dilnvedyanan nizvelnMaanssl

nsimuIiasuiviinatendasandalulasuratuddmivaunsiaia
& v Qs (] s
NI mEsiivatediiuligiusiuiulasysiAannnissunau

THE DEVELOPMENT OF INTERFERENCE-FREE MONOLITHIC MULTICHANNEL
QUARTZ CRYSTAL MICROBALANCE FOR BIO-SENSING APPLICATIONS

T

o ol
AN A7 1A%

KATAJARUWONGRUNGSEE
L:”\',;
'/L”)" R I( e :
[ B
wuvy....... o
o ‘<--WWK"F! vws; \ Jiiesstestsnnanteresscnsesscsces i
wunzidiyy,.... g
711.15?)11_?,’__ aifl, 25 ; 9% 5290 9
et & 59 v 393
WerlinusiJudnmilsvasmsfnwaunangnsUiygrianssumansquf Undia
#1913912AN 350 NN 7
ARIZAAINTIUAANT
aonvumalulagnszasunaninaumn satanssus
W.A.2558

KMITL-2015-EN-D-018-210



THE DEVELOPMENT OF INTERFERENCE—FREE MONOLITHIC MULTICHANNEL
QUARTZ CRYSTAL MICROBALANCE FOR BIO-SENSING APPLICATIONS

KATA JARUWONGRUNGSEE

A THESIS SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENT FOR THE DEGREE OF
DOCTOR OF ENGINEERING IN ELECTRICAL ENGINEERING
FACULTY OF ENGINEERING
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG
2015
KMITL-2015-EN-D-618-210



COPYRIGHT 2015
FACULTY OF ENGINEERING
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG

&2 = Y o [y ¥ - = & 1 ¥ o £ ¢ v 14
nansiiiluenansianubidmsunisidanunensfinyvingy ldeygeliiluldussleviaunism

lidnsdilagiadu dnvivnuiilvidaulasiient wagdesdnadadadvesenasynasaninisialuly



ARIZIAINTIUAENS
antumalulagnszaaunandnaumimsaInnszd
TuSusesinentinug

Wdoinentwus  msianndisuiviamendrsansalulasuiauddmivanunsiniameatinmasid
wangdsuiligunuiulagysirainnmssuniu

Thesis Title The Development of Interference-Free Monolithic Multichannel Quartz
Crystal Microbalance for Bio-Sensing Applicatbions
inAnen WA N71ATE
SWAUIZAND 51060015
UTeuayn AN IUANENTA W Unudin
GUL TRl Aennsulvii
919sdiUinuInedinus CER R N
9193EiUS N Ineninug s i&1%%///
B

219158NUS N e Inls (593)—

3705 43WUS

AUBLAVING1TNUS
'Y _d
AT AT MY i x
HeLAS.ARNA %a? 1 \
,?;‘/ \ \bf"?
b 2d

HALAT.81N
HAAT.gNUT

3F.03.YUIR

. NAY/
Y/ wew/ U Widau Tuiuns %sﬂgﬂ%mﬂu WA 2558 19811000 ;4200 u.
Q.

doufidou . e1AYs A du z@é} LN ';"q "'\\»‘a

ARZIAINTTUANENT SUTDINE?

(599ANEM519158 A5, ANEY UAT)

ARUR ANZIAINTTUAENS
N 23 WeAINIBU W.A. 2558
5 a v o ) v A Py -] | v o Y] ¢ v v
nansiiluenarsianulidmsumsldanuienisfinwvinuu Weygalnhlulduselesimunism

lidnsdilagiiadu dnviavnuiilvdnulasilent wagdasdadadadvesenarsynasaniinisualuly



Videineninug maanndituiulinmevdaiandalulasuiaud
dmiununsinianetinmdadivanadisug
TgmusuiulagUiannissuniu

unfnwn CwE AN 17ATE
swaUszsdnea 51060015

Ysguayn ArnssurmansnuiUndia
#1913 Anssulndn

WA, 2558
pransdiUEnunivendinug SA.AT.UR Unigeul

21913800 nen e tinus (3a) seasuta dnsdad
21913890 nw Aneninug (39u) as.efas iHouRsINLY

UNANED

Inendnusatull diademsiauhiuulnmendraniaklasuauddmiunuasain
mefanmdsdivaneiiuiligiusuiulasdnmanmssunau nslitdueiEnsinilunisdestu
mssuMuIInUsLsumIIiistaTndsundes Tngldnsasrlnseadnaiouiuuduan
Fetagindwes Snviaudtagmnrssunaumdluiasyudietalniwashsosirasfaftoganeld
asazanaierriunnmsdonsenslyiriuisansasats fenseenuuuteu TN ITMaLUULUY
vgaen Fwavaansianndiuifind dmalisuuayimusarmnunelia sdhodis
Fenfuedradudass Mvifidiautudiy Idgminismaaeunissudmsnedan measswialy
wandeaiu liun Suyulunauyauy 3 #50)1eG hay Bammdiudayiu via HsA lasntsndiansnis

1

::4 o 1 ° ) & v A a  a A R &
BINTNNVIABY WY NNWIELIEIINUEAITVINAD lﬂLLﬂ LL@uW@NNUUIUﬂ@UI‘JJaU 2 N8 antl—IgG LA LaUs

hY

Buudiudayilu vile anti-HSA asluuLTvBssUF faIfML 91NN 1sysassnudiuslRng
nevauesmsiroa sl mnelfsludase waslinanisinldagsidunaiass Fsnanlfdidiiuia

Wauvuiduausadnarsnedaniw BeUsuaa enatasialunafsiduss 19i0unanads lag
Usrandaymssumusenineiulaedussol



Thesis THE DEVELOPMENT OF INTERFERENCE-FREE MONOLITHIC
MULTICHANNEL QUARTZ CRYSTAL MICROBALANCE
FOR BIO-SENSING APPLICATIONS

Student Mr. Kata Jaruwongrungsee

Student ID. 51060015

Degree Doctor of Engineering

Program Electrical Engineering

Year 2015

Thesis Advisor Assoc.Prof.Dr.Chuchart-Pintavirooj

" Thesis Co-Advisor Assoc.Prof.Dr:Manas Sangworasil

Thesis Co-Advisor Dr.Adisorn Tuantranont

ABSTRACT

In this study, a /new interference-free. ‘multichannel monolithic quartz crystal
microbalance (MQCM)/ platform~ was ~ produced | for' bio-sensing = applications. | Firstly,
interference due to thickness-shear vibration mode coupling between channels in MQCM
array is effectively suppressed by interposing a polydimethylsiloxane wall between adjacent
QCM electrodes on a guartz'substrate to form inverted-mesa-like structure. In addition, the
electrical coupling due to the electrical impedance of solution is diminished by extending
the flow path between them withan extended-desien flow channel. The elecirical testing
results show that individual’QCM signal is unaffected by those of adjacent channels under
liquid loading, signifying the achievement of interference-free MQCM. The ‘MQCM is applied
for multi-analyte biosensing. of 1gG 'and HSA.-~The anti-leG_and anti-HSA are separately
immobilized on two adjacent QC€M.electrodes, which are subsequently blocked with BSA to
avoid unspecific binding. The MQCM-biosensors are-tested with single- and double-analyte
solutions under continuous flow of buffer:*The.lgG.and“HSA QCM sensors only show
frequency shift responses to their corresponding analytes and there are very small cross
frequency shifts due to remnant unspecific binding. Moreover, MQCM sensors show
approximately linear frequency shift response with analyte concentration. Therefore, the
developed MQCM platform is promising for real-time interference-free label-free detection
and quantification gf multiple bio-analytes.
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Chapter 1
INTRODUCTION

1.1 STATEMENT AND SIGNIFICANCE OF THE PROBLEMS

Quiartz crystal microbalance (QCM) is a method that has been widely used in physical,
chemical and biological sensing applications. For sensing applications, it will be coated with
a chemically or biologically sensitive film to sense very small amount of adsorbed target
substances in gas or liquid medium. The target substance will bind or react with the sensing
film resulting in mass and/or viscosity-density change, which can be generally detected by
resonance frequency shift.

The key advantages of QCM for chemical and biosensing“include quantitative, label-
free and real-time detection capability with very high sensitivity-and fast.response. However,
QCM’s characteristics can be/considerably “affected by énvironmeént conditions such as
temperature and pressure;” making ‘it-unpractical for- many! sensing applications whose
environmental conditions'can be largely varied. A dual QCM scheme has.been developed to
minimize such environmental, effects.~ The environmental - effects can. be completely
eliminated if the characteristics of two QCMs are identical. Since QCMs made on different
substrates can hardly be identical due to crystal “manufacturing - variation; * dual-QCM
resonators on a single Lquartz. substrate; which is the: simplest version of-monolithic
multichannel QCM (MQCM), have been designed to effectively cancel the environmental
effect.

MQCM system containing'more than two:QCM-channels on a single substrate has then
been proposed for multi-analyte detection. The “development. of MQCM/' leads to
miniaturization of QCM devices because the size-and spacing between QCMs are necessarily
small as the array size increases. MQCM offers some additional’ benéfits including less
sample/reagent consumption andw.wider = functionality such_.as -multi-dynamic range
detection. However, conventional planar MQCM_suffers from strong acoustic interference
problem because acoustic wave induced by one QCM can propagate through the substrate
and then interfere with the wave generated by other QCMs. Several sophisticated schemes
have been devised to minimize the acoustic coupling. Modification of quartz substrate
structure has been the most widely used approach for this purpose. Various modified quartz
structures including mesa, inverted-mesa, convex and more complicated shapes have been
widely studied to minimize acoustic interference in MQCM. Among these, inverted-mesa
shape is the most commonly used due to highly effective inference cancellation and



relatively high sensitivity compared with other structures. Despite its promising
performances, MQCM with inverted-mesa or other structures that require quartz substrate
modification involve expensive and complicated fabrication processes. Thus, alternative
simple method for realizing effective MQCM is still needed.

1.2 GOAL AND OBJECTIVE

As the matter of fact that, the main problem of using MQCM based sensor in real-
world applications is the interference between adjacent channels. Particularly, when
operating this device in liquid-phase, the interference occur both mechanical and electrical.
Even there are many interference blocking technique have been presented, but none of
them are truly solve the interference problem-in-liquid-phase. Hence, the most important
objective of this study is to invent.the-new MQCM platform that truly breakthrough the
problem.

1.3 HYPOTHESIS TO BE TESTED

Previously, several techniques that use to-eliminate the mechanical interference of the
MQCM have been presented. Most of the techniques are based on modifications of the
quartz substrate, to entrap the energy inside the vibrating area. Even through it iscone of the
most effective way to block the interference, but in‘the other hand, they are suffering in
high-cost and complicated 'fabrication _process: Therefore, instead of -modification, our
hypothesis is to fabricate the artificial structure to-working in the same way. With this
scheme, the mechanical-interference , problem should “be solve effectively without
conscious of high-technology fabrication' technique: In addition, there is also’ the other
problem, the electrical interference when operating'in liquid-phase. This impact occurs from
the electrical coupling through ‘conductive~tiquid.. sample” which- tinked’ to multiple
electrodes. The assumption tossolve this:problem is to, separate the testing area of those
- electrodes with lab-on-a-chip fabrication technology:

In this work, we proposed an inverted=mesa-like-structure formed by interposing a
polydimethyl-siloxane (PDMS) wall between adjacent QCM electrodes on a single quartz
substrate to achieve the interference-free MQCM that is coupled with real-time flow system
for multi-analyte bio-sensing applications. Additionally, the electrical coupling between
adjacent channels due to impedance of solution is suppressed by extending the flow path
between them with a serial extended-design flow channel. Moreover, the serial extended-
flow design can brevent turbulent flow of analyte within the system that may cause



unpredictable sensing response. The MQCM is applied for real-time multi-analyte biosensing
of immunoglobulin G (IgG) and human serum albumin (HSA).

1.4 PROCESS OF THE STUDY
The process of this study can be divided into four phase as follow. Firstly, the study of
using individual QCM as a chemical sensor. Next, the study of using individual QCM as a
biological sensor. Then, the study of MQCM fabrication and its problems. Lastly, the new
MQCM with no interference problem is studied and demonstrated as a multichannel
biological sensor.



Chapter 2
QCM AND MQCM

In the world of weight or mass measurement, the term of sehsitivity is the major key
to be deliberated. The higher sensitivity, the higher detail of mass can be detected. Even
there are numerous kind of weight measurement technique have been announced up till
now, but among them there are just a few technique that capable of weighing in molecular
~scale. Accordingly, the detecting of chemical or biological molecule can also be performed
by those molecular weighing technique. The quartz crystal microbalance (QCM), an ultra-
high sensitivity mass sensing device, is one.of-the most.promising method capable of
weighing mass of molecules. Since this.is'the main method used.in-this study, the related
principle will be presenfed in_this chapter. \In\ \addition; the principle of monolithic
multichannel quartz crystal’ microbatance, IMQCM) which is.a—group of "\QCMs that was
fabricated on a substrate monolithically also be provided here:

2.1 QUARTZ CRYSTAL AND QUARTZ CRYSTAL MICROBALANCE

2.1.1 Piezoelectricity and Quartz crystal

Piezoelectricity, the-mast impertant property of a quartz crystal, makes it able be used
as a resonator. The word Piezo, derived from the Greek word “Piezin”, meaning to “to
press”. So, the piezoelectricityrwas defined. as® “electric polarization produced by
mechanical strain in crystals_belonging to certain classes, the polarization being proportional
- to the strain and changing:sign. with .it” by Cady [1]. Electric polarizationcan be produced
inside any piezoelectric material when it was deformed (bending, shear, torsion, tension, and
compression). It provides a source of electromotive force (voltage) as illustrated in Figure
2.1(a). On the contrary, the converse«effect’ can. be toccurred.as.well, the mechanical
movement can be produced when a voltage-applied across the piezoelectric material, as
shown in Figure 2.1(b). Figure 2.1(c) shows the piezoelectric effect of the quartz crystal that
is fabricated to operate in thickness-shear mode (TSM).

The quartz crystal is formed from silicon and oxygen (Si0p). Characteristics of the
crystal depend on the unit cells of crystal growing. Each cell is identical and consists of
atoms arranged in, a repetitive geometric pattern. The geometric of quartz crystals was
illustrated by Figure 2.2 Most of the physical properties of a crystal are direction dependent



(anisotropic), therefore, changes during the growth of the crystal which affects anisotropy
result in crystal imperfections. Optic axis, the major axis of quartz growth, is not anisotropic
to light, therefore light passes readily. For the quartz resonator cutting, the optic axis is
labeled as Z-axis in an orthogonal X, Y and Z coordinate system. Figure 2.3(a) and Figure
2.3(b) show the photograph of a naturally growth quartz crystal cluster and synthetically
growth quartz crystal by the hydrothermal method respectively.

Tension

Compies sion

------

Figure 2.1 Schematics of (a) direct piezoetectric-e 7 (b) converse piezoelectric
effect, and (c) thickness-shear motion piezoelectric effect [2].
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Figure 2.2 Typical crystal cuts from.a doubly terminated quartz crystal [3].

Cutting the crystal at various angles, provide the_variatiomin physical and electrical
parameters of the resonator. For example, an-Xcplate 'crystal, thesmajor face normal to the
X axis, voltage generated when compressed-is.fairly large-and frequency decreases when
temperature increases. For Y cut plate, voltage can be generated just by shear stress but
exhibits a positive temperature coefficient. Numerous other cuts can be made simply by

changing the angle and the axis of reference.



(b
Figure 2.3 Photographs of £a) a natural quartz crystal cluster [4]

and (b) assynthetic-quartz crystal’[5].

Fundamental P F — -;
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Fifth Overtone ¥___ ¥ ="
Thickness Face Shear

Shear

Figure 2.4 Vibration modes of various crystal cuts and the thickness shear overtone [3].



Stress of quartz is produced when it is subjected to a voltage. When the voltage is
alternate at the proper rate, the crystal will steadily vibrate and produce an AC signal. The
mode of vibration depends upon the crystal cut, such as extensional-mode for X-cut,
thickness shear mode (TSM) for AT-cut. The various vibration modes were illustrated in
Figure 2.4. The vibration set-up in the quartz crystal may produce both harmonic and non-
harmonic signals and overtones. The harmonic overtones are desirable since they allow the
production of higher frequency crystal resonators using essentially the same cut. Non-
harmonic overtones, on the other hand, are undesirable as they may lead to the generation
of unwanted signals at frequencies spaced close to the one desired. When unwanted signals
occur, they could also change with environmental influences. The various vibrations may
then cancel, causing the crystal to stop.resonating. This phenomenon is termed an activity
dip since the crystal activity stops.and starts due to a ‘changing environment. Crystals having
unwanted signals could alsosshift from-ene resonate point to-another producing a frequency
jump which would be an undesirable effect.

2.1.2 Quartz crystal-microbalance

Quartz crystal microbalance (QCM), an ultra-sensitive- mass sensor, is-one of the most
powerful methods for chemical and biological sensing. “QCM has a wide range of
applications in many fields [6-11] such as thin-film measUrement, chemical analysis, gas
sensor, humidity sensor, and biosensar: Figure 2.5 show the diagram illustrated of using QCM
as a sensing device and the photograph of commercially available . QCM. Typically, QCM
based sensor utilize a thin AT-cut quartz plate with two electrodes patterned on /both sides
and coated with various sensing materials to enhance the sensitivity to- target analyte.
When electrically excited, quartz crystal oscillates. mechanically due to piezoelectric effect
and the osdillation is maximized at a‘fundamental resonance frequency.in.a thickness-shear
mode (TSM) with faces undergoing'in-plane displacement: Butterworth-van Dyke model [12],
the equivalent circuit of QCM, was described. in Figure 2.6. The model has been useful in
predicting the frequency shifts and losses of an AT-cut quartz crystal in QCM applications.



s quartz crystal
sensing Layer

a pair of electrodes

(a) (b)
Figure 2.5 The picturedillustrated of, (a) basic diagram+of QCM,
and (b) photograph of commercially/available QCM 1.3}
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Figure 2.6. Butterworth-van-Dyke model of Quartz Crystal Resonator.

The BVD electrical model consists=ef_two arms! The motichal”arm has three series
components modified by the mass and vistous=leading=of the crystal: (1) R, (resistor)
corresponds to the dissipation of the oscillation energy from mounting structures and from
the medium in contact with the crystal (i.e. losses induced by a viscous solution), (2) G,
(capacitor) corresponds to the stored energy in the oscillation and is related to the elasticity
of the quartz and the surrounding medium, and (3) L, (inductor) corresponds to the inertial
component of the oscillation, which is related to the mass displaced during the vibration.

Owing to piezoelectric effects, the resonant properties of crystal can be influenced by

external physical loading, which may be classified into two main types, gravimetric and
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viscoelastic loading. In the first case, gravimetric force due to mass rigidly deposited on the
crystal surface is balanced by a force originating from the shear gradient inside the crystal,
leading to the resonance frequency shift (Afg), which is governed by Sauerbrey’s equation
[14, 15]:

Afgz_iﬁ
m 4 (2.1)
/Jq
1)
" .

where fyis the fundamental résonance frequency, AM.is the mass.deposited on QCM
surface, A is the active electrode area, v is the acoustic wave velodity, P, 1s.the density of
crystal (2.648 g/cm? for quartz), MUq-is the sheanmodulus of the cut face(2.947x10"" g/cmxs?
for AT-cut quartz) and 'ty is the. crystal thickness: With this loading -effect, QCM: has been
routinely used for thickness monitoring in physical vapor deposition processes.

For the viscoelastic loading, resonance frequency is changed due to ‘acoustic-fluid
damping interaction when’QQM operates in viscoelastic medium such as liquid [16]. Unlike
gravimetric loading, there are large changes of dissipation factor and resonant resistance due
to energy losses of shear'wave that travels through non-rigidly adsorbed-layers [17-20]. The
viscoselastic resonance frequency 'shift (Af,), dissipation factor change (AD) @nd’ resonant

resistance change (AR) are given by:

Nf, Lef3r? /anL '
v O
#efla (2.3)
AD:2f01/2 n.p;
\ 7HHqPq (2.4)

AR=(2”ULpoo)1/2A/k2 (2.5)
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where 1y, P:-and k are viscosity, density and electromechanical coupling factor of the
liguid medium, respectively. Both dissipation factor and resonant resistance can be directly
measured experimentally. The combihed measurements of frequehcy shift and changes in
the dissipation factor and resonant resistance have been termed, QCM-D and QCM-R,
respectively [21]. . With the combined mass and viscosity-density effects, QCM can be
applied for bio/chemical sensing by coating with a chemically or biologically sensitive fitm to
sense very small amount of adsorbed gases such as volatile organic compounds (VOCs) [22,
23] and environmental pollutants [24-26] and liquid phase biochemicals. QCM/QCM-D
evolves a solution measurement capability in analytical chemistry and electrochemistry
applications due to wide detection range capability and very broad measurement
applicability. Moreover, electrochemical quartz-erystat-microbalance (EQCM) variant, in
which QCM is employed as a working electrochemical electrede, allows advanced
electrochemical studies. Great amount of work. relating’ to-QCM/QCM-D/EQCM has been
summarized in a number of review-articles, which “go overtheutilization of QCM in
analytical electrochemistry’ [27-29], /QCM ‘application -areas in-biosensors [30-36], drug
discovery [11, 37] and complex biopolymeric/biomimetic/ biemolecutar.systems [6, 91.

2.2 MONOLITHIC MULTICHANNEL QUARTZ CRYSTAL MICROBALANCE

The main advantages of QCM iin)sensing fields include high (sensitivity, high 'stability,
fast response and low cost: In addition, it provides label-free detection capability for bio-
sensing applications. However, QCM faces.a-major-technical “disadvantage" of /substantial
characteristic dependence’, on_environmental - parameters (particularly temperature. The
problem can be partially alleviated by using AT-cut QCM surface (35.25° with respect to z-
axis) because it has relatively. low temperature coefficient Compared to other well-
characterized quartz crystal cuts [38).. Nevertheless; its performance-is still not satisfactory
for many sensing applications with largely-.varied-~environmental conditions. The
environmental effects can be more effectively minimized by a dual QCM scheme [39-42], in
which reference and sensing QCMs are employed. Both QCMs should have almost identical
characteristic and present in the same environmental condition but reference QCM is

prevented from sensing target species by the absence of sensing layer.
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Figure 2.7 Temperature vs. frequency plots of AT cuts quart crystal with
a few variation of angle rotation, LTP represents the Lower Temperature Turnover.
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In general, this scheme may be implemented in two ways. The first mean is to use a simple
combination of two independent QCMs [39-42]. This method is found not to be very
successful because QCMs made on different substrates can hardly be identical due to
variation of crystal production. Figure 2.7 shows the temperature vs. frequency plots of AT
cuts quart crystal with a few variation of angle rotation, it can be seen that even just a few
second error of cutting angle will change the characteristic of the quartz over all
temperature range. The QCM mismatch problem can be effectively eliminated by employing
dual-QCM resonators on a single quartz substrate since two QCMs can be made highly
identical [42]. However, the approach gives rise serious interference problems because
acoustic wave induced by one QCM can interfere with the wave generated from the nearby
QCM [43]. In addition, mass or stress loading on-one-QCM will induce spurious frequency
shift on the other. The problems become particularly serious for two closely spaced
identical QCMs [44].

Multiple QCM array system has-been developed following the-dual QCM scheme for
advanced physical, chemical and biological ;sensing withr environmental compensation [45].
In this system, one QCM is used as a reference and other QCMs are coated with. different
sensing layers. Multiple QCM array. systems implemented by a' simple combination of
several independent QCMs are considered not suitable for general applications not only due
to QCM mismatch problem but also bulkiness. Multiple mierobalances on a single quartz
substrate, commonly referred ‘to as monolithic multichannel guartz crystal. microbalance
(MQCM) [46], are thus considered highly promising. Moreover, the development of MQCMs
leads to miniaturization of ‘QCM ‘devices because the size and spacing between QCMs are
necessarily small as the array size increases. QCM miniaturization leads to additional benefits
including lower cost, less sample/reagent consumption, faster sensing response and shorter
diagnostic time [47]. Furthermore, QCMs \in an-array .can be designéd to have varying
sensitivity, selectivity and dynamic range. Therefore, MQCM will\be .a wversatile sensor
platform with high performance and wide functionality. However, MQCM technology faces
challenging strong acoustic interference problems-that-cannot-easily be solved. It not only
affects MQCM performance but also constrains the miniaturization. -

2.2.1 Conventional MQCM

A conventional MQCM utilizes a few hundrends micron thick AT-cut quartz crystal
plate with an array of electrode pairs deposited on both sides. The size of electrode pairs
and the spacing between them depend on the number and density of QCM in the array.
For a MQCM system, acoustic wave induced by one QCM will propagate laterally through
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the substrate over a specific distance and if another QCM is located within vicinity of the
acoustic field, acoustic interference occurs [48]. For a small MQCM array, spacing between
adjacent QCMs would be sufficiently large, interference is thus negligible and conventional
MQCM structure can function properly. For a large MQCM array, distance between adjacent
QCMs must be small due to space limitation and hence strong acoustic interference is
inevitable. The interference generally causes fundamental resonance frequency change to
all acoustically coupled QCMs and spurious frequency shift due to mass or stress loading on
neighboring QCMs. The problem becomes particularly serious when all QCMs are identical
and operate at the same resonance frequency [44].

Acoustic interference in MQCM is highly complicated due to convolution of the
simultaneous vibration motions from several resonators.on one quartz plate. Further, it
depends on several parameters of MQCM device including=spacing between adjacent
electrodes, geometry, dimensions” and -thickness | of /each electrode,«. mechanical and
piezoelectric properties of quartz substrate and mechanicalproperties of electrode material.
Consequently, analysis of MQCM andits interference characteristics are mainly experimental.
Typically, interference /between two adjacent. QCMs. is. examined. experimentally by
impedance measurement of the two QCMs under exchanged external load andan electrical
equivalent circuit is used to model and describe the response [43]. Electrical equivalent
circuits including Butterworth=Van-Dyke - (BVD) . 'model {49] ~and transmission line
representation [50] have been effectively used for QCM measurement analysis. Interference
is introduced in a BVD drcuit model by a complex coupling resistance between two BVD
branches. In an equivalent dircuit. model,. MQCM :configurationis -simplified into one-
~dimensional structure and the vibration profile is_assumed to'be uniform throughout the
electrode surface. The results evaluated from the model are mainly valid in-the region near
the resonance frequency, which'is_calculated by, applying Kirchhoff’s law. Electrical circuit
modeling can provide good" estimation and prediction for experimental observation.
However, it cannot provide physical “understanding «and) correlation between interference
behaviors and physical parameters because-it. neglects-some.mechanical important features
including modes coupling and energy trapping of electrode layer [48].
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Theoretical modeling can provide insight-understanding of interference:mechanisms as
well as relationship between interference’ behaviors: and physicat-parameters. In general,
 theoretical analyses are performed on simplified-models of complex real World problems so
that analytical or semi-analytical solutions—can be' obtained. Recently, “the theoretical
analysis on interference of MQCM has been conducted using a simplified MQCM model with
two generalized QCMs/on’a monotithic quartz crystal plate as illustrated-in Figure 2.8. The
simple model of two generalized QCMs.is chosen to represent two nearest-neighbor QCMs
in a monolithic MQCM array. Two quartz crystal microbalances, QCM-A and QCM-C, are
formed on an infinitely wide quartz plate with a thickness of 2hand electrode widths of 2a
and 2c, respectively. The thickness of the electrode and 'separation between two/QCMs are
he and b, respectively. The analysis is-based 'on one-dimensional modified Mindlin’s theory
with piezoelectric effect, which comprises a set-of partial differential equations [51]. The
effects of electrode sizes, spacing between two QCMs-and QCM bosition on interference
characteristics are extracted from the.théoretical solutions.
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Figure 2.10 (a) The influence of separation between QCMs (b/h) on Fl and MSI,
(b) at a fixed relative size between QCMs (c/a) of 0.5.

The interference ‘has “been quantitatively ~characterized, in terms of /frequency
interference (FI) and mass induce shift (MIS). " Fl.is-defined as the normalizéd frequency
change (AW/W): of one QCM due.to‘a’'mass loading on another QCM while'MIS (AW /W), is
the normalized change in resonance. frequency -due to"the adsorption of mass on its own
electrode. MIS can be significantly modified-due the presence of neighboring devices in
MQCM. Fl and MIS are mathematically the same but they arise from different physical
mechanisms. From the theoretical analysis, two parameters including relative width
between two QCMs (c/a) and separation relative to' QCM thickness (b/h) at a fixed QCM
width relative to QCM thickness (a/h) are the most important factors that affect the FI and
MSI. Theoretically calculated FI and MSI as a function of ¢/a value at different a/h values are
illustrated in Figure 2.9 (a) and (b) respectively. Similarly, FI and MSI as a function of b/a
value at different a/h values are shown in Figure 2.10 (a) and (b) respectively.
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In Figure 2.9 (a), FI of QCM-A is computed when a fixed mass is placed on QCM-C with
different QCM-A widths (a/h) of 10, 20, and 40 and a constant separation (b/h) of 20. It can
be seen that FI has several peaks at different c/a values. The largest Fl for all a/h values
occurs near ¢/a =1 where the two electrodes have the same width. This corresponds to the
strongest fundamental acoustic coupling of QCMs operating at the same resonance
frequency. At higher values of c/a, Fl peaks for various QCM widths (a/h) appear at different
c/a values. These peaks is attributed to anharmonic overtones excited from QCM-C and
coupled into QCM-A. The overtone coupling peaks (c/a > 1) periodically occurs at c/a
periods of ~1.7, 1.34 and 1.14 for a/h = 10, 20, and 40, respectively. Thus, strong
interference occurs over a broader range of C/a<fer-smaller electrodes. On the other hand,
anharmonic interference amplitudes«cf.smaller electrodes as=scen_in Figure 2.9 (a) are
slightly lower than larger onesgCehsideration~of\MIS /gffers-an alternative perspective of
interference. Figure 2.9 (b) shows MIS-with_identical parameters as-those in“kisure 2.9 (a) but
the mass is placed on QUMAA instead) |t cary b&seen that MiSidecreases by afagtor of ~0.5
for fundamental and anharmonic ntefferencepeakseThus,; theimass=sensitivity fQCM-A is
considerably reduced due<t0 acousticinterference’ from\QCM-C in addition, M'S-is found to
slowly increase as electrode width {a/h)indreases.

The influence of separation-between©CMs (B/h))on Fiand-MSkarecdemonstrated in
Figure 2.10 (a) and () atra fixed retative size betweern-QCMs (c/a) of 1051t (is seen that Fl is
high for small separations and then “decreases rapidly “with ingreasing séparation as
expected. In additionj Rl fét, smatler) electrodesdis considerably higherthan larger/ane and
thus smaller electrodes, reqdire largerrelativespacing«In centrary, MiS decredsesslishtly for
small separations (b/h <%©harg’ itvis not strongly dependant on-the separatien for c/a = 0.5.
More recently, similar theoreticat’apalysis arr-a‘ere*éenerat MOCM madel with an arbitrary
number of QCMs on a monolithitsguattz.crystal plate is reported {32}, HoWweVer, the analysis
is limited to a special conditionsthat,_all" QCNs | have) the sapae_electrode width and
interelectrode spacing and only the influéhees Of the=width and Spacing on interference are
evaluated. Some conclusions can be drawn from the theoretical analyses. Firstly, the
microbalance channels of the devices may be designed to have different electrode sizes to
avoid strong frequency interference. Secondly, a large electrode size is helpful for acoustic
energy trapping. However, the size of electrode may be restricted by the number of
channels mounted on quartz plate, and the large size of electrode may also bring higher

order modes and introduce higher order frequency interference. Lastly, the separations
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need to be large to avoid strong frequency interference when all the channels have the

same size and same resonance frequency.
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Figure 2.11. The vibration shapes of (a) the TSM parallel resonance and
(b) anti-parallel resonance of QCM pair (c) mass deposited on one QCM surface,
both parallel and anti-parallel resonance frequencies.
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The theoretical calculation can provide insightful understanding of interference effects
for MQCM and can be used to guide MQCM design. However, it cannot provide accurate
prediction for real world 30 MQCM structures as 3D geometries such as edge effects of
electrode layers and crystallographic orientation of electrode relative to quartz substrate
cannot be directly included in the analysis. 3D simulation is thus required for more accurate
design and analysis of MQCM devices. Recently, 3D simulation of a MQCM model with two
symmetric QCMs on a monolithic quartz crystal plate has been reported [48]. The
simulation is conducted using finite element analysis (FEA) method with the commercial
software package, ANSYS. The ANSYS package provided electro-mechanical coupled field
element, which includes piezoelectric effect. The full piezoelectric tensor formulation
included in the package can account for anisotropie-behaviors of piezoelectric crystals. 3D
FEA simulation can thus provide considerably more quantitative. information than 1D
theoretical modeling. In additiontofrequency. interference, self-mass sensitivity and mutual-
mass sensitivity, vibration mode shape-and crystallographic erientation of an electrode pair
can be obtained from 3D simulation results.

For example, 3D /simulation.reveals the phenomenon' of resonance splitting into
parallel and anti-parallel mode for. a QCM pair-when two identical QCMs operate at almost
the same resonance frequency. The vibration -shapes of the TSM parallel resonance and
anti-parallel resonance of QCM pair are illustrated ‘as shown in-Figure 2.11 (a) and (b),
respectively. The diameter,. thickness of both ‘gold electrodes and spacing between them
are 6mm, 100 nm and 3 mm, respectively. The parallel resonance (with f, = 4954960.1 Hz)
results in the shear displacement. everlapping of two QCMs, while antiparallel resonance
{with f, = 49571192.6 Hz)-cause the two QCMs_to have opposite displacements. The
- displacement overlap in parallel resonance mode-induces the acoustic coupling between
two channels significantly. With mass:deposited’ on.one QCM surface, both parallel and anti-
parallel resonance frequendies ‘decrease. Figure 2.11 (c) showsthe frequency shift as
function of mass absorption on one“QCM"channel for;QCM pair-with 100 nm thickness
electrode. It can be seen that the parallel'resonance-frequency shift is linearly proportional
to the mass absorbed while the anti-parallel resonance one decreases non-linearly and the
sensitivity of the frequency shift for anti-parallel resonance decreases as the mass
absorption per unit area increases. This results from the fact that the mass absorbed on one
QCM results in asymmetrical detuning the two resonators and hence the splitting between
the parallel and anti-parallel resonance frequencies increased.



20

- Miass sensifivity coupling factor:

P71 S SIS WAL S
T 230 40 6D 80 o
ARG betweei QM genteding hnd :uxis (degsee)

Figure 12, Frequency coupling factor of the QCM pair as a function of the angle 0.

Moreover, 3D simulation can’provide the effect of anisctropic piezoelectric property of
AT-cut quartz plate in X-Y plane on interference. The coupting between a QCM pair is not
the same for different angle 0._to-the x-direction as schematically shown.in Figure 2.12 (a)
because acoustic waves propagate with different velocities in.different directions within the
crystal plate. In this analysis,'the interference is evaluated.in term of'mass—frequency
influence coupling factor, which is defined by:

Lo

o =
Yid 2.5)

Y, o= N,

i-j -~
Amf (2.6)

where Amy; is the mass per unit area added on the surface of QCM, Af the frequency
- shift of QCM+, i and j are the label of individual QCM. Figure 2.12 (b) shows the frequency
coupling factor of the QCM pair as a function of the angle, 0. It can be seen that the
coupling strength is lowest when QCM pair located in y-direction (B = 90°) and the
dependency on 0 has two fold symmetry around x and y axes. In addition, it is found that

the frequency split between parallel and anti-parallel of QCM pair decreases as B increases
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from 0° to 90°. The results indicate that the thickness shearing deformation transferred in x-
direction of quartz crystal is more than that in y-direction. Therefore, QCM pair will be
matched when their locations in x-y plane are at the same angle or 180° apart. This
consideration should be taken into account in MQCM design.

Interference among QCMs in conventional MQCM may be alternatively avoided by
mean of successive oscillation or multiplexing. In this case, only one or a few QCMs can
resonate at a time so that interference can completely be eliminated. This scheme is
limited to applications, which do not require real-time or high speed measurement.

In addition to acoustic interference, other problems of conventional MQCM include
spurious vibration, limited sensitivity and limited size of QCM electrodes. Spurious vibration
occurs due to coupling between thickness_shear(TS) and-ether modes including thickness
flexural (TF), face shear (FS), thickness-twist (TT) and higher order-modes. The coupling
between TS and TF occurs due to crystal edge effect and it is-strong because both modes
have a similar displacement field [53]. The -coupling between TS and FS or TS and TT is
relatively weak. In addition, the shear-rotation about the z-axis-is more than an order of
magnitude less than the shear rotation about the x-axis or deflection in-the y-direction [54].

Other important problems of MQCM are. the limitation-of sensitivity-and electrade size.
The mass sensitivity and diameten of MQCM electrode are both' limited: by the-thickness of
the crystal. The sensitivity is ‘proportional to'the/square of/resonance frequency, which is
inversely proportional to-quartz thickness.The  thickness of «quartz. crystal is-limited to
around 100 um because thinner. quartz plates are too fragile and cannot be: practically
processed. The thickness-constraint-also ‘limits diameter of electrode because small-
diameter electrode QCM. does not: resonate or resonates with a very low. Q factor if the
diameter of the electrode. to thickness of .the crystal \ratio is below 5:[55]./This limits
miniaturization of conventional MQCM devices.

2.2.2 MQCM based on modified quartz substrate structure

Several methods have been developed-to.eliminate~or minimize interference and
other problems of conventional MQCM. Modification of quartz substrate structure is found
to be the most effective approach to solve the problems. In this section, various MQCM

schemes based on modification of quartz substrate structure will be described.

2.2.2.1 MQCMs with mesa shape designs
The most basic concept for minimizing the coupling of acoustic energy between
adjacent QCMs isﬁto increase the difference in the resonance frequency between the
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electrodes and inter-electrode portions of the quartz plate. A direct way to increase the
resonance frequency difference is to vary the quartz thickness between the electrode and
inter-electrode regions. This can practically be done by means of standard micromachining
process. The structure with varying quartz thickness in steps are commonly termed, Mesa,
which can be subdivided into plano-mesa [56, 57], plano-inverted-mesa [58, 59], bi-mesa
[56, 57, 60] and bi-inverted-mesa [61]. For plano-mesa structure, square cavity with reduced
quartz thickness is formed in the inter-electrode regions while the other side is still planar.
On the other hand, square trenches are created in the electrode regions for plano-inverted-
mesa structure. For bi-mesa and bi-inverted-mesa structures, square cavities are made
symmetrically on both sides.

The interference and acoustic energy trapping-behaviors of the quartz mesa structure
of different designs have been experimentally demonstrated [57,762]. It has been shown
that the acoustic energy of _the” thickness  shear mode of mesa-shaped MQCMs is
considerably better confined'within electrode-regions than that of-conventional MQCM and
the separation between two adjacent resonators can thus be- reduced using, mesa-type
MQCM. With inverted-type-mesa designs, QCM resonators can operate at higher resonance
frequency than those of non-inverted designs because the guartz plate thickness in the
electrode area is decreased [59, 61, 63, 64]. This scheme can thus solve the limitation of
mass sensitivity of conventional MQCMs. Comparing between bi-mesa ‘and plana-mesa
schemes, QCMs with bismesa designs_exhibit better resonance characteristics with lower
spurious vibration made and higher' Q-factor than plano-mesa configuration because of the
symmetric structure [56]. However,. plano-mesa. scheme are more. practical than bi-mesa
structure because fabrication process“is considerably.-simpler and its“top planar surface is
more suitable for most applications than step-profile surface [45]. Therefore, plano-inverted-
mesa structure has been maest commonly used in-MQCM devices.
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Figure 2.13. Two generalized mesa-shaped QCMs on a monolithic quartz crystal plate.
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Figure 2.14. (a) The influence of mesa height on frequency interference,
(b) The effect of the relative electrode width (az/a;) on energy trapped in QCM-1.

Recently, bi-mesa MQCM has been theoretically analyzed [65, 66] based on one-
dimensional modified Mindlin’s theory, which has also been used for analysis of
conventional MQCMs. Two generalized mesa-shaped QCMs on a monolithic guartz crystal
plate as illustrated in Figure 2.13 is used as a model to represent two adjacent QCMs in
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MQCM structures. Two quartz crystal microbalances, QCM-1 and QCM-2, are formed on the
surfaces of two mesas with quartz thickness of 2h; and 2h,, mesa widths of 2a; and 2a,, and
distances to edges of |; and |, respectively. The thickness of the electrode, quartz thickness
outside electrode regions, separation between mesas and the total quartz length are he, 2h,
b and L, respectively. In this analysis, the Mindlin’s equations for the coupled vibrations of
TS and TF mode are used and piezoelectric effect is neglected. The kinetic and potential
energies per cycle in the different portions of the mesa structure are computed. The kinetic
energy consists of deflective and rotational kinetic energies while the potential energy
contains rotational and extensional potential energies.

The interference behaviors of mesa shaped MQCM are evaluated in terms of
frequency interference (FI) described in the previous-section.and normalized energy-trapped
_of QCM-1, which is defined as the ratio of -energy.trapped within-QCM-1 section to the total
energy in the quartz plate. The effects of mesa-height, electrode sizes, spacing between two
QCMs and QCM position onsinterference behaviors “are: acquired- fromithe theoretical
calculation. The influence’of mesa height on frequency intérference lis shown in\Figure 2.14
(a). The ratio of electrode width in-this example s ‘a/ar = 0.95, which is in\a strong
fundamental coupling region. The other fixed dimensions include ai/h = 20, b/h = 20 and
l/h = /h = 40 (L/h = 178). The heights of the two 'mesas, h; and h,, are both equal to hp..
It can be seen that Fll decreases monotonically with increasing’ mesa-height for, the infinite
plate case. When the plate has a finite length, FI graph still follows the same curve but
periodical spikes occur. These peaks correspond the coupling of TF and TS medes due to
the existence of boundaries. It"can be notice that a small relative mesa. height (hy/h'> 1.03)
can effectively reduce frequency interference between two adjacent QCMs. Thus, only small
etching depth is needed to form mesa: structure -with low interference and this can
considerably simplify mesa-MQCM fabrication process:However, strong coupling regions due
to the presence of a boundary:still exist.for mesa structure with specific relative heights and
- thus these must be avoided in the mesa-MQCM design:

In this analysis, the energy trapped..in QCM=structlre~has been considered with
different MQCM parameters. The energy trapped in QCM-1 is determined when only QCM-1
is under excitation. For mesa-MQCM with above parameters, energy trapped in QCM-1 is
found to increase as relative mesa height increases and negative peaks, where the trapped
energy decreases markedly, also appear at the same relative mesa height as those of Fl as
shown in Figure 2.14 (a). At these peaks, nearly half of the energy is found to escape to
other parts of the plate in the form of a flexural wave [66]. The effect of the relative
electrode width (ay/a;) on energy trapped in QCM-1 for mesa and no mesa structures is
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demonstrated in Figure 2.14 (b). It is seen only small relative mesa height of 1.02 can
considerably increase energy trapped in QCM-1 except the regions near the peaks of
fundamental (ax/a;=1) and anharmonic coupling (ax/a;>1). At the peaks of coupling regions,
the maximum loss from QCM-1 can be half of the total acoustic energy and Most of the
escaping energy is trapped in QCM-2. The main benefits of the mesa structure are to narrow
the range of strong coupling region and reduce interference outside these regions. These
give considerable flexibility for the design of MQCM devices.

2.2.2.2 MQCMs with convex shape designs

Mesa design can offer considerable improved-MQCM performance in terms of
interference reduction and sensitivity_enhancement. However,. the straight edge mesa
structure cannot effectively correct‘mode.coupling problems betweensthe fundamental TS
and spurious modes [62]. As illustrated.in the previous section, the coupling between TS
and TF modes remain quite’substantial in mesa-shaped MQCM. The coupling is undesirable
because energy is taken from the usable frequency vibration and results in damping and
lower Q-factor. High Q-factor is _important for ultra-sensitive detection in liquid mode.
Several structures including dual-step mesa [62], multisstep mesa [67] and spherical convex
[55, 68-70] structures have been developed: to reduce mode coupling probtems so that the
energy of the oscillation|is better trapped.at the center and very little dissipation occurs at
edges. Among these, the spherical ‘convexsshape structure canm theoretically separate
vibrating modes most effectively. Sphericall convex-shaped. MQCMs, 'which include plano-
convex [68] and bi-convex-{55, 69] designs as"illustrated:in Figure'2.15 (a), have been
reported.
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Figure 2.15. The resonant spectra in air of the spheriéal bi-convex
and reference planar QCM structures.

Some sophisticated processes have been developed to realize convex-shaped 3D QCM
structures. Firstly, planoconvex ‘quartz-crystal -unit is < fabricated based on‘a laborious
| mechanical polishing method [68]). Recently, the miniaturized *beveled bi-convex QCM has
been developed by photoresist thermal.melting [69] and photoresist reflow with solvent
vapor process [55]. The later process is particularly promising“because diameter, curvature
and height of spherical convex shape can be well controlled with moderate cost and
reproducibility. In this process, spherical shaped photoresist on quartz substrate is formed
after photolithographic patterning and reflow in a suitable organic solvent. Reactive ion
etching in SF¢/Xe gas mixture [69] is then used to transfer spherical structure into quartz-
crystal substrate. Spherical bi-convex MQCM structures with diameter ranging from 100 pm
to 2 mm and height from 1 to 7 um have been realized and the resonant characteristics

have been studied.
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The resonant spectra in air of the spherical bi-convex and reference planar QCM
structures are shown in Figure 2.15 (b). It is evident that the spherical bi-convex QCM
~ exhibits very sharp resonant peak with negligible spurious vibrating modes while the planar
QCM resonates with numerous spurious vibration. The spherical convex-shape can
effectively decouple the vibrating modes in QCM. An optimum Q-factor of ~80000, which is
twice higher than that of the 100 um-thick planar QCM, is obtained from the spherical
convex shape with diameter and height of 2 mm and 1.7 um, respectively. The spherical bi-
convex and planar QCM are also studied in viscoelastic liquid using glycerol/water mixtures
contacted on one side of QCM. The frequency shift versus square root of density-viscosity
product, (PN)"2, is shown in Figure 2.15 (c). The effective loading range in Figure 2.15(c) is
defined as the range in which the resonance frequency. shift is linearly proportional to
(PN)¥% It is seen that the effective doading range of the ‘spherical bi-convex QCM is
considerably larger than that of‘the planar. QCM. In laddition; the maximum viscosity in this
region for the spherical biconvex QCM (=128 mPas) is found: to be approximately 5 times
larger than that for the planar QCM (g=24.1 mPas).

2.2.2.3 MQCMs with x-axis inversion

X-axis inversion [71-73] is” ajuseful 'method“that can increase the difference in the
resonance frequency between the electrode and inter-electrode portions of the quartz
plate. An advantage of this‘technigue is that it does not require physical removal of quartz
material from the plate. It is the phenomenon that x crystallographic axis of quartz crystal is
locally rotated by 180° under a spedific thermal treatment as illustrated in Figure 2.16 (a). In
the treatment process, an AT-cut plate, is coated with a/thin’Cr or NiCr film on a desired
pattern and then is heated at 520-560°C.in @ vacuum. X-axis inversion would occur onty in
the area under the metal film, because of the mechanicat-stress induced'by the thermal
expansion difference between the quartz plate and the film. In-the inversion area, the y axis

is also inverted and the cut angle chanees from + 0 'to -O-AT-clt. Alternatively, x-axis
inversion can be formed by applying heating current-to the metal film. In this case, heat is
more concentrated on the patterned metal film and x-inversion can occur at a relatively
low temperature of 480-500°C with DC current density of 13.3-16.7 mA/mmZ. This method is
advantageous due to relatively low process temperature but it requires additional electrical

" connection, which can be cumbersome for complex patterns.
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Figure 2.16. X-axis-inverted area exhibits different dispersion characteristics

of the elastic. wave propagation from non-inverted one.

X-axis inverted area-exhibits different dispersion: characteristics -of 'the elastic wave
propagation from non-inverted one as illustrated in Figure 2.16 (b). Graph A, Band C in the
- figure are the dispersion' curves for-non-inverted AT-cut quartz -areas with. and’ without
electrode and x-axis inverted area with\no.electrode, respectively. The graphs/indicate that
the cut-off frequency of the x-axis inverted area is higher than-that of the nondnverted area
by a factor of 1.47. As a result, plate.wave. excited at the electrode area‘ishighly attenuated
as it propagates into the x-axis inverted area. The"attenuation-of -the wave in the x-axis
inversion area is proportional to the ratio of W and-H; where W is the width of the x-axis
inversion area and H is the plate thickness. From theoretical calculation, attenuation is
estimated to be more than 70 dB for W/H = 3. Thus, adjacent resonators can be effectively
mechanically isolated by an interposed x-axis inverted region and x-axis inversion can be
applied for acoustic decoupling in MQCM device.
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Figure 17. (@) MQCM structure with x-axis inversion
(b) the impedance- frequency response; of the, first QCM.is measured.

MQCM structure with x-axis inversion has been proposed as illustrated in Figure 2.17 (a)
[71]. In the structure, x-axis inversion areas are formed in the space between adjacent QCM
electrodes. X-axis inversion areas are first created by Cr film deposition and thermal
treatment. Quartz surface is then lightly etched by buffered oxide etching solution and Cr
film is etched way, leaving the pattern of x-axis inverted region on substrate. Finally, QCM
electrode film is deposited by sputtering or evaporation and pattern of electrode array is
aligned to the x-axis inverted pattern by standard photolithography. The acoustic decoupling
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between two adjatent QCMs separated by x-axis inversion region has been experimentally
demonstrated by mean of two-port network measurement. In the measurement, ac input is
applied to the first QCM at port 1 while both electrodes of the second QCM at port 2 are
either open or short and impedance- frequency response of the first QCM is measured.
Figure 2.17 (b) shows frequency response for conventional MQCM with no x-axis inversion
area. The length and width of QCMs electrodes and spacing between them are 4 mm, 3 mm
and 1.5 mm, respectively. It can be seen that one resonant peak occurs when port 2 is open
while two resonant peaks appear at different frequencies when poft 2 is short.

This indicates the mechanical coupling between two resonators under the short circuit
condition. Figure 2.17 (c) demonstrates the resonance characteristics of similar MQCM with
0.8 mm wide x-axis inversion region between.the-QCMs.-It.is evident that the frequency
response of the first QCM is not affected.by the termination of the second QCM. This result
demonstrates that both resonators.are effectively isolated by the x-axis inversion area.

2.2.3 MQCM sensing platforms

An array of QCMs may be differently formed into a\variety of MOCM sensing platforms
for various types of sensing or measurement applications. In this section, potential MQCM
sensing platforms will be explained [45].

2.2.3.1 MOCM as a static multichannel detector

In this platform, identical QCMs in-an array. are deposited with. different sensing layers
or receptors and MQCM is' set in“al simple. sample cell-as/illustrated inFigure 2.18.
Additionally, one channel of MQCM should be ‘used as.a reference, which has no receptor,
to compensate for the influences from the temperature; viscosity, and density of the
sample. In these cases, simple ‘measurements with one drop of @n”electrolyte solution
without an electrolytic cell are alse pessible [45): Different receptors will accept additional
mass from target species by means of binding, adsorption-or deposition causing resonance
frequendies of underlying QCMs to change accordingly.
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Figure 2.18. MQCM with static cell detection.

The main type of applications for this platform is multicomponent analysis, which is
-used to identify a multicomponent .mixtureand/or-—its._ingredients with respective
concentrations. There are three main“schemes for multicomponentsanalysis. Firstly, QCMs
are bound with different receptors, which are-selective to-individual cemponent in the
target mixture. The resonance frequency- shift of QCM coated with (each receptor can be
used to directly identify the presence of each component and determine-its concentration.
The scheme can work/only when the receptors with very high specificity: to.target species
are available. Existing receptors with such a-specific property include complementary DNAs
and antigen/antibody [10, 34,.74): Thus, this-technique can only be applied to.some specific
biosensing while it cannot generally be implemented for chemical and gas sensing:

Secondly, a group of.different receptors coated on QCMshaslow selectivity-towards a
set of components in the-mixture. When receptors are exposed to target cormponents, they
respond differently according their. selectivity, producing - resonance -frequency / shifts to
related QCMs. The presence and-—concentration of all target components’ are then
determined from recognized, relationships-of ‘selectivity_parameters of all.compoenents. The
number of different receptors should be the same as the number of compenents to obtain
" unique determination. Examples.ofireceptors in this system are ligands for metal ions [75,
76]. In an application, a QCM system.with._four different ligands.having different affinity
toward four metal ions can be used to determine the-econcentrations of the four metal ions
[45].

Lastly, an array of different receptors having wide sensitivities towards various
components is used to recognize the whole mixture. In this case, components in the
mixture and their individual concentrations cannot be resolved. Most receptors found in
nature fall within fhis category. These include gas-sensitive polymeric and organic materials,
electrochemical electrode materials and biochemical enzymes. The QCM array with these
receptbrs gives a pattern of resonance frequency shifts resulting from different receptors’
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sensitivities toward various ingredients in the composite, which can be analyzed based on
pattern recognitioﬁ methods. Commonly used pattern recognition methodologies are
. principal component analysis (PCA) [77-83], linear discriminant analysis (LDA) [78, 84, 85] and
neural network [81-83, 86]. The main applications for this scheme are odor sensor or

electronic nose and taste sensor or electronic tongue.

2.2.3.2 Series MQCM as a multichannel detector
in the flow injection analysis

A series of identical QCMs with different receptors can alternatively be applied to flow
injection analysis for real-time detections as illustrated in Figure 2.19. There are some
important considerations when MQCMs are operated-in a-flow injection system. Firstly, the
structure of MQCM surface in contact-withrfluid flow should be ‘planar and smooth so that
the solution flow will not be disturbed. Thus, MQCM 'structures-with nenssmooth surfaces
including bi-mesa, bi-inverted-mesa and-bi-convex may”not-be-suitable for. flow injection
analysis [45].

Secondly, analyte should be uniformly dispersed throughout the flow chamber so that
all QCMs see the same sample concentration. The: effect of flow chamber geometry and
- flow parameters on sample dispersion in flow injection system with integrated MQCM device
has recently been studied by fluid dynamic simulations and flow injection experiments [87].
Figure 2.19 (b) and (c) show.simutated velodty profite of fluid flow at a flow rate of 100
uVmin in MQCM chambers-with circular and rectangular designs, respectively. It can be seen
that MQCM with circular chamber’ design suffers. from: non-uniform sampte distribution due
to turbulent effect while such problem does not'occur to' MQCM chamber with rectangular
design[88]. The results agree to-experimental observation that there is a significant variation
in resonance frequency shift responses of identical QCMs located inthe circular chamber.

A flow injection system “containing. inverted-mesa MQCM in©20mmx>20mmX0.7mm
square chamber has been demonstrated [14]. The influence of flow rate on uniformity of
analyte distribution and the resonant characteristics-of - QCM is-also studied. Figure 2.19 (d)
shows resonant spectra of a QCM under different flow rates. It is seen that flow rate
considerably affects the resonant behaviors of QCM. In addition, spurious oscillation modes
induce under low and high flow rate conditions and undesired oscillation is minimized at an
optimum flow of 500 ul/s. Thus, flow rate is another important parameter that must be
| optimized when QCM operates in a flow injection system.
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Figure 2.19.'A'series of identical QCMs with different receptors
applied to flow injection analysis for.real-time detections,

2.2.3.3 Multifrequency QCM-as a multi-sensitivity
and multi-dynamic rangé“detector

Various QCMs in MQCM can be designed to operate different resonance frequencies.
This platform is termed multi-frequency QCM (MF-QCM). MF-QCM can typically be made in
two configurations as shown in Figure 2.20. The first structure of multi-frequency QCM array
is based on inverted-mesa structures with different mesa thickness [89] as illustrated in
Figure 2.20 (a). This structure can be formed by standard mesa micromachining process with
additional pattering and etching steps. By this scheme, resonance frequency, mass sensitivity
and dynamic range of QCMs can be varied over a wide range of magnitude.
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Figure 2.20. Multi~frequency-# Multi-dynamic,range MQCM.

Figure 2.20 (b) shows typical resonant charaeteristics of a 6-channel MF-QCM. The
thicknesses of 2 mm circular QCM diaphragms are varied from 77 to 81 um and the
corresponding resonance frequencies are from 21.7 to 20.75 MHz. With decreasing quartz
thickness, the dynamic range decreases while the resonance frequency and mass sensitivity
simultaneously increases. Thus, MF-QCM can provide multi-sensitivity and multi-dynamic-
range functionalities [14, 45], which is highly valuable for general applications whose sample
concentration and detection range are unknown. For multisensitivity and multidynamic

range purpose, all QCMs may be modified with only one kind of receptor and high
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sensitivity and wide dynamic range of particular analyte can be realized in one experiment if
MF-QCM is properly designed. The multisensitivity and multidynamic range QCM is useful for
a wide variety of applications including chemical sensing, bio-sensing and monitoring of
surface processes including electrochemical reactions. Moreover, QCMs in an array may be
modified with different receptors for multicomponent analysis with mulit-sensitivity and/or
multi-dynamic range capability.

The second kind of MF-QCM is an array of QCMs with the same quartz thickness but
different electrode sizes as shown in Figure 2.20 (). This scheme is advantageous in term of
fabrication process, which is the same as standard QCM fabrication. The dependence of
resonance frequency on electrode size can be accurately obtained from 3D finite element
simulation [48]. In this simulation, the thickness-of AT-ctut quartz plate and gold electrode
are 0.338 mm and 100 nm, respectively.-Figure 2.20 (d) illustratesthe simulated resonance
frequency of TSM as function of the diameter-of electrode on QCM surface. It is seen that
the resonance frequency of  TSM is decreased as electrode! size-increases. In, addition, the
resonance frequency becomes less dependent on diameter for very large diameter values
and it will eventually reach the frequency.value of one-dimensional theory given in eq. (2),
in which the electrode width is ‘assumed-to be infinite. The simulated mass. sensitivity as a
function of the electrode width is shown in Figure 2.20 (e). It is seen that the mass sensitivity
increases with increasing electrode width and. it approaches the value given by Sauerbrey
equation (eq (1)). Thus, the mass sensitivity. reduces while resonance frequency. increases as
electrode width decreases. This is in' contrast to thickness dependence, in which resonance
frequency and mass sensitivity simultanecusly increase with’ decreasing “thickness.  This is
" because more vibration energy, is dispersed into the surrounding quartz plate/region when
the electrode width is reduced. Moreover;. it ‘can be seen that both resonance/frequency
and mass-sensitivity can be'tuned over a relatively narrow range: Thus, this MF-QCM scheme
has limited applicability.
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Figure 2.21. MQCM platform for 2D mass mapping.

2.2.3.4 Two-dimensional mass mapping

MQCM is potentially applicableto mapping of the two-dimensional (2D) distribution of
mass changes on the solid surfaces [45]-The, structure of MQCM platformfor 2D mass
- mapping is illustrated in Figure 2.21-1t is"a high density QCM-array, in/which alt QCMs have
identical electrode and receptor. MQCM-mass. mapping scheme is-advantageous over the
other QCM based mass mapping .scheme based on ' scanning-electrode “quartz crystal
analysis (SEQCA) technique [90; 91], which can only provide the qualitative mapping of mass
distribution. In SEQCA, the guantitative mapping of mass distribution is not possible because
mechanical oscillation propagates over the whole quartz plate, which'is covered-by large
area gold electrode. In addition, - MQCM mapping ‘is faster but less expensive than SEQCA
because there is no sequential mechanical scanning system. However, MOQGM still_needs to
be further developed to attain 20 mass-mapping with_high‘lateral resolution. Presently, the
size and inter-electrode ‘spacing of -most reported MQCM: structure—are in-the order of
several hundreds of micrometers. The lateral resolutions: of these "MQCMs are not yet
satisfactory for general 2D mass.mapping applications: It is'thus important to-further reduce
the size and inter-electrode spacing.while maintaining sufficiently low acoustic interference
among QCMs. Further miniaturization~of “MQCM “based on plane<inverted mesa MQCM is
considered a promising route to achieve high density-MQCMfor 2D mass mapping platform
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| Chapter 3
INTRODUCTION TO BIOSENSORS

This chapter, deals with the general information of biosensors which concerned in the
. experiments of QCM based biosensor.

3.1 THE MEANING OF BIOSENSOR

The term “biosensor” is short for “biological sensor” It is a device that uses for
biological detection by integrating biological agent detection system. The International
Union of Pure and Applied Chemistry (IUPAC). definite.the word “biosensor”, is a self-
contained integrated device, which is-capable of providing specific_quantitative or semi-
guantitative analytical information~using_a- biological/ recognition element (biochemical
receptor), and a transducer in‘direct spatial contact (IUPAC 1996).

Biosensor detection system is consists -of biological s'element, and a transducer, as
shown in Figure 3.1. The biological element acts as. a bioreceptor that providing bio-
recognition to the analyte. Wide| variety of biological “element applied in biosensor
development, such ‘as, ‘enzyme, antibady, antigen, nucleic. acid, ‘and 'microorganism.
Recently, new synthetic chemical compounds (molecularly -imprinted polymer, aptamer,
etc.) also use as a recognition element material on this purpose. Another part of biosensor is

“Biokegeptor

Figure 3.1 Principle of biosensors [92].
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transducers or detector element, functioning to transduce the biorecognition reaction and
convert into measurable signals. The combination of a biological element and a transducer,
create an analytical device that allow to detection broad range of analytes in a complex
sample matrices that easily to quantify, and user friendly.

Looking back to the past, the vest literature in the last 50 years related to biosensors.
However, a studied of Prof. Leland C. Clark on the development of an oxygen probe by has
considered as the Father of biosensors. His developed sensor device is called the “clark’s
oxygen electrode” which is using for oxygen sensing became the basis for biosensor
technology. The idea of clarck’s oxygen electrode illustrated by entrapping the glucose
oxidase (enzyme) on dialysis membrane over on oxygen probe. The method of detection is
based on the decrease in measured oxygen-concentration-which is proportional to the

glucose concentration. His idea of the glucose sensor became the“product commercialized
“in 1975 and become today’s consumer healtheare diagnostics product expanded rapidly on
the world market.

3.2 COMPONENTS OF BIOSENSOR

As described above, the biosensor:consists of two main ‘components; the-biolagical
elements, and the transducers. This section focuses on'these two components which are
interfacing into one unit by-immobilization process.

The biological elements can be categorized into two groups, the biocatalytic elements
and the affinity recognition element based on-activity to recognize-the analyte molecule
with spedificity. The biocatalytic.element is the first generation of biological element used in
biosensor technology. It contains of the molecule that providing catalytic .activity such as
enzymes, microbial cells and tissues. The affinity recognition elements are the next
generation of biological element.thatutilize the affinity property ©f itssmolecule which
. specific capture to the analyte. This.group includes antibodias; nucleic acids, and synthetic
chemical compounds such as molecularly imprinted-polymers, aptamer, peptide ligands or
receptors. Biosensors also can be classified into various groups either by type of biological
elements utilized or transducers employed.
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3.3 CLASSIFICATION OF BIOSENSORS BASED ON TYPE OF BIOLOGICAL

ELEMENTS
3.3.1 Enzyme-based biosensors

Integration of enzyme with transducer called enzyme-based biosensors; utilize the
enzyme as biological element and interfacing to transducer. The function of enzyme in
term of the recognition elements provides a wide variety of measurable reaction products
arising from the catalytic process including protons, electron, light and heat. The advantages
of using enzyme as the biological element are fast response and more specificity compared
with microbial cells or tissues. However, the weak point of using enzyme is unstable and
need cofactors for the detection of analyte. Example of the enzyme-based biosensors is

glucose sensor which is a well-known deyviee™th ize=in-clif application to detection
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Figure 3.2 Schematic representations of cell-based biosensors [93].
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Figure 3.3 Schematic diagram of 5 types of antibodies [94].

3.3.3 Antibody-based biosensor

Antibody is knownids immunoglobulins (Ig). It is a proteinsubstance produced by
immune system that normally used to. identify substance called antigen, such as bacteria
and viruses in body. The antibody_has unique characterization that specifically ‘recognizing
structure of a target antigen. This biosensar detection system utilizes’ antibody to/ detect
'antigen. Antibodies will bind- to. specific ‘antigens in-a lock-andskey fashion, forming an
antigen-antibody complex on. transducer surface. The antibody-based biosensor also called
as Immunosensor.

There are five classes of antibodies, immunoglobulin /G (Ig6), immunoglobulin E (IgE),
immunoglobulin D (IgD), immunoglobulin. M*(igh), immunoglobulins A (IgA), as shows in
Figure 3.3. All of these antibodies, immunoglobulin G is an antibody mainly produced
during the secondary immune response, and predominantely used in immunosensor
applications. Basic structure of 1gG is represent shown in Figure 3.4. The top end of the “Y”
or Fab fragments contain the antigen-binding site, they retain specificity of the antibody.
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Nucleic acid is an essential bielogicaltrig
acid) and RNA (ribonucleic acid). Uti
by the complementary relationships between adenosine (A) and thiamine (T) and cytosine
(C) and guanine (G) bases in DNA which is form the basis of specificity in nucleic acid-based
biosensors. The detection of specific DNA fragments by hybridization with complimentary

@:Lv’ﬁ% 'qcﬁé%i

d_in.biesensér has been conducted

strands has gained considerable interest because of its important to the early diagnosis of
diseases, such as cancer, hypercholesteremia. However, there is offers several drawbacks
including the requiring of sample preparation, and the process of detection should be well-
controlled of the contaminations.
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Figure 3,5 Schematic diagram 'of DNA 'and RNA {95].

Synthetic molecule-based biosensor

Recently, two hew<elassesyof semicsynthetc and-fally Synthefic binding iHolecules:
high affinity RNA aptamer andgmoleculary timprinted - polymers<(iies) have’ been started.
There are offer and\ altemative “approach =nvolving [the: use “of »artificial “biomimetic
recognition systems. The ‘aptamer cereraten oy randem synthiesis” 6FRNA duclgotide. The
MIPs can be synthesized RAfdrming a\polymeric-netwerkarouna-the témplaté and then
created structure complemeéntary“ofy the afalyte=Hewéver, both. otvthese’ two kind of
synthetic molecules are still exhibitndrawbagks, with redard, tocaffinitys” eross-reactivity and
unspecific binding.

3.4 CLASSIFICATION OF BIOSENSORS BASED ON TYPE OF TRANSDUCERS

3.4.1 Electrochemical-based biosensors
The electrochemical-based biosensors have been described more than fifty years after
Legend C. Clark introduced the principle of enzyme electrode. Currently, the enzyme is still

the most common biological element of this type of biosensor. Several electrochemical
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biosensor based on their operating principle, including potentiometric, amperometric, and
impedimetric converting the chemical information. The sensor electrode usually contains
two, three or more electrodes, simply called auxitiary electrode, reference electrode, and
working electrode. The electrodes of an electrochemical sensor provide a surface at which
an oxidation or a reduction reaction occurs to provide a mechanism whereby the ionic
conduction of an electrolyte solution in contact with the electrodes is coupled with the
electron conduction of each electrode to provide a complete circuit for a current. The
applications of electrochemical sensors are frequently used in clinical diagnosis and
environmental analysis.

3.4.2 Optical-based biosensors

The optical-based biosensors employed. a. 'number of techniquesto detect the
presence of the target amalyte and are -based on”~well-founded method including
chemiluminescence, light” absorbance, -fluorescence, phosphorescence, light polarization,
and rotation. Among optical methods, surface plasmon ‘resonance (SPR) is currently the
most used technique. The 'SPR-based sensor. system was used based on.the Kretschmann
geometry of the attenuated total reflection (ATR) method and spectral investigation of SPR
condition. Others optical-based techniques are fiber optics and evanescent wave.

Figure 3.6 shows that the'lisht from the light source is'focused through ‘the prism on
sensor surface, giving an incident light, angles that monitored by a sensitive diode, and
computer interpolation algorithms determine the angle of the SPR. '
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been introduced by Sauerbrey in 1959 as a new method for mass sensing. Starting from the

gas sensor, nowadays it is a transducer that widely used in sensor applications for detection
of various chemical and biological species.

subsequently change its resonance frequency,
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3.5 IMMOBILIZATION OF BIOLOGICAL ELEMENT ONTO TRANSDUCER SURFACE

Immobilization is/a technigue used for-the  physical.or.chemical fixation.of biological
elements onto transducers which are solid /matrix or retained by a membrane, in order to
generate a sensing unit and stability. There are two main types of immobilization techniques
are physical adsorption and chemical adsorption.

3.5.1 Physical adsorption

The physical adsorption is™ & simplest way to.immobilize “molecule of biological
element onto the solid substrate of transducer surface. This technigue isbased on the
physical adsorption of proteins on the water-nsoluble substrate surface without any reagent
treated, causesltittle or no cenformation change of protein structure. The binding is mainly
cooperated with the hydrogen bends, multiple salt linkages, and,van der Waal’s forces that
similarity to the situation found in“biolegical “system.”"A major advantage of physical
adsorption as a general method of immobilizing proteinsis that usually no reagents and
only a minimum of activation steps are required. This method can be both simple and
cheap. However, it has the disadvantage that the adsorbed molecules may leak from the
substrate surface Jdue to weak binding forces between protein and substrate. Another

disadvantage is noh—speciﬂc.
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3.5.2 Chemical adsorption

The chemical adsorption or covalent binding technique provides high stability form of
immobilization based on chemically modification between the reactive functional groups of
surface substrates and biological elements. If the biomolecules are protein, there have
varieties of functional groups for covalent binding such as lysine amino groups, cycteine
thiol groups, tyrosine phenolic groups, arginine guanidine groups, histidine imidazole groups,
cysteine disulfide groups, tryptophan indole groups, methionne thioester groups and serine
and threonine hydroxyl groups. The reactive groups for covalent binding must be outside
the active biological activity or binding site. The-self-assembled.monolayer (SAM) is one kind
of chemical adsorption which consists of“a single monolayer form-of chemisorbed organic
substances such as alkanethiols‘on gold surface ‘caused’ monolayer, depicted as perfectly
aligned closely packed alkane chains.

3.6 APPLICATION OF BIOSENSORS

Biosensor is applied in wide variety of fields. The attraction of biosensor is that it can
detect minute quantities 'of substances by rapid and provide highly accurate with sufficiently
sensitive and specificity, easy to-use and suitable for non-specialist to deliver sophisticated
analyzable in the fields or’in horne. Nowadays, exploration-of new. technologies such as
micro/nano-electromechanical-systems, (MEMS/NEMS).technelogy, microfluidic technology,
nanotechnology, plastic. “electronics technology,. and = microchip technology (small
semicondudor—ba§ed crystal chips’embedded with. andC capable of carrying out electronic
functions) plays important role for’.development new generation of < biosensor in
miniaturization, which has resulted. in.smaller, more-affordable, and more sensitive test
monitors. A number of manufactures are trying-to-develop~a single platform that can be
used for multiple applications, produced in high throughput and easily manufactured with
high rates. The following list describes some examples of the current applications:
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Medical diagnosis or point-of-care
- Blood glucdse sensor for monitoring the glucose concentration in diabetes patients.
- Blood gases and other vital sign sensing.
- Detection of bacterial and viral pathogens.
Agriculture and food industry
- Detection of fish and shellfish freshness.
_ Fermentation control and analysis.
- Agriculture and food analysis.
- Detection of food pathogens in foods and drinks e.g.
Environment monitoring
- Microbial biosensor for detection of chemical contaminatione.g=heavy metal
contaminant in water.
- Biosensor for environmental poltution control e.¢."detection-of nitrate in air, water,
soil, solid wastes and waste water-indicate overuse and signs-of pollution:
Military defense and bioterrorism
- Detection of bioterrorism ‘agents e.¢. anthrax (Bagillus anthracis), botulism
(Clostridium botulinum toxin), etc.
- Detection of TNT explosive

3.7 INTRODUCTION TO-QCM BASED BIOSENSOR

In this study focusing on.development. of QCM-based biosensor-that utilized antibody
as a bioreceptor and QCM as transducer for detection of analyte. The detection system was
created by immobilized antibody onQCM transducer surface by chemical“adsorption. In the
presence of its antigen (analyte), the frequency shift of QCM is related to the’concentration
of analyte.

Chemical adsorption of antibody on to QCM surface by self-assembled monolayers
(SAMs) described as simplicity and adaptability of and control over biomolecule surface
orientation. Antibody immobilization in a manner which F,, fragments pointing away from
the surface, allowed for easy antigen-antibody binding. Protein A and protein G are used for
this purpose as Linker proteins. They are proteins specific to Fc portion of antibody
molecules, and used to capture the antibody on sensor surfaces with properly orientations

" and maintaining ahtibody functionality. This chemical modification has been found to show
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good reproducibility and coverage because the protein is covalently immobilized on the
substrate.

Figure 3.8 shows the basic principle of using QCM as an immunosensor. At the state (a),
one side of QCM gold electrode was prepared with SAM process and then assembled in to
the sample flow system. After the buffer solution (generally used PBS as the buffer) was
flowed pass through the surface, the resonance frequency will be recorded as the analysis
data. In the state (b), some of the linker (in this case is Glutaraldehyde) was flowed to form
the layer that have ability to bind with the antibody at Fc fragment. it should be noted that,
after the layer was formed, the exceed molecules that not bind onto the electrode are
removed with buffer flowed before the true frequency shift is expected. The removal of
unbind molecules is a very importance step-that must be-done in every state before
" analyze the data to avoid of unwanted fréquency shift signal. In the State (), the antibody
that specific to the target will be'bind to the electrode. Then, the-measured frequency after
the exceed antibody removed will become-the baseline to determine of the target analyte.
At the state (d) and (e), the analyte will be-flowed pass through the-prepared electrode, the
frequency will be shifted/down as.the function of bound-melecules. The measured result
will be used as the tool of target amount determination.
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Figure 3.8 Illustration of QCM Immunosensor frequency response.
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! Chapter 4
EXPERIMENTS ON QCM BASED CHEMICAL
AND BIOLOGICAL SENSOR

In this chapter, the experiments on QCM that was done before starting the MQCM
study is presented. It is consisted of two main application based on chemical-sensing and
bio-sensing respectively. For QCM in chemical-sensing application, was demonstrated
through the use of QCM to determine the moisture content in gas-phase. And for QCM in
bio-sensing application, was established through the realtime determination of
Immunoglobulin-G in liquid-phase. In addition; the-immebilization. protocol that was used in
. this study will become the main protocel to immobilize the MQCM fnwnext chapter as well.

4.1 EXPERIMENTS ON QCM BASED CHEMICAL SENSING IN GAS PHASE

QCM is one of the most favered device, be used as a gas sensor. The-key advantages
of QCM in gas sensing/ application - are- high-sensitivity. and. directly “determine ‘of gas
concentration based on gas-motecular mass. The sensitivity of QCM gas sensor, based on
two main factor which are. the sensitivity of QCM and the adsorb/absorb ability of sensing
layer coated on electrode-to the target gas. The higher gas adsorb/absorb ability, the higher
mass presented on electrode, effect to'the higher freguency. shift of QCM. in-this section, a
group of individual QCM are coated with varying the coating layer.and be tested in“the same
condition, to prove the effect of sensing material quantity to the sensitivity-

In principle, QCM is very attractive for_ humidity sensing applications as it employs the
most basic physical effect, which occurs when water molecule adsorption takes place on its
electrodes. Many types of hygroscopi¢ materials; such:as SiOx_thin-film; gelatin‘and various
kind of polymers, were coated on'the electrode as a sensing layer. Thus, the sensitivity of
" QCM humidity sensor considerably “depends “on-water-molecule”adsorbility of material
coated.

PEDOT/PSS, Poly (3, 4-ethylenedioxythiophene)/poly-styrene-sulfonic acid, is one of
the most promising polymer composites in sensing application as they provide high physical
and electrochemical stability compared to other polythiophenes. PEDOT itself can hardly be
applied in inkjet printing method since it is insoluble in water. But, it can become printing
solution by potyrherization in a water soluble electrolyte such as PSS. PEDOT/PSS has
received a great deal of attention for its unique properties including relatively high electrical
conductivity/stability and simple solution processing. Furthermore, the pattern of sensing
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layer can be precisely coated, since it can be apply in inkjet printing method. The advantage
of this printing method makes it very attractive for QCM electrode coating. It provides us to
control the sensing-layer pattern, area, also the thickness (number of layer) with very high
precision. In addition, it is suitable for coating monolithic multichannel quartz crystal
microbalance (MQCM) with difference sensing materials on neighboring electrodes.

The schematic of PEDOT/PSS printed QCM humidity sensor was shown in Figure 4.1. It
consists of 12 MHz commercially available AT-cut quartz crystal resonator printed with
PEDOT/PSS humidity sensing layer on its electrode. For the printing solution, print-ready
PEDQT/PSS solution (clevios P jet N) was ordered from HC Starck, USA. The solution was
printed by Fujifilm Dimatix materials inkjet printer on one side of QCMs electrode with
varying number of layers from 1 to 20 layersd3;5,"10;"15=and 20 layers), as illustrated in
Figure 4.2. The printing pattern area is*2.5%2.5 mm? square.

Printed PEDOT PSS layer
Silver electrede
AT:eGtQuartz crystal

Figure 4.1 Schematie of PEDOT/PSS printed*\QCM humidity sensor;

-\\;” . . “»\\;;~ Wiinhsl
1 layer SN 3 jayers “—="" " 5 layers

Figure 4.2 Schematic of multiple layer printed method.
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The diagram@of humidity sensing system is shown in Figure 4.3. The system can be
divided into two parts, humidity control and data acquisition systems. The humidity control
system is utilizing two mass-flow controllers with varying the ratio between dry and humid
air. The air zero, pfure and dry air, was flowed through two mass-flow controllers. The first
one, mass-flow controllers A, was used to control to the flow rate of dry air, and the sec_ond
one, mass-flow controllers B, was employed to control the flow rate of air bubbling in DI
water for the purpose of producing high humidity air. Both output air were mixed and
flowed through a sealed high-quality plastic chamber with low humidity absorption. The
ratio between dry and humid air were controlled by computer via main controller of mass-

flow controllers.
| The oscillator circuit that used in this study-is show-in-Figure 4.4 which is one of the
standard logic gate oscillator. Not ordinary-inverter gate is used, the:-Schmitt trigger logic gate
is needed to enhance the oscillated frequency. The/ other parameters (C and Ry was
optimized through experiments:
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Figure 4.3 Diagram the experimental system.



52

Square
Wave

L A

J
—
‘r%—"‘l "‘J“f V'

T

Figure 4.4 Schematic of .the-oscillator circuit used“in.this study.
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For the data acquisition systermm.gaeh,_quartZ ‘crystal resehatér was connected to
oscillator circuit, as shown in Figure 4.5. The Output=sienals were multiplexed with signal
multiplexer, controlled by computer. It should be noted that all of the circuit are custom
made with the microcontroller based circuit. The multiplexed output signal was measured
by a frequency counter and then the data was sequentially recorded in computer. The
reference relative humidity and temperature was obtained from SHT15, a commercial
humidity and temperature sensor. The measured relative humidity was also recorded at the
same time as the measured frequency.
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Figure 4.6 Typical. dynamic-response of PEDOT/PSS printed QCMs
and corresponding dynamic relative humidity.

Typical dynamic response. of the PEDOT/PSS printed QCMs with: different numbers of
printed layers (uncoated, 1, 3,-5, 10, 15 and 20 layers) and corresponding retative humidity
measured by the tommercial humidity 'sensor are shown in Figure 4.6. lt-can, be seen that
~the printed QCMs. have ‘short response.and recovery times comparable to theicommercial
humidity sensor. Also, the QCMs response was increased as a-function of layer-number. With
20 PEDQT/PSS priﬁted layers, ‘the frequency shift at 70%RH is higher than10/KHz. In the
other hand, uncoated QCM show negligible response to humidity.
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Figure 47 Log scale frequency-shift as a function of relative humidity
of PEDOT/PSS printed QCMs.
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Figure 4.8 Frequency shift of PEDOT/PSS printed QCMs
| as a function of printed-layer number.
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Figure 4.7 shows the log-scale frequency shift as a function of relative humidity of all
QCMs. From the figure, it can be seen that the humidity response of QCM is significantly
improved by PEDOT/PSS printing. The trend line is seen as a straight line when plotting in
logarithm scale. Thus, the frequency shift response of QCMs is exponentially increased with
relative humidity. The frequency shift as a function of PEDOT/PSS printed-layer number is
shown in Figure 4.8. It is evident that the frequency shift at constant humidity is linearly
increased with PEDOT/PSS printed-layer number. Thus, the humidity sensitivity is
proportional to the deposited PEDOT/PSS amount on QCM sensor as expected. Therefore,
inkjet printing method offers high precision of solution coating with accurately controlled

area/volume and it is promising for coating semsingTaterfaton-QCM based sensor.

Figure 4.9 Lab-made QCM flow-cell.

A = 2 o [ ¥ B = & 1 Y o ¥ ¢ v [
nansiiluenarsnanulidmsumsldanuienisfinwivinuy leygalnilulduselesiamunis

lidnsdilagiiadu dnvivnuiilvidaulasiient wagdesdnadadadvesenasynasaninisinluly



56

Figure 4.10 Gold electrode QCM in this study.

For the immobilization process, the most.commor=method that use to bind biological
element on to the electrode of QCMeBase@ on chemical adsorpiic echnique. Those are

In the study, C

groups, including thig
thiol group were bo
group would be left
and HCl for 2 and 5
electrode to form the

in1o thq?
The biological elem :

is specifically bind with the an ; @ymo l%d\tgﬂh

linker. Glutaraldehyde (GA), the cross-linkirTe gent with
was used to anchor the amine functional group o ystamine-modified gold surface and
antibody. The 20mM GA was feed in to the chamber of flow-cell with flow rate 10ul/min for

30 minutes while monitor the frequency shift simultaneously. 0.01M phosphate buffer saline
(PBS, pH=7.4) was used as a reference buffer, it will be flowed through the chamber for 15
minute to remove of the exceed GA that not bond to the SAM layer. It should be noted
that, current frequency response is considered as a baseline before immobilization of Anti-
IgG. Next, anti-lgG was prepared by 1:100 dilution of 2.1 mg/ml anti-IgG source solutions and
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then flowed through the flow-cell for 45 minutes, while the frequency was continuously
monitored to realize the binding effect of anti-IigG. Then, the PBS was flowed in to the
chamber for 15 minute to remove of exceed anti-IgG, the frequency at this point will be
used as baseline frequency. Next, IeG which is the target molecule in this experiment was
prepare in PBS and flowed into the chamber with varying concentration (50, 100, 200 ug/ml)
for 45 minutes. Lastly, PBS was flowed for 15 minutes to remove unbind molecule out of
the chamber, the last reading frequency will be compare the last baseline frequency and
considered as the frequency to IgG binging response.
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Figure 4.12 Frequency response of 100ug/ml IgG.
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Figure 4.13-Frequency.response of 200ug/mligG.

Real-time frequency respense of QCM with lgG concentration 50, 100;-200 ug/ml was
illustrated on Figu:re 4.11, 4.12; 413 respectively. The final frequency shift are 33Hz for 50
ug/mt 1gG, 80Hz for 100 peg/ml IgG and 115Hz for 200 pg/mlieG. It can be seen that, the
higher concentration of 1gG, the higher: final frequency shift obtained. Even,. this test is not
concerned about‘non—speciﬁc binding ‘effect, which cani be blocked -tsing -thel.additional
blocking material such &s BSA (bovine serum albumin) molecules: But, the-main objective of
this experiment, to find the protocol of bio-sensing for our MQCM scheme, and the results
confirmed the successive of anti-body binding with this protocol. Thus, this protocol will be
applied to the MQCM bio-sensing in next chapter.
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Chapter 5
. EXPERIMENTS ON MQCM
; FOR MULTI-ANALYTE BIO-SENSING

In this chapter, all of the experiments about MQCM is presented. First, the fabrication
of MQCM is revealed. Next, the problems of MQCM with non-interference blocking method
are presented. And finally, the bio-sensing compatible interference-free MQCM is

annhounced.

5.1 THE FABRICATION OF MQCM

As the princible of QCM, the fabrication of MQCM is fairly simple;itis the deposition of
electrode on both side of AT-cut”quartz-erystal substrate. However, it’s require high-quality
metal-thin-film depositing-machine-to prevent of electrode damaged-after use.\In, this study,
all of the chromium/gold (Cr/Au)-was: deposit, with multi-target sputtering-system, which is
the high-end multi material sputtering imachine (this task was: supported by.MEMS-lab and
OTL-lab at NECTEQ). The Cr and Au sputtering condition are 100 W dc power at_3x10?mbar
for 2 and 10 minutes, respectively. The thickness obtained for Crand Au layers were around
50 and 300 nm, respectively. In addition, the deposition need to be done on both side of
quartz substrate to be come and “electrode pair”; ready. to be ‘used as.a QCM. Since, this
depositing condition have been used in every deposited electrode in this-study. Hence, the
term related to “electrode deposition” after this;” can be explained~by these 'Cr/Au
depositing conditions.

A major different between . QCM.and MQCM is the number of ‘electrode-pair deposited
on a substrate. QCM had only. one electrode-pair while the MQCM had: multiple. So, the
pattern of electrode depositing.isweverything to be design. In”the ‘sputtering process, we
need the shadow-mask to create any“patterned. There' are few-techniques capable of
fabricating the mask, such as the patterned on.photoresist coated on substrate, the use of
metallic shadow mask etc. In this work, the shadow-mask was fabricated by nickel (Ni)
electroplating on photoresist-patterned stainless-steel plate. The standard dry-film
photolithography brocess was used to produce photoresist pattern of electrode designs on
stainless steel plate, as shown in Figure 5.1. Uncovered area on stainless-steel plate was
then coated by f40 bum thick Ni film by electroplating process. Ni electroplating was
conducted in Nickel sulphate p(ating solution for 4 hours. Nickel shadow masks were
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obtained by removing the photoresist by sodium hydroxide solution and detached the
nickel film from stainless steel plate. Figure 5.2 shows typical fabricated Ni shadow masks.
Before QCM electrode deposition, blank quartz disc substrates were cleaned in piranya
solution (1:4 mixture of 50% H,O, and 97% H,SO4) at 120 °C for 10 minutes. The shadow
mask was then aligned and attached on a blank quartz disc by a permanent magnet. The
chromium (Cr)/ gold (Au) layers were deposited on one side of quartz substrates by
sputtering through the top-side set of the shadow-masks. Then, the bottom-side shadow
masks were aligned to the first pattern and deposit electrode through the shadow mask as
well. Typical photographs of the fabricated QCM sensor array are shown in Figure 5.3. Even,

there are various design of MQCM in this study, the fabrication process are the same.

E & -
Figure 5.1 Photograph, of phatoresist-patterned stainless-steélplate.
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Figure 5.3 Photograph of fabricated QCM sensor array nsing/electrode pairs.

5.2 EXPERIMENT ON MQCM BASED CHEMICAL GAS SENSING

In this experiment, the fabricated MQCM was demonstrated as volatile organic
compound (VOC) detection. Poly-aniline (PANI), poly-ethyleneimine (PEI) and poly-vinyl-
alcohol (PVA) gas sensitive polymers were deposited on different QCM electrodes by drop-
coating method. The frequency shift characteristics of QCM sensors in the array are found to
be distinct for methanol, ethanol, and acetone vapors and distinct patterns can probably be
used to identification of different VOCs.
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Figure 5.4 Photograph of MQCM in sensor holder.
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Figure 5.5 Diagram of the gas sensing system for QCM-sensor array.

The VOC sensing results are shown in Figure 5.6-5.8. Figure 5.6 shows the sensing response
to 200 ul of VOC samples. ofthe MQCM. It can be seen that the sensing responses of PEl,
PVA and PANI based QCIE sensor array to. different VOCs have considerably different levels
of magnitude. In éddition, the sensing patterns of various sensors” responses for- different
VOCs visually appear to “be ‘similar. Invorder to distinguish| similar, response patterns of
different gases or‘;odors, several pattern lanalysis algorithmssuch ‘as principle ‘component
analysis (PCA), neural natworky etc., ‘have been proposed. These methods normally require
complicated computational process. Inthis.work, a-simple sensing pattern analysis that uses
only two calculation steps is preposed, Firstly; the raw'sensing response (frequency shift) for
all gases is normalized with respect to the sensor with highest sensitivity:1tds evident that
PEI coated sensor' has the highest sensitivity.to all YOCs while-PANI-Coated sensor has the
lowest response magnitude. As the result, PEl coated-sensor was selected as the reference
and its response; is set to 100 % while the responses of other sensors are scaled
proportionally Witﬁ respect to PEIl coated sensor’s response. Figure 5.7 shows the calculated
normalized result. it can be seen that the adjusted response magnitude for all VOCs are
now in the same level. Secondly, the new response is now renormalized by using one of
VOCs gases as a %reference. In this case, methanol is selected as the reference so the
methanol responsies of all sensors are now changed to 100% and other VOCs’ responses are
~scaled proportionétly with respect to methanol response. The normalized response with
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respect to methanol is illustrated in Figure 5.8. It can be seen that the final response
patterns for different VOCs become considerably distinct and the final pattern can be used

to distinguish methanol, ethanol and acetone from each other.
1000 !

0 PEl coated QCM
® PYVA coated GCM
| cPANIcoated OCM

Freguency shift (Hz)

Meathanol Ethanol Acelone

Figure 5.6 Sensing response to 200 ul.of VOE€samples ofthe MQCM gas sensor array.
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Figure 5.7 Sensing response to:200 ul of YOC samples, plotted using PEI coated QCM
response as the'reference value.
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Figure 5.8 Sensing response to 200 ul of VOC samples, re-plotted using both PEI coated

QCM response and methanol sensing response as co-references.
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5.3 PROBLEMS OF MQCM IN LIQUID PHASE SENSING

In the last experiment, it can be seen that, there are not much problem for MQCM
operating in gas-phase. As there are many report of gas-sensing MQCM reported up till now.
However, it is not possible for bio-immunosensor to be real-time detected in gas-phase. So
the MQCM in liquid-phase sensing still be challenged thus far. The first factor to be
considered, it is require the attractive flow-cell chamber. Second, it is suffered from the flow
typically. Lastly, it is distressed from sundry interferences.

5.3.1 The MQCM flow chamber

Unlike the individual QCM, MQCM required an area to be effectively used, since there
are multiple electrode deposited full of itsese5strate, _The=tab-on-a-chip technology, the
technology that can fabricate thesflow”channel precisely, was=uSed to deal with the
limitation in term of substrate afea” The commonly\fabrigatien method a@ymold-casting of
Polydimethylsiloxane (PDMS) g the SU-8-phetresist matd.(Fiewre 5.9 show the, mold, used
in this experiment. The fabrication_process ‘stastywith, silicen:wafer-were_cleanegin piranha
solution at 120 oc for 10 min, carefullylrinsaed severatitime m>deionizéd water and ‘dried with
gentle stream of air. After that silicon wafér were dehydrated,at 150-200<C for 10 min. SU-8
photoresist was spin-cated onysilicen‘wafer”using & spiry coater, ther=seft bakedto ramove
all the solvent in the layer. The [photere=sist coated wafers \ward-exposed! tsing WV expose
machine then post-baked-in @raer to]selectively cross-tink theexposediportions ef the film.
The sample was left lin| the' desiecators'to codt down stowdy at/room temperatuE for/more
than 13 hours. Finally,sample wassdéeveloped;-cleaned with-<deionized-water and isopropyl
alcohol and gently drieg Wwith_air.

Figure 5.9 SU-8 mold on Si wafer and PDMS casting.
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Fig 5.10 MQCM with PDMS micro chamber.

Sylgard 184 Silicone Elastomerkit{Dow Corning), consisting of*RDMS was prepared by
mixing the precursors sylgard/with a -euring_agent | at/ o/ ratic”_of 10:1W0w, volume. The
prepolymer mixture was degassed_at 20-50 fiTaorr-in ambient teinperature desiceator with a
mechanical vacuum pump’ for.10-miti to,remoéve any:airoubbles in=the. mixtuge. PDMS
mixtures were gradually poured.enta the-SU8 master motd to-the-heicht over theidepth of
designed chamber. Next, PDMS/slathinias, quredrat 801°¢ fog3 hoar Hinally; itwas_peeled-off
from the mold. Figure 5.10-shows.the-photograph of fabricated QCW:sensor array-with PDMS

chamber.

5.3.2 The effect of flow-path

After finished of'ithe SPDMS wiicre T chamber fabrication;the totr QEMs on=MQUM was
tested in the same bigsensimd application vbut\thezfrequency” shift tesults are jappeared
randomly. The measured fraguenty shift @re 52, 44,163 and 73 that is.disappointed, since it
is not turn out as our expeegtation.cOne of the-hypathesis=to_this proplem is the shape of

the sensing chamber
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Figure 5.11 The geometriés of turbulént flow effect-inside circular chamber in 3D
simulations and velocity variation over-the sensor surface at different flow rate
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Figure 5.12 The rectangular geometry show linear of laminar flow across the sensing

a) 50u/min, (b) 100ul/min (c) 150ul/min and (d) 200uV/min.

electrode at different flow rate
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The 3D-simulation of sample flow through each sensor surface was performed by
ANSYS program. The fluid dynamic simulation was carried out by imposing a constant
sample flow rate' condition through the chamber. Figure 5.11 shows sample dispersion
trajectories at various flow rates including 50ul/min, 100ul/min, 150ul/min, and 200ul/min,
respectively. Simulation results show that the flow in this circula'r—shaped QCM chamber
design is primarily turbulent. In addition, the degree of turbulence is increased with flow
rate. The sample dispersion especially on both far sides of chamber where sensor
electrodes are located is nonlinear. Thus, sensors at various locations see different sample
dispersions causing their sensing behaviors to be significantly different. Therefore, the QCM
chamber should be redesigned to obtain laminar flow through all sensor electrodes so that

every sensor experiences the same sample dispersion under-a.constant flow condition.

The shape of QCM chamberis redesigned to be/ rectangutar linexThe computational
simulation was pérformed again under-the-same boundary condition as that of circular QCM
chamber. Figure 5.12 illustrates sample-dispersion trajectories at-various flow rates. The
results clearly indicate a laminar-flow over-all sensing-electrodes without non-uniform
dispersion phenor;nena even at different flow. rate. Thus, it can be the solution to the
problem because flow ‘i the new design “is primarily- laminar-with “uniform ' sample
distribution.

5.3.3 The interference between channels in MQCM

Not only the effect of flowing.path that interfere the frequency shift signal, the layout
of the electrodes still ‘be”the mast importance thing to-be’suspicious. As:reviewed in
Chapter 2, the interference between channels will become stronger if the adjacent channels
become closer, and the effect<s can easily be noticed from the instability’ of measured
resonance frequency signal.

Figure 5.13 and 5.14 show 18.channels’ MQEM with-a aifeilar flow-€hamber. This work
was planned to be operated with multiplexing-method-which.the sensor will be selected
and operated one channel per time, before switch to read the other channel. The main
propose of using fhis multiplexing method is to avoid of the vibration from adjacent channel
to interfere each other, by stop its working. However, even not applying any power, the
mechanical stress of the adjacent channel can be strongly affected the frequency response,
if the electrode was placed too close.
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14 channels MQCM PDMS chamber

T aMiZ

.crystal holder
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Figure 5.13 The parts. of 14 channet MQCM.

Figure 5.14 Photograph:of .14 channel MQCM,
(a) topaview,b) side-view and (c) bottom-view.

Figure 5.15, shows the measure transmission=magnitude of each channel that was
measured by vector network analyzer. It can be seen that, each channel has more than one
resonance frequency peak. When connected to an oscillator circuit, the resonance
frequency cannot be maintained stable. As the result, the high-density planar-based MQCM
cannot be successively operated without the concerning of frequency interference effect.
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Figure 5.15 Frequency response of 14-chr MQCM measured by-netwotk analyzer.

5.4 THE NEW INTERFERENCE -FREE_ MQCM

In this experiment, We gprfoposed.an nvertedmesa-likeStructure farmegby interposing
a polydimethyl-siloxane (RBMS)/wall ‘betweer. adjacent \QCMseleetrodes oiva Sincle quartz
substrate to achieve the interferenée-free MQEM thatis Cotpled with real-time flow system
for multi-analyte bio-sensing ‘agplicatidns. _n addition,, the, ‘eléatrical’Colipling between
adjacent channels due to impedancesdfssalutionis ssuppressed by“exténding the flow path
between them with a serial extended-desigh*flow=channelt=M0reover, the serial extended-
flow design can prevent turbulent flow of analyte within the system that may cause
unpredictable sensing response. The MQCM is applied for real-time multi-analyte biosensing
of immunoglobulin G (IgG) and human serum albumin (HSA).
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5.4.1 Fabrication of MQCM and flow module

The structure of multi-analyte MQCM biosensor system is schematically illustrated in
Fig 5.16. The system consisted of three main components including a single AT-cut quart
crystal substrate with QCM electrodes, PDMS interposing slabs and the flow system made of
acrylic. Firstly, three pairs of circular QCM electrodes with 4.5 mm in diameter were
fabricated by dc sputtering of chromium/gold (Cr/Au) layers through a set of shadow masks
on 15mm-diameter 8.2 MHz AT-cut quartz crystal substrates (AATA Japan Co., Ltd), using the
condition presented in Chapter 5.1. The three QCM electrode pairs (with 4.5 diameter size)

were located symmetrically and concentrically around the 15mm quartz disc.

INLET 4 + OUTLET

Figure 5.16 Structure of multi-analyte MQCM biosensors:
(a) the conceptual cross-sectional structure illustrating QCM electrodes embedded in
inverted-mesa-like MQCM platform and
(b) 3D layout of the MQCM in serial flow cell module with extended-flow design.



72

Next, two PDMS interposing slabs (top and bottom) were fabricated by casting and
cutting processes. PDMS prepolymer mixture was prepared by mixing PDMS precursor
(Sylgard 184 Silicone Elastomer, Dow Corning) with curing agent at a volume ratio of 10:1
and then degassed at 20-50 mTorr in a vacuum desiccator for 10 minute to remove
bubbles. Next, 6 ml of the mixture was casted on a d-inch blank silicon wafer with
aluminum walls on all edges and baked at 80C for 1 hour. The PDMS slab with 0.8 mm in
thickness was cut into the designed shapes using a craft cutting machine. The shape of top
slab was a 20 mm x 20 mm rectangular sheet with three 5 mm holes located concentrically
with the three QCM electrodes while the bottom slab had the same shape but with
additional small holes for the spring connectors to electrically connect with the electrodes
on quartz substrate. In the last part, the=aciliC_flGW=system was manufactured by
mechanical machining. The acrylic_fléw-system consisted of topandubottom 5 mm-thick
acrylic blocks. The top Acrylic Jolaek was milled e\ formy/ thé-Lmm-widésand 0.2 mm-deep
flow channels connected betveen QCM-ghambers, which ‘were placed oR top of QCM
electrodes. Next, holes for the inlet/duttet ‘of flaw channels and ctamp_screws weare drilled.
The bottom acrylic blogkfonly contdimed drilledsholesiused for mechanical clamping of the
whole structure and passace of electricat conpectorfrom QW electrédes. The photograph
of the fabricated MQCM components is iltustrated in the Figure 517

Figure 5.17 Photographs of the fabricated MQCM and serial flow cell:
(a) components and (b) assembled module.



73

5.4.2 Immoblllzatlon of antibodies for IgG and HSA

The first and second QCM electrodes (assigned as channel 1 and channel 2) were
immobilized with anti-immunoglobulin G (anti-IgG) and anti-human serum albumin (anti-
HSA), respectively while the third electrode (designated as channel 3) had no immobilization
and was used as the negative control as well as reference for temperature compensation as
itlustrated in Figure 5.18. Both antibodies were immobilized using the same protocol as
shown in Scheme 2 (b). Firstly, the fabricated MQCM was cleaned in piranha solution (1:4
mixture of 30% H202 and 97% H2504) without external heating for 5 minutes to
completely remove organic contamination. Next, PDMS slabs were aligned and attached on
MQCM elec:’crodes1 to confine reagent presented 1o each.electrode. 20 pl of 25mM
Cystamine (C7255, Sigma Aldrich) solution"was then dropped on channel 1 and 2 of MQCM
~for 24 hours to form self-assembled monolayers (SAMs) on the gold electrodes followed by
rinsing with de—ior}ﬁzed (DI) water. Cystamine was-a bio-functionat-building ‘bleck that had
two functional enjd groups, including/thiot (SH) and amine (NH2).--The, sulfur atems of thiol
group were bounfd to /gold surface through weak acid-base interaction while the amine
group would be Léﬁ for subsequent reaction:

Next, 20 mM Glutaraldehyde (G-5882, Sigma Aldrich) was dropped-on the two MQCM
electrodes each With 201k and ‘incubated. for 1 hour before ' rinsing with-0.01M phosphate
buffer saline (PBS; pH=7.4; P5368, Sigma Aldrich). Glutaraldehyde, the cross-linking reagent
with two aldehydé functional grotps, was used to anchor the amine functional group of the
Cystamine-modified gold surface and” antibody. ‘Next, the antislgG and anti-HSA 'solutions
were prepared by! 1:100 dilution of 2.1 mg/ml anti-IgG (B8395; Sigma Aldrich).and 2.6 mg/ml
anti-HSA (A3293, Sigma Aldrich) source solutions, fespectively.20 |l of anti-lgG'and anti-HSA
solutions were th?n dropped ‘en:MQCM _channel 17and 2, respectively.“The antibodies were
“incubated at 4°C for 24 hours followed by'rifising ;with-PBS buffer to remove any excess
antibodies. In the ;Last step, 20 pl of 1 mM-Bovine.serum.albumin(BSA: A2153, Sigma Aldrich)
solution was droﬁped on all channels of MQCM and incubated at 4°C for 2 hours. BSA was
used to prevent signals from non-specific site binding in all QCM channels including channel
3, which has no irﬁmobilized antibody.
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Figure 5.19 Diagram of the real-time flow-sensing experimental setup for multi-analyte
MQCM biosensors.
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5.4.3 Experirhental Sensing system

To obtain the complete sensing module, the top acrylic block was aligned and
attached with thezmodiﬁed MQCM via the top PDMS slab and then placed on the bottom
acrylic block via guiding screws. The acrylic flow components were ﬁnally sealed with screw
clamps. The photograph of assembled module is shown in Figure 5.17(b).The experimental
setup for real-time bio-sensing of MQCM in serial flow module is shown in Figure 5.19. The
red arrow didateé the electrical information transfer path while the blue arrow represents
the solution flow, path. Each MQCM channel was connected to individual oscillator and
frequency countef drecuit. The measured frequency datafrom.all channels were sent to the
main controller and to a personal~Computer via USB port for.real-time recording and
monitoring. For the solution flow path,-the inlet \and outtet-of MQCM. flow cell were
connected to peristaltic pump (Ismatec® JSM831 REGLO Digital)-and waste ‘container via
Tycon® polymer t'fube (ID'='0.38 mm). The solution was driveniby-the: pump at'a'controlled
flow rate (20 ul/min) through the first, second and last ‘channels. of MQCM along extended
flow channels as indicated before exiting from the' outlet to a waste container. Initially, PBS
solution was flowed through MQCM and frequencies from all channels were constantly
recorded. After stabilization of baseline signals, the solution containing ‘1eG and/or HSA
samples were introduced by ‘switching the valves connected.to the buffer and sample
solutions while t:ﬁe frequency _shift due to: antigen/antibody binding were continuously
recorded. The IgG-and HSA sampte. solutions with various concentrations were prepared for
injection by proper dilution-of.lgG and HSA stock solutions. For/example, the/lgGHSA (200-
200 pg/ml) solution was made by adding 20ul, of lgG 16, mg/ml stack and 20ul of 10 mg/ml
HSA stock into 960ul of PBS, solution.

!

s
1
.
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(a) ! (b)
Figure 5.20 (a) Frequency shift response of the MQCM during.initial stage of PBS flow
through the flow cell module.{b)"Photographs of the/fabricated MQCM at various flow

states when the PBS solution flows-through (i)-inlet; {ii) channel-t, (iii) ehannel 2 and

(iv) channel,3,respectively:

5.4.4 Experimental-results-and discussion

Generally, liquid) such as” a buffer ssolutionsis-a - targe load’ that,sttonely .affects the
oscillation frequencyof QUVINE has héenreported that & QCM will experiénce - frequency
shift when liquid is applie® on qdantz ssubstrate even @t Aogations) outside. the /sensing
electrode due mechanical c@upling~between:ithe toad/ @andzbdlk acoustic™ wave. Thus,
interference behaviors of WIQCMycan be “detectedwunder liquid teadingl\The interference
characteristics of MQCM have,_heer gyaluated from the effect of Aiquid Aodding occurred
during the initial flow stage as showp in>Fgure 5,20, FiSure 520 (a)Shéws the measured
frequency shift of all QCM channels as™PBS flews.from the intetfo-the outlet. It can be seen
that the states of resonant frequency shifts of different QCM channels can be divided into
four regions, which correspond to different states of liquid flow as photographically
demonstrated in Figure 5.20 (b). In the first region (i), PBS is just fed into the inlet but has
not reach the first QCM channel when there is no frequency shift in all channels. The
second region (i) begins when PBS passes through to first channel, causing a large frequency
shift for QCM channel-1. The magnitude of frequency shift of QCM channel 1 rapidly
increases and become steady after PBS completely fills its chamber. Interestingly, it can be
seen that there is no resonant frequency shift for QCM channel 2 and 3 while QCM channel
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1 undertakes such a large load. Similarly, only QCM channel 2 or 3 exhibits a change of
resonant frequenc;y as PBS goes through the corresponding QCM chamber (states (i) and
(iv)). The results demonstrate that liquid loading on one MQCM channel has no influence on
resonant frequenéy of other channels. Since, liquid loading normally causes very large
frequency shift and very strong interference between MQCM channels, it is expected that
the MQCM should also exhibit no interference due to typical mass loading both in liquid
and gas phases. '

After the solution passed each QCM channel (when the frequency shift of the channel
becomes steady), it can be observed that there is an approximately equal delay time of ~30
s before the next QCM channel begins to.show a resonant-frequency shift due to liquid
loading. The delay time corresponds to-the time that the solution.takes to go through the
extended flow channel betweendinked channels, which have-been designed to have the
same length for channels 12/4nd 2-3-At-this paint, it should benoted that the extended
flow channel is sjpecially designed. to-eliminate the inference due 'to_electrical coupling
between QCM channels. The electrical coupling has been observed when consecutive QCM
chambers are connected with a direct flow.channel. This electrical coupling is believed to
be induced by the impedance of PBS solution that is electrically coupled among oscillator
circuits. With the extended design, the coupling impedance /s subétantially increased such
that the electrical interference becomes negligible as clearly. seen from the,experimental
results.
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Figure 5.21 Frequency shiftresponse of the Anti-lgG and Anti-HSA immobilized sensor:
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Figure 5.22 Frequency shift response of the Anti-lgG and Anti-HSA immobilized sensor:

the response to HSA sample (200 pg/ml).
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Figure 5.23 Frequency shiftfesponse-of the Anti-IgG and Anti-HSA immobilized sensor:
the response-to IgG-HSA sample (200-200 ug/ml):

200
180
160
140
120
100
80
60
40
20

Frequency shift (Hz)

N uin

AntilgG  Anfi-HSA | Ant-lgG™-AntiHSA=|"Antilgc  Anti-HSA
immobilized Immobilized | Immobilized mmobilized | Immobilized Immobilized

IgG sample HSA sample lgG-HSA sample

Figure 5.24 Frequency shift response of the Anti-IgG and Anti-HSA immobilized sensor:

the net frequency shift of IgG and HSA sensors for single and double analyte samples.
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Figure 5.25 Frequéncy shift response of the Anti-IgG and Anti-HSA.immobilized sensor:
the resonant frequency shift-of the.sensors as a/function of IgG.concentration.

The immobilized MQCM device-has been tested for real-time detection of single- and
double-analyte samples. PBS buffer was flowed for 5\ minutes 1o obtain stable baseline
signal. The analyte samplewas then fed for 30-minutes . and PBS buffer was resumed for 10
minutes to remove unbound-analytes. Figure' 5.21;5.22 and :5.23 shows the, real-time
frequency shift res:ponse of Anti-leG and Anti-HSA immobilized biosensors upon introduction
of 1gG (200 pg/ml), HSA (200 ug/ml) and IgG-HSA (200-200 ug/ml) solutions, respectively.
With single-analyte solutions (Figure 5.21 and 5.22), it can be seen thegG and HSA QCM
sensors only show frequency shift responses to their corresponding ‘analyte while/there are
very small cross frequency shifts in another channel due possibly to remnant unspecific
binding. In additifon, the \MQCM» biosensors :show. relatively: fast response with drastic
frequency shift in Ethe initial sensing period due tothe abundance of unbound receptors on
the electrodes. After that, the frequency“shift becomes slowly and_steadily increased with
“time because of lower probability of.antibody-target. binding:"Moreover, the relative
standard deviation (RSD) of environmental background noise and frequency shift of negative
control (un-immobilized QCM) are found to be less than £1.3 and 3.2 Hz, respectively,
confirming high sgtability of MQCM biosensors. When both analytes are present in the
solution (Figure 5.23), 1gG and HSA sensors give responses accordingly with similar frequency
shift profiles to the cases of single analytes. Figure 5.24 compares the net frequency shift of
IgG and HSA sensors for single and double analyte samples. It is seen that MQCM sensors
give well-matched responses for single and double analytes of the same concentration. The
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results clearly den:nonstrate that two analytes can be independently and reliably detected
in real-time with rrhu[ti—channel QCM sensors. In principle, the present system can practically
work with three ajnatytes without a negative control since three QCMs are proven to be
interference free by the liquid-loading experiment. The multi-analyte detection
" performances canibe attributed to effective suppression of acoustic and electrical coupling.
The acoustic coupling between adjacent QCM channels is effectively blocked by inverted-
mesa-like structuré formed using doubled-sided PDMS wall on the quartz substrate. The
application of PDMS to form the inverted-mesa-like structure allows the direct use of a
simple planar quéﬁz substrate for highly effective MQCM without the need of difficult
quartz-substrate modification processes, making MQCM more practical for sensing
applications. Moreover,- the electrical coupling betweenadjacent electrodes is highly
diminished by the extended-design” flow channel. The flow pathwof sample solution
between QCMs , can significantly influence . electrical”-signal  of “each QCMs via
resistive/capacitivé coupling’dte to ionic/dielectric conduction. in-a typical MQCM system,
all MQCM electrode are placed in a single chamber and QCMs are sfmu(taneousty resonated
with different instantaneous potentials. There ‘would be electrical conduction through the
solution that couples potential from one ‘electrode to another; leading to strong cross
interference signals among various QCM-electrodes. With the extended flow design system,
such electrical conduction between electrodes is largely limited by a long and narrow
channel between ?the eléctrodes, resulting in.negligible coupling effect:

The sensing characteristics of “MQCM sensors have  been 'determined for /analyte
concentration in the range ‘of 0-200 pe/ml. Figure 5.25 shows: the typical resonant frequency
shifts of Anti-lgG-immobilized and Anti-HSA-immobilized, MQTM sensors as a-function of 1gG
concentration. It Ecan be seen that.the frequency sshift-of Anti-lsG-immeobilized sensor is
approximately linéar in the rahge,of 50-200 pug/ml with a linear, sensitivity .of 0.69 Hz/Aug/ml)
while the cross frequency shift of HSA{mmobilized MQCM, sensor has-ho-Correlation with 1gG
concentration. The error bars in Figure 5.24.and-5.25.represent.RSD of measured frequency
shifts from 8 detjection experiments. The RSD is in the range of 6.5-9.6%, demonstrating
good repeatability of MQCM sensors. The comesponding detection limit (3Signal/Noise) is
estimated to be ~5 pg/ml, which still relatively poor compared with several reported IgG
QCM biosensors Whose detection limit is within the range of 0.005-0.5 pg/ml. The reported
QCM biosensors : employed various sensitivity-enhancement techniques inctuding high
. operating resonz:ance frequency (15-60 MHz), optimized protein-assisted antibody
immobilization add nanoparticle-enhanced loading. These approaches can be well applied
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to the developec;i MQCM platform. This preliminary MQCM biosensor work has mainly
focused on the elimination of mechanical and electrical interference by low-cost inverted
mesa-like PDMS-sandwich structure with extended flow design to achieve simultaneous
interference-free detections of more than one analytes and demonstrated the results for
the simplest case of dual-analyte biosensing with a negative control. This work was
published in the journal “Biosensors and Bioelectronics” [98].

Even, concept of the platform has been proofed through the experiments, but there
are still many poijnt left for the additional study. Such as, the way to improve the sensing
time (currently around 45 minute), the way of regenerating used-sensor to capable of reuse-
ability, as well as ’Ehe way to increase the channel number with high sensitivity and stability.
We believed that, this simple methods that-applied to solve the critical problem of the
MQCM will shed light on the real-time-effectively detection and“quantification of multiple
bio-analytes via MQCM in the near future.
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Chapter 6
CONCLUSIONS

In conclusion, a new interferencefree MQCM platform with integrated PDMS
interposing wall 'and extended flow structure has been designed, fabricated and
characterized for bio-sensing applications. The system consisted of three main components
including a singlei AT-cut quart crystal substrate with QCM electrodes, PDMS interposing
slabs and the aéwlic flow system, which were fabricated by Cr/Au sputtering through
electroplated shadow masks, casting/cutting=~andmechanical machining processes,
respectively. Theg electrical-testing results~during initial solution-flow_stage demonstrated
that liquid loading on one MQCM channel.had ne influence on resonant.frequency of other
channels, indicatiﬁg the achievement-of.interference-free-MQCM. In-addition, the electrical
coupling due to the elegtrical impedance! of solution is diminished by extending the flow
path between thermn with an extended-design flow channel. " MQCM-has been applied for
multi-analyte biosensing of 1gG and HSA with individual immobilization of anti-leG and anti-
- HSA on two adjac;tent QCM ele¢trodes. The tested. results’ with single- and double-analyte
solutions under ¢ontinuous flow of ‘buffer clearly -demonstrated that 1gG-and HSA QCM
sensors only showed frequency - shift-responses ‘to ‘their corrésponding- analytes'and there
were very small Ecross frequency _shifts.. Moreover, MQCM sensors: exhibit approximately
linear frequency:shift response, with, ‘analyte ‘concentration. “The. results. indicate that
multiple analytes can be  simultaneously and quantitatively detected with negligible
interference by the developed MQCM platform.
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