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Abstract 

In this study a biosensor based on real time quartz crystal microbalance (QCM) monitoring 

is optimized and characterized for the application in the Norosensor. This biosensor is 

aimed to recognise, capture and amplify Norovirus (NoV). In an initial step a simplified 

bioassay was developed that focuses on the latter parts of the assay which consists of 

DNA-guided probing and amplification of the captured virus and includes the development 

of an amplification model assay directly to the functionalised crystal surface. A padlock 

probe with matching sequence to the conjugated oligonucleotide on the quartz crystal 

surface is used as target in the model assay. Although a number of studies have been 

carried out based on padlock probe ligation and rolling circle amplification (RCA) based 

QCM sensing, these studies utilize the entire crystal surface to capture and amplify the 

biomolecule. In this research work the QCM monitoring is explored on a centrally 

functionalised electrode surface through conjugation only at the centre of the electrode for 

increased mass sensitivity. Thus, allowing capture and amplification of the padlock probe 

only at the centre of the quartz crystal.  

A 14mm diameter, thermoncompensated AT-cut, nonpolished quartz crystal with a 10mm 

diameter gold surface coating acting as electrode was utilized for QCM measurements. 

The detection system is based on mass binding and amplification on the QCM to produce 

a negative frequency shift in the fundamental frequency of the vibrating quartz crystal. The 

amplification products were additionally fluorescently labelled and fluorescent microscopy 

images were also obtained at the end of every experiment to verify the presence or 

absence of DNA capture and amplification. 

Experimental findings show that the current flow chamber with a 15ul capacity is able to 

detect a specific padlock probe concentration of 1nM on a conjugated region of ~2.5mm 

diameter. RCA amplified the mass with an average frequency shift of -80Hz in 60mins 

RCA incubation time. Further, the specificity and sensitivity of the QCM system was 

explored.  

However, the system has limitations where sensor binding of reaction proteins, such as 

DNA ligase and BSA, to some extent is observed. The storage stability of the 

functionalized self-assembled monolayer (SAM) on the QCM is also observed to 

deteriorate and thus, is of concern. Nevertheless the combination of RCA based 

amplification with QCM real-time monitoring has the potential for rapid and simple, low 

cost detection of the Norovirus.    

Keywords 
Norovirus, QCM technology, Rolling circle amplification, Microfluidics, SAM 
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Sammanfattning 

I det här arbetet har vi optimerat och karateriserat en biosensor för detektion av Norovirus 

som orsakar häftiga utbrott av kräksjuka under vinterhalvåret vilket leder till både 

försämrad vård samt stora ekonomiska förluster för samhället. Målet inom EU projektet 

“Norosensor” är att utveckla ett snabbtest som kan tillämpas efter ett utbrott på till exempel 

en vårdavdelning och som ska mäta mängden virus i luften vilket kan fungera som riktlinje 

för om en avdelning är säker att användas eller ej. Tekniskt är målet med testet att fånga 

in viruspartiklar från luften som specifikt binds till sensorytan. Därefter ökar vi känsligheten 

från bundna partiklar genom en DNA-baserad amplifiering. Detta genererar specifik, 

viruskorrelerad massa som mäts med en kvartskristall mikrovågs sensor. När massan ökar 

minskar frekvenser vid vilken kristallen vibrerar och detta mäts i realtid. Det här arbetet har 

inte behandlat infångande eller inbindning av virus utan har fokuserat på den senare delen 

av protokollet som omfattar amplifieringen på sensorytan. En modell-assay har därför 

utvecklats där viruspartikeln istället representeras av en så kallad “padlock probe” 

(hänglås probe).  

Då sensorn är mycket känslig har först olika protokoll testats för effektiv rengöring av ytan 

med hjälp av ultraljud. I nästa steg har ytan funktionaliserats med thiol-modifierade 

syntetiska DNA molekyler som används för infångningen av målmolekylen på sensorytan 

(virus eller i detta fall padlock proben). Det har tidigare uppskattats att för att få maximal 

känslighet i massmätningen så är det fördelaktigt att binda viruset endast i mitten på en 

mycket liten yta av kristallen. Den här avhandlingen har därför fokuserat på att utveckla 

protokoll för detta där ytan först funtionaliserats i mitten innan resten av ytan blockats för 

att undvika ospecific inbindning. Resultaten visar att vi kan generera en centrerad 

funtionalisering och att vi får låg ospecifik binding.  

Protokollet består av flera biokemiska reakionssteg såsom (i) inbindning och lingering av 

padlock probe och (ii) amplifiering av den ligerade proben genom “rolling circle 

amplification”. För att kunna verifiera att vi fått amplifieringsprodukter på ytan har vi dels 

mätt frekvensändringen på grund av ökad massa men också märkt in dem med 

fluorescerande molekyler och detekterat dem i microskop.  

Under arbetets gång har ett flertal olika typer av kristaller testats. Det visade sig att om en 

polerad yta används (1µm grovhet) så migrerade molekylerna iväg från mitten när vi 

oscillerade kristallen medan vi fick bättre resultat om något grövre (3µm) ytor användes. Vi 

testade även ett flertal olika flödesceller av olika material och med olika reaktionsvolymer. 

Eftersom kristallen är mycket känslig så påverkar faktorer som flödeshastigheter och 

eventuella luftbubblor frekvensen. Vi optimerade därför detta och körde mätningarna vi 
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konstant flöde men med alternerande, låga hastigheter när vi tillsatte nya reagens eller 

inkuberade reaktionerna. Vi förvärmde även reaktionsmixarna för att minska ospeficika 

effekter och konstaterade att den funktionaliserade ytan påverkades av lagring över tid. 

I våra försök såg vi att protein såsom ligeringsenzymet och albumin, vilka har 

förhållandevis stor massa, hade effekter på frekvensen redan i sig genom att binda till 

ytan. Ytterligare optimeringar måste därför göras framöver för att minska denna inbinding 

bland annat genom bättre tvättsteg. Vi kunde dock påvisa linjär massökning med ökad 

amplifieringstid och har bevisad hög specificitet. Slutligen utvecklades ett litet 

mjukvaruprogram för att automatisera analysen och minska bruset. Sammanfattingsvis har 

vi lyckats utveckla ett enkelt och snabbt system för specifik massamplifering av Norovirus.   
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Abbreviations and acronyms 

 

NoV   norovirus  

EIAs   enzyme immunoassays 

RCA   rolling circle amplification 

RCP   rolling circle amplification products 

QCM   quartz crystal microbalance 

TC-cut  thermocompensated AT-cut 

SAM   self-assembled monolayer 

PEG   poly (ethylene glycol) 

PEG4   (11-mecrcaptoundecyl) tetra-(ethylene glycol) 

MPEG   O-(2-mercaptoethyl)-O’-methylhexa-(ethylene glycol) 

LQCM   localised quartz crystal microbalance  

SSC   saline sodium citrate 

TNT   Tris-Nacl-Tween buffer 

SDS   sodium dodecyl sulfate 

DTT   dithiothreitol 

BSA   bovine serum albumin 

Cy3   cyanine dye 3 

Cy5   cyanine dye 5 

DAPI   4',6-diamidino-2-phenylindole dye 
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1. INTRODUCTION 

Statistics show that the current EU population is one that is an aging population (European 

Commission and Economic Policy Committee, 2014). The large share of elderly combined 

with the increased life expectancy results in the demand for healthcare which is both 

efficient and cost limiting. Furthermore, regardless of age group, the demand for the best 

technology due to patient awareness is also on the rise. The answer to this increased 

demand lies in the emerging of novel technologies in the healthcare industry. Indeed, new 

technology has been applied in areas such as in treatment (drug delivery), in diagnosis 

and screening (detecting/identifying pathogenic microorganisms) and even for reducing 

healthcare costs such as in diagnosis duration, preventive monitoring and so on.   

This research work is concerned with the development, optimization and evaluation of the 

biorecognition module of the biosensor: Norosensor. The Norosensor aims at on-site 

norovirus collection from air followed by virus binding and amplification on the surface of a 

quartz crystal microbalance (QCM) mass sensor. Biosensors have been implemented to 

sense parameters such as chemical compounds and ions, biomolecules such as enzymes, 

proteins (antibodies, antigens) and even microorganisms (bacteria, viruses). With the 

establishment of the glucose sensor, the first biosensor, biosensors are now being 

developed with the aim to be more advanced, accurate and cheap (Blum & Coulet, 1991). 

Biosensors transform analyte concentration into an electrical or frequency output using 

different transduction systems such as optical, electrochemical, thermometric, 

piezoelectric or magnetic.  

Most biosensors also incorporate microfluidics technology as there is a need for 

integration and for a system to introduce and mix solutions as well as, wash the sensor 

surface if the sensor is to be re-used. Indeed, in this research work a simple microfluidic 

system is implemented to introduce the solution for the reaction to occur over the solid 

sensor surface. Microfluidics enable biosensors to be miniaturized thereby promoting 

portability and faster processing time. Miniaturized microfluidic biosensors also require low 

volume of reagents as well as less materials thereby making the sensor more affordable 

with less waste. Furthermore, the fabrication techniques employed in microfluidics allows 

mass production of biosensors.  

The final bioassay to be implemented in the recognition module in the Norosensor includes 

the following steps (i) surface based capture of the virus target by affinity molecules (ii) 

target recognition and probing by highly specific proximity ligation assay (PLA) (iii) target 
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amplification by isothermal rolling circle amplification (RCA) of the ligated padlock probe (iv) 

real-time QCM sensing.   

This master thesis investigates the target capture and biosignal amplification step of the 

bioassay on a centrally functionalised surface of the quartz crystal. To efficiently evaluate 

the DNA-based probing,  amplification steps and, the effect of surface bound mass on the 

oscillation frequency of the sensor, we developed an RCA-based model assay directly on 

the crystal surface without the sandwich affinity binding of the virus target. Hence, the 

amplification of the biosignal, within the scope of this study, is based on the rolling circle 

amplification process.  

The novelty in target surface binding in this assay lies in the surface functionality of the 

crystal where the surface is modified to bind the Norovirus (or in the case of this model 

assay, the padlock probe) only to the central region (1-1.5mm radius from the central 

point) of the crystal. 

For the completion of the project, different tasks were identified and summarized in a Gantt 

chart to enable parallel work and on time delivery of the project. A schematic overview of 

the main tasks and sub-tasks of the project is presented below in Figure 1. In this study 

the capture and amplification of the biomolecule and the experimental set up for surface 

functionalisation was first established. The protocol was then optimized for centralised 

functionality of the sensor surface. RCA experiments including negative control samples 

were run and the amplification products were fluorescently labelled to enable verification of 

the results with a fluorescence microscope. Frequency measurements from the localised 

quartz crystal microbalance (LQCM) oscillator were obtained. The data was then 

processed to obtain frequency shifts and the fluorescent images automatically or manually 

stitched together for data analysis.  

 

 

 

 

Figure 1 Schematic overview represents the different tasks in this study 
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1.1 Goals 

The main objective of this master thesis is to develop, optimize and characterize a 

centrally functionalised surface of quartz crystal for a real time QCM monitoring system for 

the capture and amplification of Norovirus (modelled by a padlock probe) in order to 

integrate the assay into microfluidic chip prototypes to produce a functional sensor 

solution. The specific aims can be summarized in the following highlighted points: 

Familiarize with conventional biomolecular tube assays using manual handling   

Optimize chip assay and set up parameters like reagent volumes, flow rates          

The RCA in solution is to be adapted on QCM for frequency measurements. The bioassay 

protocol, the quartz crystal type and experimental setup is to be investigated and 

optimized to maximize the DNA capture and amplification in order to achieve a 

reproducible frequency shift. 

Develop a centralised target capture to the crystal for improved sensitivity              

Then the system is to be developed such that the bioassay occurs only at the central 

region of the quartz crystal. This includes creating the SAM and centrally functionalizing 

the quartz.  

Validate RCA assay on the flowcell, including its specificity and sensitivity             

The bioassay is to be tested on different flow chambers/ flowcell prototypes. Experiments 

are to be carried out to investigate the RCA specificity, sensitivity and if time permits, a 

calibration curve will be established to determine the assay limit of detection (LOD).  

Develop data analysis and interpretation strategies                 

To facilitate data analysis a MATLAB program will be coded to filter out the noise and 

allow frequency shift calculations to be computed automatically.  

Establish PLA virus assay on glass slides and integrate to upstream             

sample preparation 

If time permits the specific virus capture will also be investigated. The simple modelling of 

the Norovirus as padlock probe is to be replaced with sandwich capture of virus like 

particles (VLP). VLPs therefore will be recognised through an aptamer based PLA virus 

assay. This bioassay will be first investigated on glass slides and later reproduced on the 

QCM.   

Literature review and project report writing                  
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2. THEORETICAL BACKGROUND 

In this Chapter the theoretical details of the different technologies are explained – rolling 

circle amplification (RCA), quartz crystal microbalance (QCM), centralisation for surface 

functionalisation, and self assembled monolayer (SAM). Furthermore, the impact of the 

Norovirus and the Norosensor on Society is also briefly discussed.  

2.1 Norovirus and the Norosensor  

The norovirus (NoV), alternatively known as the winter vomiting virus ,is a single stranded, 

non-enveloped RNA virus responsible for one of the common viral gastroenteritis 

outbreaks that occurs every year during winter (Johansen et al., 2008). Due to the high 

stability of the virus outside the host and, the low infection dose requirement for an 

outbreak, the NoV preventive measures taken by institutions tend not to be effective. The 

NoV is associated with rapid, high attack rates. It was estimated that 1 in 10 Swedes suffer 

from norovirus related gastroenteritis every year (Swedish Institute for Communicable 

Disease Control, 2011). Furthermore, the NoV infection rate among children under 5 years 

old is five times higher when compared to that among the general population (Lopman et 

al., 2012). Moreover, the damage caused by this virus results in incapacitation of patients 

as well as staff, contributing to closing down of wards in addition to delaying emergency 

and lifesaving surgeries (Edelstein et al., 2014). Thus, NoV infections severely 

compromise the health care service in Sweden and have a huge economic impact on 

Swedish society every year. 

When an infected person vomits or defecates, the virus particles are released into the air 

leading to the outbreak. Thus, during an outbreak NoV spreads from person to person 

mainly via direct contact or exposure to aerosols and fomites. As a result, it is necessary 

for a reliable detection method to rapidly and easily detect the NoV in order to take steps 

to curb the outbreak in time.  

2.1.1 Need for Norosensor  

Since the NoVs are non-cultivable, available methods for detecting NoV infection is limited 

to laboratory detection methods such as electron microscopy, enzyme immunoassays 

(EIAs) or molecular analysis such as real time PCR (Centers for Disease Control and 

Prevention, 2014). Real time PCR, while being sensitive, is expensive. EIAs are rapid and 

are of reasonable cost however, like electron microscopy, EIAs also have poor sensitivity 

(Centers for Disease Control and Prevention, 2014, Public Health Ontario, 2015). 
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Consequently, there is a need for a sensor to detect the NoV in a rapid and reliable 

manner so that effective preventive measures can be implemented by healthcare 

institutions.  

2.1.2 Norosensor  

The Norosensor EU project aims to develop the first small and portable biosensor platform 

for rapid and sensitive detection of airborne pathogens specifically the NoroVirus 

(Norosensor EU FP7, 2014). The high performance sensor platform integrates micro- and 

nanotechnologies to meet the unmet need for viral epidemic and pandemic monitoring at 

an affordable price level.  

2.1.3 Working principle of Norosensor  

The Norosensor will be developed to actively sample air regularly or upon a trigger. The 

first prototype is to developed tomonitor the virus level in hospital wards or toilets after an 

outbreak as a cleanliness test to secure virus free environment. When a virus is detected it 

will alert the on-site personnel or the central coordination point where preventive steps are 

taken to prevent or minimize the outbreak. The Norosensor thus will integrate the following 

functional modules: 

Capture: the airborne particles will be pulled into the instrument from air and concentrated 

onto a wet chemistry lab-on-a-chip.  

Sensing: the captured particles are transported to an aptamer coated mass sensitive QCM 

transducer where only the specific NoV binds to the aptamer for sensing.  

Biorecognition: In order to detect the low number of virus particles in the captured sample, 

the signal is amplified through PLA-guided rolling circle amplification (RCA) with 

additional mass loading through nanoparticles binding  

Extended operation: Since the Norosensor is to be operated periodically or over a few 

days the sensor surface needs to be cleaned and regenerated. The aim is hence that 

the target is released from the aptamer receptors through regeneration buffer or high 

amplitude oscillations of the QCM transducer.  

2.1.4 Relevancy of this project to the Norosensor EU project 

The project goals of this thesis mentioned earlier in the introduction are highly relevant to 

reach the milestones of the Norosensor project. This project optimizes and evaluates 

biomolecule capture and amplification for the functional sensing and biorecognition 

modules of the Norosensor.  
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2.2 Rolling Circle Amplification (RCA)  

As mentioned previously, target biomolecules such as NoV particles, virus-like particles, or 

in the case of the model assay the ligated padlock probe, are low in number and produce 

insufficient signal change. As a result, amplification is necessary to amplify the signal 

change on the sensor and to reach a good signal/noise ratio. Currently, there are many 

methods available for amplification such as PCR, RT-PCR, self-sustained sequence 

replication (Yao et al., 2013). These methods come with disadvantages such as 

amplification products of lower specificity, hardware complexity due to thermal cycling 

which result in increased cost of detection (Yao et al., 2013).  One alternative technology 

that allows amplification of both nucleotides and proteins as well as avoids the need for 

thermal cycling is rolling circle amplification (RCA). In the RCA assay, a long single 

stranded DNA molecule (rolling circle amplification product, RCP) is generated from 

circularized DNA using highly efficient polymerase phi 29 DNA polymerase. The high 

specificity is achieved through the requirement of dual hybridisation of a padlock probe 

with the target molecule (such as the ligation template) and a specific DNA ligation 

reaction resulting in low background signal amplification (Russell et al.,  2014) as 

illustrated in  Figure 2.1.  

 

 

Figure 2.1 Adapted schematic drawing demonstrating RCA on a centralized conjugated region on QCM  

First, the gold layered quartz crystal (a) is conjugated with oligonucleotides that are 

complementary to the NoV padlock probe (b). The conjugation of the ligation template is 

restricted to be at the centre of the crystal while a back  fill molecule is used over the rest 

of the crystal to block the surface, (c). Padlock probes, representing the NoV, hybridise to 

the oligonucleotide (d) and then ligate with the aid of T4 DNA ligase (e). Finally RCA 

occurs and a long single strand of DNA is produced (f).    

Importantly, RCA is carried out at constant temperature in solution or on a solid support 

(a) (b) (c) 
(d) 

(e) (f) 

Gold 

electrode 

Self assembled 

monolayer 

Ligation Template 

 
Padlock Probe 

Amplified RCA (RCP) 

 
PEG 
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making it suitable for simple low-cost assays. Earlier, research have reported that the RCP 

coil into dense DNA blobs of upto 1µm diameter in size containing ~1000 repeats of the 

padlock probe after 1 hour of RCA (Russell et al., 2014). The immobilized RCP can be 

visualised via hybridisation of fluorescent labelled detection oligonucleotides (DO) and 

imaged with fluorescent microscopy. Alternatively, RCA can be carried out for signal 

amplification to detect affinity probed proteins. With the optimization of RCA on QCM, an 

upstream process of proximity ligation assay will next be added to further amplify the NoV. 

Thus, making it suitable for biorecognition in the Norosensor.  

 

2.3 Quartz Crystal Microbalance (QCM) technology 

Current biosensor techniques rely on the transduction of biomolecule binding into electrical 

signals. Combining this with the recent development in sensing technologies, quartz 

crystal microbalance technology (QCM) has been adapted as biosensor in detection of 

biomolecules. The quartz crystals have been proven to function efficiently in liquid phase 

and thus can be used to monitor changes in electrode mass or changes in fluid properties 

(Gabrielli et al., 1991). This enabled studies combining the QCM in biological systems. 

Furthermore, QCM is a highly sensitive technology that allows real time monitoring, is of 

low cost and compact in volume promoting easy portability. As a result, it's application as 

sensors extend to among others include monitoring of humidity, detection of trace metal 

ions in solution and detection of microbial population such as salmonella (Maria et al., 

2011).  

2.3.1 Sensing principle  

A piezoelectric material such as the quartz crystal transforms electrical energy into 

mechanical energy. When an alternating field is applied to a thin quartz crystal as 

depicted, the crystal vibrates at high frequency in the thickness shear mode. In this work 

thermo-compensated AT-cut (TC-cut) quartz crystal is used as it has nearly zero 

frequency drift in the temperature range 36-44°C when it is in contact with water. Since the 

optimum temperature for RCA is 37°C, TC-cut quartz is the appropriate crystal for QCM 

measurement. The frequency curve plotted in Figure 2.2 is based on experimental data 

collected previously by QCM Lab (Sweden). 



17 

 

 

Figure 2.2 Experimental data from Vasile Mecea (QCM Labs) showing frequency-temperature curve for 

10MHz TC-cut quartz resonator in water. The frequency can be noted to reduce from 9874175Hz to 

9874125Hz (~50Hz) when temperature of quartz increases from ~26C to 70C. 

An adsorbed mass on the QCM surface is first described by Sauerbrey in 1959 (Ansorena 

et al., 2011). The following equation 1 describes the relationship between the frequency 

shift in resonant frequency and  the mass change adsorption or release: 

     
   

 

    
          (1) 

where Δƒ is the measured frequency shift in Hz, ƒₒ is the fundamental crystal frequency, 

Δm is the change in mass adsorbed or released, S is the active area of the crystal ,ρ is the 

quartz density and µ is the shear modulus (Sauerbrey, 1959). This equation and previously 

published experimental data show that when a mass (Δm) is deposited or released the 

resonant frequency (ƒₒ) of the quartz crystal changes to ƒₒ ± Δƒ. This shift in the frequency 

is proportional to the change in the mass of the quartz crystal. A negative Δƒ indicates a 

mass gain of Δm obeying the equation 1.  

In this model bioassay, RCA on QCM (figure 2.1), an initial negative Δƒ indicates binding 

of specific padlock probes to ligation template (mass deposition). This negative Δƒ is 

further amplified by RCA where specific amplified products (more mass) are added on the 

QCM sensor. Based on this the NoV, represented as padlock probes, when present in 

reaction mix would bind and be amplified on the QCM to decrease the resonant sensor 

frequency where a negative Δƒ indicates detection of NoV.  

2.3.2 Fundamental frequency dependent mass sensitivity 

Moreover, based on this relationship the mass sensitivity  
  

    
 is proportional to the 

square of the fundamental frequency (ƒₒ) (Cumpson & Seah, 1990). Experimental results 

produced by Cumpson further support this relationship. From his research it can be 

elucidated that a 10MHz plano-convex resonator exhibited five times larger differential 
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mass sensitivity than a 6MHz planar resonator.  

2.3.2 Differential mass sensitivity as a radial sensitivity 

The mass sensitivity can also be expressed in terms of polar coordinates of the localised 

mass deposition where r =0 at the centre of the electrode (quartz crystal) and θ =0 in 

reference to the crystallographic x-axis (Cumpson & Seah, 1990).  

Δƒ = -cƒ( r, θ) Δm                (2) 

where Δƒ is the measured frequency shift in Hz, Δm is the change in mass adsorbed or 

released, cƒ is the differential mass sensitivity expressed as a radial sensitivity function. 

This radial mass sensitivity function cƒ has been shown to be dependent or independent 

on the polar angle θ based on the assumptions. Cumpson and Seah have shown that this 

cƒ is dependent on θ and co  for a plano-convex resonator:  

     cƒ (r, θ) = co exp [-r2 (α1cos2
 θ + β1 sin2

 θ )]             (3) 

    
  
       

   

      
where co is the mass sensitivity at the centre of electrode and is given by  

 

                     

where ƒo, ρQ is the fundamental frequency and the density of the quartz crystal. NAT is 

equal to the half the wavespeed for a transverse wave propagating in the direction of z-

axis. α1, β1 are parameters whose values are defined by the group Tiersten and Smythe in 

1979 (Cumpson & Seah, 1990). Based on this equation 3 the mass sensitivity follows a 

Gaussian curve with increasing radius. This is further discussed later in this chapter.   

2.3.3 Quartz resonator in fluids 

When a quartz resonator is in contact with a liquid, the frequency shift is described by 

Kanazawa and Gordon using the following equation: 

      

 

   
    

     
       (4) 

where ρl and ηl is the density and viscosity of the liquid in contact with the QCM. ρq and μq 

is the density and the elastic modulus of the quartz crystal. The relationship shows that the 

density and viscosity of the liquid in contact affects the frequency shift. More specifically 

with increasing density and viscosity of the liquid the change in resonant frequency also 

increases (Kanazawa & Gordon, 1985).  
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2.4 Surface modification (centralisation) for increased mass sensitivity 

2.4.1 Mass localisation dependent mass sensitivity   

Cumpson et al. further validates that the differential mass sensitivity is at the maximum 

when the mass is deposited at the centre of the quartz crystal and nears zero at 

approximately 3mm from the centre of the crystal. This is because in the thickness shear 

mode the elastic waves are confined to the centre of the quartz plate by a phenomenon 

called energy trapping.  In order to increase the energy trapping, electrode mass at the 

central region of the crystal need to be increased in a planar resonator. Consequently, in 

this research work the gold electrode on the front-side is of thickness 100nm and on the 

back-side is of thickness 110nm, deposited at the centre of the quartz as shown in the 

Figure 3.1.  

Notably, the vibration amplitude maximum is at the centre of the crystal, thereby the mass 

sensitivity is proportional to the vibration amplitude (Cumpson & Seah, 1990). Indeed, 

experimental results from our collaborator Vasile Mecea (QCM labs, Sweden) using 5MHz 

plano-convex AT-cut resonators show similar results, Figure 2.3a (Mecea, 2005). Based 

on this theory the quartz crystal surface is modified to have the biomolecule, the padlock 

probe, to bind at the centre of the crystal.  

The NoV is known to cause infection at a very low concentration of 10-100 virus particles. 

The Norosensor is to be used as cleanliness monitor it should be able to detect low levels 

of the NoV. Thus, with a larger detection surface area more NoV is required to bind to elicit 

a frequency change for detection. This will delay the detection of NoV resulting in delayed 

response to an outbreak. On the other hand, a small centralised region requires low level 

of the NoV to be captured to elicit a frequency change for detection. Considering this 

added advantage, the centralised functionalisation technique was implemented here.  

2.4.2 In-plane and out-of-plane vibrations   

The acceleration of a point at the centre of the resonator oscillating in simple harmonic 

motion is described as  

     aₒ=ω² Aₒ                   (5) 

where Aₒ is the maximum vibration amplitude and aₒ is the maximum acceleration. 

Since the mass sensitivity is proportional to the vibration amplitude, it is therefore 

dependent on the acceleration (Mecea, 2005). Vasile estimated this acceleration to be 

~106g creating a megagravity field on the surface. This megagravity field was further 
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demonstrated experimentally through the deposition of carbon nanoparticles. It was 

observed that the carbon nanpoparticles were distributed only at the centre of the crystal, 

Figure 2.3b, where the vibration is a maximum (Mecea, 2005). The in-plane shear 

vibrations induce the sedimentation of the deposited mass to the centre of the electrode. 

Compressional waves induced out-of-plane vibrations was also demonstrated by 

increasing the driving current. The carbon nanoparticles were found to be distributed into 

two symmetrical lobes on the electrode as shown in the Figure 2.3c (Mecea, 2005). At the 

centre the out-of-plane vibrations is large enough to expel the carbon nanoparticle. 

Therefore, the favourable mode is the in-plane thickness shear mode.  

      

Figure 2.3 (a) Δƒ Frequency change and oscillation amplitude vs. distance from crystal centre using 5MHz 

plano convex crystal. Crystal with carbon nanoparticles oscillating in the (b) in-plane mode (c) out-of-plane 

mode. All images in the figure are adapted (Mecea, 2005). 

 

2.5 Self Assembled monolayer (SAM) 

Self assembled monolayers (SAM) are implemented in many areas to control and modify 

the properties of solid surfaces. Many systems have been established to organise the 

active molecules in a monolayer on the surface. The active molecules are adsorped from 

solution to the solid surface and, are then arranged till an orderly thin monolayer is 

achieved through self-assembly (Watcharinyanon, S  et al., 2009). The properties of the 

surface are determined by the physical property of the SAM which in turn is based on the 

chemical structure of the molecules (Watcharinyanon et al., 2009). With the establishment 

of SAM, properties of materials such as metals, metal oxides and semiconductors are 

easily altered to suit their application without having to rely on complex fabrication 

techniques. Therefore, SAM coatings further enable the application of these materials in 

micro- and nano-technologies as functional solution in biological sensors and molecular 

electronics (Ulman, 2013, Joachim et al., 2000). 

The SAM in this study is formed based on the adsorption of thiol molecules, attached to 

(a) 
(b) (c) 
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the end of our ligation template,to the gold surface. As mentioned earlier gold electrodes 

are implemented in QCM as it is an inert material with good electrical conductivity.  

Publications have shown that alkylthiolates that have ethylene glycol hinder nonspecific 

adsorption of both DNA and proteins to gold or silicon surfaces (Canaria, 2006). Two 

different poly ethylene glycol (PEG) backfillers are used in this study, (11-

mecrcaptoundecyl) tetra-(ethylene glycol) and O-(2-mercaptoethyl)-O’-methylhexa-

(ethylene glycol) which is alternatively known as PEG4 and MPEG respectively. A model 

of a thiol molecule is shown below in Figure 2.4 where the spacer group chemical structure 

will vary among different PEG substances (e.g. PEG4 and MPEG) contributing to different 

SAM properties. In this study changing the hydrophobicity of the sensor surface is of 

interest and was investigated. 

 

 
Figure 2.4 Schematic diagram of a thiol molecule used to form SAM. The substrate in this case is the gold. 

The figure is adapted from Boeckl & Graham (2006). 
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3. MATERIALS & METHODS  

In this section the QCM quartz crystals, flow cells and the instruments, the 

oligonucleotides and the chemicals utilized are all described. The protocol for the different 

bioassays is also presented. The purpose and the experimental set up for each 

investigation is additionally discussed in this chapter. 

3.1 Quartz Crystal  

Blank quartz crystal are bought from Roditi International Corporation Ltd and processed by 

QCM Labs, Sweden. Three different processed crystals were used in this project for 

different purposes.  

IT-cut crystals – these crystals were produced under industry specifications with gold layer 

on the front and back-side. These crystals were used to familiarize with the bioassay and 

the centralization technique to establish surface functionality. 

TC-cut (thermocompensated AT-cut) crystals – 10MHz TC-cut crystals at cutting angle 35o 

40’ were produced at plano-planar shape. Chromium was used as the underlying film to 

allow the gold film to adhere to the quartz surface. The gold was vapour deposited under 

2x 10-6 mbar in vacuum. 100nm thick gold layer was vapour deposited on the front side 

and 110nm on the backside of the quartz crystal. Gold electrodes are used as it is easy to 

vapour deposit. Furthermore, the gold surface is suitable to create SAM for surface 

modification (Bain et al., 1989).Two types of TC-cut crystals were utilized in this project.  

Nonpolished TC-cut crystals (Figure 3.1) – The gold surface was then chemically etched 

with ammonium hydrogen fluoride after applying a lapping film with aluminium oxide of 3μ 

size.   

Polished TC-cut crystals – The gold surface was processed further by etching with 

seleniumoxide. The crystals are similar in appearance to those in Figure 3.1. 

 

 

 

 

 

Figure 3.1 QCM quartz crystal with gold surface on (a) front side (b) back side. The thickness of the gold 

electrode at the sensing surface is 100nm and at the back is 110nm.  

Front Back 

10mm 
2mm 

(a) (b) 
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3.2 Apparatus 

The 'Localised Quartz Crystal Microbalance' (LQCM) oscillator, custom built by QCM labs 

(Sweden), was designed to drive the quartz crystal at fundamental resonant frequency.  

The equipment can hold one flow cell at a time. Thus, the QCM experiments were 

performed sequentially one at a time. The equipment includes the oscillator as well as a 

thermal control unit with a platinum transistor for heating and sensors for control. The 

temperature gain is >2000. The software used to perform real time detection, record and 

plot the frequency of the oscillation is also custom developed by QCM Labs (Sweden).    

The pump system implemented for both stopped flow and continuous flow is a NE-1000 

single syringe pump from New Era Pumpsystems Inc. The pump is programmable to 

maintain a continuous flow at 1µl/min during the reaction incubations, inject reaction mix at 

11µl/min and wash buffer at 21µl/min. The set up is connected as shown below, Figure 3.2  

 

Figure 3.2 Instrument set up for frequency measurement.  

 

3.3 Flow cells  

Three different flow cells with different dimensions were used in this project. The first flow 

cell is made of polycarbonate and has a volume capacity of 250 μl. Due to the volume 

constraints of the reagents, the flow in these chambers is stopped flow. Therefore trial 

QCM measurements were performed in these chambers and are not presented in this 

thesis.  

The second flow cell has a volume capacity of 15μl and is made of titanium with 

dimensions 20 x 20 x 5.9mm. All QCM measurements obtained in this chamber is in a 

continuous flow of solutions. To switch the flow from one reaction mix to another or wash 

buffer the flow was reduced to the lowest flow rate 1μl/min to avoid stopping and starting 

the flow. At this lowered rate the inlet tubing is switched manually from one reaction mix to 

another. Figure 3.3a shows the side of the flow cap that is placed in contact with the QCM 

crystal. 

LQCM 

Oscillator 

Frequency  

Counter 

LQCM 

Software 

Syringe 
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Figure 3.3b-c is the cap of third flow cell utilized in this thesis. This is made of 

polycarbonate with dimensions of 28 x 20 x 6mm and is similar to the metal flow cell 

(version2). This cap has a long channel to the inlet opening to ensure that the reaction mix 

is at the same temperature as the quartz crystal when reaching the sensor surface. The 

pins of the chamber that is slotted into the LQCM for electrical contact are replaced with 

pads as can be seen in Figure 3.3d. Instead the pins of LQCM come in contact with the 

pads by a spring-based mechanism. QCM frequencies are measured in a continuous flow 

similar to the procedure used for the version 2 flow cell. Here too, the flow rate was 

reduced to 1μl/min and the inlet tubing was manually switched from one liquid to another.  

     

 

Figure 3.3 (a) Back side view of Titanium flow cell version 2 (b) top view (c) side view of the polycarbonate 

flow cell version 3. (d) assembled flow cell 3 with quartz crystal and silicon tubing.  

 

3.4 Oligonucleotides 

The oligonucleotides used in this project were purchased from integrated DNA 

Technologies and are given below:  

Ligation template: 5’TCTCTCTCTCTCTCTCAGTAGGGAGGAAGGTGGTTAAGTTAATA3’ 

Capture for RCP hybridisation: 5’TTTTTTTTTTTGCGTCTATTTAGTGGAGCC 3’ 

Padlock probe (specific): 

5’CTTCCTCCCTACTGAAGAGTGTACCGACCTCTCGTCGAAGTAGCCGTGACTATCGA

CTTGCGTCTATTTAGTGGAGCCTATTAACTTAACCAC 3’ 

Detection oligonucleotide Cy3 (used to detect specific padlock probe produced amplified 

DNA) : 5’TATTAACTTAACCACCTTCCAA 3’ 

Padlock probe (nonspecific): 

Electrical 
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5’TGGTGATCGCGTCCTTACCACAGGTCATCGAACTCTCAGGTGTATGCAGCTCCTCA

GTAATAGTGTCTTACATACGACCTCGATGCCGC 3’ 

Detection oligonucleotide Cy3 (used to detect nonspecific padlock probe produced 

amplified DNA): 5’TTTTTGTAAGACACTATTACTGAGG 3’ 

 

3.5 Buffers and Detergents 

The reagents used are described in the corresponding sections as well as  listed below:  

phi29 buffer    :50mM Tris-HCl at pH7.5, 10mM (NH4)2SO4, 10mM MgCl2 

SSC wash buffer    :1.5mM sodium citrate, 15mM NaCl 

TNT wash buffer    :0.15M NaCl, 10mM Tris-HCl at pH 8, 0.05% Tween-20 

TNT-SDS wash buffer  :0.1 x TNT + 0.1% SDS 

Detergent     : Universal cleaner for gold (EM-080) from EMAG AG Germany 

 

3.6 Sample preparation 

3.6.1 Cleaning 

The quartz crystals were cleaned thoroughly prior to surface functionalisation 

(immobilization of thiol modified oligonucleotides and PEG). All quartz crystals were new 

and cleaned in an ultrasonic bath by repeatedly immersing in 5% EM-080 detergent at 

70°C for 5mins, then in water at 25°C for 3mins. The crystals were then additionally 

washed a total of three times in water at 70°C for 5mins. Afterwards, the crystals were 

quick dried. 

3.6.2 Surface functionalisation  

A SAM of thiol modified oligonucleotides on gold was developed previously by the 

Molecular Diasgnostics group for the purpose of stretching RCA products on gold 

electrodes (Russell, 2014). This protocol was adapted in this work to create a SAM over 

the sensing side of the QCM. 10μM thiol modified oligonucleotide (ligation template) was 

incubated in 0.1M DTT with 0.1M phosphate buffer pH8 for 1h. The DTT reduced thiol 

modified oligonucleotide was then eluted through a NAP-5 column to remove DTT.  

The conjugation mix incorporates 1µM thiol modified oligonucleotide with 10µM 

PEG4/MPEG in 0.05% SDS, 1M NaCl and 10mM phosphate buffer pH8. This was 

incubated over the gold surface overnight at 4°C to produce the SAM.  
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3.6.3 Central functionalisation 

The surface of the quartz crystal was modified to have the central region functionalised for 

biorecognition, that is, the thiol modified ligation template was conjugated in the centre of 

the crystal.  

The clean quartz crystal was placed into the chamber in contact with gold electrodes as 

shown in Figure 3.4a. The chamber was sealed from leakage by two o-rings clamping 

either side of the crystal. The cap was then gently screwed into the chamber. The 

specialized cap used for centralisation (Figure 3.4b) has an opening in the centre to hold a 

capillary of 1mm diameter over the centre of the crystal.  

                            

Figure 3.4 (a) Chamber with gold electrodes (b) capillary holder to produce centralised conjugation (c) 

schematic representation of the centralisation technique  

 

          

Figure 3.5 Schematic diagram depicting functionalisation of the central region of the quartz crystal  

A volume of approximately 5µl of the conjugation mix (thiol modified oligonucleotide and 

the backfiller PEG) was taken up in a capillary due to capillary action as shown in Figure 

3.5(a-b). In order to maintain the pressure difference the opening of the capillary was 

sealed afterwards (c). The capillary was then gently placed in the specialized cap (d). 

Once the capillary was in contact with the quartz crystal, the seal on the capillary was 

removed and the chamber wrapped in parafilm to minimize evaporation and drying of 

conjugation mix (e). The conjugation was allowed to incubate overnight at 4°C. This way 
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the central region of the crystal is functionalised for QCM measurements.  

Afterwards, the entire crystal surface was washed with 0.1SSC and blocked with 10μM 

PEG in 0.05% SDS, 1M NaCl and 10mM phosphate buffer pH8 for 1h. The additional 

blocking step ensures that nonspecific adsorption of other proteins or DNA to the non-

centralized region of gold is minimized. 

 

3.7 Ligation and RCA experimental protocol 

Hybridisation and ligation was carried out in one step using 1nM phosphorylated padlock 

probe with 1x phi29 buffer without DTT, 1mM ATP, 0.05U/μl T4 DNA ligase and, if added, 

0.4μg/μl BSA. The solution was incubated for 1hr at 37°C and washed with 0.1TNT + 

0.1%SDS buffer. RCA was continued for 1h at 37°C using 1x phi29 buffer without DTT, 

0.25mM dNTP, 0.2U/μl phi29 polymerase and, if added 0.2μg/μl BSA. The RCP was 

labelled by hybridising a detection oligonucleotide labelled with Cy3, Cy5 or both. 50nM 

detection oligonucleotide and 1x hybridisation buffer was incubated with the RCP on solid 

surface for 30mins at 37°C. 

 

3.8 Functional Characterization (frequency measurements) 

Post blocking the quartz crystal was washed with 0.1SSC and then with wash buffer 

(0.1TNT+ 0.1%SDS). The flow cell was then stored or used immediately for the 

experiment. It was inserted into the oscillator and real-time measurement is started when 

the crystal was in contact with the wash buffer to define a base line. The wash buffer was 

introduced at 11ul/min flow and then switched to 1ul/min till a stable frequency level is 

reached. The time points at which the solutions were added were noted. To ensure the 

frequency shift is due to the binding and amplification of the biomolecule and not due to 

viscosity changes, all frequency measurements are compared to the level reached when 

the wash buffer is running through the QCM. Thus, there is a wash buffer step before and 

after a reaction step.  The frequency baseline is noted when the frequency of the wash 

buffer is stable and constant for a minimum of 3mins. No average of frequency points was 

taken for the frequency baseline. 
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3.8.1 Ligation specificity  

The ligation mix varies depending on the type of the experiment.  

First, the frequency shift solely due to binding of the T4 DNA ligase was investigated. T4 

DNA ligase is an enzymatic protein that if bound to the template can contribute to a 

negative frequency shift that is not due to NoV modelled padlock probe. Thus, the flow 

was switched from wash buffer to a mix including ligation buffer and T4 DNA ligase for 

12mins. The centralized QCM was then washed with wash buffer to assess the change in 

shift.  

Second, the frequency shift solely due to binding of the nonspecific (mismatched) padlock 

probe to the immobilized template was investigated. This is to explore if padlock probe 

binding contributes to negative frequency shift. Ligation buffer and mismatched padlock 

probe was allowed to flow through and the frequency was measured for 20mins.  

Finally, the measurement was carried out for ligation mix including ligation buffer, specific 

padlock probe and T4 DNA ligase for 18mins. This is to measure the change in frequency 

due to hybridisation and ligation of specific padlock probe and template. The same crystal 

was used throughout all three described steps of this experiment.  

3.8.2 RCA specificity and sensitivity  

Post hybridisation and ligation the QCM was then evaluated for RCA specificity. This was 

performed by excluding the phi29 polymerase in the RCA mix. Phi29 polymerase is an 

essential enzyme for RCA. Thus, the lack of phi29 polymerase will make it a good a 

negative control. It is expected that there will be no frequency changes due to the lack of 

RCA.  

Furthermore, the sensitivity of the QCM to the amplification time was also evaluated. The 

RCA including the phi29 polymerase was carried out for a total of 44mins with a wash 

buffer step every 14mins before addition of fresh RCA reaction mix. The wash buffer stops 

the RCA reaction as well as allows establishing the frequency baseline for frequency shift 

calculations (due to RCA). The same ligated QCM used in the previous experiment was 

used for this test. At the end of the final wash the QCM was incubated in labelling mix for 

detection in Cy5 to verify presence of RCP.  

The specificity was further evaluated by comparing the model bioassay with the negative 

control: based on ligation and RCA amplification of padlock probes nonspecific to the 

immobilized template. In this experiment ligation, RCA and labelling was run on a new 

QCM. Each incubation step lasted for 1h with labelling for 30mins.  
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3.8.3 Specific RCA  

To investigate the effects of the complete protocol, i.e. hybridisation, ligation and 

amplification of specific padlock probe to the ligation template, a new centralised QCM 

was run employing 1h ligation, 1h RCA and finally labelling for 30mins. The whole run was 

performed on two newly centrally functionalised QCM. The average results of the two 

duplicate experiments are presented with a frequency-time plot from one of the QCM 

experiments in the Results section. This is also compared with the negative control (NC) 

plot. It must be noted that the reagents were preheated using a heating block.  

3.8.4 Storage effects on SAM efficiency 

When two QCM are centrally functionalised at the same time, one is stored at 4°C while 

the other is used to run the experiment. As mentioned previously the LQCM oscillator can 

accommodate only one flow cell at a time. Consequently, storage tests were carried out to 

test SAM efficiency. A new centralised crystal after blocking was stored in wash buffer 

over night at 4°C and then the specific ligation and RCA protocol was implemented. The 

experiment was repeated using another newly centralised QCM. The combined average 

result is presented in the Results section.   

3.8.5 BSA effects on specific RCA 

Specific ligation and RCA in the presence and absence of albumin from bovine serum 

(BSA) run on a new centralised QCM was implemented. The aim of this experiment is to 

investigate if BSA adds unspecific mass to the sensor that interferes with the resonant 

frequency of the quartz crystal. This is compared to the frequency-time plots of 3.8.3. 

 

3.9 Fluorescence Microscopy 

A Zeiss epifluorescence microscope was utilized to obtain pictures of the gold layered 

quartz crystals to verify the presence or absence of RCP. The RCP are labelled with Cy3, 

Cy5 or both during the labelling reaction. Fluorescent light at a specific wavelength is used 

to excite specific fluorophores (e.g. Cy3 fluorophore) which then emit fluorescence at a 

different wavelength. This fluorescent light is then captured in the images depicting the 

location of the labelled DNA. Signals observed in the image taken under the Cy3 channel 

indicate Cy3 fluorophores thus, verifying the presence of Cy3 labelled RCP. Moreover, the 

emitted fluorescent signal imaged varies from fluorophore to fluorophore allowing the 

different fluorophores (e.g. Cy3 and Cy5) to be easily distinguished. This means Cy3 
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labelled RCP should not be able to emit fluorescent signals when imaged under a different 

channel e.g. Cy5. However, it is possible for unspecific signals to be observed on images 

under different channels even when the DNA is not labelled with the corresponding 

channels. This is due to the autofluorescence of the substrate imaged at certain 

wavelengths and not due to excitation of fluorophores. Therefore, in this project the 

substrate is also imaged under DAPI since the RCP is not labelled with this stain and this 

channel can thus be used to   image out the autofluorescence of the gold layer.  

 

3.10 Data Analysis 

A simple MATLAB code was written to filter out the frequency peaks due to trapped 

bubbles as well as the effects seen when the flow rates were changed. The program uses 

Savitzky-Golay smoothing filter. This filter was chosen as the frequency span is larger than 

the noise. Thus, the frequency curve is smoothened out without compromising the high 

frequency components of the oscillation (Savitzky-Golay filtering, 2015). Additionally, the 

program allows the user to select the stable frequency points for shift comparison. The 

programme calculates  

a. the overall change in frequency (the start of ligation to the end of labelling) 

b. the individual change in frequency due to the specific phases: ligation, RCA and 

labelling 

Experimental plots of frequency of the resonator in Hz and the time in seconds is given in 

Chapter 4.2. The summary of analysed data is presented in the form of line graphs and 

bar charts with standard deviation when n>1 (where n is the number of experiments). 
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4.  RESULTS  

The microscopy results, frequency – time curves and the data analysis graphs for the 

functional characterization of this surface modified QCM is presented in this section. 

Additionally, optimization of the protocol and the experiment set up is also discussed 

below.  

4.1 Optimization: Protocol  

4.1.1 Comparison of RCA on IT-cut quartz crystal and glass slide 

To investigate the compatibility of the RCA protocol on gold surface, IT-cut quartz crystals 

are used. Ligation template was immobilized on the entire gold surface. A Zeiss 

epifluorescence microscope was used to take images of the gold surface under different 

channels. Figure 4.1.1a shows green blobs indicating Cy3 labelled RCP. Similar 

experiments were performed in the presence and absence of ligation template in solution. 

The RCP were deposited on a glass slide and imaged similarly under Cy3 channel using 

the same microscope. Figure 4.1.1b show RCP in the presence of probe while Figure 

4.1.1c shows only two potential RCP ‘blob’ under over exposure for the sample without 

probe. This indicates that the nonspecific padlock probe does not specifically bind to the 

ligation template and can be used as a negative control. The RCP on the gold surface and 

on the glass slide exhibit similar distinct, bright blob-like structures. 

                               

Figure 4.1.1 RCP blobs (a) on gold surface (b) from solution on glass slide (template present) (c) from 

solution on glass slide (template absent) taken under 20x magnification. The red arrow indicates one RCP 

blob (1μm). More RCP is observed on the gold and positive control than from negative control.  

 

 

4.1.2 Centralised immobilization of ligation template on IT-cut quartz 

The reproducibility of the centralisation technique on gold surface was investigated using 

1mm diameter capillaries and 0.37mm diameter gel-loading pipette tips to achieve central 

Cy3 
Cy3 Cy3 (a) (b) (c) 
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surface conjugation. Both Cy3 (green) and Cy5 (red) fluorophores were used to co-label 

the RCPs (orange) to ensure the specificity. The pipette tip is found to form a spot of 

diameter <550μm. However, after overnight incubation the conjugated spot is found to 

have dried up. Ligation and RCA with specific padlock probes was carried out however, no 

RCP was detected. The experiment was repeated using a pipette to manually make a drop 

of conjugation mix on the crystal. The spot was found to be 550μm in diameter (Figure 

4.1.2a-b) and reproducible in size. However, it was difficult to position the pipette tip 

manually and hence was off-centred in relation to the crystal centre. Auto fluorescence 

due to the gold surface is observable in each fluorescence channel. Therefore, DAPI was 

used to image and potentially subtract the background fluorescence, Figure 4.1.2c. The 

signal observed in Figure 4.1.2a-b is absent in Figure 4.1.2c indicating that it is indeed a 

conjugated spot. 

 

 

 

 

 

 

Figure 4.1.2 shows the conjugated spot by the pipette tip conjugation method on the IT-cut crystal. The spot 

shows (a)orange colour indicating co-labelling with Cy3(green) and Cy5(red) (b)only Cy3 (c)auto 

fluorescence of the structure is observable as blue at the DAPI wavelength. Images taken under the same 

magnification (20x). 

 

Figure 4.1.2d shows the edge of a conjugated spot centralized using the capillary method for oligo 

deposition on an IT-cut crystal. The red arrow shows RCP, blue arrow shows the gold crystal structure and 

the green arrow show some fluorescent probe aggregates or auto fluorescent dust.  
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From the tests, the capillaries produce a slightly larger functionalized spot in a range of 

2.3-2.5mm diameter on the central region of the quartz. The edge is shown in Figure 

4.1.2d where the RCP is noticeable as clear spherical ‘blobs’. These functionalized spots 

were more reproducible in size and importantly, relatively on-centre. Hence capillaries 

were used for all experiments to create the centralised conjugation. 

 

4.1.3 Comparison of centralised RCA on polished and nonpolished TC-cut  

The suitable quartz crystal type for the RCA assay was selected among TC-cut crystal with 

and without polishing of the surface. The polished crystal (1um roughness) shown in 

Figure 4.1.3a and the non polished crystal (3um roughness) in Figure 4.1.3b. Once 

subjected to vibration the RCP products were observed to be distributed away more from 

the conjugated central region in the polished crystal compared to the nonpolished crystal. 

Amplified products in the polished crystal are seen to be distributed in a gradient from the 

conjugated central region (highest) to the edge (lowest) of the crystal. This observed 

distribution of amplified products is minimal on the nonpolished crystal. Therefore, the 

edge of the conjugated region on the nonpolished crystal exhibit a sharper edge, Figure 

4.1.3b, since less amplified products are distributed away from the conjugated region. No 

frequency measurements were obtained in this experiment. To ensure maximum mass 

sensitivity the amplified products need to be at the centre, thus all frequency 

measurements were executed on nonpolished TC-cut quartz crystal. 

     ` 

Figure 4.1.3 RCP on edge of conjugated spot on TC-cut crystal (a) polished (b)nonpolished. It can be 

observed that more RCP had migrated from the conjugated region of the polished than the nonpolished one. 

Red arrows indicate examples of single RCP blobs. Images taken under the same magnification (20x). 
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4.1.4 Comparison of centralised RCA with MPEG and PEG4 based SAM 

Two different types of PEG (MPEG and PEG4) were tested to determine a suitable 

backfiller based SAM. As mentioned previously the SAM is essential to prevent 

nonspecific adsorption of particles. The microscope image of a MPEG SAM in Figure 4.1.4 

shows Cy3 labelled RCP (green) in the form of blobs and thread-like products. When 

PEG4 was used to produce a SAM on the QCM the RCP can be seen as blobs in Figure 

4.1.3b. PEG4 was hence selected so that the RCA coils would be localized to the central 

region. Furthermore, parallel circumferential lines of thick and thin layers are more visible 

in PEG4 based SAM. This distribution is not as pronounced as on MEPG based SAM. 

   

Figure 4.1.4 centralised RCA on TC cut quartz in the resonator with a MPEG SAM. RCP are visible as 

thread-like structure. Red arrows indicate RCP blobs while yellow arrows indicate thread-like RCP. Blue 

arrows indicate the crystal structure. Images taken under the same magnification (20x). 

 

 

4.1.5 Comparison of centralised RCA with and without sp. padlock probes  

To ensure that the centralized RCA was due to the hybridisation and ligation of specific 

padlock probes and not due to nonspecific binding of fluorophores to the gold surface. The 

experiment was carried out in the presence and absence of padlock probes. Multiple 

microscope images were taken at 10x magnification over the full sensor surface and 

programmed to be stitched. The stitched images are shown in Figure 4.1.5a (presence of 

probe) and Figure 4.1.5c-d (absence of probe). Images that were taken at 20x 

magnification (b) show the Cy3 and Cy5 labelled RCP blobs and the distinct centralised 

edge of the conjugated region. This is absent in the image (c-e) without the padlocks 

confirming that the centralization of the conjugated region is specific. Image (e) shows the 

crystal structure.  

Cy3 
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Figure 4.1.5 centralised RCA on TC cut quartz in the resonator in the a-b) presence of specific padlock  c-e) 

in the absence of specific padlock probe. Images (a), (c) and (d) are stitched images under 10x 

magnification (Scale bar 1000μm). Images (b) and (e) are images captured under 20x magnification (Sclae 

bar 50μm). Image (b) shows RCP blobs at the edge of the conjugated spot co-labelled with Cy5 (red) and 

Cy3 (green) which is absent in image (e). Red arrows indicate RCP. Blue arrows indicate the crystal 

structure due to auto fluorescence. White arrows indicate nonspecific binding of fluorophores (Cy5 only).  
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4.2 Functional Characterization  

4.2.1  Ligation Specificity  

The frequency – time plot (figure 4.2.1a) show the different ligation reagents added as 

described in section 3.8.1.  

Ligation buffer and T4 DNA ligase: The QCM was incubated for approximately 16mins in 

this reaction mix. A drop in frequency shift (Δƒₒ) of -54.7Hz is observed. This Δƒₒ is not 

reverted even at the end of wash 3. It is possible that the enzyme is binding and is not 

washed off even after 2 wash step. 

Ligation buffer and nonspecific padlock probe: The QCM was incubated for approximately 

20mins in this reaction mix. No significant change in frequency is observed (Δƒₒ= -3.1 Hz). 

Specific ligation (ligation buffer + specific padlock probe + T4 DNA ligase): Incubation was 

carried out for 18mins resulting in a Δƒₒ of -49.4 Hz. This is similar to that observed when 

only the T4 DNA ligase and Ligation buffer is deposited. The summary is presented in the 

bar chart, Figure 4.2.1c. 

 

 

                           

Figure 4.2.1a Frequency-time curve overview for different ligation reagents: Ligation buffer and T4 mix, 

Ligation buffer and nonspecific padlock probe mix, Ligation (specific) mix. Red arrows indicate the frequency 

values taken from wash buffer used for Δƒₒ calculations. Black dashed arrows indicate the time point at 

which the next solution mix was introduced. (b) The schematic diagram below the curve shows the absence 

of ligation due to absence of padlock probe, presence of mismatched padlock probe in the reaction phase 

respectively. The final reaction phase indicates the binding of specific padlock probe for ligation.  

(a) 

Wash                       Wash          Wash              Wash 

Lig. Buffer +          Lig. Buffer +     Lig. Buffer +      

T4 DNA ligase          mismatch padlock        T4 DNA ligase +  

           match padlock  
(b) Ligation Template 

 

Padlock Probe 
 

PEG 
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Figure 4.2.1c Frequency shift (Δƒₒ) for ligation buffer +T4 DNA ligase mix, ligation buffer + nonspecific 

padlock probe mix and the complete ligation mix with specific padlock probe. Similar Δƒₒ is observed for 

ligation buffer +T4 DNA ligase mix and ligation using specific padlock probe. Δƒₒ due to nonspecific padlock 

probe is relatively low.  

 

To explore the ligation using nonspecific padlock probe the complete bioassay (ligation 

and RCA) was also carried out with a nonspecific padlock probe, Figure 4.2.2a. The 

amplified products,  if present, are then labelled with Cy3. The corresponding microscopic 

images were taken in 3 channels Cy3, Cy5, DAPI. The signal seen in Cy3 is also observed 

in the Cy5 and DAPI channels (Figure 4.2.2c-e) indicating this signal is the 

autofluorescence of the gold surface and not due to RCP. Thus, verifying RCA has not 

occurred due to mismatching sequence between the padlock probe and ligation template. 

The image was also processed under high gamma factor. From data analysis, Δƒₒ due to 

ligation is shown to be -39.9Hz while Δƒₒ due to RCA is calculated to be -9Hz, Figure 

4.2.2a. This ligation shift is similar to that observed in specific ligation shift (Figure 4.2.1a) 

as well as in the mix of ligation buffer and T4 DNA ligase (Figure 4.2.1c). Since the 

detection limit is unknown the RCA shift (Δƒₒ= -9Hz) measured here could be due to 

binding of reagents (e.g. BSA) in the RCA mix.   
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Figure 4.2.2 (a) Frequency-time curve for ligation and RCA with nonspecific padlock probe. Red arrows 

indicate the frequency values taken from wash buffer used for Δƒₒ calculations. The calculated Δƒₒ is 

indicated under each relevant reaction phase. Black dashed arrows indicate the time point at which the next 

solution mix was introduced. (b) The schematic diagram below the curve shows the absence of ligation, 

absence of RCA due to nonspecific padlock probe. Fluorescence images showing Cy5 labelled RCP under 

different lasers (c) Cy5 (d) Cy3 (e) DAPI. The same image can be seen under all three different lasers 

indicating auto fluorescence from gold.  
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4.2.2  RCA specificity and sensitivity   

With the optimized protocol the RCA specificity and sensitivity was tested.  

  

 

              

 

 

 

   

Figure 4.2.3 (a) Frequency-time curve for RCA without enzyme and different RCAtime points. Red arrows 

indicate the frequency values taken from wash buffer used for Δƒₒ calculations. Black dashed arrows 

indicate the time point at which the next solution mix was introduced. (b) The schematic diagram below the 

curve shows the absence of RCA amplified products (in the absence of phi29 polymerase enzyme), 

presence and increased RCA amplification products (in the presence of phi29 polymerase and increasing 

amplification duration) in the relevant reaction phases, respectively (c) Frequency shift (Δƒₒ) for RCA 

indicating time point at which enzyme was added. (d) Fluorescence image showing Cy5 labelled RCP. Blue 

arrows indicate some auto fluorescence of the gold surface.  
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The frequency time curve in Figure 4.2.3a show that there is no change in frequency in the 

RCA when the reagent mix without phi29 polymerase phase is added (6000-6630s). With 

the addition of phi29 polymerase there is a change in frequency which is found to increase 

with RCA incubation time and with each addition of new RCA reaction mixture. The largest 

drop in frequency is in RCA between ~ 9000s to 9750s.  

The line graph, Figure 4.2.3c, further shows that the Δƒₒ in the negative control (absence 

of phi29 polymerase from 0-630s) is ~-1Hz indicating no amplification of the ligated 

probes. For the first 13mins of RCA (630-1420s) the Δƒₒ is -13Hz and is observed to 

steadily increase in the next 16mins reaching a saturated level at 3200s with a Δƒₒ of -

35Hz. It must be noted that this is the maximum RCA shift for the 1080s (18mins) ligation 

performed in results Figure 4.2.1a-c. Fluorescence microscopy Figure 4.2.3d confirms that 

there are Cy5 labelled RCP (red) on the centralized conjugated spot indicating that both 

ligation (shown in Results 4.2.1) and RCA did take place.  

 

4.2.3  Specific RCA   

The filtered frequency pattern for one complete specific RCA experiment is illustrated in 

Figure 4.2.4a. The frequency pattern in ligation is irregular due to trapped air bubble 

indicated with the blue arrow. Indeed at 3200s a part of the QCM was exposed to air which 

gave a sharp peak in the frequency  reaching 9,927100Hz. However since the frequency 

shifts are calculated compared to the baseline reference buffer which is the wash buffer 

the results can be considered to be acceptable. The bar chart in figure 4.2.4c shows that 

the frequency shift calculated due to RCA is relatively higher than that in ligation by 1.6 

fold. The error bar indicates that there is a larger variation in the ligation values such that a 

5 fold difference between RCA and ligation frequency shifts is noticed in one sample.  

Fluoresence microscopy confirms amplification of the ligated probes. It can be observed 

that RCP products are visible (and with maximum intensity) only along the channel where 

the reagents flow across the crystal, Figure 4.2.4d. This is due to the centralised reagion 

being slightly larger then the width of the flow channel in the current flow cell.    
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Figure 4.2.4 (a) Frequency-time curve for ligation, RCA, label with specific padlock probe. Red arrows 

indicate the frequency values taken from wash buffer used for Δƒₒ calculations. Black dashed arrows 

indicate the time point at which the next solution mix was introduced. (b) The schematic diagram below the 

curve show the binding of padlock probe, amplification of DNA by RCA and labelling in the relevant phases. 

(c) Frequency shift (Δƒₒ) for individual and overall reaction phases, n=2, error bars indicate standard 

deviation. Δƒₒ due to RCA is notably higher than Δƒₒ due to ligation. (d) Fluorescence image showing 

stitched 10x magnification images of Cy3 labelled RCP. The image shows the conjugated region at the 

centre of the QCM.  
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4.2.4  Storage effects on SAM efficiency 

Since the LQCM oscillator can accommodate only one flow cell at a time the oligo-PEG 

conjugated QCM is usually stored overnight at 4°C in wash buffer. Thus, data from 

experiments were categorised according to storage time. The frequency pattern depicted 

in Figure 4.2.5b can be perceived as similar to that used immediately after creating the 

SAM. Additionally, fluorescence microscope image shows Cy3 (green) labelled RCP on 

the conjugated region, Figure 4.2.5c.  

 

 

               
            

 

 

Figure 4.2.5 (a) Frequency-time curve for RCA with specific padlock probe on a SAM stored for 1 day at 

4°C. Red arrows indicate the frequency values taken from wash buffer used for Δƒₒ calculations. Black 

dashed arrows indicate the time point at which the next solution mix was introduced. b) The schematic 

diagram below the curve show the binding of padlock probe, amplification of DNA and labelling in the 

relevant phases.  
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Figure 4.2.5 (c) Frequency shift (Δƒₒ) for individual and overall reaction phases executed on SAM modified 

QCM freshly made and after 1 day of storage, n=2, error bars indicate Standard Dev. (d) Fluorescence 

image showing manually stitched 10x magnification images of Cy3 labelled RCP. The image shows the 

conjugated region at the centre of the QCM.  

 

The bar chart in Figure 4.2.5b compares data from centralized QCM stored for 1 day and 

centralized QCM used immediately (also seen in Figure 4.2.4b). By comparison it can be 

seen that the average Δƒₒ in ligation in stored samples is found to be larger than the 

average Δƒₒ in ligation in samples used immediately. Given that the ligation shift is larger 

in stored samples it could be hypothesized that more padlock probes are ligated to the 

template. This would indeed result in more amplification and thus, it is expectd that the Δƒₒ 

in RCA also should be larger. However, on the contrary, the Δƒₒ in RCA in stored samples 

is comparatively less negative (Δƒₒ=-50Hz compared to -75Hz in non stored sample) 

indicating less RCA amplification. Additional experiments should be conducted to draw 

conclusions on the effect of storage.  

 

4.2.5  BSA effects on specific RCA  

Table 1 shows the presence and absence of BSA when specific ligation and RCA was 

carried out on QCM. The corresponding frequency time graphs are shown in Figure 4.2.6 

where (a) is the frequency derived in the absence of BSA and (b) is the frequency in the 

presence of BSA.  

The sudden frequency drops noticed during RCA incubation at 7600s and at 8350s is 

attributed to the introduction of fresh RCA mix. These sudden peaks are explained in the 

next section 4.3.1. It can be observed that when BSA was added to the reaction mix the 

ligation shift is greater however, the opposite pattern is observed in the RCA shift. It must 

Cy3 
DAPI (c) 

(d) 
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be noted this is based on one single experiment and should be further investigated. 

  
Total 
shift/Hz 

Ligation 
/Hz RCA/Hz Label/Hz 

BSA Absent -152 -73 -78 -0.9 

BSA Present -150 -83 -65.7 -1.4 
Table 1 Frequency shifts (Δƒₒ) for each phase for with and without BSA in the reaction mix 

 

 

 

               
           

 

 

Figure 4.2.6 Unfiltered frequency-time curve for RCA with specific padlock probe performed in the (a) 

absence of BSA (flow cell 3 ) (b) BSA present (flow cell 2 ). Red arrows indicate the frequency values taken 

from wash buffer used for Δƒₒ calculations. Black dashed arrows indicate the time point at which the next 

solution mix was introduced.  c) The schematic diagram below the curve show the binding of padlock probe, 

amplification of DNA and labelling  in the absence of BSA in the relevant phases. 
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4.3 Optimization: System handling  

4.3.1   Flow rate  

Experiments carried out prior to this project reveal large shifts in frequency (> 200Hz) 

when the flow was stopped and started, Figure 4.3.1a. Similar observations were made 

when the experiment was repeated in this thesis when the polycarbonate flow cell (version 

1 of 250μl capacity) was used at stopped flow mode. However, it was found that with 

continuous flow this shift was minimized to ~60Hz as can be seen in Figure 4.3.1b. In the 

continuous flow mode the effect of the stepper motor was minimal. As mentioned 

previously in Section 3.3 the continuous flow was reduced to the lowest possible flow rate 

1μl/min to allow for manual switching of the inlet tubing from one liquid to another. This 

allowed the flow mode in the current flow cells to be continuous throughout the whole 

protocol.   

 

 

Figure 4.3.1 Unfiltered frequency-time curve from the oscillator for RCA with specific padlock probe 

performed using (a) large polycarbonate flow cell (version 1) (b) flow cell 2 (continuous flow). The curly 

brackets highlight the frequency shift when the flow is switched from one solution to another, where red 

bracket indicate the effect when the flow is stopped and green bracket indicate the shifts under continuous 

flow.  

Moreover, continuous flow with varying flow rates was explored. When the flow was 

switched immediately from 11μl/min to 1μl/min a frequency shift was observed. This is 

highlighted in the Figure 4.3.1c. However, when the flow was reduced gradually from 

11μl/min to 1μl/min in a few steps the effect of the flow rate on frequency was minimized. 

(a) 

(b) 
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Figure 4.3.1c Unfiltered frequency-time curve from the oscillator using the metal flow cell 2 indicating the 

flow rate switched from 1μl/min to 11μl/min 

 

4.3.2   Insufficient Wash 

The flow rates were altered to select the optimum flow to wash away non specific binding 

as well as for incubation of reactions. In one experiment nonspecific phosphorylated 

padlock probe in excess concentration (1μM) was used for ligation and then RCA. The 

negative control revealed false positive fluorescent signal from non-specifically bound 

detection oligonucleotides where the flow was too low at the edges of the flow channel in 

fluorescence microscopic images which is manually stitched, Figure 4.3.2. No visible 

fluorophores were observed along the flow channel and at the central region of the quartz 

crystal. It is possible that this is due to the design of the flow cell. It must be noted that with 

advanced instrumentation the centralised spot would be of smaller diameter and 

completely covered by the channel. Thus, the flow cell design would not be a contributing 

factor in the future.  

 

Figure 4.3.2 Negative control with nonspecific padlock probe at higher concentration(1μM) using flow cell 2.  

 

 

(c) 
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4.3.3   Trapped air bubble 

One of the other complications encountered was trapped air bubbles (indicated by blue 

arrow in Figure 4.2.4a). When a continuous flow is employed switching solutions between 

reaction steps require rapidly transferring the inlet silicon tubing from one reagent solution 

to another. During the transfer a small air bubble easily gets trapped since the fluid is 

continuously pumped into the silicon tubing at the initial flow rate 11μl/min. This was 

adjusted from minimum to no air bubble by reducing the flow rate to 1μl/min during the 

transfer. Additionally, the eppendorf tube containing the solution was also tilted to allow 

greater surface area contact between the solution and silicon tubing. These issues can be 

avoided when the assay including reagent additions is integrated in an automated fashion 

and not performed manually. 

 

4.3.4   Pre-heating  

One of the differences between flow cell 2 and flow cell 3 is that the fluid reaching the 

crystal attains 37°C at a faster rate in flow cell 3 due to a specific “pre-heating” channel 

proior to the reaction channel. An example of frequency detected using flow cell 3 and flow 

cell 2 is Figure 4.2.6a and Figure 4.2.6b respectively. Neither of the graphs are filtered. It 

can be seen that the upgraded version (flow cell 3) has lower generation of bubbles as 

gradual heating contributes to less bubble formation. Other example of filtered graph 

obtained from flow cell 3 is frequency plot Figure 4.2.2a and for flow cell 2 is Figures 

4.2.3a. 
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5.  DISCUSSION 

This chapter discusses and attempts to explain the experimental findings of Chapter 4. 

The discussion is not in the order of presentation of the results.  

5.1 Functional Characterization  

5.1.1  Specific Ligation 

As described by Sauerbrey a gain or decrease in mass of QCM is reflected by a change in 

its resonant frequency. In this research work the aim is to recognise the model assay, 

padlock probe, and amplify the biosignal for rapid and accurate detection.  Therefore, 

specific mass is bound and amplified onto the QCM which leads to a decrease in resonant 

frequency, a negative shift in frequency is observed.  

When the padlock probe, hybridizes and ligates to the ligation template, a layer is 

produced on the quartz QCM. This is confirmed by a decrease in frequency of -44Hz 

observed in Figure 4.2.4b. Ligation was confirmed through fluorescent microscopy images 

(Figure 4.2.4d) where the ligated padlock probes gave rise to amplified DNA in the form of 

RCP blobs.  

However, the frequency shift measured in ligation is much larger than anticipitated. 

Indeed, results from ligation characterization (Results 4.2.1) show that the observed 

frequency shift is similar in the respective mixes: ligation mix lacking padlock probes, 

ligation mix consisting specific padlock probe (Figure 4.2.1c) and ligation mix consisting 

mismatched padlock probe. Consequently, the frequency shift measured is not only due to 

ligation, but also due to other factors.  

 

5.1.2  Binding of T4 DNA Ligase 

One of the reasons for the variation in ligation is the T4 DNA ligase binding to the 

conjugated oligonucleotides even in the absence of padlock probes, Figure 4.2.1a. 

Moreover, when specific ligation was carried out a similar frequency shift is observed. 

However, when nonspecific padlock probe was used as a negative control. The frequency 

curve figure 4.2.2.a was obtained. In this reaction the ligase enzyme is present but the 

padlock probe mismatch the ligation template. Therefore, there is no ligation and RCA of 

the padlock. This is confirmed by the fluorescence microscopic images where only 

autofluorescence due to the gold is detected figure 4.2.2b-d. Consequently, the 
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exaggerated frequency shift detected in this ligation phase could be attributed to the 

ligase, especially since it is similar to the shift observed in figure 4.2.1b. This binding of 

ligase could not only indicate ligation when ligation has not occurred but, also 

underestimate the biosignal amplification with respect to RCA.  

It was published that the T4 DNA ligase catalyses ligation in a three step model (Rossi, 

1997). The adenylated T4 DNA ligase scans the DNA for any nicks before it can perform 

the next step which is ligating the two nicked ends. Hence, it is possible that even when in 

the absence of the padlock probe, the T4 DNA ligase could be binding to the ligation 

template on the QCM scanning for nicks. However, due to other factors such as the crystal 

structure and SAM, the ligase enzyme could possibly be bound unspecific to the QCM 

sensor surface. 

 

5.1.3  Crystal structure 

Results from surface roughness characterization (Figure 4.1.3) show that more RCP are 

observed outside the conjugated region in the polished crystal (surface roughness ~1μm). 

The nonpolished crystals, on the other hand, has a rougher surface (~3μm) that gives a 

larger surface area for smaller sized molecules such as RCP blobs (1μm diameter after 1 

hour RCA incubation) to be captured/ adsorbed if dislodged during quartz crystal 

oscillation. As a result, less RCP is observed outside the conjugated region at centre of 

nonpolished crystal. Furthermore, studies have shown that surface roughness enhanced 

the absorption of polymer with chains longer compared to the roughness (Hone, 1987). 

Therefore, to ensure that the RCP are well bound to the gold layered quartz and are 

restrained to the central region of the crystal the nonpolished crystal was used.  

However, the SAM arrangement is also affected by the smoothness of the crystal where 

rougher surface negatively affects the SAM arrangement. Hence, the SAM coverage on 

nonpolished crystals needs to be explored using SEM imaging or other methods. Thus, it 

is impossible to have an in-depth discussion on the SAM coverage between nonpolished 

and polished crystals.  

Moreover, Vilgis‘s group presented that a polymer can have several binding sites on a 

rough surface that enhances the adsorption (Vilgis & Heinrich, 1994). Thus, it is possible 

that DNA ligase and perhaps other proteins such as BSA are captured on the QCM. 

Indeed, the microscopic images in figure 4.1.3 show that the conjugated region has a 

sharper edge in the nonpolished crystal compared to the polished crystal.  



50 

 

 

5.1.4  SAM 

PEG4 and MPEG have different chemical structure, thus a different spacer group. The 

observation made in the Figure 4.1.4 can be explained by earlier research work carried out 

by the group. Based on the theory provided by Camilla the methyl tail in MPEG creates a 

hydrophobic QCM surface which repels the thiol molecule with the negatively charged 

head group away from the QCM surface (Russell, 2014). The negatively charged RCP are 

also repelled away from the surface giving a thread like structure. PEG4, on the other 

hand has a hydrophilic characteristic, and causes the RCP to collapse into coils or ‘blobs’ 

(see Figure 4.1.1b). 

Saurbrey’s equation makes an assumption to derive the equation 1, in which the mass 

deposited on the QCM is a solid rigid film (Dixon, 2008). However, in this project the RCA 

on QCM does not form a rigid film but a film consisting biomolecules on the QCM which 

then would not follow the crystal oscillation completely.  The viscoelastic characteristic of 

the mass layer can dampened out the shear wave of the oscillation thereby 

underestimating the measured frequency shift due to mass amplification (Dixon, 2008). 

Consequently, in MPEG SAM the thread-like RCP, repelled away from the sensor surface, 

could have increased dampening effect on the shear wave further underestimating the 

frequency shift. To minimalize this effect as well as to retain the RCP in the conjugated 

region PEG4 SAM was utilized. Nevertheless, it must be noted that due to the lack of 

frequency data measurements a conclusion regarding the dampening effects of PEG4 and 

MPEG could not be drawn. 

 

5.1.5  Centralized conjugation technique 

As mentioned previously the conjugated spot on the central region varies between the 

range of 2.3-2.5mm diameter. Conjugated region is also not perfectly symmetrical and not 

completely in the centre of crystal. The relationship of mass sensitivity and the diameter 

from the centre of the crystal is represented in Figure 2.3a. The relationship can be 

modelled as a Gaussian curve and thus a slight change in diameter can result in a large 

difference in the sensitivity. All these factors combined contribute to the frequency shift 

variation in ligation.  
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5.1.6  Trapped air bubble 

As mentioned previously, during some experiments air bubble(s) were trapped and 

allowed to pass across the quartz crystal to the outlet. It is possible that the air bubble 

hindered hybridisation of the padlock probe as the functionalized area is rather small. This 

could have also contributed to the variation observed in frequency shift in ligation.  

When the QCM was exposed to air there is a change in density and viscosity of the fluid 

(from solution to air). When compared to the solution the air has lower density and 

viscosity. Consequently, from equation 2, it can be said that the resonant frequency 

increases (frequency shift is less negative) when the QCM is exposed to air from solution. 

Thus, explaining the sharp peak in frequency in Figure 4.2.4a. 

 

5.1.7  Specific RCA 

The signal due to bound padlock probes of 1 nM concentration is further amplified by RCA 

where DNA is produced in the form of RCP blobs. This is observed in the gradual 

decrease of frequency in the RCA and Label from the frequency curve in Figure 4.2.4a. 

This is further confirmed by the fluorescence microscopy image given in the Figure 4.2.4d, 

Figure 4.1.5a and figure 4.1.5b.  

The frequency shift due to RCA is observed to be on average -80Hz. Considering the 

frequency change measured in ligation, this signal amplification is not much. The ligation 

shift, as mentioned earlier, is overestimated due to binding of ligase enzyme. Therefore, 

the measured amplification in biosignal due to RCA in reality is many folds larger than 

what is shown here in Results 4.2.3. The importance of this signal amplification is essential 

in relation to detecting real NoV.  

Given that a low dosage of NoV is sufficient for an outbreak the sensor should be able to 

detect low concentration of NoV. Hence, differences in low signal can go undetected 

especially if the signal to noise ratio is high. Thus, signal amplification is essential to 

amplify these differences in order to make accurate NoV detection. Additionally, as 

mentioned in Theoretical Background RCA has very low background signal. Thus, the 

signal to noise ratio due to amplification is low. However, there is noise due to unspecific 

binding which can be improved with an improved SAM, wash buffer or an algorithm for 

data filtering.  
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5.1.8  Specificity and Sensitivity 

The specificity and sensitivity of RCA is qualitatively confirmed by the resulting frequency 

obtained when the phi29 polymerase was absent and present. The phi29 polymerase is 

essential for amplification of DNA. Therefore, in the absence of phi29 polymerase there is 

no mass gain and thereby no decrease in resonant frequency (-0.88Hz). This is observed 

in Figure 4.2.3a where the frequency curve remains constant.  

When the phi29 polymerase is added a frequency shift of -36Hz is achieved at the end of 

40mins of rolling circle amplification based on 18mins ligation. The graph in figure 4.2.3b 

shows a gradual increase in negative frequency shift with RCA duration time. This 

indicates the sensitivity of RCA on QCM. With increasing RCA incubation time the DNA 

strand amplified increases proportionally. Consequently, the mass gained is proportional. 

On the contrary, beyond 2425s the frequency shift becomes stable. This could be 

explained that the RCP entangles with each other like in the schematic diagram Figure 

4.2.4b contributing to steric hindrance in RCA. Similar result is observed in the publication 

by Yao, when stable frequency shift is observed in capturing RCA products on QCM 

beyond 60mins.  

 

5.1.9  Binding of phi29 polymerase 

Figure 4.2.3a shows no changes in frequency during the RCA phase in nonspecific 

padlock probe amplification. The frequency shift measured for 1h is -9Hz. Since there was 

no ligated padlock probe to begin with this shift can be attributed to binding of the enzyme 

phi29 or to other reagent products. Indeed, since the shift is -0.88Hz in the absence of 

phi29 enzyme, this shift of -9Hz can be attributed to the binding of phi29 polymerase.  

 

5.1.10  Negative Control 

Figure 4.2.1a shows that the frequency change due to nonspecific padlock probe is almost 

0Hz (-3Hz). Combining this with the fluorescence microscopy images of Figure 4.1.1c 

shows that replacing specific padlock probe with nonspecific padlock probe constitutes an 

appropriate negative control.  
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5.1.11  SAM Stability 

Due to the hardware limitations where only one flow cell can be used at a time the SAM 

effects after one day of storage was investigated. Furthemore, the centralised RCA based 

QCM is aimed to be applied in the Norosensor which is activated regularly or upon trigger 

over a long period of time. Therefore, it is essential to look into both short and long term 

storage stability. However, long term storage stability is beyond the scope of this project. 

After short term storage the frequency pattern remains unaffected. The ligation shift in 

stored samples is larger than that in immediately used samples meaning that more 

padlock probes are bound and ligated to the QCM resulting in this shift. With more ligated 

padlock probes more DNA is amplified. Therefore, it is expected to find a larger shift in 

RCA of stored samples. On the other hand the RCA shift is lower in the stored samples. 

This could mean that there is an increased binding of nonspecific particles or DNA ligase 

during ligation that hinder hybridisation of the padlock probes and conjugated template. 

Thus, resulting in lowered RCA.  

The increased binding of nonspecific molecules can be explained by the depreciating 

stability of SAM. Early publications have reported alkanethiol based SAMs have short shelf 

life at room temperature (Yang, 2004)). Another publication reports that most thiolates of 

SAM on gold were oxidized in 1 day when exposed to air (Mani, 2008). Thus, it is possible 

that the quality of SAM is compromised even slightly allowing binding of nonspecific 

proteins, DNA or other particles. This needs to be further investigated before any 

conclusions can be drawn. 

 

5.1.12  Possible binding of BSA on QCM  

Albumin from bovine serum is included in enzymatic reactions to stabilize the enzymes 

and to increase PCR yield especially in low quality DNA template (Sairkar, 2013) or to 

minimize nonspecific adsorption of enzymes to e.g. polymer test tubes. BSA has also been 

used as a model protein for adsorption studies on gold nanoparticles where a monolayer 

of BSA was created independent of the nanpoparticle size (Kohli, 2013). Thus, there is a 

potential for BSA to bind to the QCM if the SAM is not of high quality. Results from Table 1 

show that in the presence of BSA the ligation frequency shift is larger than in the absence 

of BSA by 10Hz. This could indicate the binding of BSA. Vice-versa is noticed in RCA 

frequency shift. However, these results are based on one sample set and small differences 

in frequency and; given that the variation in the system is quite large (see Figure 4.2.4c), 

there is a need for more investigation before a conclusion can be drawn.  
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5.1.13  RCP distribution 

Microscopy image Figure 4.2.4d show parallel circumferential lines of thick and thin layers 

of RCP. This can be explained by the mass sensitivity distribution (Figure 2.3a) and the 

vibration which is maximum at the very centre of the crystal. The concentric rings of thick 

and thin layers can be explained by the in-plane shear vibrations and the out-of-plane 

vibrations. The in-plane vibrations causes binding of the ligated padlock probes and later 

the RCP to be distributed similar to Figure 2.3b. In figure 2.3b unbound carbon 

nanoparticles were rearranged in concentric rings by the crystal vibration. The out-of-plane 

vibrations contributed to the thin layers.  

Figure 4.2.4d shows a clear distinct edge on one side of the conjugated circle while the 

other side of the circle has a blurred edge. This indicates the movement of RCP blobs 

along the direction of flow. Specific RCP are visible in the centre spot of the flow channel. 

Comparing this image to that of figure 4.3.2, obtained from mismatched padlock probe 

RCA (negative control), RCP are not visible in the centre spot of the flow channel. 

Unwashed detection oligonucleotides are seen outside the flow channel on the edges of 

the conjugated region. This distribution of specific RCP shows that if DNA is mass 

amplified through RCA it would be distributed only in the flow channel region.  

 

5.1.14  Coffee-stain effect 

The concentric rings of thick and thin layers of RCP mentioned above could also be due to 

a phenomenon called coffee-stain effect. That is, the evaporation rate across a drop varies 

where liquid evaporates faster at the edges compared to the centre of the drop (Deegan, 

1997). This then causes capillary flow where liquid flows from the centre to the edge 

moving the liquid components to the edge (Deegan, 1997). Applying this effect to the 

centralisation technique where a drop of conjugation mix is transferred on the centre of the 

crystal using a capillary (Figure 3.5) the drop could evaporate and produce concentric 

rings. In order to minimalise/prevent evaporation, the drop is kept in contact with the 

capillary tube containing the conjugation mix. The image of the drop of conjugation mix on 

the quartz crystal shown in Figure 3.5 was taken after overnight incubation showing that 

little evaporation occurred. While coffee-stain effect could contribute to the concentric rings 

of RCP to some extent, prior findings using carbon nanoparticle sedimentation (figure 

2.3b) show that the concentric rings are due to in-plane vibrations of the crystal.  
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5.1.15 Usage duration 

There are concerns that the continuous actuation of the QCM can cause a temperature 

increase. The bioassay on the QCM occurs at 37oC. The ligation and RCA efficiency can 

be compromised if temperature increases as enzyme activity is sensitive to the 

temperature changes and will be inactivated at elevated temperatures. The current flow in 

the QCM system is maintained at a low current of 70μA to ensure that the system does not 

heat up. Platinum transistor sensors included in the thermal control unit of the equipment 

monitors the temperature of the quartz crystal real time while the experiment is performed. 

In an experiment where the quartz crystal was continuously actuated for ~4h (14000s), the 

temperature remained at a constant 37.227oC (temperature not shown in results). 

Consequently, it can be said that the overheating of the quartz crystal is not an issue in the 

experimental findings of this project. Research need to be invested for temperature 

changes in longer QCM actuation duration.  
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6. SUMMARY  

In this study a centrally functionalized QCM surface for ligation based capture followed by 

RCA based amplification of specific biomolecule was developed. The biomolecule of 

interest is the Norovirus which in this model assay is represented by the padlock probes. 

Nonpolished quartz crystals with gold as electrodes were utilized for QCM monitoring.  

The high specificity of this method is demonstrated through the absence of ligation and 

lack of RCA amplification using nonspecific biomolecules as target (probe mismatched to 

ligation template) confirmed through fluorescent microscopy. When specific padlock probe 

was used the RCA process amplified the signal with an average frequency shift of -80Hz. 

The specificity of this method can be attributed to the specific ligation between the 

biomolecule of interest and the conjugated ligation template.   

The sensitivity of this method is demonstrated through the gradual increase of frequency 

shift (mass gain due to amplification) with the RCA incubation time. When the incubation 

time was doubled a proportional increase in frequency shift was obtained. Further limit of 

detection studies should be conducted. 

Finally, storage of the module for a day tends to depreciate the quality of the SAM and 

thus, the selectivity allowing nonspecific proteins, DNA and other particles to bind. This 

questions the stability and the efficiency of the SAM. Combining this with the binding of 

DNA ligase enzyme to SAM or to the conjugated oligonucleotides through out all the 

experiments on QCM contribute to the limitations of this system. Alternatively, an efficient 

wash buffer or frequency measurements in relation to the frequency response due to 

ligase are options. Therefore, this is an issue that requires further research in the 

development of the Norosensor.    

The results obtained were achieved through selecting and optimizing the quartz crystals, 

the protocol, flow rates and the general handling of the system.  

In conclusion, a centrally functionalised QCM is capable of recognising biomolecules 

through specific capture and amplification via ligation and RCA in a rapid and simple 

manner. However, the SAM on the QCM and data analysis needs to be improved for 

storage concerns and to make adjustments for nonspecific binding of DNA ligase.  

  

 

 



57 

 

7. FUTURE WORK & REFLECTIONS 

The results presented here are promising and indicate greater potential for the application 

of centralized functionalisation of the QCM in biomolecular capture and amplification. 

Therefore, immediate further work can be performed in the following areas. 

 Collaborators from the QCM labs will further experimentally verify the increased 

mass sensitivity of central functionalization in comparison to the global 

functionalization using metal deposition.  

 The centralization can be improved using pipette tip method where a capillary 

holder with a diameter of the size of the pipette tip can be utilized. This way a 

centralized spot of 1mm diameter with 90% sensitivity (see Figure 2.4a) can be 

formed. 

 Surface Plasmon resonance (SPR) measurements can be carried out to assess the 

quality of the SAM formed. This way the SAM effects on the nonspecific binding can 

be investigated. 

 Results indicate that there is binding of the enzymes especially T4 DNA ligase (see 

Results 4.2.1). This contributes to a negative frequency shift indicating mass gain 

even when there is no specific padlock probe binding and amplification. Therefore, 

it is essential to investigate for an efficient wash buffer to wash off the enzymes. 

Alternatively, if the enzyme contributed frequency shift is consistent, data 

processing can be altered to deduct this background shift. Finally, it could be useful 

to investigate different PEG reagents or SAM protocol.  

 An upgraded prototype (flow cell 4) with a better preheating system is currently 

available. It would be beneficial to test this system and carry out a calibration curve. 

Moreover, it would benefit to investigate the detection limit of this system.  

 Since the Norosensor is to be used over a fixed time period it would be beneficial to 

look into storage of the SAM and assess the quality after storage. 
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7.2    Reflections  

Lessons were learnt throughout this thesis project and are presented in this section.  

Early microscopy images were not suitable for including in this thesis work as images were 

taken under a single channel. Moreover, the images were manually stitched during the 

early phase of the project. This could have been avoided since the software included 

options for automatic stitching of the images. Time could have been saved on processing 

these images.  

It was discovered later in the project that the frequency shift observed in the negative 

control could have been due to the binding of the enzymes particularly T4 DNA ligase. It 

would have been more beneficial to carry out this investigation at the start of the thesis.  

Two quartz crystals were centrally functionalised at the same time and one was stored in 

wash buffer while the other was used immediately for investigation. More consideration 

should have been shed to the quality of SAM and the resulting data.  

A week was spent on malfunctioning flow cell while another week was spent on 

troubleshooting. The possible reason is contributed to the wetting of the electrodes.   
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APPENDIX 

Appendix I: MATLAB code for data processing  

function code2() 
%clc 
close all 
disp(['Current directory: ' pwd]) % specifying directory 
disp('Available xlsx-files:')  
        xlsxfiles=dir([pwd '\*.xlsx']); 
        [r, ~]=size(xlsxfiles); 
        for f1=1:r; 
            disp(['File number ' num2str(f1) ': ' xlsxfiles(f1).name]); 

%displays available xlsx files 
        end; 

         
        filenr = input('Enter file number to analyse: '); 
        disp('Please wait, reading file...') 
        R = xlsxfiles(filenr).name;  
        G = xlsread(R,'Sheet1','A2:B28217'); 
        x = G(:,1); 
        y = G(:,2); 
        plot(x,y) %plots frequency vs time graph  
        title('Centralised RCA on QCM - Unfiltered') 
        xlabel('Time in sec') 
        ylabel('Frequency in Hz') 
        figure 
        filtered_G = sgolayfilt(G,1,45); %filter out noise due to bubbles 
        x_f= filtered_G(:,1); 
        y_f= filtered_G(:,2); 
        set( plot(x_f,y_f),'ButtonDownFcn',@buttonDownCallback) %plots filtered 

graph %calls for function 
        title('Centralised RCA on QCM - Filtered') 
        xlabel('Time in sec') 
        ylabel('Frequency in Hz') 
        n=input('Number of points to choose:'); 
        w=[]; 
        disp (['Frequency points chosen for Wash stage 1-' num2str(n) ':']); 

     
    function buttonDownCallback(~,~) 
        p = get(gca,'CurrentPoint'); 
        w(end+1,:)= p(1,2); %stores only corresponding frequency value 
       % disp( sprintf('(%f )',w(end) )); % displays chosen frequency values 

         

               
        if length(w)== n; %computes for first n points 
             deltaf= w(n,:)-w(1,:); %computes frequency shift due to ligation, 

RCA and label 
             wLig =w(2,:)-w(1,:); %computes frequency shift due to ligation only 
             wRCA= w(3,:)-w(2,:); %computes frequency shift due to RCA only 
             Label=w(4,:)-w(3,:); %computes frequency shift due to Label only 
            disp( sprintf('(%f )',w() )); 
            disp(['Change in overall frequency: ' num2str(deltaf)]); 
            disp (['Change in frequency due to Ligation: ' num2str(wLig)]); 
            disp(['Change in frequency due to RCA (60mins): ' num2str(wRCA)]); 
            disp (['Change in frequency due to Label: ' num2str(Label)]); 

             
            %print output to a file  
            results = input('Enter file name with extension: ','s'); 
            fileID = fopen(results,'w'); 
            fprintf(fileID,'%12s \r\n','File analyzed:',R); 
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            fprintf(fileID,'%12s \r\n','----------------------------------------

--'); 
            fprintf(fileID,'%12s %12.2f %12.2f %12.2f %12.2f\r\n','Chosen 

frequency values:',w()); 
            fprintf(fileID,'%12s %12.2f \r\n','Change in overall 

frequency:',deltaf); 
            fprintf(fileID,'%12s %12.2f \r\n','Change in frequency due to 

Ligation:',wLig); 
            fprintf(fileID,'%12s %12.2f \r\n','Change in frequency due to 

RCA:',wRCA); 
            fprintf(fileID,'%12s %12.2f \r\n','Change in frequency due to 

Label:',Label); 

             
            fclose(fileID); 
            disp('File saved. Re-run code for new analysis') 

                   
        end 

         
        if length(w)==n+1 
           disp('Re-run code.') 
        end 

                   
    end 

  
end 
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Appendix II: QCM data 

 

Ligation Specificity, RCA Specificity and RCA Sensitivity 

File analyzed: 2015_08_08_diff tests .xlsx  

------------------------------------------  

Chosen frequency values:   9932826.34   9932771.68   9932768.62   9932719.21 

9.932718e+06   9932703.93   9932682.05   9932683.37   9932671.06 

Change in frequency due to Ligase Enzyme:             -54.66  

Change in frequency due to unspec Padlock probe        -3.06  

Change in frequency due to specific Ligation(20mins): -49.41  

Change in frequency due to RCA without enzyme          -0.88  

Change in frequency due to RCA first 15mins           -14.41  

Change in frequency due to RCA second 16mins:         -21.88  

Change in frequency due to RCA third 15mins:            1.32  

Change in frequency due to RCA 45mins:                -34.97  

Change in frequency due to Label:                     -12.31 

 

Nonspecific RCA 

File analyzed: 20150402_mismatch .xlsx  

------------------------------------------  

Chosen frequency values:   9939412.86   9939373.01   9939363.95   9939342.21 

Change in overall frequency:       -70.65  

Change in frequency due to Ligation:       -39.86  

Change in frequency due to RCA:        -9.06 
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Specific RCA 

 

File analyzed: 20150321_spec1.xlsx  

------------------------------------------  

Chosen frequency values:   9926982.02   9926963.64   9926869.49   9926867.44 

Change in overall frequency :      -114.57  

Change in frequency due to Ligation:       -18.37  

Change in frequency due to RCA:       -94.15  

Change in frequency due to Label:        -2.05 

 

File analyzed: 20150401_spec2.xlsx  

------------------------------------------  

Chosen frequency values:   9932664.94   9932581.60   9932515.93   9932514.49 

Change in overall frequency :      -150.45  

Change in frequency due to Ligation:       -83.33  

Change in frequency due to RCA:       -65.68  

Change in frequency due to Label:        -1.44 

 

Storage – 1 Day 

File analyzed: 20150414_spec4.xlsx  

------------------------------------------  

Chosen frequency values:   9940027.11   9939885.56   9939845.42   9939809.51 

Change in overall frequency:      -217.61  

Change in frequency due to Ligation:      -141.55  

Change in frequency due to RCA:       -40.14  

Change in frequency due to Label:       -35.92 
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File analyzed: 20150420_spec5.xlsx  

------------------------------------------  

Chosen frequency values:   9931709.86   9931552.11   9931483.10   9931483.10 

Change in overall frequency:      -226.76  

Change in frequency due to Ligation:      -157.75  

Change in frequency due to RCA:       -69.01  

Change in frequency due to Label:         0.00 

 

BSA effects 

File analyzed: 20150505_no bsa.xlsx  

------------------------------------------  

Chosen frequency values:   9929229.64   9929156.34   9929078.31   9929077.41 

Change in overall frequency:      -152.23  

Change in frequency due to Ligation:       -73.30  

Change in frequency due to RCA:       -78.03  

Change in frequency due to Label:        -0.90 
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