micron-scale cantik'vers with little modification whik' i^roviding a tem pera tu re  stable 

environm ent with control over Huid How through the chamijer integrated  into the user- 

friendly LabV IEW  program.

Using the developed device it was observed th a t  there is a t  least ciualitative 

agreement with Sader s compressible Huid model foi' practical microcantilevers with a 

thickness to length ratio  of ~7;500 and an asi)ect ratio  of 5. The prediction from the 

scaling analysis of Van Eysden and Sader of a “coincidence point ” a t  mode 3 for the  7 

lim thick cantilever is accurate  and is clearly observed in tlie experim ental da ta . The 

lower th an  i)redicted Q factors and resonance frcxiuencies are likely a t t r ib u ted  to  the 

geometry and design of the hinge portion of the cantilever. The compressible Huid 

model should be considered when planning exi)erinients involving the use of higher 

resonant modes of relativ('ly t hick microcant ilevers in air.

For the preliminary biological m easurem ents detecting the aggregation of the 

protein a-synuclein it was possible to (juantitativ'cly detect aggregation in a label-free 

m anner on the surface of a canlik 'ver using a concentration of protein that was 50

129
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times less t l u x T i  in coiuparabk' fluoniscein-e ineasuieinents.

Using the  dual-niode device it was possible to detect oligo-l'unctionalised Au 

nanoparticles from solution using cantilevers functionalised with the complementary 

strands. It was also possible to observe the tensile stress induct'd by the hybridisation 

of b io tinylated oligos on the surface of the cantilever. By injecting 

s treptavidin-functionalised polystyrene beads the freciuency shift resulting from the 

binding of the  beads to the  biotin was observed. The frecjuency shifts resulting from 

the l)inding of the various sizc'd mass labels indicates a trend towards smaller 

frequency shifts with larger labels was discovered. T he  trend was explain('d by the 

motion of the  larger labels away from the sensitive regions of the cantilever induced 

by boundary  stream ing on the surface of the  v ibrating cantilever.

Knowledge gained from the initial experiments using mass labels and oligos was 

applied to  the  detection of anti-l)iotin antibody-functionalised magnetic particles with 

an average, mass uptake of 3.0 ±0.3  ng on the siuface of the  cantilevers, which was 

confirmed with SEM analysis of the cantilever surface. This  measurement represents 

the final s tep  in the preparation  for a full assay incorporating magnetic particles and 

antibodies for the  detection of inHannnation proteins from licjuid samples using the 

dual mode device.

T he  m easurem ents presented in this thesis rei)resent s ta te  of the art combined- 

mode m easurem ents of biological interactions measured in li(iuids at the limit of the 

microelectromechanical systems technology. The m easurenu 'u ts at̂  higher modes (up to 

the mofle), which recjuire a  unique design of hardware and software, are unicjuely

perform ed,a t the Nanobiotech lab in CRANN.

8.2 O utlook

8.2.1 Instrum entation

While the new dual-m ode device is very stable, with good noise levels and fast 

performance there  are several potentia l improvements which could be applied to the 

device or implemented in a new^er version of the  device. The first and perhaps most 

pressing improvement would Ije related to  the  fluid chamber. As previously 

mentioned it w'as not w'ithin the sc:ope of the  thesis to also develop a new fluid 

chamber and so the existing Huid chamber w'as implemented in the dual-mode device.

T he  existing fluid cham ber works well in term s of ac tuation  and providing clean 

resonance spectra. Idealised How simulations using Comsol indicate th a t  there is good 

mixing of fluids and samples within the  t;hamber and the How 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 PE E K
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body. As such it is possible ibr the chaniber to leak during nieasurenienls. This poses 

a significant hindrance during stop How experiments where it is the surlace tension ol 

the liciuid which is preventing a bubble from forming in tlie 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 chanil)er.

The overall sensitivity and performance of the device in the dynamic mode in licjuid 

is imi)ressive with sub-nanogram sensitivity possible on a routine basis. In order to 

push the sensitivity lower, higher Q factors of the cantilevers w'ill l)e net:essary. There 

are several possible methods which cotild be implemented to achieve better sensitivity. 

'Fhe first and most obvious change coukl be a move towards smaller sensors as is the 

trend with most other nauomechanical-sensor-based devices [1], however this would 
introduce additional prol)lenis with uniciue functionafisation of the individual sensors. 

Another possibility would be to implement a form of noise squeezing or parametric 

pumi)ing of the cant ilever to i)otentially increase the Q factor [2].
riiere has t)een a lot of interesting work in the held of multifrequency AFM which 

involves the actuation of the cantilever i)y applying a superposition of sinusoidal signals 

with frecjuencies matching several of the resonance mode frecjuencies simultaneously 

[3]. The resviU is a complex vibiatiou of the cantilever surface corresponding to several 

resonance modes. By applying the multifreciuency actuation to the cantilever when 
working with the mass labels it should l)c 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 actuatc'd carefully it may be possible to 

remove some of the less sensitive areas tha t would t)(' associated with resonanc:e at 

a single mode. A final advantage of this apy)roach would be the faster recording of 
the response due to a linear sw’eep of several thousand freciuencies being replaced by 

a single actuation signal. It should be noted that witii this multifreciuency approach 

there would be some loss of information which is due to no longer recording the full 

resonance spectra.
As a final outlook on the instrumentation of the device, the current software is 

coded in LabVlEW 8.2. A reprogrannning of the device in a new version of LabVlEW 

cotild provide some small conq)ut at ional performance ('uhancements and may allow for 

real-time analysis of the resonance spectra.

8.2.2 Experim ental

I’he experimental work presented in the hnal two chapters is the foundation for an 

assay which will utilise magnetic i)articles functionalised with antibodies in conjunction 

with the dual-mode dc'vice to detect ])ioteins involvi-d in inHannnation from a liciuid
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sainple. A f-ollaboratioii has been estabhshcxl with tlie researcli group of Yurii G iui’ko 

in the  School of Chemistry, Trinity College Dublin to provide magnetic nanoparticles 

which will have a size that  is compatible with the botuulary stream ing elfects discussed 

in Chai)ter G. Using these particles the  final experiments will be pt'rfornied for the 

detection of Interleukin 1 and C Reactive Protein, which are two proteins that {)lay 

m ajor roles in the intlannnation process in the Innnan l^ody [4, 5].

The reproducibility of the  cantilever Au sm'face has a dirc'ct effect on the 

reproducibility of the  functionalisation of the  cantilever and hence the rei)roducibility 

of the experiments performed using the cantilever arrays. Early in the thesis the 

metal deposition was moved from using the largely m anual Edwards evai)oration 

system to the  Temescal system which was autom atically  controlled and promised a 

more rej)roducible Au surface. In order for such a tool to i^rovide a rei)rodticil)le 

result it must be m aintained in a  suital)le manner. It was fotmd during the course of 

the  experimental work that, the  batch to bat,ch variat ion of the (luality and thickness 

of the Au surface was ra ther  large. This had a dinsct ellect on the experimental work 

performed and  m ade it difficult to achieve consistent results. A move away from 

metal dejjosition towards functionalisation schemes that are directed towards the 

bare silicon coukl prove to yiekl more consistent results despite tising more 

complicated chemistry.

During the work presented there wen' several interesting observations about the 

eftects of Huids on cantilever dynamics. The efi'ect of the  changing velocity of the 

liqtiid caused by the syringe pm np  as shown in C hap ter  2 indicates a possible relation 

between the velocity of the  fluid flowing ac:ross the  surface of the  cantilever and the 

resonance frequency of the  cantilever. Fin'ther investigation into this ettect would be 

interesting from a physics point of view.

During- the  investigation into the conipr('ssil)ility of tlu' fluid on the cantilever 

resonance modes there  were indications th a t  some of the  d a ta  cotild be used for 

distinguishing between, or the  verification of. sonn: o ther models of cantilever 

dynamics. W ith  a  small tim e investment some interesting comparisons between 

theory and experiment could be established.
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A ppendix  A  

Supplem entary Inform ation

A . l  C alculation o f P h ase Shift

T h e  })hase shift 0  of th e  iesi)Oiise of th e  can ti lever as m easu red  on th e  P S D  (Hj ŝ d )

co m p ared  to  th e  d r iv ing  force aj^plied to  th e  can tilever (F)  can  be ca lcu la ted  as follows,

assu m in g  th e  fre(|uency of th e  two signals is th e  sam e.

Let

F( l )  =  Ap-cos {ujI +  (^r) (A.l)

an d

f^rsoil) =  '''IpsD +  fppso) (A.2)

w here  A p  an d  A p s o  a re  th e  anii)litudes; <pp and  (ppsD tirc th e  phase  sh ifts  of the  

signals; an d  uj is th e  frecjuency of th e  signals.

M ult ip ly ing  th e  two signals  to g e th e r  gives

^ V ) ^ p s d {I) =  ̂ F^^PSD cos [uit +  (f>p) cos {ujl +  cppsi)) (A.3a)

•1 . 1 )  •

=  —  2  ̂ (cos {2ujt +  0 F  +  (ppso) +  cos {(pp — (Ppsd))  (A.3b)

an d  i)y low-pass filtering (averaging) th e  h igh freciuency te rm  is rem oved an d  tlius

Mean[F(/)/?KS7j(0] =  2 ~ <>p s d ) (A.4)

w here  (j) =  4>p — (j)psD, a n d  so

f 2 M e , m [ F { t ) R r s D { t ) ] \
<P =  ^irccos ----------    . (A.5)
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A .2 /  vs n for Exam ple Spectrum
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Figure A .i. Tlie frecjueiicy, fn, vs. inode iiuiiiher, n, for luotles 2 to 19 in the exanii)le 
spectr\un. There is a clear ~  depoudence of th(' freeineucy which indicates that the 
modes measured are the flexural modes of resonance and that no torsional motles ar(“ 
observed in the spectrum.

The resonance frequencies of the modes in Fig. 2.19 when plot ted against the mode 

mnnber n display an ~n^ dependence, as shown in Fig. A. l ,  which indicates that they 

are the Hexiu’al modes of resonance of the cantilever.

As can be observed from Eq. 1.16 the eigenfreciuency of mode ii of a cantilever with 

a distributed mass in the absence of damping, /()„, is proportional to (?i — 0.5)^. The 

flexural resonance frequency obtained from the resonance peak, /,j, can be obtained 

from /(,„ by Eq. 1.17.

Thus, a plot of vs. (n — 0.5)** shotdd yield a straight line. As show'n in Fig. 

A .2 there is a good agreement b('tween the liiu’ar fit and the data. There is a slight 

dt'viation of the data from the lit du<; to th(' fact that tlu' mass of co-movcd liciuid 

nil, tipon which /y„ and 7 both depend, also varies as a function of n as discussed in 

Section 1.3.3 and reference [2].
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F igu re  A ,2. T lie  freciueiicy, vs. (?/—0.5)"*, for m odes 2 to  19 in tlie  exam ple  sp ec tru m . 
T h e re  is a good  agreem ent betw een th e  linear tit an d  th e  d a ta , desp ite  th e  dependence 
of th e  m ass of co-m oved licjuid, r»/, also d ep en d in g  on u.  T h is d ependence  is responsib le  
for th e  observed  sligh t dev ia tio n  of th e  d a ta  from  a  linear tren d .
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A .3 H eat Pulse

Supplementary graj^hs showing the individual resi)ons(' of each of the eight cantilever 

to the heat i)ulse are contained in this appendix. Fig. A.3 shows the static resjjonse of 
the individual cantilevers to the heat pulse. Cantilever three exhibits a larger resj)onse 

than the rest of the array. During an exi)erinient t he heat pulse is used as a calil)ration 

technique and the bending response of all eight cantilevers is normalised to the average 

of the eight.
Fig. A.4 shows the frequency resj)onse of the eight cantilevers to the heat pulse. 

There is around 2% variation in the starting resonance frecjuency 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 t rend 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-nioved mass of the cantilevers in the array as 

calcvilated t)y NOSEtools [3]. An average change of ~G.O ±0.5 ug is ol)served. It 
should be noted that this analysis assumes tha t the spring constant of the cantilever 

remains unchanged during the experiment, which may not be true [4, 5].
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Figure A.3. Individual static bending response of the eight cantilevers in the array to 
tlie heat pulse. Cantilever three shows a significantly lai’ger r('sponse to tin? heat pulse 
that the cantilevers in the rest of the array, with the rest of the cantilevers bunching 
within 40 nni of each other at their inaxinunn deflection.
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Figure A.4. T he frequency re.si)onse of niocies 8, 9, and 10 to the heat pulse, a ) S ta rt 
frecjuency and niaxiinuni frequency for each of the eight cantilevers in the array for the 
three inodes. T here is a sinaU variation in the  s ta rt frecjuency of each of the cantilevers, 
around 2% for mode 8 reducing to 0.6% for mode 10. b ) M axim um  freciuency change 
of the resonance modes for each of the ('autilevers in the array. Some of the cantilevers 
exhibit a larger respoii.se to  tlu ' heat j)ulse. however the trend  of the m agnitude of the 
response of th(' eight cantilevers is sim ilar for each mode. T he joining lines are intended 
as a guide for the eye only.
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Figure A.5. The change in co-inoved mass during the heat jiulse 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 P rotein  A ggregation  C antilever  
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Figure A .6. T he ainplitvule and ]:hase spec tra  for the 14̂ ’̂ fi('xural n 'sonanct' inoch' for 
a ) the test cantilever fuuctionalised w ith r:i-syinich’iu and b )  tlie reference cantilever 
fm ictioualised with an OH SA M .l'he black sj)ectra ciorresjjond to the hrst niea.surenient 
and the red sj)ectra correspond to the hist m easurem ent. T he inset in a) shows the 
small freciuency change in the resonance frequency of the test cantilever.
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Figure A .7. G raph of hovuid m ass on the surface of tlie cantilever vs. time. The 
fre(}uency spec tra  recorded during the exj)erim ent were post processed using NOSEtools 
software to  obtain  the resulting plot of bound mass vs. time. T he blue plots show the 
d a ta  from the  cantilever functionalised w ith Q-synuclein m onom ers and the red plots 
show the d a ta  from the O H-functionalised reference cantilever. T he sca tte r plots show 
the raw d a ta  and the line corresponds to  the m edian box filtered d a ta  (box size 23). The 
grey area indicates the period th a t 10 pg /m l Q -synuclein in 20 mlVl sodium  phosphate 
buffer was liowing through the lluidic: c;hamber at a ra te  of 3.3 iil/m in.
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A .5 O ligo-Functionalised A u N anoparticles  
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Figure A.8. The aiiii)htu(le and phase spectra  for tlie 11 IĜ '̂ flexural resonance modes 
for a )  the test cantilever functionalised with the complementary s trand #  930353 
and b )  the reference cantilever functionalised with au unspecitic 12 uier. The black 
spectra corresi)ond to  the first measurement and the red spectra correspond to the last 
measiu'enient.
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F igure  A .9. The am p litu d e  and phase spectra fo r the 10* '̂ and 11* '̂ fie xu ra l resonance 
modes fo r a ) the test cantilever functiona lised  w ith  the com plem entary s trand  ^  
930352 and b )  the  reference cantilever functiona lised  w ith  U nspecl2 . T he  ijlack  
spectra correspond to  the firs t measurement and the red spectra correspcjini to  the 
last measurement.
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Figure A. 10. T h e  aii ip ii tnde  and  phas(> sp e c t ra  for th e  9*'' tiexui’nl resonance  m o d e  for 
a )  a test  cantilever  functionalised  w ith  th e  con ip len ien ta ry  s t r a n d  930353 and  b )  th e  
reference cantilever fiuictionalised w ith  U nspec l2 .  T h e  black sp e c tra  co rrespond  to  the  
first n ieas inen ien t  and  th e  red sp e c tra  corresi)ond to  th e  last m easurem ent.
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A .6 D u lb ecco ’s P B S

Dulbecco’s phosphate-buffered saline (DPBS) is a variation of PBS hrst describetl by 

Dulbecco in 1954 [6] which is typically used in a range of cell cuhuring applications. The 

DPBS used in the oligonucleotide experiments is obtained from Gibco (g) and contains 

additional calcium and magnesium which imi)roves the benchng signal obtained (luring 

hybridisation of the tw-o oligonucleotide strands. The fornnilation of the l>uffer is given 

in Tal)le A .l [7].

Table A.l. The formulation of Gibco @  DPBS as describe;d in Refe:rence [7].

Inorganic Salts Molecular Weight Cone. Cone.

m g/L niM

Calcium Chloride 111 100 0.901

(CaCl^)

Magnesium Chloride 203 100 0.493

(MgCl.^-GHaO)

Potassium Chloride 75 200 2.G7

(KCl)

Potassimn Phosphate monobasic 13G 200 1.47

(K H .,P ()J

Sodium Chloride 58 8000 137.93

(NaCl)

Sodium Phosphate dibasic 2G8 21 GO 8.06

(N a.^H P04-7H 20)
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A .7 SEM  Im ages of A u N anoparticles on  

C antilever Surface

Figure A .11. SEM irnages sliowiiig the binding of the oligo-fiuictiouahsed Au NP.s 
preferentially to the cantilevers functionalised with the coniplenientary oligo s trand 
(faint white dots in the images). The number of NPs bound to the surface of 
the functionalise<l cantilevers was lower than  expected due to the decreased melting 
tenii)erature of the oligo hybridisation in the lower salt concentration buffer, a) 
Unfunctionalised Au NPs unspecifically l)ound to surface of bare Au coated c'antilever. 
b ) BioB2-functionalised Au NPs bound to BioB2c-fun(’tionalised Au coated cantilever 
surface', c) BioB3-functionalised Au NPs bound to BioBSofunctionali.setl Au coated 
cantilever surface, d) BioB4-fmictioiialised Au NPs bound to BioB4c-fnnctionalis('d 
Au coated c:antilever surface'.
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A .8 H eat P u lse  for Calibration o f S tatic-M ode  

Oligo H ybridisation Test
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Figure A. 12. a ) T he baseline corrected change iu deilectioii of six cantilevers. T here is 
a difference of ~120 inn betwcH-n th<' to ta l dc'Hc'ction of tlu- cantilc'vers as shown in tlu' 
inset, b )  T he response of the cantilevers is calibrated by scaling the response of each 
of the cantilevers to  the mean of their inaxiniuni deflection using NOSEtools [3]. The 
grey area corresponds to  the tim e when the  heat pulse is being ai)i)lied to the c;hamber.
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A .9 B iotinylated  Oligos w ith  Streptavidin  Beads

20nm Buffer Injeel O ligo T Buffer

CL I # 3 5 0353  
CL2 U nspccl2  
CL4 U nspccl2  
CL5 # 350353 
C L 7 #  350353

40min

120nm Buffer Injcct O ligo -  Buffer

  A v g #  350353
  Avg Unspcc 12

Co
CJ
1 )

<u
Q

40

-20

[b]
15 20 25

Time

30 35 40inin

Figure A. 13. a )  T he calil)rated and haseUne corrected d a ta  from the injection of 20 
nM oligo #1234760. T he test cantilevers fnnctionalised witli oligo #350353 are shown 
in shades of blue and the reference cantilevers func-tionalisc'd w ith U nspecl2  are shown 
in sliades of red. b ) T he averaged resjionse of the test and reference cantilevers. The 
hatched area corresponds to  the time when the liquid was llowing tlirough tiie ('haniber 
for the injection of the biotinylated oligos and the shaded area corresponds to  the time 
when the  l)iotinylated oligos were present in the chamber.
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A ppendix B 

Protocols

B . l  Piranha Cleaning of Cantilever Arrays

This protocx)! is usc'd for the cleaiiiiig of the caiitilevc'r arrays prior to iiu'tal deposition. 

Piraulia cleaning removes organic contaminants from the surface of the cantilevers and 
leaves them hydrophillic.

P recau tion s Extreme care must he taken wlien working with piranha solution and 

full f’PE including face shield, lab coal, and suitable gloves must be worn. The piranha 
solutions should be prei)ared in minimal amounts and all work should t)e performed in 
a fume hood due to gasses ])roduced i)v the solution. Due to its violent reaction upon 
contact with organic materials, and the high tenii)cratures reached during reactions 

(>1()() °C), i)iranha solution shoild  not be stored. It should always be prei)ared fresh 

before use and disposed of in aii appropriate manner inunediately after use to avoid 
risk of explosion.

M ateria ls

• Sulphuric Acid (H2SO4 ), 99.99%

• Hydrogen Peroxide (H.2O.2 ), 30%

• RBS detergent solution, 2 % in nanopure water

• Sodium Chloride (NaCl), 1 M

• Ethanol (C^H^O), HPLC Grade

• Isoi)ropanol (C-jH^^O), HPLC Grade

• Nanopure water. 18 M U

• I'eHon beakers and teflon coated tweezers
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154 B. i  P i r a n h a  C'k'aning ol  Cant i lever  Arrays

•  Large beaker of w a te r  (e.g. 2 L) for (juenching soh it ion  a f te r  use

M e t h o d

1. Preclean:

W ash a r ray  in 2% R B S d e te rg en t  so lu tion  for 2 niiinites.

R inse in 1  M N aCl for 30 seconds.

R inse in n an o p u re  w a te r  for 30 seconds.

2. B a th  1:

P rep a re  5-10 nil p i ran h a  so lu t ion  ( f i 2 S () 4 :I l 2 C) 2  =  1:1) l>y slowly ad d in g  th e  

H 2 O 2  to  th e  H 2 S O 4 .

Dip th e  can ti lever a r ray  in th e  p i r a n h a  so lu tion  for 30 seconds.

R inse in 1 M N aC l for 30 seconds.

R inse in n an o p u re  w a te r  for 30 seconds.

3. B a th  2:

P rep a re  5-10 nil p i ra n h a  so lu tion .

B a th e  in p i ra n h a  so lu tion  for 20 ininutes.

B a th e  in 1  M N aC l for 5 m inu tes .

B a th e  in e t l i a n o l /n a n o p u re  w a te r  (C 2 H,j():H 2 () =  1:1) for 5 ininutes.

R inse in n an o p u re  w a te r  for 30 seconds.

4. B a th  3:

P rep a re  5-10 ml p i r a n h a  so lu tion .

B a th e  in p i r a n h a  solut ion for 10 m inutes.

B a th e  in 1 M N aC l for 5 m inu tes .

2 X B a th e  in e t l i a n o l /n a n o p u re  w a te r  (C 2 H(j0 : l l 2 0  =  1:1) for 5 m inutes.  

B a th e  in isopropano l for 2 m inu tes .

5. D ry  on filter p a p e r  an d  s to re  in vacuum .

N o t e  If adecjuate r insing  is no t  p e r fo rm ed  af te r  th e  R B S  detergen t wash an d  th e  NaCl 

rinse s teps  residue m ay  be left on th e  can ti lever su rface .T hese  stei)s can be o m it ted  

from th e  pro toco l if desired  an d  a  c lean  c:antilever surface  will still be ob ta ined .
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B .2 P lasm a C leaning o f C antilever Arrays

T h is  p ro toco l is designefl to  ck 'an  th e  can ti lever surface  prio r  to  m e ta l  deposit ion . 

P la s m a  c leaning  removes organic  c o n ta m in a n ts  from t he surface  of th e  cant ilever arrays . 

T h e  p la sm a  cleaning  is pe rfo rm ed  in a  D iener P IC O  Barrel  A sher  (D iener E lec tron ic  

Gnii)H (fe Co. K G , N agolder S ir .  Gl, D-72224 E h h au sen ,  G e rm an y ) .  T h e  T i / A u  

deposi t ion  should  be perfo rm ed  in n ned ia te ly  a f te r  th e  p la sm a  cleaning.

M aterials

• A cetone  (CyHfjO), H P L C  G ra d e

•  E th a n o l  (CsHyO), H P L C  G ra d e

M eth od

1. B a th e  in H P L C  g rad e  ace to n e  (S igm a-A ldrich) (m in im u m  of 15 niin). D ry  on 

filter paper.

2. 5 m in u te  exposu re  to  ( ) ■ ,  p lasm a, O 2 at 0.3 n ibar.  IGO \ \ ’, -10 kHz.

3. B a th e  in H P L C  g rad e  e th an o l  (2 m in).
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B .3 U V  C leaning o f C antilever Arrays

T h is  p ro toco l is used to  reg en era te  th e  surface of tlu ' T i /A u -c o a te d  canti lever a r rays  

prior to  func tiona lisa t ion .  T h e  U V /o z o n e  clean ing  is perfo rm ed  using a  Boekel UV 

C leaner  (U V  C lean  135500, Boekel, 855 P ennsy lvan ia  Filvd, Feasterville, PA. 1905, 

USA).

M ateria ls

•  E th a n o l  (C 2HyO), H P L C  G ra d e

M eth od

1. 5 m in u te  ex posu re  to  UV  in air.

2. 5 m in u te  b a th  in H P L C  g rad e  e thano l .

3. Urv on lilter jjajjer.
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B .4  P E G  Silane Functionalisation

T h is  })rotocol is used to  coat th e  b a re  sihcoii can tilever a r ray  w ith  P E G  prio r  to  m eta l  

dep o s i t io n  on one side only. T h e  P E G  p reven ts  m ispecihc  b ind ing  of m a te r ia l  to  th e  

b a re  silicon surface d u r in g  m easu rem en ts .

M ateria ls

•  4,900 id E th a n o l  (C 2H(iO), H P L C  G ra d e

•  50 pi H u n ig ’s Base  (N -E th y ld i iop ropy lam ine)  (Cj^HiyN) (Fluka)

•  50 ]d (H y d ro x y (p o ly e th y len eo x y )p ro p y l) tr ie th o x y  silane (8-12 E O ) (A B C R  

G m b H  k  Co. KG)

M eth od

1. M ix th e  m a te r ia ls  in a  10 ml beaker an d  t:arefully i)lace th e  clean bare  silicon 

can ti lever a r ray  inside.

2. Leave on shaker at 150 R P M  for 2 hours.
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B.5 O ligonucleotide Preparation

T h is  p ro toco l is designed  to  rem ove d i th io th re i to l  (D T T )  (C 4 Hj(,() 2 S 2 ) from th e  

th io la te d  oligo so lu tions  o b ta in ed  from  M icrosyntli.  D T T  is used a p ro tec t ive  agen t 

w ith  th io la te d  D N A  to  prevent d im er isa t io n  of th e  te rm in a l  su lp h u r  a to m s  in th e  

p resence of oxygen [1], T h e  D T T  is removed from th e  solution by a  series of 

e x tra c t io n s  using d ie th y le th e r  which is very weakly soluble in w a te r  a n d  is less dense 

an d  so form a  layer above th e  w a te r  a f te r  mixing. T lu ' D T T  is so luble  in th e  

d ie th y le th e r  an d  is th u s  rem oved w ith  th e  d ie thy le ther .

M aterials

•  T h io la te d  oligonucleotide so lu tion  p ro tec ted  with D T T  (1 iiM)

•  D ietl iy le ther ((C.^Hs),/))

•  N anopvue H 2 O

M eth od

1. D epend ing  on th e  hnal c o n c en tra t io n  of oIigouucle(jtid(! rt 'quired , m ix  th e  oligo 

so lu tion  w ith  th e  n a n o p u re  H 2 O to  o b ta in  100 jil to ta l  volum e in a 1 ml ep p e n d o rf  

t ube.

2. A d d  500 jd of d ie th y le th e r  an d  shake.

3. Allow th e  so lu tion  to  se i)a ra te  in to  two layers ( th e  d ie th y le th e r  will be on top) 

an d  th en  carefully  p ip e t te  th e  d ie th y le th e r  out.

4. R e p e a t  th e  prev ious two s teps  5 times.

5. A fte r  th e  last e x tra c t io n  ensu re  t h a t  all of th e  d ie th y le th e r  is rem oved from th e  

e p p e n d o rf  by rem oving  th e  b o t to m  layer (con ta in ing  t he oligos) using  a  p ip e t te  

an d  p lace in a  new  e p p e n d o rf  tu b e .

6. P lace  in Speed  Vac on low se t t in g  for 10 m inutes .

7. M easure  co u ceu tra t io u  in N an o d ro p  an d  re su sp en d  in buffer if recjuired. A liquo t 

as necessary. S to re  a t  -20 °C.
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B .6 Functionalised  A u N anoparticle  Buffer 

Transfer P rotocol

T h is  p ro to co l  is b ased  on a  p ro toco l re co n n n en d ed  by P a r t ic u la r  G m bH  for the  

ad d i t io n  of salt, to  th e ir  oligo-functionalised  A u  n anopart ic les .  T h e  a im  is to  t ransfe r  

th e  n a n o p a r t ic le s  from  w ater to  a  bulfer. Tlu? final bulfer reijuircHl is 10 niAl sochuni 

p h o s p h a te  a n d  150 niM  NaCl. A fter  each stej) th e  so lu tion  should  be m ixed  fully and  

placed on  a linear shake r  a t  275 R P M  while in cu b a tin g .  T h e  centr ifuge speed  

d ep e n d s  on th e  size of th e  n an o p a r t  icles used. T h e  si)eed st a ted  is for 12 n m  d iam et er 

nanopart ic les .

M a t e r i a l s

•  O ligonucleo tide-functionalised  Au n an o p a r t ic le s

•  100 niM  so d iu m  p h o s p h a te  bulfer. pH 7.4 (N a H 2P 0 4 / N a 2HPC)4 )

•  2 M N aC l

•  10 niM so d iu m  p h o sp h a te ,  150 niM X aC l l)uffer 

M e t h o d

1. For a  400 pi s ta r t in g  volum e of functionalised  n an o p a r t ic le s  in w a te r ,  ad d  44.4 jil 

100 n iM  so d iu m  phosphate ' l)uifer to  ra ise  t lu ' c o n c en tra t io n  to  10 m.M. M ix and  

p lace on  linear sh ak e r  for 24 hrs.

2. A d d  5.6 pi 2 M N aCl to  raise th e  N aC l c o n c en tra t io n  to  25 niM. M ix an d  leave 

on sh ak e r  for 3 hrs.

3. A d d  5.7 jil 2 M N aC l to  raise th e  N aC l c o n c en tra t io n  to  50 m M . M ix a n d  leave 

on sh ak e r  for 13 hrs.

4. R e p e a t  th e  above tw^j s teps  twice ad d in g  5.8, 5.85, 5.9 an d  6.0 pi of 2 M N aCl 

each  t im e  to  ra ise  th e  co n cen tra t io n  of N aC l to  150 niM  to ta l .  T h e  to ta l  t im e 

for all s tep s  is 72 hrs.

5. C en tr i fu g e  a t  14,000 (j for 15 m ins, rep lace  iMilfer an d  resuspend . S tore  a t  4 °C.

N o t e  A glass vial (e.g. 1 ml) shou ld  be  used  for th e  bufl'er t ran sfe r  p ro toco l sa lt  

ad d i t io n  s teps .  W h e n  no rm al or low b ind ing  e p p e n d o r f  p las tic  tu b es  were used a 

lot of l)inding of th e  n an o p a r t ic le s  to  th e  walls o f  th e  tu b e s  occurred .  A fter  each 

ad d i t io n a l  s te p  th e  co lour of th e  sus})ension would fade an d  m ore  b ind ing  to  th e  walls
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was ohservofl. Losses wheu using the plastic tiil)es were too high (aroimd 90%) to 

provide useful samples.
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B .7  A u N anop artic le-D N A  Conjugation

This protocol is based on the IMirkiu })rotocol [2, 3] for conjugating th iolated oligos with 

Au nanoparticles which is presented in a longer form in Current Protocols in Nucleic 

Acid Clieniistry [4].

M aterials

•  Thiolated  oligomicleotide 1 niM dissolved in water

•  Au Nanoparticle  Colloid, 50 nni D iam eter (BBI Life Sciences)

•  2 M NaCl

•  100 niM sodium phosphate  buffer, pfl 7 (0.0584 % w /v  NaH.2P 0 4 , 0.1547 % w /v  

N a .,H P O J

•  10 niM sodium phosphate;/100 niM NaCl buffer. pH 7 

M eth od

1. Calculate nmnber of moles of oligo needed for funct ionalisat ion using t he following 

formula [4]

N u m b e r  o f  M oles  = Anr~ x r„ x 35 pmol/cm^ x V (B .l)

where r is the radius of the nanoparticles (25 nm), is the  concentration of the 

nanoparticles (4.5 x 10*“ nil^*), and V' is the  volume of nanoparticles in litres. 

Using the above fornnila gives 0.12 nmol of oligos for 1 ml of uanoparticles.

2. Add 1.5 t imes the num ber of moles calculated to t he solut ion of Au nanopart ides.

3. Leave for 1C hrs on a linear shaker at 75 R PM  in a covered glass vial.

4. Add 2 M NaCl and 100 niM sodunn phosphate  buffer to bring the hnal 

concentration to 10 niM sodium phosphate  and 100 niM NaCl. Split the 

addition into 5 steps separated  l)y 1 hour covered on the shaker at 75 RPM . 

The salt addition steps follow the protocol presented in B.6, b u t  a t  a reduced 

waiting time.

5. Aiti-r the linal salt addition leave the susiKinsion covered on linear shaker for 24 

hours at 75 RPM.

C. Split into 200 jil batches and centrifuge at 4000 <j for 15 minutes to obtain  a 

crimson oil at bo ttom  of tube.
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7. Hc'suspcnd in 11) niM sodium pliospiiatc/i()(J uiM NaCl l)ulic:i'.

8. Rei)oat centrifugation and resuHi)ension 5 limes.

9. Store a t 4 °C.

N o te  It was found th a t  during the addition of sah t.o tlie nanoi)article/ohgo 

conjugate suspension th a t  the  colour of the solution became paler with each 

additional step, eventually resulting in the m ajority  of the  nanoi)artides becoming 

irreversil)ly coagulated at the  bo ttom  of the  tube. Decreasing the size of the increase 

of salt concentration step and increasing the incubation time did not fix this problem. 

The larger nanoparticle/oligo conjugates api)ear to I)e unstable at the higher salt 

concentration. Finally the addition of the 100 niM NaC’l was removed from the 

protocol (i.e. conjugates susi)ended in 10 niM sodium phosphate  only) which resvilted 

in a l)etter yield of nanoparticle/oligo conjugates.
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B .8  A n tib od y  B inding to  P rotein  G M agnetic  

Beads

This protocol is designed to bind the Fc region of the  antibodies to the  protein G on 

the surface of the  magnetic beads. T he  antibodies are then tlien cross linked to  the 

beads in the second half of the protocol to  inii^rove the strengt li of the  bond between 

the an tibody  and the Ijeads.

M aterials

• 0.05 M Sodium T etrabora te  (B4Na20-) pH 8.2

• 0.1 M Ethanolam ine  (C 2 H-NO) pH 8.2

•  0.2 M Triethanolaniine (C(jHj5N0;jHCl]) i>H 8.2

•  0.1 M Glycine (C 2 Hr,N()2 )pH 2.8

•  PBS IX 1)11 7.4

•  Protein G magnetic beads: 1 - 2  1 1 m granules (PGMX-10-5, Spherotech)

•  Antibody '

•  DM P (Dimethyl pimelimidate 2 HCl) crosslinker (Pierce 21667) ^

M eth o d

1. 3x  Wash beads in PBS bufi'(;r: Using 500 jd of magnetic bead stock, apply m agnet 

to pellet beads, remove stock bufler. resuspend in PBS.

2. Bind antibody: Use sufficient antil)ody solution to contain twice the binding 

capacity of the  beads. Add PBS to the an tibody  solution so th a t  have 500 pi 

to ta l volume and resuspend the pellet. Incubate  for 1 hour with agitation (linear 

shaker a t 360 RPM ) at room temi)erature.

3. Remove unbound antibody: Pellet using m agnet, remove liquid, resuspend in 

0.05 I\1 Sodium T etrabora te  pH 8.2 and pellet again.

'W licn  using new antilxxlies ahvay.s ali(|uot tlicni so tlit’v do not inidergo too many f'R'ezc/thaw 
events  (do the alicjuoting on k:e).

^l)o not use Ijufl’ers tliat contain priniary amines (e.g.. I'ris, g lycine,ete .) ,  as these bufl'ers will 
com pete  with the crosslinking reaction.
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4, 3x  Cross-link an tibody  to l)eads: Resnspend i)eliet in D M P (500 id, DM P 10 

nig/nil  in 0.2 M Triethanolaniine pH 8.2). Leave for .30 minutes with agitation 

(linear shaker at 360 R PM ) at, room temi)erature. Pellet with magnet and remove 

liquid. Resuspend in 0.05 M Sodium T etrabora te  pH 8.2 (500 jd). Leave for 5 

minutes.

5. 2x  Quench and wash: Pellet with magnet and remove licjuid. Resuspend in 500 

id 0.1 M E thanolam ine  j)H 8.2. Leave for 5 minutes. Pellet with m agnet and 

remove liciuid.

C. Resuspend in 500 jil 0.05 M Sodium Tetraborat( ' pH 8.2. Leave for 5 minutes.

7. 2x  Remove an tibody  not cross-linked: Pellet with magnet and remove licinid. 

Resuspend in 500 pi 0.1 M Glycine pH 2.8. Leave for 5 minutes.

8. 3x  Final Wash: Pellet with magnet and remove liquid. Resuspend in 500 jd 

PBS.

9. Store in 500 pi PBS (-1- 0.05% sodium azide and 0.1% Tween 20 for long term 

sto rage) .
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B .9  B iotin  SA M  Form ation

This protocol is taken from the nianufacl nrer reconnnendations and is designed to form 

a  biotin SAM on an An surface [5].

M aterials

•  1 tube  of 1 iimol Biotin SAM Formation Reagent (B5C4-fO, Dojindo)

•  E thanol (C^H^O), H PLC  G rade

•  Nanoi)ure water, f8 M 2̂

•  Clean Au coat('d cantilever array

M ethod

1. Add 1 ml of ethanol to the tube  and pi])ette to dissolve the  reagent to yield a 1 

nnnol/1 Biotin SAM solution.

2. Dilute the  solution by a factor of 10 using ethanol.

3. Innnerse the Au coated cantilever array in the solution iising the capillary 

functionalisation techniciue (Section 3.4) for 1 hour.

4. Rinse the array several times in e thanol and water.
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M athem atica Source Code

C .l M atrix  Size C onvergence Test

riiis code was used to  deteniiiiie the m atr ix  size th a t  provided sutficient convergence 

of tlie resonance freciiioncies and Q factors predicted l)y the models.

Clear[M, n, / ,  a;, k , C, AA, BB, q, m, Rey, Q, xx, ppp, rrr, a l, P, factor, QQ, QQ2, FF',

FF2, um, t, L, b, EE, pc, pair, r/, c, 2 , aa];

maxsize =  40;

n =  4;

SMinPrecision =  200; 

um =  10  ̂— 6; (*micro*)

t =  6.723000000000000000000 * um; (*thickness*)

L =  500.000000000000000000000 * um; (*length*) 

b =  100.000000000000000000000 * um; (*width*)

EE =  169.000000000000000000000 * 10^9; (*Young'sModulusSiPa*) 

pc =  2330.000000000000000000000; (* Density Silicon *) 

pair =  1.183900000000000000000;

(*densityofairkgm^ (—3) at25degreescelsius*)

rj =  1.780000000000000000000 * (10^(-5)); (*viscosityofairkg/(ms)*) 

c =  346.180000000000000000000;

(*speedofsoundm /  sat 25degreescelsius346.18*)

z[L] =  If[i = =  1,1,0];

1G7



168 CM M atrix  Size Ck)nv(’rgeiice Tost

aa =  Array[2 , A/]; 

mm =  Array[2 , 1];

QQ =  mm;

FF =  mm;

BB =  mm;

CCC [n_]:=xx /.  FindRoot [Cos [xx] Cosh [xx] = =

— 1, {xx, (n — 1/2) * 7t }, WorkingPrecision 200];

(* nth positive root of the equation *)

(*Eqn3SaderJApplPhysl06 094904(2009)*)

a; =  ((CCC[n]'^2) * t /{L^2)) * Sqrt[(EE)/(12 * pc)];

(*Ekin2SaderJApplPhysl06 094904(2009)*)

/  =  w/(2*7r);

(* vacuiun frequency *)

Rey =  pair *uj * (6^2)/r/;

(* Reynolds number *)(*Eqn5SaderJApplPhysl06 094904(2009)*)

K = CCC[n] * b/L\

(* normalised mode number *)(*Eqn5SaderJApplPhysl06 094904(2009)*)

^ = Lu * b/c;

(* normalised wave number *)(*Eqn5SaderJApplPhysl06 094904(2009)*) 

PPP =  -  C 2)/16 ;

(* Terms for A below *) 

rrr =  (k'^2 — I  * Rey)/16;

Forfiii =  2, iii <  maxsize, iii =  iii +  2,

M  =  iii;

Parallelize [>l [q_, m_] =

(-4^((2  * q ) ~  1 )/Sqrt[7r])*

MeijerG[{{3/2}, {}}, {{0, ( -1  +  9  +  m)}, { ( 1  +  9  -  m)}}, ppp]

— ((k'^2) * (2^((4 *q) — 5 )/Sqrt[7r]))*
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MeijerG[{{l/2}, {}}, {{0, ( - 2  +  g +  m)},  {{0 + q -  m)}}, rrr] 

-  (2^((4*9) -  1)/Sqrt[7r])* 

MeijerG[{{l/2}, {}}, {{0, ( - 1  + q + m)},  {{1 + q -  m)}}, rrr]];

Parallelize[AA =  Table[>l[g, m], {q, M }, {m, M}]];

Parallelize[al =  LinearSolve[A^[AA, 200], iV[aa, 200]][[1]]]; 

r  — 8 * a l; (*EIqn6SaderJApplPhysl06 094904(2009)*) 

factor =  1/Sqrt[l +  ((tt * pair * b)/{4 * pc* t)) * Re[r]]; 

fr =  /  * factor; (* resonant frequency in medium *)

1 — factor; (* Normalised resonant frequency *)

Q = {{4* pc* t)/{TT * pair *b) + Re[r])/Im[r];

Print [“Matrix Size =  ” , A/]

Print [“Mode Number =  ” ,n];

Print [“Resonant Frequency in Air =  ” ,fr, “ Hz”];

Print[“Q Value =  ” ,(3];

Prin t[“Re a l =  ” ,Re[al]];

Prin t[“Im a l =  ” ,lm[al]j;

AppendTo[FF, frj;

AppendTo[QQ, (^];

AppendTo[BB, al];

]

QQ2 =  Rest[QQ];

FF2 =  Rest[FF];

Export [ “ConvergenceQ.xls” , QQ2]

Export[ “ConvergenceF.xls” , FF2]
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C.2 C om pressible Fluid M odel

T he  code below was used to calculatc' the resonance freciuencies and I'actcjrs predicted 

by the compressible fluid model [1]. T he  thickness of the cantilever was changed to 

obtain  the dift’erent curves presented.

Clear[QQ, QQl, FF, FFl, M, maxmode, um, t, L, b, EE, pc, pair, rj, c, 2, aa]

M =  36; 

maxmode =  6;

SMinPrecision =  200; 

um =  10*̂  — 6; (*micro*)

t =  6.723000000000000000000 * um; (^thickness*)

L =  500.000000000000000000000 * um; (*length*) 

b =  100.000000000000000000000 * um; (*width*)

EE =  169.000000000000000000000 * 10^9; (*Young'sModulusSiPa*)

pc =  2330.000000000000000000000; (* Density Silicon *)

pair =  1.183900000000000000000; (*densityofairkgm^(—3)at25degreescelsius*)

7/  =  1.780000000000000000000 * (10^(—5)); (*viscosityofairkg/(ms)*) 

c =  346.180000000000000000000;

(*speedo£soundm/sat25degreescelsius346.18*)

z[L] - If[z = =  1,1,0]; 

aa =  Array [z, M]; 

mm =  Array [2,1];

QQ =  mm;

FF =  mm;

For[iii =  l,iii < maxmode, iii++,

Clear[n, / ,  uj, k, C, A, AA, q, m, Rey, Q, xx, ppp, rrr, al, F, factor]; 

n =  iii;

CCC [n_]: - XX/. FindRoot [Cos[xx] Cosh [xx]

I, {xx, {n — 1/2) * 7t }, WorkingPrecision —> 200];

(* nth positive root of the equation *)(*Elqn3SsiderJApplPhysl06 094904(2009)*)
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u  = ((CCC[n]^2) * t /{L^2)) * Sqrt[(EE)/(12 * pc)]; 

(*Eqn2SaderJApplPhysl06 094904(2009)*)

/  =  u;/(2 * 7r);

(* vacuum frequency *)

Rey =  pair *u) * (6^2 ) /t7;

(* Reynolds number *)(*Exin5SaderJApplPhysl06 094904(2009)*)

K = CCC[n] * 6/L;

(* normalised mode number *)(*Eqn5SaderJApplPhysl06 094904(2009)*) 

C =  a; ♦ b/c;

(* normalised wave number *)(*Eqn5SaderJApplPhysl06 094904(2009)*) 

ppp =  (k^2 -  C^2 * (R^y/(Rey -  ((4/3) * ( ^ 2 )  * /))))/16; 

rrr =  (k^2 — I  * Rey)/16;

Parallelize [yl [q_, m_] =

(-4 ^ ((2 * g )  -  1 )/Sqrt[7r])*

MeijerG[{{3/2}, {}}, {{0, ( - 1  +  9  +  m)}, {(1 +  9  -  m)}}, ppp]

— ((k^2) * (2^((4 * q) — 5 )/Sqrt[7r]))*

M eijerG[{{l/2}, {}}, {{0, { - 2  + q + m)}, {(0 +  9  -  m)}}, rrr]

-  (2 ''((4*g) -  1 )/Sqrt[7r])*

M eijerG[{{l/2}, {}}, {{0, ( - 1  +  g +  m)}, {(1 +  9  -  m)}}, rrr]];

Parallelize[AA =  Table[^4[g, m], {q, A/}, {m,  M}]];

Parallelize [al =  LinearSolve[A^[AA, 200], A^[aa, 200]][[1]]]; 

r  =  8  * a l; (*Eqn6 Sader JApplPhyslOe 094904(2009)*) 

factor =  1/Sqrt[l +  ((tt * pair * 6)/(4 * pc* t ) )  * Re[r]]; 

fr =  /  * factor; (* resonant frequency in medium *)

1 — factor; (* Normalised resonant frequency *)

Q = ((4 * pc* t)/{ir * pair *b) + Re[r])/Im[r];

Print [“Mode Number =  ” ,n];
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Print [“Resonant Frequency in Air =  ” ,fr, “ Hz”]; 

Print[“Q Value =

AppendTo[FF, fr];

AppendTo[QQ, Q];

]
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C.3 E xtended  V iscous M odel

Below is the M at hem al ica, source code for t he calculat ions of resonance frecjuency and 

factor pred icted  by the extended viscous m odel [2]. T he thickness of th e  cantilever 

was changed to  o b ta in  the  difi’erent curves presented.

Cleax[QQ, QQl, FF, FFl, M, maxmode, um, t, L, b, EE, pc, pair, tj, c , 2, aa]

M =  36; 

maxmode =  6;

$MinPrecision =  200; 

um =  10  ̂ -  6; (*micro*)

t =  6.723000000000000000000 * um; (*thickness*)

L =  500.000000000000000000000 * um; (*length*) 

b =  100.000000000000000000000 * um; (*width*)

EE =  130.000000000000000000000 * 10^9; (*Young'sModulusSiPa*)

pc =  2330.000000000000000000000; (* Density Silicon *)

pair =  1.183900000000000000000; (*densityofairkgm^(—3)at25degreescelsius*)

T/ =  1.780000000000000000000 * (10^(—5)); (*viscosityofairkg/(ms)*) 

c =  346.180000000000000000000;

(*speedofsoundm /  sat25degreescelsius346.18*)

2[i_] =  If[i = = 1 ,1 ,0 ] ;  

aa =  Array [2, M]; 

mm =  Array [2,1];

QQ =  mm;

FF =  mm;

For[iii =  l,iii <  maxmode, iii++,

Clear[n, f , u , >1, AA, q, m,  Rey, Q, xx, ppp, rrr, a l, F, factor]; 

n =  iii;

CCC[n_]:=xx/.F indRoot [Cos [xx] Cosh [xx] =

1, {xx, (n — 1/2) * 7r},WorkingPrecision 200]; (* nth positive root of the equation *)



174 C.3 Exteiulecl Viscous M odel

u  =  ((CCC[n]^2) * t / {L^2)) * Sqrt[(EE)/(12 * pc)];

/  - - o;/(2 * 7t ); (* vacuum frequency *)

Rey =  pair *u> * {b' 2̂)/r)-, {* Reynolds number *)

K — CCC[n] * b/L;{*  normalised mode number *)

^ =  uj * b/c;{* normalised wave number *)

PPP =  («^2)/16;

rrr =  (k'^2 — I * Rey)/16;

Parallelize [v4[q_, m_] =

(-4 ^ ((2 * g )  -  1 )/Sqrt[7r])*

M eijerG[{{3/2}, { }} , {{0, ( - 1  +  g +  m )}, {(1 +  g -  m )}}, ppp] 

-((k ^ 2 ) * (2'^((4 * q ) ~  5 )/Sqrt[7r]))* 

M eijerG [{{l/2}, { }} , {{0, { - 2  +  q +  m )}, {{0 +  q -  m )}}, rrr] 

-  (2'"((4*g) -  1 )/Sqrt[7r])* 

M eijerG [{{l/2}, { } } , {{0, ( - 1  +  9  +  m )}, {{I +  q -  m )}}, rrr]];

Parallelize[AA =  Table[>l[9 , m], {q, A /}, {m, A/}]];

Parallelize [al =  LinearSolve[7V[AA, 200], A [̂aa, 200]][[1]]]; 

r  =  8 * a l;

factor =  1 /Sqrt[l +  ((tt * pair * b) / {4*  pc * t)) * Re[F]]]; 

fr =  /  * factor; (* resonant frequency in medium *)

1 — factor; (* Normalised resonant frequency *)

Q =  ((4 * p c * t ) / { n  * pair * 6 ) +  Re[r])/Im[r];

Print [“Mode Number =  ” ,n];

Print [“Resonant Frequency in Air =  ” ,fr, “ Hz”];

Print[“Q Value =  ” ,Q];

AppendTo[FF, fr];

AppendTo[QQ, Q];
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QQl =  Rest[QQ]

FFl =  Rest[FF]

ListLinePlot[QQl, AxesLabel

{“Matrix Dimension (n x n)” , “Q Value”},

AxesOrigin —> {0,0}, PlotRange Full, PlotRangePadding 1]

ListLinePlot[FFl, AxesLabel 

{“Matrix Dimension (n x n)” , “Frequency (Hz)”},

AxesOrigin {0,0}, PlotRange Full, PlotRangePadding 1]

Export[“Qvalue_6.723um_130Gpa_ext.xls” , {“Q value” QQl, “Frequency” —> FFl}]
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Glossary

tv-synuclein a natively vnifokled protein which can aggregate to form fibrils in 
conditions characterised by Lewy bodies, e.g. Parkinson’s disease.

a ch ro m atic  d oub le t  a lens designed to limit chromatic and s])lierical aberration. It 
is normally compri.sed oi two separate lenses, one concave and one convex, each with 
different dispersions.
am yloid  an insoluble filjrous protein aggregate formed from misfolded versions of 
proteins found naturally in the body, 
a n t ib o d y  also known as inununoglobulin. 

p r im ary  a n t ib o d y  an antibody raised against an antigenic target and binds the 
antigen.
secondary  a n t ib o d y  an antibody which binds a primary antii)ody or antibody 
fragment.

an tigen  a substance that causes the production of one or more antibodies. Also the 
target of an antibody.

b io tin  C]|)HiyN2 0 3 S, is a water soluble vitamin (B7 o t  H) connnonly u.sed in 
biotechnology for protein conjugation during assays. Biotin forms a highly stable 
bond with streptavidin.
block d iag ram  contains the source code of any Lai)VlE\V program, and determines
t he execut ion of the program.
b rad y k in es ia  generalised slowness of movement.

cy top lasm  the substance within a cell containing all of the cell’s organelles except the 
nucleus.

d opam ine  a common ueurotransmitter in animals.
dopam inerg ic  n eu rons  neurons that contain or systhesise dopamine.

D rosophila  a small genus of Hy often called the fruit fly. which is connnonly u s c h I as 
a model organism.

fes tina t ing  gait short jerky steps, also difficulty initiating anti slopping movement, 
front pane l provides the inputs and outputs to the LabVIEW i)rogram.
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f u n c t i o n a l i s a t i o n  the i)rocess of adding a functional group to a material surface by 

chemical synthesis methods, 

f u n c t io n a l  g r o u p  a specific group of at(;ms or bonds within molecules that are 

responsible for the characteristic  chemical reactions of those molecules.

i m m u n o g lo b u l in  a Y shaped protein produced by the innnune system capable of 

identifying and binding to a specific target.

L e w y  b o d y  an aggregate of protein th a t  forms in the nerve cells during Park inson’s 

disease.

ly o p h i l i s a t i o n  a.k.a freeze-drying. The m aterial is frozen and then the pressure is 

dropped to sublim ate the remaining frozen water in the material.

N O S E t o o l s  a d a ta  analysis ])ackagc for the handling of cantilever array d a ta  written 

by T. Bratm implemented in the  IGOR Pro  environment.

o l ig o n u c le o t id e  (oligc)) a short nucleic acid polymi-r with hfty or fewer bas(>s.

P a r k i n s o n ’s d i s e a s e  a degenerative disorder affecting tlu' central nervous system, 

p a th o g e n e s i s  the mechanism by which a disease is caused, 

p r o t e i n  G  an innnunoglobulin-binding i)rotein.

s t r e p t a v i d i n  is a small protein (G(J kDa) which is pmilied from StmpUyniyces avidiim. 

S treptavidin  binds biotin with a high afhnity and speciHcity. The bond formed betw(;en 

streptavidin  and biotin is highly stable and is one of t he strongest non-covalent bonds 

in nature. Due to the  strong bond, strejjtavidin is used in biotechnology during the 

pm'ification of biotinylated proteins.

T l i io f la v in  T  a dye used to visualise amyloid protein aggregates, 

th io l  an organic compound th a t  contains a carbon bonded sullliydrl (SH) group. Thiols 

form a strong bond with noble metals and can be used to form a SAM. T he  sulphur 

gold bond is semi covalent with a s trength  of ~  45 kcal/mol.

v i r t u a l  i n s t r u m e n t  a L abV lE W  program.


