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Abstract 

 

Deoxyribonucleic acid (DNA) recognition is an important tool in DNA biosensors. 

DNA biosensors are being developed with a rapid pace with the aim to achieve 

an inexpensive and rapid testing tool for genetic and infectious disease and to 

detect DNA damage and interactions. The study of single nucleotide 

polymorphisms (SNPs) and the analysis of gene sequences play a fundamental 

role in rapid detection of genetic mutations. It also opens up new opportunities 

for reliable diagnosis even before any symptoms of a disease appear. The aim of 

this thesis was to optimize and develop biosensors for the characterization of 

DNA molecules based on electronic-, thermal-, and photonic sensing principles.  

In Chapter 1, a general description to DNA and DNA sensors was introduced. A 

brief explanation about the fundamentals of DNA as described by James D. 

Watson and Francis Crick was given. The concept and consequences of 

mutations in DNA sequences were explained briefly. The composition of a DNA 

sensor, the different sensing techniques used to sense DNA standards, and the 

sensor preparation with DNA were described briefly. Probe DNA, consisting of a 

36-mer fragment was covalently immobilized on nanocrystalline chemical vapour 

deposition (CVD) diamond electrodes and hybridized with a 29-mer target DNA.  

In Chapter 2, label-free real-time electronic monitoring of DNA denaturation 

upon exposure to NaOH solution at different flow rates and molarities, using 

electrochemical impedance spectroscopy as readout technology, was reported. 

The impedance response was separated into a denaturation time constant and a 

medium exchange time constant by means of a double exponential fit. It was 

observed that the denaturation time is dependent on the flow rate as well as on 

the molarity of the NaOH solution used. Surprisingly, it was observed that at low 

molarities (0.05 M) the DNA does not fully denature at low flow rates. Only after 

flushing the flow cell a second time with 0.05 M NaOH, complete denaturation 

was achieved. Confocal images were obtained and plotted in 3D graphs to 

confirm the results.  
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In Chapter 3, we showed that synthetic sapphire (Al2O3), an established implant 

material, can also serve as a platform material for biosensors comparable to 

nanocrystalline diamond. Sapphire chips, beads, and powder were first modified 

with (3-Aminopropyl) triethoxysilane (APTES), followed by succinic anhydride 

(SA), and, finally, single-stranded deoxyribonucleic acid (ss-DNA) probe was 

coupled using the zero-length cross-linker 1-ethyl-3-[3-dimethylaminopropyl]- 

carbodiimide (EDC) to the functionalized layer. The presence of ATPES-succinic 

anhydride layer on sapphire powder was confirmed by thermogravimetric analyis 

(TGA) and Fourier-transform infrared spectroscopy (FT-IR). The areal DNA 

density was quantified in X-ray photoelectron spectroscopy (XPS). Fluorescence 

microscopy was performed to demonstrate the successful coupling of 

fluorescently tagged target DNA to the pre-immobilized probe DNA. Synthetic 

sapphire is especially suitable for the heat-transfer method (HTM) due to its high 

thermal conductivity and chemical inertness. This measuring method analyzes 

the heat-transfer resistance at the solid-liquid interface when a target DNA 

molecule interacts with a ssDNA probe-functionalized surface. The heat transfer 

method was performed for the characterization of DNA on synthetic sapphire 

chips.  

Within Chapter 4, a comparative theoretical study of an optical biosensor 

concept based on elastic light scattering from microspheres and the 

corresponding shift of whispering gallery modes (WGMs), after an add-on layer 

to the sphere, was performed. The study included sapphire, glass and diamond 

microspheres. The theoretical calculation of the expected resonant wavelength 

shifts were based on the generalized Lorenz–Mie theory (GLMT). The transverse 

electric (TE) and the transverse magnetic (TM) elastic light scattering intensity 

of electromagnetic waves at 600 and 1400 nm are numerically calculated for 

DNA and unspecific binding of proteins to the microsphere surface. The effect of 

changing the optical properties was studied for diamond (refractive index 2.34), 

glass (refractive index 1.50), and sapphire (refractive index 1.75) microspheres 

with a 50 m radius. The mode spacing, the linewidth of WGMs, and the shift of 

resonant wavelength due to the change in radius and refractive index, were 

analyzed by numerical simulations. Preliminary results of unspecific binding of 

biomolecules showed that the calculated shift in WGMs can be used for 

biomolecules detection. 
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Therefore, an optical setup for DNA optical biosensor based on sapphire 

spherical microcavity was built as described in Chapter 5. Transmitted and 

elastic scattering intensity at 1510 nm were analyzed from a sapphire 

microsphere (radius 500 m, refractive index 1.77) on an optical fiber half 

coupler for the first time. The 0.43 nm angular mode spacing of the resonances 

correlated well with the optical size of the sapphire sphere. The spectral 

linewidths of the resonances were on the order of 0.01 nm, which corresponded 

to quality factors on the order of 105. As a proof for principle, polydopamine 

(PDA) layer has been used as a functionalizing agent on sapphire microspherical 

resonators in view of the implementation of biosensors. The various PDA layer 

thicknesses on the sapphire microsphere were characterized as a function of the 

resonances wavelength shift. It was shown that the polymeric functionalization 

does not affect the high quality factor (Q ≈ 104) of the sapphire microspheres. 

This functionalizing process of the microresonator constitutes a promising step 

towards the achievement of an ultrasensitive biosensor.  

Then, the sapphire sphere was modified with DNA and an optical biosensor is 

demonstrated for the first time using an insulating implant material as illustrated 

in Chapter 6. Probe DNA, consisting of a 36-mer fragment was covalently 

immobilized on sapphire microsphere and hybridized with a 29-mer target DNA. 

Whispering gallery modes (WGMs) were monitored before the sapphire being 

functionalized with DNA and after it was functionalized with single stranded DNA 

(ssDNA) and double stranded DNA (dsDNA). The shift in resonances due to the 

surface modification with DNA was measured and correlated well with the 

estimated add-on DNA layer. It was shown that ssDNA are more uniformly 

oriented on the sapphire surface than the dsDNA. In addition, it was shown that 

functionalization of the sapphire spherical surface with DNA does not affect the 

high quality factor (Q ≈ 104) of the sapphire microspheres. Future work may 

focus on optimization of this method further and to perform measurements on 

mismatched dsDNA and in liquid medium. 

All in all, we have taken the first step towards utilizing a structural, electrically 

insulating implant material as a heat-transfer based and optical microcavity 

based biosensor platform paving the way for future in vivo biosensing devices. 

Our efforts are expressed in details in the concluding Chapter 7. 
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Nederlandse Samenvatting 

De karakterisering van desoxyribonucleïnezuren (DNA) is een belangrijk doel 

van DNA-gebaseerde biosensoren. Vandaag kent de technologie van DNA- 

sensoren een snelle vooruitgang en men legt zich vooral toe op de ontwikkeling 

van efficiënte en goedkope testmethoden voor de opsporing van genetische 

afwijkingen, DNA beschadiging en infectieziektes. Binnen het onderzoek naar 

genetische mutaties spelen de sequentieanalyses en de opsporing van 

puntmutaties (SNP’s: single nucleotide polymorphisms) een vooraanstaande rol. 

Deze aspecten hebben een hoge meerwaarde in de medische diagnostiek omdat 

ze als risico-indicatoren gelden voor bepaalde aandoeningen alvorens de patiënt 

daadwerkelijk ziektesymptomen vertoont. Het doel van deze thesis is de ont-

wikkeling en optimalisatie van nieuwe methoden voor de karakterisering van 

DNA fragmenten volgens elektronische-, thermische- en optische meetprincipes.  

In hoofdstuk 1 wordt een algemene beschrijving van DNA moleculen en DNA 

sensoren gegeven. Hierbij wordt nader ingegaan op de koppeling tussen de 

bazenparen zoals beschreven door James D. Watson en Francis Crick en op de 

mogelijke gevolgen van mutaties in de DNA sequenties. Voorts worden de 

basisconcepten van DNA-sensoren beschreven, hun verschillende technische 

werkingsprincipes en de nodige voorbereidingen voor de implementatie van een 

DNA-sensor. In het bijzonder gaat het hierbij om de covalente aanhechting van 

probe-DNA (enkelstreng fragmenten met 36 basen) aan nanokristallijne 

diamantelektroden (bereid met chemische dampfazendepositie CVD) en de 

hybridisatie target DNA-fragmenten van 20 basen lang.  

Hoofdstuk 2 beschrijft het elektronische monitoren van DNA-denaturatie in echt- 

tijd met behulp van elektrochemische impedantiespectroscopie waarbij de dena-

turatie wordt opgewekt door blootstelling aan NaOH oplossingen met ver-

schillende concentraties en stromingsdebieten. De impedimetrische response 

wordt uitgesplitst in een intrinsieke tijdsconstante voor de denaturatie zelf en in 

een tijdconstante voor de mediumwissel op basis van een dubbel-exponentiële 

fitfunctie. Hierbij wordt aangetoond dat de tijdsconstante voor denaturatie zowel 

van het vloeistofdebiet als van de molariteit van de NaOH-oplossing afhangt. 

Hierbij blijkt dat lage concentraties (0.05 M NaOH) in combinatie met lage stro- 
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mingsdebieten slechts tot onvolledige denaturatie leiden en een tweede 

blootstelling vereist is voor volledige denaturatie. Dit wordt bevestigd door 

confocale fluorescentiemicroscopie die de resultaten als 3D-grafieken weergeeft.  

In hoofdstuk 3 tonen we aan dat synthetisch saffier (Al2O3), een bekend implan-

taatmateriaal, eveneens als platformmateriaal voor biosensoren gebruikt kan 

worden met eigenschappen vergelijkbaar aan die van diamant. Saffier-chips, 

parels en poeders werden eerst met (3-Aminopropyl) triethoxysilane (APTES) en 

succinic anhydride (SA) gemodificeerd alvorens enkelstrengige probe-DNA 

m.b.v. de EDC-koppeling aan de gemodificeerde oppervlakken te hechten. De 

aanwezigheid van de APTES-succinic anhydride laag op saffierpoeder wordt 

bevestigd door thermogravimetrische analyse (TGA) en Fourier-transformatie 

infrarood spectroscopie (FT-IR). Voorts wordt de oppervlakdensiteit van DNA 

kwantitief bepaald met x-stralen fotoemissie-spectroscopie (XPS). De koppeling 

van fluorescerend gelabelde target-DNA aan de geïmmobiliseerde probe-DNA 

wordt met fluorescentiemicroscopie in beeld gebracht. Dankzij zijn hoge 

thermische geleidbaarheid en chemische stabiliteit is synthetisch saffier bijzon-

der geschikt als platformmateriaal voor een sensor-uitlezing volgens de ‘heat-

transfer method HTM’: Deze methode analyseert de warmtegeleidingsweerstand 

van het grensvlak tussen vaste- en vloeibare stoffen en reageert zeer gevoelig 

op de aanwezigheid van al dan niet gehybridiseerde DNA fragmenten op de 

saffier-chip. We tonen aan dat dit meetprincipe inderdaad in staat om de 

aanwezigheid van puntmutaties in DNA-fragmenten aan te tonen.   

Het vierde hoofdstuk beschrijft een theoretische studie op een optisch biosensor 

concept dat op elastische lichtverstrooiing aan microsferen en een verschuiving 

van de ‘whispering gallery modes’ (WGMs) berust ten gevolge van (biologische) 

deklagen. Deze vergelijkende studie werd uitgevoerd voor microsferen van 

saffier, glas en diamant en de theoretische berekening van de verwachte ver-

schuiving van de resonantiegolflengtes was gebaseerd op de gegeneraliseerde 

Lorenz–Mie theorie (GLMT). De transversaal-elektrische (TE) en de transversaal-

magnetische (TM) strooi-intensiteit werden numeriek berekend in het golflengte-

gebied van 600 tot 1400 nm en dit zowel voor DNA als voor onspecifiek gebon-

den proteïnen op de microsferen. De verandering van de optische eigen-

schappen hangt af van de brekingsindex van het materiaal in kwestie waarbij de 
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diameter van de sferen zelf constant werd gehouden. Numerieke simulaties 

werden uitgevoerd voor de spatiëring en de lijnbreedte van de WGMs en voor de 

verschuiving van de resonantiegolflengtes door de dikte en de brekingsindices 

van de biologische deklagen. De resultaten geven aan dat reeds de verschuiving 

door onspecifieke adsorptie van biomoleculen voldoende groot is om met dit 

meetprincipe biomoleculen te kunnen detecteren.  

In het vijfde hoofdstuk wordt een optische setup beschreven voor een DNA-

sensor volgens het voorgestelde werkingsprincipe waarbij er met een microsfeer 

van saffier (straal 500 m, brekingsindex 1.77) werd gewerkt. De getrans-

mitteerde en elastisch gestrooide intensiteiten werden opgemeten bij een 

golflengte van 1510 nm waarbij het licht d.m.v. een vezeloptische half coupler 

aan de saffier-microsfeer werd gekoppeld. De spatiëring van 0.43 nm tussen 

opeenvolgende resonantiemodes kwam zeer goed overeen met de optische 

grootte van de microsfeer zelf. De spectrale lijnbreedtes van de resonanties  

waren in de orde van 0.01 nm, we kunnen dus over een kwaliteitsfactor in de 

orde van 105 spreken. Als een eerste test voor de beoogde biosensor werden 

lagen van polydopamine (PDA, een biochemisch linker-molecule) afgezet op de 

sferische saffierresonatoren en de verschuiving van de resonantiegolflengtes 

opgemeten in functie van de PDA-laagdikte. De functionalisatie van de saffier-

sferen met het polymeer had geen uitgesproken nadelige invloed op de 

kwaliteitsfactor (Q ≈ 104). Hiermee was dan ook de basis gelegd om een ultra-

gevoelige, fotonische biosensor te kunnen implementeren. 

Tenslotte beschrijft hoofdstuk 6 de functionalisatie van de saffiersferen met DNA 

in combinatie met de fotonische uitlezingstechniek voorgesteld in het vorige 

hoofdstuk. Er werd voor de zelfde types van DNA fragmenten gekozen als in het 

geval van de elektronische- en de thermische sensorconcepten. De resonanties 

van de whispering gallery modes werden bepaald met blanko saffiersferen, na 

aankoppeling van de enkelstrengige DNA-probes, en na de hybridisatie met 

complementaire target-fragmenten. De verschuiving van de resonantie door 

deze modificaties met DNA werden geanalyseerd en kwamen zeer goed overeen 

met de geschatte dikte van de additionele DNA laag. Bovendien werd 

aangetoond dat enkelstrengige DNA op een meer uniforme manier op de 

saffiersferen uitgelijnd is dan dubbelstrengige DNA. Tevens bleek dat de 
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kwaliteitsfactor van de microsferen door de functionalisatie niet nadelig wordt 

beïnvloed. Toekomstig werk zal zich toespitsen op een verdere optimalisatie in 

de richting van de opsporing van puntmutaties en het uitvoeren van dergelijke 

metingen rechtstreeks in vloeibare middens.  

In de som werd dus voor het eerst aangetoond dat ook saffier, een elektrisch 

isolerend implantaatmateriaal, geschikt is om als sensorplatform voor de 

karakterisering van DNA te dienen. Dit werd mogelijk gemaakt dankzij twee 

niet-elektrische sensorprincipes, namelijk op een thermische manier met de 

warmtegeleidingsmethode en op een fotonische manier m.b.v. optische micro-

caviteiten. Dit kan mogelijk de basis vormen voor toekomstige generaties van 

implanteerbare biosensoren.  
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Chapter 1 

Introduction 

 

This first chapter opens with the fundamentals of DNA as described by James D. 

Watson and Francis Crick [1]. It explains the concept and consequences of 

mutations in DNA sequences. It then describes the composition of a DNA sensor, 

followed by a brief description of the different sensing techniques used to sense 

DNA standards and the sensor preparation with DNA.  
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1.1 Deoxyribonucleic acid (DNA) 

Deoxyribonucleic acid (DNA) contains the genetic information fundamental to all 

known living organisms [1]. Chromosomes are the place where the DNA is 

stored in the cell nucleus [1]. DNA consists of three groups of molecules: 

deoxyribose sugar (Figure 1.1 a), organic bases and inorganic phosphate. The 

inorganic phosphate is derived from phosphoric acid (Figure 1.1 b).  

 

 

Figure 1.1 Chemical structure of (a) the Deoxyribose sugar and (b) the phosphate group 

in DNA. 

DNA principally consists of 4 bases, which are adenine (A), guanine (G), cytosine 

(C), and thymine (T). C and T are derived from pyrimidine (Figure 1.2a, 1.2b) 

whereas A and G are derived from purine (Figure 1.2c, 1.2d).  

 

 

Figure 1.2 Chemical structure of the four bases in DNA. (a) Cytosine, (b) Thymine, (c) 

Adenine, and (d) Guanine. 
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When one of the bases is joined to the deoxyribose sugar molecule, we get a 

compound known as deoxyribonucleoside. The bond linking the base to the 

sugar is known as glycoside bond. The addition of a phosphate group to the 

sugar residue of the nucleoside molecule then produces a deoxyribonucleotide 

(Figure 1.3). The combination of deoxyribonucleotide molecules through sugar-

phosphate bonds forms a deoxyribonucleic acid (DNA).  

 

Figure 1.3 Chemical structure of the deoxyribonucleotide with the cytosine base. 

In 1953, Watson and Crick deduced the double helix structure of the DNA using 

X-ray crystallography. This double helix structure comprises two strands of 

sugar-phosphate backbone [2, 3]. The DNA sequence on each strand of a double 

helix is complementary to the other. For a given strand, A is paired across from 

T on the opposite strand by two hydrogen bonds, and C is paired across from G 

by three hydrogen bonds, and vice versa [3]. Each such pairing is referred to as 

a base pair (bp). This pairing process is known as hybridization (Figure 1.4).  

The breaking of the double strand (ds) DNA into two single strands (ss) is known 

as denaturation or melting. DNA in the nuclei of living cells becomes single-

stranded (ss) during replication, transcription, and repair. Disruption of the 

native structure may also result from modifications of the bases or sugar 

backbone induced by chemicals, light or radiation. In living cells such changes 

are reversed by specialised enzymatic systems responsible for preventing loss of 

genetic information [4]. Denaturation can be induced in isolated DNA or in fixed 

cells by exposure to elevated temperatures [5], alkaline solutions or acids 

[6, 7], and low ionic concentration buffer [8]. 
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Figure 1.4: Detail of the interaction between complementary nucleotides. 

1.2 Single Nucleotide Polymorphisms (SNPs) 

A SNP is defined as a single-base difference in DNA among individuals [9]. SNPs 

are useful for finding genes that contribute to disease. The challenge is to relate 

these genetic differences to disease risk and response to therapies [10]. 

Mutation mechanisms result either in transitions: purine-purine (AG) or 

pyrimidine-pyrimidine (CT) exchanges, or transversions: purine-pyrimidine or 

pyrimidine-purine (AC, AT, GC, GT) exchanges [11]. SNPs are used for 

identification and forensics [12-14], mapping and genome-wide association 
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studies of complex diseases [15, 16], estimating predisposition to disease [17, 

18], predict specific genetic traits [19, 20], and classifying patients in clinical 

trials [21]. 

 

Figure 1.5: Base sequences of a probe DNA and the corresponding full match and 

mismatch with 1 SNP at position 7 and position 20. A SNP is a single-letter change in DNA, 

part of the natural genetic variation within a population. 

1.3 DNA sensor 

A biosensor is an analytical device incorporating a deliberate and intimate 

combination of a specific biological element that creates a recognition event and 

a physical element that transduces the recognition event [22]. As demonstrated 

in Figure 1.5, a DNA sensor is composed of 3 elements: (i) modified solid 

surface (transducer), (ii) single-stranded DNA that is immobilized onto the solid 

surface (probe) and (iii) a complementary single-stranded DNA (target) 

hybridized to the probe DNA [23]. The transducer of the DNA sensor serves to 

transfer the signal from the output domain of the biological recognition system 

to the (usually electrical) signal. DNA sensors can be electrical [24, 25], thermal 

[26] or optical [27].  

An electrochemical DNA sensor relies solely on the measurement of currents 

and/or voltages to detect the binding of DNA molecules to the transducer 

surface. The transducer can be a conducting or semiconducting electrode [22, 

28, 29]. The underlying principle for an electrical DNA sensor is that when a 

target DNA molecule interacts with a ssDNA probe-functionalized surface, 

changes in the electrical properties of the surface (e.g. dielectric constant and 

resistance) can result solely from the presence of the target DNA molecule [30]. 

In recent years there has been a major development of DNA electrochemical 
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biosensors such as field-effect transistors (FET) [31, 32] and impedimetric 

sensors [24]. These field effect sensors rely on the interaction of external 

charges of the negatively charged DNA molecules with carriers in a nearby 

semiconductor and thus exhibit enhanced sensitivity at low ionic strength where 

counter ion shielding is reduced [30]. A DNA-FET is obtained by immobilizing 

well-defined sequences of ssDNA onto a field-effect transducer, which can 

convert the specific recognition process between the two complementary DNA 

single strands into a measurable signal [33]. A Field-effect sensor measures the 

equivalent gate-voltage difference before and after attachment of the DNA 

molecules to the surface, ΔVGS, in a potentiometric way. It may also measure 

the effective impedance change of the FET gate input due to the attachment of 

the DNA layer to the gate surface [31]. Impedimetric sensors monitor the 

electrical impedance, conductance [24] and capacitance [34] of a solid surface-

liquid interface in alternating (AC) potential steady state [24]. When a solid 

surface is modified with DNA, the overall resistance, conductance or capacitance 

changes and these are monitored by the impedimetric sensors.  

A thermal DNA sensor relates the temperature difference between the liquid and 

the transducer surface to the input power provided by the heating element. The 

underlying principle for a thermal DNA sensor is that when a target DNA 

molecule interacts with a ssDNA probe-functionalized surface, changes in the 

heat transfer resistance at the solid-liquid interface are monitored [26]. 

Optical DNA sensors detect the changes in the optical properties (index of 

refraction, size) of the sensing transducer, resulting from surface reactions 

between target DNA molecules and the ssDNA probe-functionalized surface [27]. 

Surface-enhanced Raman spectroscopy (SERS) [35] and total internal reflection 

fluorescence (TIRF) microscopy [36, 37] were also used as DNA sensors. 

SERS is a Raman Spectroscopic (RS) technique based on the Raman effect, 

which is the inelastic scattering of photons by molecules. In SERS, the target 

molecule is brought into close proximity to a metallic surface (typically Ag, Au or 

Cu) with nanoscopically defined features or in solution next to a nanoparticle 

with a diameter much smaller than the wavelength of the excitation light. When 

light is incident on the surface or particle, a surface plasmon mode is excited 

which locally enhances the electromagnetic energy in the vicinity of the target 
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molecule, significantly enhancing the intensity of the inelastically scattered light 

[38]. 

TIRF employs the phenomena of total internal refection and evanescent waves 

to selectively excite fluorophore labeled DNA located at the surface and in close 

proximity (100-200 nm) to the surface of a glass, silica, or plastic slide. 

However, the labeling of the DNA also behaves as an amplifier for an otherwise 

undetectable single-molecule signal, and requires a prior knowledge of the 

target molecule that must be modified to be compatible with the label, which 

restricts an experiment’s scope [39].  

As a result, the demand for label-free biosensors has increased, and different 

technologies have been developed such as fiberoptic waveguides [40, 41] and 

(ring and spherical) microcavity resonators [39, 42]. In such devices, light is 

coupled through these devices and an evanescent field extends beyond the 

device surface [43].  

The analytes deposited onto the surfaces of the fiber-optic waveguides are in the 

path of the evanescent field, and, as a result, they change the effective 

refractive index of the guided mode [43]. Fiber-optic waveguide sensors are 

size-effective. For example, in order to achieve a high signal and low detection 

limit, the waveguide must be of the order of a few centimeters long, since the 

sensing signal is accumulated along the waveguide [43].  

Optical microcavities such as ring resonators or spherical resonators are 

promising optical label free detection setups [39, 42]. Recently, a silicon on 

insulator (SOI) microring resonator for sensitive label free biosensing was 

fabricated [44]. In addition, microring surface functionalization and a detection 

limit of 0.37 fg avidin mass (3260 molecules) were established [45, 46]. In an 

optical microcavity, the target molecules are sampled hundreds of times due to 

the recirculation of light within the microcavity by total internal reflection (TIR) 

[39]. The target molecule induces a change on the optical microcavity properties 

such as the size and refractive index, and as a result, a change in the whispering 

gallery mode (WGM) resonant wavelength is encountered [47]. 
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1.4 DNA Sensor preparation 

CVD nanocrystalline boron doped diamond and synthetic sapphire chips are used 

in this thesis for DNA sensing using impedance spectroscopy and the heat 

transfer method. Sapphire microspheres of 1 mm diameter were also used in 

this thesis for optical sensing setup optimization and DNA optical sensing. 

Diamond and sapphire show outstanding chemical inertness, wear resistance, 

and biocompatibility [23, 48]. They also have a good thermal conductivity [49, 

50] and low thermal expansion [50].  Hence, they appear to be favorable for use 

in optical biosensors operating at a broader temperature regime. 

Probe DNA, consisting of a 36-mer fragment was covalently immobilized on NCD 

and sapphire electrodes and then hybridized with 29-mer target DNA.  

First, the diamond surface was hydrogenated [51]. After hydrogenation, 

unsaturated fatty acid (10-undecenoic acid; Merck) was reacted with the 

diamond surface during 20 hours under 254 nm ultraviolet (UV) (265 mWcm-2) 

illumination. This photoreaction results in a carboxyl-terminated surface. 

Subsequent covalent coupling of amino-modified dsDNA to the carboxyl-

terminated surface was carried out using the zero-length cross-linker 1-ethyl-3-

[3-dimethylaminopropyl]-carbodiimide (EDC) [52, 53].  

The covalent functionalization of sapphire with probe DNA was done along the 

silane route [54]. Silanization of the sapphire sample was carried out by liquid 

phase deposition of a solution of silane (3-Aminopropyl)triethoxysilane (APTES, 

99%) [54]. This creates an amine-modified sapphire surface [55]. Here, two 

different modification routes were utilized. The first route was converting the 

amine-modified sapphire surface into carboxyl-modified sapphire surface using 

succinic anhydride (SA) and finally, amino-modified dsDNA was EDC coupled to 

the carboxyl-modified surface [54]. The second route was covalent coupling of 

carboxyl-terminated dsDNA to the amine-modified sapphire surface using EDC. 

The sapphire microspheres for optical sensing setup optimization were 

functionalized with PDA. Trizma hydrochloride (reagent grade, minimum 99%) 

and dopamine hydrochloride (98.5%) were purchased from Sigma and used as 

received. Immersion times were varied (2 h, 5 h, 10 h and 20 h) to create 
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polydopamine films with different thicknesses [56]. The Sapphire microsphere 

for optical DNA sensing were functionalized as described for the sapphire chip. 

1.5 Objectives 

The aim of this project is to develop biosensors for the characterization of DNA 

molecules based on electronic-, thermal-, and photonic sensing principles. 

In Chapter 2, CVD nanocrystalline diamond (NCD) was functionalized with 

dsDNA. The denaturation process was monitored by using a homemade 

electrochemical impedance setup [24]. The effect of different flow rates and 

concentrations of sodium hydroxide (NaOH) was studied. The optimization of 

these parameters provides a valuable asset in the field of mutation analysis. 

 

In Chapter 3, sapphire chips, beads, and powder were first modified with (3-

Aminopropyl) triethoxysilane (APTES), followed by succinic anhydride (SA), and, 

finally, single-stranded deoxyribonucleic acid (ss-DNA) probe was EDC coupled 

to the functionalized layer. The heat transfer method [26] was performed for the 

characterization of the thermal denaturation of the target DNA on the 

functionalized synthetic sapphire chips.  

In Chapter 4, a comparative theoretical study of an optical biosensor concept 

based on elastic light scattering from sapphire, glass, and diamond microspheres 

is performed. The corresponding shift of whispering gallery modes (WGMs), after 

an add-on layer to these spheres, is analysed. All the analyses were performed 

based on the Generalized Lorenz-Mie Theorem (GLMT) [57]. 

In Chapter 5, a set of proof-of-principle experiments were performed using a 

sapphire sphere with an add-on layer of polydopamine (PDA). The shift of the 

whispering gallery modes (WGMs) due to different thicknesses of PDA on the 

sapphire microsphere was monitored. Moreover, the high quality factor of WGM 

resonances was found to be preserved before and after surface modification. 

In Chapter 6, the WGM resonances shift due to the sapphire microsphere surface 

modification with ssDNA, dsDNA, and chemical denaturation of dsDNA was 

monitored. These results proved the possibility of using sapphire microsphere as 

a label free DNA optical biosensor.  
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2.1 Abstract  

Probe DNA, consisting of a 36-mer fragment was covalently immobilized on 

nanocrystalline chemical vapour deposition (CVD) diamond electrodes and 

hybridized with a 29-mer target DNA. In this paper, we report on the label-free 

real-time electronic monitoring of DNA denaturation upon exposure to NaOH at 

different flow rates and molarities, using electrochemical impedance 

spectroscopy as readout technology. The impedance response was separated 

into a denaturation time constant and a medium exchange time constant by 

means of a double exponential fit. It was observed that the denaturation time is 

dependent on the flow rate as well as on the molarity of the NaOH. Surprisingly, 

it was observed that at low molarities (0.05 M) the DNA does not fully denature 

at low flow rates. Only after flushing the flow cell a second time with 0.05 M 

NaOH, complete denaturation was achieved. Confocal images were obtained and 

plotted in 3D graphs to confirm the results. This paper provides a systematic 

overview of measured denaturation times for different flow rates and at different 

molarities of NaOH. Optimization of these parameters can be a valuable asset in 

the field of mutation analysis. 

Keywords:  CVD diamond, denaturation time constant, deoxyribonucleic acid, 

electrochemical impedance spectroscopy, mutation analysis 
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2.2 Introduction 

Diamond has proven to be an excellent platform for biomedical research due to 

its outstanding material properties such as chemical inertness, thermal 

conductivity and electronic properties [1]. In addition, intrinsic diamond displays 

a high chemical and electrochemical stability and has a wide band gap (5.5 eV) 

[2 – 4]. Diamond is an insulator and can be made semiconductive by chemical 

doping [5]. In recent years there has been a major development of DNA 

electrochemical biosensors such as field-effect sensors [6 – 8] and sensors 

monitoring electrical surface properties such as conductance, resistance [9] and 

capacitance [10]. In addition, diamond proved to be a good transducer for 

protein sensing [11 – 13]. In previous work it was established that the 

monitoring of chemically induced denaturation at room temperature is an 

interesting approach to measure DNA duplex stability as an alternative to 

thermal denaturation at elevated temperatures [14, 15]. Elaborating on these 

results we now report on the electronic monitoring of DNA denaturation by 

NaOH, induced at different flow rates (0.1 – 0.4 mL min-1) with variable 

molarities (0.05 - 0.4 M), using electrochemical impedance spectroscopy as 

readout technology. The aim of this paper is to find optimal DNA denaturation 

conditions, ensuring complete denaturation within the shortest time span 

possible, while leaving the possibility for electrochemical detection. These 

optimal conditions can be implemented in single nucleotide polymorphism (SNP) 

detection studies based on electrochemical detection of DNA denaturation [14]. 

2.3 Experimental 

2.3.1 Synthesis of nanocrystalline diamond (NCD) 

A 2-inch doped (1 – 2  cm) p-type crystalline silicon wafer (100) was seeded 

with ultra-dispersed detonation diamond powder in an ultrasonic bath. NCD films 

with thicknesses of ~ 100 nm and grain sizes of 50 nm were grown on this 

silicon substrate, using microwave plasma-enhanced chemical vapour deposition 

(MPECVD) in an ASTEX reactor equipped with a 2.45 GHz microwave generator. 

This is achieved by using a standard mixture of 15 sccm methane gas (CH4) and 

485 sccm hydrogen gas (H2) to deposit the NCD thin films onto the silicon wafer. 

The growth was performed under a pressure of 33 Torr, and temperature of 
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710 °C, the microwave power was set to 3500 W. The growth rate 

was ~ 600 nm h-1. In addition, the chemical vapour deposition (CVD) deposition 

was done with an admixture of trimethyl borane (B(CH3)3) to the CH4 gas with a 

concentration ratio of 200 ppm B/C to dope the NCD with boron and achieve a 

good electrical conductivity in the range of 1 cm [16]. 

2.3.2 Sample preparation 

Probe DNA, consisting of a 36-mer fragment was covalently immobilized on NCD 

electrodes and hybridized with 29-mer target DNA. First, the diamond surface 

was hydrogenated. The hydrogenation was done at 700 °C during 30 s at 

3500 W, 12 kPa and 1000 sccm hydrogen gas (H2) [17]. After hydrogenation the 

samples were placed inside a glovebox under nitrogen atmosphere. The 

hydrogenated NCD was covered with a thin film of unsaturated fatty acid (10-

undecenoic acid) and was exposed to UV radiation (254 nm, 265 mW cm-2) for 

20 h under nitrogen atmosphere. The double bonds of the unsaturated fatty acid 

chains were broken down and a covalent bond with the hydrogen-terminated 

diamond was established. This process was mediated by photoemission from the 

surface as proposed for the photochemical grafting of alkenes to silicon surfaces 

[3, 4]. The fatty acid layer was about 2 nm thick [18]. The unbound fatty acid 

chains were washed off using acetic acid and ultrapure water at 120 °C. In this 

way, a carboxyl (COOH) terminated NCD surface was obtained. Zero-length 1-

ethyl-3-3-dimethylaminopropyl-carbodiimide (EDC) was used for the covalent 

coupling of the 50 side of an aminomodified 36-mer ssDNA fragment to the 

carboxyl-terminated surface in 2-[N-morpholino]-ethannesulphonic acid (MES) 

buffer at 4 °C. In a following step, 6mL FAM-488-modified DNA was mixed with 

14 L 1 × PCR buffer and added to the ssDNA-modified NCD sample. The sample 

was then incubated at 35 °C for 2 h. Non-specifically bound DNA was removed 

using a double washing step. In a first step, the sample was washed with 

2 × saline sodium citrate (SSC) + 0.5% sodium dodecyl sulphate (SDS) for 

30 min. Secondly, the sample was washed twice with 0.2 × SSC at 30 °C for 

5 min. Finally, the sample was rinsed with phosphate buffered saline (PBS) of pH 

7.2 and stored in PBS at 4 °C [2]. By using low salt concentrations in 

comparison to the concentration in the hybridization buffer and by washing at 
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temperatures lower than hybridization temperature we avoided premature 

denaturation. 

2.3.3 Experimental setup 

Electrochemical impedance measurements were performed using a homemade 

miniaturized impedance spectroscopy unit [19]. The impedance spectroscopy 

unit measures the impedance in a frequency range of 100 Hz to 100 kHz, built 

up logarithmically with 10 equidistant frequencies per decade and a scanning 

speed of 5.3 s per sweep. The amplitude of the AC voltage was fixed to 10 mV 

with an offset of 0 mV [19]. A transparent Perspex flow cell with an inner 

volume of 110 L was used to exchange media. In this cell, the DNA-modified 

NCD sample acts as a working electrode, and a gold wire (diameter 500 m) 

acts as a counter electrode. The working electrode was pressed onto a copper lid 

using silver paste. The copper lid serves as back electrode as well as heat sink. 

Dilutions of PBS and NaOH buffer used in all experiments were made from 

10 × PBS pH 7.4 and 2 M NaOH stock solutions in ultrapure water. The 

exchange of media was conducted through two identical programmable syringe 

pumps (ProSense, model NE-500, The Netherlands) enabling flow rates of 

0.73 L h-1 to 1699 mL h-1. All measurements were done at room temperature 

~ 19.2 °C. Conductivity measurements on the different solutions were 

performed using a conductivity meter (Mettler Toledo, Zaventem, Belgium). 

2.3.4 Fluorescence imaging 

Fluorescence images were taken on a Zeiss LSM 510 META Axiovert 200M laser 

scanning confocal fluorescence microscope. To excite the FAM-488 fluorescence 

dye, a 488 nm argon-ion laser was used with a maximum intensity at the 

sample surface of 30 W, in order to avoid bleaching during the image 

acquisition. The peak emission has a longer wavelength of 518 nm due to 

vibrational relaxation of the FAM molecule after photon absorption. All images 

were collected with a 10 × /0.3 Plan Neofluar air objective with a working 

distance of 5.6 mm. The image size was 225 by 225 m2. The pinhole size was 

150 m and the laser intensity was set at 10%. The detector gain, being a 

measure for the photomultiplier voltage in arbitrary units, was set to 950. The 

fluorescent intensity was analysed using ImageJ software. 
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2.4 Experimental Results 

2.4.1 Impedimetric characterization 

Figure 2.1 shows the Nyquist plots for a DNA-modified diamond sample in 

different states in PBS buffer solution. The NCD was modified first with ssDNA 

and measured with the impedance spectroscopy unit. The real (Yreal) and 

imaginary (Yimaginary) admittance were found to be 0.00249 and 0.0012 -1, 

respectively. After hybridization with target DNA the impedance was measured 

again, resulting in 0.00242 and 0.00121 -1 for Yreal and Yimaginary. Then, the DNA 

was denatured by introducing 0.1 M NaOH into the flow cell and a third Nyquist 

plot is constructed. As a result, Yreal increased to 0.00256 -1 and Yimaginary 

decreased to 0.0011 -1. After denaturation the impedance was not completely 

reversed towards its initial state. The lack of this complete reversibility is yet 

unclear but might be due to the induced changes in the molecular layer by NaOH 

[20]. The admittance was drawn instead of the impedance in order to get a 

higher resolution spectrum. 

 

Figure 2.1: Nyquist plots for NCD, modified with ssDNA, then hybridized with its target 

and after denaturation. 
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The full frequency spectrum of the impedimetrical data (100 Hz to 100 kHz) can 

be simulated with a 5-element circuit consisting of a resistor, representing the 

bulk solution inside the flow cell, in series with two complex resistors, 

representing the molecular layer and space-charge region, respectively. This 

circuit is shown in Figure 2.2. In the low frequency part, R2 and R3 will dominate 

most of the impedimetric signal with only a minor contribution of the capacitive 

elements inside the circuit. In the mid-frequency range, the capacitive elements 

play a more prominent role leading to a more pronounced imaginary part of the 

Nyquist plot in these frequencies. At 1 MHz, the impedance is dominated by the 

solution resistance R1 [20]. 

 

Figure 2.2: Circuit model used to analyse Nyquist plots. 

 

2.4.2 Real-time monitoring of denaturation 

Hybridization induced a significant change in the impedance of the interface in 

the frequency range between ~ 10 kHz and 1 MHz [20]. Therefore, the data was 

monitored at 12.589 kHz, ensuring a high effect size and a high signal-to-noise 

ratio and is not conflicting with the frequency of the power net (always a 

multiple of 50 Hz).  
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Figure 2.3: Real-time denaturation of dsDNA at 0.25 mLmin-1 medium exchange flow rate 

and using 0.1M NaOH. The red curves indicate the exponential fits. Results are monitored 

at 12.589 kHz. 

Figure 2.3 shows the real-time denaturation of dsDNA immobilized onto boron 

doped NCD. First, 1 × PBS was administered into the flow cell. After stabilization 

of the impedance, 0.1 M NaOH was injected into the cell, causing the dsDNA to 

denature. As a result the impedance started to decrease exponentially due to 

the denaturation effect and due to the fact that 0.1 M NaOH is more conductive 

than PBS [19]. However, a small overshoot was encountered as a result of the 

perturbation of the fluid in the cell caused by pumping medium into the flow cell. 

After stabilization of the signal, 3 mL of PBS solution was pumped at a speed of 

0.25 mL min-1 into the cell replacing any NaOH present in the cell, causing the 

impedance to increase again to a lower level than the initial PBS level. To 

determine the time constant of medium exchange, NaOH is administered a 

second time, causing a second decrease in impedance solely due to exchanging 

PBS with NaOH. The time constants of denaturation (1), and medium exchange 

(2) were mathematically calculated using the following fit functions [6, 14, 21]: 
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Fit function 1: 
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Fit function 2: 
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The double-exponential fit function 1 for superimposed, independent decay 

processes is known e.g. from the decomposition of biomass (tomato leaves) and 

the mass loss of tomato DNA as a function of time [21] and the protein 

adsorption to solution-gate field-effect transistors [6]. The parameter A1 

represents the denaturation-related decay amplitude and 1 the associated time 

constant; the amplitude A2 refers to the impedance drop by the medium 

exchange and 1 is the corresponding time constant. The fit function 2 describes 

solely the influence of the medium exchange from 1 × PBS to 0.1 M NaOH after 

the denaturation has taken place and is therefore representative for the medium 

exchange as such. The values for 1 and 2, calculated in this way were 

2.3 ± 0.2 min (95% confidence limit) and 1.1 ± 0.01 min, respectively. These 

values correlate well with values described by van Grinsven et al. [14]. To 

determine the effect of slow and fast medium exchange on the denaturation 

time constant of dsDNA, measurements were performed at four different flow 

rates (0.1, 0.25, 0.5 and 1 mL min-1). The data were analysed as described 

above. 

Figure 2.4 shows the normalized impedance decay at these four flow rates. It 

can be observed that the increase in flow rate caused the dsDNA to denature 

faster. The time constant for denaturation 1 decreased from 3.5 ± 0.01 min to 

2.3 ± 0.2 min, 0.8 ± 0.2 min and 0.6 ± 0.1 min, respectively. Next, the change 

in denaturation time constant as a function of NaOH concentration change was 

analysed at a constant flow rate of 0.1 mL min-1 by using three different NaOH 

concentrations (0.1, 0.2 and 0.4 M) as shown in Figure 2.5. The increase in 

NaOH concentration caused the dsDNA to denature faster. It was calculated that 

the time constant for denaturation 1 decreased from 3.5 ± 0.01 min to 

1.8 ± 0.3 min and 0.9 ± 0.05 min, respectively, at increasing concentrations of 

NaOH.  
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Figure 2.4: Normalized exponential decay at different medium exchange flow rates using 

0.1 M NaOH as a denaturing agent. 

 

Figure 2.5: Normalized exponential decay at a fixed flow rate of 0.1 mL min-1, using 

different molarities of NaOH (0.1, 0.2 and 0.4 M). 

Fluorescence images were taken after every hybridization and denaturation step 

to support the experiments. The results are summarized in Figure 2.6. The 

average fluorescence intensity after three hybridization cycles is 63 arbitrary 
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units (a.u.). The average fluorescent intensity after denaturation is 14 a.u., 

proving complete denaturation of the dsDNA.  

 

Figure 2.6: Fluorescence intensity graph after successive hybridization and denaturation 

steps. 

In addition, denaturation was also performed using 0.05 M NaOH at a constant 

flow rate of 1 mL min-1. The results are shown in Figure 2.7. It could be 

observed that the impedance showed an exponential growth rather than a decay 

when denaturing the DNA using 0.05 M NaOH. This can be explained by the fact 

that 0.05 M NaOH holds a lower salt concentration than 1 × PBS, resulting in a 

lower conductivity. These results were confirmed by measuring the conductivity 

of the different solutions using a conductivity meter (Mettler Toledo, Zaventem, 

Belgium). Conductivity measurements are summarized in Table 2.1. 

Time constants were calculated in a similar manner as described above. This 

behaviour was analysed at the four flow rates described earlier. The 

denaturation at 0.5 mL min-1 speed showed a similar behaviour. The respective 

time constants for denaturation 1 at 1 and 0.5 mL min-1 were 1.2 ± 0.1 min and 

1.7 ± 0.3 min, respectively. Decreasing the flow rate to 0.25 and 0.1 mL min-1 

resulted in a drift in impedance at the first and second NaOH plateau. 
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Table 2.1: Conductivity measurements performed on the solutions used during 

electrochemical monitoring of denaturation.  

Solution Conductivity (mScm-1) 

1 x PBS 13.3 

0.05 M NaOH 11.2 

0.1 M NaOH 22.3 

0.2 M NaOH 42.1 

0.4 M NaOH 79.2 

 

To understand this behaviour in more detail, confocal images were taken at 

these plateaus as well as at the first PBS plateau (indicated as a, b and c in 

Figure 2.7) when measuring at these low flow rates. 

 

Figure 2.7: Real-time denaturation of dsDNA at 1 mL min-1 medium exchange flow rate 

and using 0.05 M NaOH. Results are monitored at 12.589 kHz. 

The resulting fluorescence profiles were plotted in 3D graphs using the 

‘interactive 3D surface plot’ plugin in ImageJ as shown in Figure 2.8. 

Hybridization of target DNA was achieved as can be concluded from Figure 2.8a. 

After the first addition of NaOH, not all DNA was denatured as proven by the 
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image in Figure 2.8b, showing that part of the DNA is still present on the 

sample. To give a more complete overview of the sample coverage, a bigger 

area was scanned. This provides an explanation for the continuous drift in 

impedance at these low flow rates. After a second addition of NaOH to the flow 

cell, the DNA was denatured more completely, as can be obtained from Figure 

2.8c. The little remaining DNA on the surface explains why a small drift is still 

observed after the second addition of 0.05 M NaOH at these low flow rates. The 

interactive 3D surface plot settings were for Figure 2.8a: grid size 128, 

smoothing 3.0, max 32% and min 27% and for the Figures 2.8b and 2.8c: 

grid size 128, smoothing 3.0, max 40% and min 8%. 

 

Figure 2.8: Fluorescence 3D graphs after 0.05 M NaOH introduction into the flow cell. 

Panels a, b and c correspond with points a, b and c in Figure 2.7. (a) Surface plot of NCD 

modified with dsDNA (225 × 225 m2). (b) Surface plot of the same sample after the first 

addition of 0.05 M NaOH at a flow rate of 0.1 mL min-1 (9000 × 9000 m2). (c) Surface 

plot of the same sample after a second addition of NaOH of the same molarity at the same 

flow rate (225 × 225 m2). 

2.5 Discussion 

This paper provides an overview of the effect of varying flow rates and NaOH 

concentration on the denaturation time constant 1 and the medium-exchange 

constant 2. Measurements were performed at four different flow rates and four 

different NaOH concentrations. Table 2.2 summarizes the denaturation and 

medium exchange time constants for 0.05, 0.1, 0.2 and 0.4 M NaOH as a 

function of flow rate. It can be concluded from these results that 1 decreases 

with increasing flow rate for all molarities of NaOH. Furthermore, 1 decreases at 

increasing concentration of NaOH at constant flow rate. In addition the 

denaturation time values at 0.1 M NaOH and 0.25 mL min-1 flow rate correlate 
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well with denaturation time constant values reported by van Grinsven et al. 

[14]. However, when using 0.05 M NaOH a flow rate of at least of 0.5 mL min-1 

is required to fully denature the DNA during the first addition of NaOH. This can 

be attributed to the fact that there is less shear force in the cell at low flow 

rates, and as a result only chemical denaturation is taking place with no 

frictional force to enhance the denaturation. At high concentrations of NaOH the 

DNA can be denatured by chemical denaturation alone, whereas at 0.05 M NaOH 

the concentration is too low to fully denature the DNA and thus requiring 

additional frictional shear force. 

Table 2.2: Denaturation and medium-exchange time constants (1 and 2) at differential 

flow rates and different NaOH concentrations. 

 Medium-

exchange flow 

rate (mL min-1) 

τ1 (min) Denaturation 

R² 

τ2 (min) Medium 

exchange 

R² 

0.05 M 

NaOH 

0.10 / / / / 

 0.25 / / / / 

 0.50 1.7 ± 0.3 0.968 1.2 ± 0.1 0.946 

 1.00 1.2 ± 0.1 0.948 0.8 ± 0.1 0.977 

0.1 M NaOH 0.10 3.5 ± 0.01 0.996 1.6 ± 0.02 0.996 

 0.25 2.3 ± 0.2 0.993 1.1 ± 0.01 0.993 

 0.50 0.8 ± 0.2 0.986 0.7 ± 0.02 0.993 

 1.00 0.6 ± 0.1 0.989 0.3 ± 0.01 0.995 

0.2 M NaOH 0.10 1.8 ± 0.3 0.979 3.9 ± 0.1 0.962 

 0.25 1.3 ± 0.3 0.988 2.4 ± 0.1 0.980 

 0.50 0.6 ± 0.2 0.974 1.1 ± 0.1 0.971 

 1.00 0.3 ± 0.1 0.990 0.6 ± 0.02 0.990 

0.4 M NaOH 0.10 0.9 ± 0.1 0.932 2.5 ± 0.1 0.912 

 0.25 0.5 ± 0.1 0.932 1.6 ± 0.04 0.944 

 0.50 0.3 ± 0.1 0.967 1.5 ± 0.03 0.921 

 1.00 0.2 ± 0.04 0.975 0.9 ± 0.02 0.907 

      

 

2.6 Conclusions 

The results provided in this paper prove that the denaturation times provided by 

van Grinsven et al. [14] can be decreased by increasing the flow rate or the 

concentration of NaOH. Measurements performed using low concentrations of 

NaOH show that high flow rates are necessary to denature the DNA. The 
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mechanical force exerted by the fluid motion contributes to the denaturation of 

the dsDNA and the removal of the denatured strands. Therefore, the NaOH 

concentration should be at least 0.1 M to ensure full denaturation of the dsDNA 

at flow rates below 0.5 mL min-1. Optimal conditions for industrial applications, 

requiring high throughput can be found in the high molarity and high flow rate 

range where denaturation occurs faster. However, if the application requires 

more detail, lower flow rates at a NaOH concentration of 0.1 M should be used. 
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3.1 Abstract 

In this study we show that synthetic sapphire (Al2O3), an established implant 

material, can also serve as a platform material for biosensors comparable to 

nanocrystalline diamond. Sapphire chips, beads, and powder were first modified 

with (3-Aminopropyl) triethoxysilane (APTES), followed by succinic anhydride 

(SA), and, finally, single-stranded deoxyribonucleic acid (ss-DNA) probe was 

EDC coupled to the functionalized layer. The presence of ATPES-succinic 

anhydride layer on sapphire powder was confirmed by Thermogravimetric 

analyis (TGA) and Fourier-transform infrared (FT-IR) spectroscopy. The areal 

DNA density was quantified using the Alexa-488 label in X-ray photoelectron 

spectroscopy (XPS). Fluorescence microscopy was performed to demonstrate the 

successful coupling of fluorescently tagged target DNA to the pre-immobilized 

probe DNA. Synthetic sapphire is especially suitable for the heat-transfer 

method (HTM) due to its high thermal conductivity and chemical inertness. The 

heat-transfer method was performed for the characterization of DNA on 

synthetic sapphire chips. These results bring forward the first step towards 

thermotronic detection schemes of biological compounds using synthetic 

sapphire as a platform material. 

Keywords: Synthetic sapphire, nanocrystalline diamond, heat-transfer 

resistance, Fourier-transform infrared spectroscopy, thermogravimetric analysis, 

X-ray photoelectron spectroscopy, confocal fluorescence micrsocopy, single-

nucleotide polymorphisms in DNA. 
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3.2 Introduction 

Molecular electronics and biological sensing have placed increased emphasis on 

understanding the electrical properties of molecules and molecular layers on 

surfaces [1]. In recent years biological detection has been revolutionized by 

surface-based methods for detection of biological molecules such as cells [2], 

DNA [3] and proteins [3]. In modern biomedical sciences, the detection of DNA 

hybridization and / or protein binding at surfaces is made through a variety of 

“biochip” devices, lending particular importance to biologically modified 

surfaces [4]. In the field of substrate materials for biosensors, extensive work 

has been carried out on gold [5-11], silicon [12-14], glass [15], and carbon 

based materials [16-19]. Gold seems ideal for electronic sensing principles but it 

is not the most economic choice. The degradation of silicon and glass interfaces 

in aqueous solutions limits their use to that of disposable biosensors [20, 21]. 

Carbon-based materials like diamond or graphene are often used in 

electrochemical biosensors due to their inertness, low electrical resistivity and 

beneficial mechanical properties [16-19]. Different graphene-based materials 

were used as an electrochemical platform for the detection of various 

biomolecules and chemicals [22]. However, the surface modification of graphene 

is rather difficult because of its surface inertness due to the  orbitals [23]. 

Chemical vapour deposition (CVD) diamond has proven to be an excellent 

transducer material due to its chemical inertness, stability at elevated 

temperatures, biocompatibility, and excellent thermal conductivity [24]. 

Moreover, diamond can be doped up to metallic conductivity [25]. So far, 

diamond has been employed for sensing with chemical and thermal denaturation 

of DNA [16-18], aptamers [26], enzymes [27], and glucose [28, 29]. Recently, 

conducting diamond has been shaped into microelectrode arrays for eye retina 

implants [30].  

In this paper, we will show that sapphire can also serve as a platform material 

for biosensors comparable to nanocrystalline diamond. Sapphire shows 

outstanding chemical inertness, wear resistance, and biocompatibility [31]. 

Hence, it is widely used for implant materials such as hip implants [31], dental 

implants [32], and endosseous implants [33]. Moreover, its wide optical 

transmission band from ultraviolet (UV) to near-infrared (near-IR) [34] suggests 
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application potential in optical biosensors. Due to the fact that sapphire has a 

good thermal conductivity [34] and low thermal expansion [35], it appears 

favorable for use in optical biosensors operating in a broader temperature 

regime. Table 3.1 shows the physical properties of several materials, i.e. 

sapphire, diamond, silicon, quartz, and copper such as their thermal expansion, 

thermal conductivity, and hardness. A previous theoretical study based on 

elastic light scattering showed that sapphire and diamond have comparable 

optical detection ability for the binding of proteins [36]. Sapphire has so far not 

been used as a platform material for biosensors with electronic readout due to 

its electrically insulating behavior [37]. However, thanks to the biosensoric heat 

transfer method [17] the immobilization platform does not need to be 

electrically conducting. Based on these results, and due to the fact that single-

crystalline synthetic sapphire is cheap (10 €/1 cm2) compared to nanocrystalline 

diamond (25 €/1 cm2), we now report on the surface modification of sapphire 

materials (single crystalline chips, polycrystalline microbeads, and amorphous 

powder) with carboxylic groups and double-stranded DNA. We also report in this 

article on the heat-transfer resistance at sapphire surface-liquid interface to 

detect single-nucleotide polymorphisms in DNA. 
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Table 3.1: Thermal, mechanical and chemical properties of selected sensor materials. All 

data refer to ambient conditions (273-300 K). 

 Sapphire Diamond Silicon Quartz Copper 

Thermal 

conductivity  

[W / m . K] 

27.21 

(a) 

2600 

(a) 

163.3 

(a) 

1.114 

(a) 

398 

(e) 

Linear thermal 

expansion 

coefficient   

[K-1] 

5.6 x 10-6 

// c-axis 

(a) 

5.0 x 10-6 

⊥ c-axis 

(a) 

0.003 x 10-6 

(a) 

2.6 x 10-6 

(a) 

7.1 x 10-6 

(a) 

16.5 x 10-6 

(e) 

Specific heat 

capacity         

[J / Kg . K] 

763 

(a) 

502 

(a) 

703 

(a) 

858 

(a) 

384.56 

(e) 

Knoop 

hardness 

1800 // c-axis 

2200 ⊥ c-axis 

(a) 

5700 to 10400 

(a) 

1150 

(a) 

610 

(a) 

163 

(f) 

Chemical 

inertness 

Inert 

(b) 

Inert 

(c) 

Degradable 

in aqueous 

solutions 

(d) 

Degradable in 

aqueous 

solutions but 

less than 

silicon 

(d) 

Not reactive in 

water, slow 

oxidation in 

moist air 

(g) 

(a) reference 35, (b) reference 31, (c) reference 24, (d) references 20, 21, (e) 

reference 38, (f) reference 39, and (g) reference 40. 
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3.3 Experimental 

3.3.1 Surface functionalization 

3.3.1.1 Hydroxylation 

The sapphire powder and beads were used for optimizing the DNA coupling 

protocol. The surface composition after each functionalization step can be easily 

followed by TGA and FT-IR. The sapphire beads were bought from Treibacher 

Schleifmittel GmbH under the name of ALODUR and the powder was bought 

from Nablatec under the name Granalox NM 9622. Detailed synthesis can be 

found from the company website. Prior to any functionalization, the powder and 

the beads were annealed at 500 °C for 5 hours to remove any surface bound 

organic impurities. Single-side polished single crystal α-Al2O3 (0, 1,  ̅, 2) chips 

were purchased from Crystec (Berlin, Germany). The chips were 10 × 10 × 1 

mm3, and the root-mean-square roughness of the polished surfaces measured 

by atomic force microscopy (AFM) was 0.44 nm over 1x1 m2. All sapphire 

samples were ultrasonically cleaned in acetone, ultrapure water (Sartorius 

Stedim Biotech Ultra Pure Water System Type 1) and isopropanol for 20 minutes 

in each bath. Next, the sapphire samples were immersed in 10 mM HNO3 

solution (Figure 3.1.a) at room temperature for 30 minutes to create OH groups 

on the surface [41, 42]. Afterwards, the sapphire samples were rinsed with 

ultrapure water and dried with nitrogen gas. 

3.3.1.2 Silanization 

Silanization of the sapphire samples was carried out by liquid phase deposition 

of a solution of silane in an organic solvent (Figure 3.1b) [43]. The samples 

were placed in a 600 mM solution of (3-Aminopropyl)triethoxysilane (APTES, 

99%; Sigma-Aldrich) in toluene (≥ 99.9%, Sigma-Aldrich) for 15 hours in a 

nitrogen gas filled glovebox. To wash off the unbound APTES, the samples were 

first rinsed with toluene, followed by tetrahydrofuran (THF, ≥ 99.9%, Sigma-

Aldrich). After drying the samples in a nitrogen steam, they were cured for 2 

hours at 150 °C. Curing at this high temperature will create a much stronger 

film of APTES on the surface [43]. This creates an amine-modified surface and 
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subsequent reaction with succinic anhydride (SA) yielding a carboxyl-modified 

surface (Figure 3.1) [44]. 

 

Figure 3.1: Chemical processes in the immobilization of DNA on sapphire surface. (a) 

Surface hydroxylation of sapphire with HNO3 solution. (b) Amine terminated surface after 

functionalization with APTES in toluene. (c) Reaction with succinic anhydride in acetonitrile 

yielded carboxyl-modified surface. (d) Attachment of DNA probe and target DNA. 

Succinic anhydride (SA, ≥ 99.9%, Sigma-Aldrich) was used as a cross-linker 

molecule to ensure the binding of the amino group of APTES to the 5’-NH2 

termination of the oligonucleotides by providing carboxylic groups at the surface. 

The samples were placed overnight in a solution 800 mM of SA in acetonitrile 

(ACN) (anhydrous, 99.8%, Sigma-Aldrich), after which they were rinsed with 

acetonitrile and dried with nitrogen gas. The amine terminated surface reacts 
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with one of the carbonyl groups of the SA causing the anhydride ring to open 

and to form a covalent bond with that carbonyl group. The other carbonyl group 

is released to form a free carboxylic acid terminated surface [45]. 

3.3.1.3 DNA grafting 

Table 3.2 shows the base sequence of the probe DNA (36 bases), the 

corresponding full match target DNA (29 bases), mismatch target DNA at base 

pair 7, and mismatch target DNA at base pair 20. The position of the 

mismatches with respect to the probe DNA is underlined and indicated by bold 

letters. The first 7 adenine bases at the 5’ terminus in the probe DNA served as 

a spacer to minimize steric hindering during hybridization due to the proximity 

of the solid surface. The amine (NH2) modification at the 5’ terminus in the 

probe DNA is used as a linker molecule of the DNA to the carboxylic terminated 

surface. The target DNA fragments carry a fluorescent Alexa-488 label at the 5’ 

end to ensure the presence of the probe and target DNA on the surface. The 

Alexa-488 label will be also used to quantify the areal DNA density in XPS. 

Table 3.2: Base sequences of the probe and the corresponding full match and mismatch 

target DNA and the corresponding theoretical melting temperatures. 

Name Sequence 
Tm 

(°C) 

Probe DNA 
5´-NH2-C6H12-AAAAAAACCCCTGCAGCCCATGTATACCCCCGAACC-3’ 

 

Full Match 5'-Alexa 488-GGT TCG GGG GTA TAC ATG GGC TGC AGG GG-3' 79.5 

Mismatch BP 7 5'-Alexa 488-GGT TCG GGG GTA TAC ATG GGC TCC AGG GG-3' 76.7 

Mismatch BP 20 5'-Alexa 488- GGT TCG GGG CTA TAC ATG GGC TGC AGG GG-3' 75.0 

 

Zero-length 1-ethyl-3-3-dimethylaminopropyl-carbodiimide (EDC) was used for 

the covalent coupling of the 5’ side of an aminomodified 36 base pair ssDNA 

fragment to the carboxylic acid terminated surface in 2-[N-morpholino]-

ethannesulphonic acid (MES) buffer at 4 °C. The carboxylic acid terminated 

sapphire samples (chip / bead / powder) were incubated for 2 hours in a 

solution made of 30 µL of probe DNA (10 pmol/µL) (Table 3.2, 36 bases, 
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Eurogentec) and 20 µL EDC (0.26 M) (Thermo Scientific) in MES-buffer (25 mM, 

pH 6). EDC will facilitate the forming of an amide bond between the carboxylic 

groups on the surface and the amine on the DNA strand. This reaction requires a 

pH 4.7 - 6.0, hence the pH of the MES-buffer [20]. After 2 hours of incubation at 

4 °C the unbound probe DNA was rinsed off by stringency washes with 

1 × Phosphate Buffered Saline (1 × PBS, homemade) and 2 × Saline-Sodium 

Citrate / 0.5% Sodium Dodecyl Sulfate (2 × SSC / 0.5% SDS, homemade) [20]. 

Reference samples were prepared by adding MES buffer instead of EDC to the 

probe DNA. Except for this, this EDC-negative sample underwent the same 

protocol as the EDC-positive sample. 

3.3.1.4 DNA hybridization 

Three different types of target DNA labeled with Alexa-488 (Eurogentec) have 

been used: a sequence, which was complementary to the probe ssDNA and two 

sequences with a 1-base mismatch at base pair 7 or at base pair 20 (Table 3.2). 

A solution of 6 µL DNA (100 pmol/µL) was added to 14 µL of 1 × Polymerase 

Chain Reaction buffer (PCR-buffer, diluted from 10 × PCR-buffer, Roche 

Diagnostics). This 20 µL of DNA/PCR solution was then added to the probe DNA 

functionalized sapphire samples and incubated at 35 °C for 2 hours [20]. After 

the hybridization, the samples were first washed with 2 x SSC / 0.5% SDS; then 

with 0.2 × SSC at 30 °C; thereafter with 0.2 × SSC at room temperature and 

finally with 1 × PBS at room temperature [20]. The calculated melting-

temperatures (Table 3.2) were based on the online HyTherTM algorithm [46, 47], 

taking into account the lengths of fragments, the identity and orientation of 

neighbouring bases, the ionic strength of the buffer, and the fact that all 

fragments are tethered at one end. 

3.3.2  Characterisation of the surface functionalization 

3.3.2.1 Quantification of carboxylic groups using Tuluidine Blue O 

Toluidine Blue O (TBO, dye content 80%, Sigma-Aldrich) is a cationic compound 

that will bind with negatively charged groups, mostly deprotonated carboxylic 

groups on a surface. TBO can be detected by light absorption in the blue region. 

First, a calibration curve was made of a 5 x 10-4 M solution of TBO in 50% acetic 
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acid. From this solution a dilution series was made. The APTES-SA functionalized 

samples were soaked in a solution of 5 x 10-4 M of TBO in water (pH 10) for 5 

hours at room temperature, during which the dye reacted with the ionized 

carboxylic groups. To wash away unbound dye molecules, the samples were 

rinsed thoroughly with 0.1 M NaOH. Thereafter, the samples were soaked in a 

50% acetic acid solution for 10 minutes [48]. During this last step the bound 

TBO molecules were released into the solution, coloring it blue. By measuring 

the absorbance of these solutions with Varian Cary 500 UV-vis-NIR 

spectrophotometer (Leuven, Belgium) at 633 nm, the concentration of 

carboxylic groups on the surface could be determined. 

3.3.2.2 Fourier-transform infrared spectroscopy (FT-IR) 

Infrared spectroscopy was utilized to confirm the presence of APTES on sapphire 

powder surface. This technique tracks the functional groups on the 

functionalized sapphire surface. FT-IR spectra were collected using a Perkin 

Elmer Frontier FT-NIR/MIR spectrometer (Zaventem, Belgium) equipped with a 

heating cell (Harrick, USA) in the range of 2600-4000 cm-1 using KBr pellets 

technique. KBr powder was grinded with the functionalized sapphire powder and 

pressed into pellets. Prior to measurements, samples were heated at 120 °C for 

2 hours under nitrogen gas in order to remove most of the absorbed water at 

the sapphire surface. Transmission spectra were acquired using 64 scans and an 

instrumental resolution of 4 cm-1. 

3.3.2.3 Thermogravimetric analysis 

The thermal decomposition profile of the functionalized sapphire powder was 

studied under pyrolysis conditions using TGA (TA Instruments SDT Q600). All 

samples were heated at 10 °C / min in N2 atmosphere from room temperature 

up to 700 °C. 

3.3.2.4 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) measurement was performed on a 

sapphire to estimate the DNA surface coverage. Preliminary results showed that 

there is one monolayer of APTES on the surface and that the number of DNA 
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molecules immobilized on the sapphire surface is about 

2.8 × 1012 molecules cm-2. 

3.3.2.5 Confocal fluorescence microscopy 

Fluorescence images were taken on a Zeiss LSM 510 META Axiovert 200 M laser 

scanning confocal fluorescence microscope. To excite the Alexa-488 fluorescence 

dye, a 488 nm argon-ion laser was used with a maximum intensity at the 

sample surface of 30 W, in order to avoid bleaching during the image 

acquisition. The peak emission has a longer wavelength of 518 nm due to 

vibrational relaxation of the Alexa molecule after photon absorption. All images 

were collected with a 10 ×/0.3 Plan Neofluar air objective with a working 

distance of 5.6 mm. The image size was 225 by 225 μm². The pinhole size was 

150 μm and the laser intensity was set at 10%. The detector gain, being a 

measure for the photomultiplier voltage in arbitrary units, was set to 950. The 

fluorescent intensity was analyzed using ImageJ software. 

3.3.3 Heat-transfer measurements (HTM) 

The denaturation and hybridization of the DNA on the sapphire samples were 

monitored with a thermal resistance measurement, which is based on the heat-

transfer method (HTM) published recently [17]. A schematic layout of the 

sensors cell is displayed in Figure 3.2.  

The device used has PID-controlled heat source, the DNA brush on sapphire, 

electrolyte, and thermocouples. The heat source is separated from the fluid 

compartment by the sample. A copper lid was mounted between the heating 

element and the sample. The internal temperature of the copper block, T1, was 

measured by a thermocouple and steered via a PID controller with a power 

resistor. Heat transfer loss between the copper and the sample was eliminated 

by applying a thermally conductive silver paint. The fluid compartment was filled 

with 1 × PBS buffer, and the contact area sapphire-liquid is 28 mm2. The heat is 

transferred from the heating element through the copper block and the sample. 

The temperature of the liquid, T2, was measured by a second thermocouple. To 

regulate temperature, the thermocouple signal was mounted to a data 

acquisition unit (Picolog TC08, Picotech, United Kingdom) and from there 
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processed using a PID controller algorithm (parameters: P = 10, D = 5, I = 

0.1). 

 

 

Figure 3.2: A schematic overview of the thermal resistance RTH measuring cell adapted 

from ref. [17]. The probe DNA is covalently immobilized on a sapphire electrode, while the 

cell is filled with PBS buffer. The temperature T1 of the Cu backside contact is measured by 

a thermocouple and can be actively steered via a PID controller unit. The temperature T2 

inside the liquid is recorded by using a second thermocouple. 

The calculated output voltage was sent via a second controller (NI USB 9263, 

National Instruments, USA) to a power operational amplifier (LM675, Farnell, 

Belgium) and fed into the power resistor [17]. The sample itself and any surface 

coverings determine the thermal resistance against the thermal current flowing 

from the heating element (T1) to the fluid (T2). Single stranded DNA on the 

surface curls up in irregular structures or hairpins and thus, increases the 

thermal resistance. Due to a higher persistence length, double stranded DNA will 

stand up on the surface and the spaces between the DNA duplexes allow for 

better thermal conductivity [17]. As T1 increased with 1 °C/min from room 

temperature to 85 °C, the changes of T2 were monitored. The thermal resistance 

is defined as the ratio of the temperature difference and the input power: 

    
     

 
          (1). 
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3.4 Results and Discussion 

3.4.1 Quantification of carboxylic groups using Tuluidine Blue O 

The COOH densities of the functionalized samples are listed in Table 3.3. Besides 

sapphire samples, a diamond sample [49], which was also functionalized using 

the same chemical routes as sapphire, was used for comparison. The diamond 

surface counted (1.83 ± 0.4) × 1014  carboxylic groups cm-2, whereas the 

sapphire surface had (5.33 ± 0.4) × 1014 carboxylic groups cm-2. The COOH 

densities of functionalized samples are thus in the order of 1014 cm-2, which is 

consistent with the formation of a dense monolayer [48, 50]. The number of 

carboxylic groups on both surfaces is of the same order of magnitude, indicating 

that sapphire is equally suitable as diamond for further functionalization with 

linker molecules. Moreover, the density of COOH group of our samples is 

comparable to the density of COOH groups on diamond surface 

(4.8 × 1014 ± 0.5 cm-2) prepared using undecylenic acid (UA) [48], which was 

also determined by TBO. The treatment of the sapphire surface with HNO3 has 

proven to be effective in creating an oxidized surface for further linking with 

APTES and carboxylation with SA. 

Table 3.3: COOH areal densities of various samples.  

Sample COOH density [molecules cm-2] 

Sapphire-APTES-SA 5.33 ± (0.4) × 1014 

Diamond-APTES-SA 1.83 ± (0.4) × 1014 

Diamond-UA [48] 4.8 ± (0.5) × 1014 

 

3.4.2 Fourier-transform infrared spectroscopy (FT-IR) analysis 

Figure 3.3 shows the FT-IR spectra of blank-and APTES-functionalized sapphire 

powder. Compared to the FT-IR spectrum of blank sapphire, the FT-IR spectrum 

of APTES-functionalized sapphire contains additional peaks at 2935, 3350, and 

3450 cm-1. 
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Figure 3.3: FT-IR analysis of functionalized sapphire powder. The peak at 2935 cm-1 

points to the absorption of CH2 groups. The peak at 3350 cm-1 points to the absorption 

of –NH2 groups. The peak at 3450 cm-1 points to the absorption of OH groups. The 

peak at 3700 cm-1 points to the free Al-OH stretching bonds. 

Blank sapphire powder shows a very broad peak centered at around 3350 cm-1. 

This broad peak can be assigned to O-H stretching vibrations of hydroxyl groups 

of the non-modified sapphire powder. This peak became narrower and the peak 

center shifted to 3450 cm-1 after functionalization with APTES [51]. This 

indicates the decrease of surface OH groups after binding to APTES and an 

increase of –NH2 groups. The absorption of CH2 groups of APTES is observed at 

2935 cm-1, thus further confirms the presence of APTES layer on sapphire 

surfaces [51]. Unfortunately, the FT-IR data cannot directly indicate the 

presence of Si-O-Si or Al-O-Si bond linkages, as this region (1100 - 800 cm-1) is 

obscured by significant absorbance of sapphire (Al-O-Al bonds). In spite of this, 

the presence of –CH2 and -NH as well as the reduction of O-H at 3450 cm-1 after 

APTES modification confirms that APTES has been grafted on the surface of 

sapphire. The very sharp peak at 3700 cm-1 that appeared for both 

functionalized and non-functionalized sapphire samples can be assigned to free 

Al-OH stretching bonds [52]. 
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3.4.3 Thermogravimetric analysis 

Figure 3.4 shows the TGA curves of blank (black line), HNO3 oxidized sapphire 

(red line), HNO3-APTES-functionalized (green line) and HNO3-APTES-SA-

functionalized (blue line) sapphire powder. Mass loss was observed for all 

samples almost immediately after starting up the temperature program (from 

86 °C to 436 °C). This mass loss might be due to desorption of surface water 

and contamination from the samples. A mass loss was observed (~1.2 w%) for 

both HNO3-APTES-functionalized and HNO3-APTES-SA-functionalized sapphire 

powder after heating up to 430 °C. At this temperature, this mass loss could be 

attributed to the burning off surface functional layer, i.e. APTES and APTES-SA 

[53]. On the other hand, there is no observable mass loss for blank and HNO3 

oxidized sapphire samples at this region confirming the absence of APTES and 

APTES-SA on both samples. 

 

 

Figure 3.4: TGA analysis of sapphire powder with different functionalization steps. 

Samples were heated up at 10 °C / min in N2 atmosphere from room temperature up to 

700 °C. 
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3.4.4 Confocal microscopy 

Single-strand probe DNA was first immobilized onto APTES-SA functionalized 

sapphire samples, i.e. chips and beads, followed by hybridization with fully 

complimentary DNA. This hybridization could be verified with confocal 

microscopy since the target DNA was labelled with Alexa-488. Figure 3.5 gives 

an overview of the images of the samples obtained by confocal microscopy.  

  

  

Figure 3.5: Confocal fluorescence images of sapphire sample. (a) Sapphire chip where the 

binding protocol was carried out as described in section 3.3.1.4. The black bar in the 

middle was induced by photobleaching of the Alexa-488 fluor. (b) Sapphire chip of (a) 

after denaturation with 0.1 M NaOH. (c) EDC-negative reference sapphire chip. (d) 

Sapphire beads where the binding protocol as described in section 2.1.4 was carried out. 

Sapphire chips (Figure 3.5a) where the binding protocol was carried out as 

described in section 3.3.1.4. show intense fluorescence signals (66 confocal 

arbitrary units). This confirms the hybridization of target DNA to the probe DNA 

functionalized by the functionalization protocol. The black bar in the middle was 

induced by photobleaching of the Alexa-488 fluor. After denaturation with 0.1 M 

(b) (a) 

(c) (d) 
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NaOH, the fluorescence intensity drops down to 15 confocal arbitrary units 

background level due to reflected light (Figure 3.5b). In order to exclude the 

possibility of physical adsorption of the probe DNA on the APTES-SA 

functionalized sapphire samples, also an EDC-negative reference sapphire chip 

was prepared. As can be seen in Figure 3.5c, the EDC-negative reference sample 

shows no fluorescence signal excluding any physical adsorption of the probe 

DNA to the APTES-SA functionalized sapphire samples. Figure 3.5d shows the 

fluorescence signal of sapphire beads functionalized with the same binding 

protocol as described in section 3.3.1.4. As the beads are not spherical and the 

confocal volume is narrow, only the outer rim of the beads is apparent in the 

confocal image. 

 

Figure 3.6: Fluorescence intensity after successive hybridization and denaturation steps 

for a sapphire chip. The intensity is averaged over an area of 225  x 225 m2. 

Figure 3.6 shows the intensities for four successive hybridizations alternated by 

a chemical denaturation with 0.1 M NaOH on the sapphire chip. The increased 

intensity each after hybridization demonstrated the successful formation of DNA 

duplexes on the surface. These results show that the process of hybridization-
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denaturation on the functionalized sapphire surface is reproducible and 

repeatable. 

3.4.5 Sensor capabilities of sapphire chips in comparison to NCD electrodes 

The first series of measurements described in this section refers to the stable, 

complementary DNA duplexes immobilized on a diamond thin film and a 

sapphire chip. The experiments were performed in a temperature stabilized 

environment of 19.1 °C. During the measurement, T1 was increased with a 

heating rate of 1 °C/min from 35 °C to 85 °C. In addition, the same experiment 

condition was repeated using a sapphire chip functionalized only with single-

stranded probe DNA. The temperature dependence of the heat-transfer 

resistance for these three experiments is shown in Figure 3.7. Clearly shown in 

Figure 3.7 the signal-to-noise ratio of the measurement obtained with sapphire 

chips is greatly improved in comparison to an analogous measurement on NCD 

thin film. The noise on the signal measured during the heating run on the 

sapphire sample was 0.03 °C/W, whereas the noise on the signal for the 

diamond sample was 0.09 °C/W. The contact area with water is always 28 mm2, 

but sapphire is thicker than the NCD-on-silicon package (500 m silicon, 150 nm 

NCD) and has lower heat conductivity (Table 3.1). Moreover, the sapphire chip 

has one interface less than diamond on silicon chip. To have one interface less 

should lower Rth value. The main effect here comes from the thickness difference 

between sapphire and diamond layer, and the different material. Thus, the 

baseline Rth-value appears to be higher for sapphire samples in comparison to 

diamond (9.3 ± 0.03 °C/W and 6.9 ± 0.09 °C/W, respectively) meaning that the 

used sapphire sample has a higher intrinsic thermal resistance. 
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Figure 3.7: Thermal resistance as function of T1, the temperature of the copper block. 

Data are shown for denaturation experiments with full matching DNA duplexes on sapphire 

chips (black curve) and NCD-coated silicon samples (red curve). In addition, the 

temperature dependence of the thermal resistance associated with a heating run on a 

sapphire chip containing single-stranded probe DNA is shown (blue curve). 

The typical S-shape denaturation curve is apparent for both sapphire and 

diamond. The denaturation temperature or the melting temperature (Tm) is the 

temperature at which 50% of the dsDNA is changed to ssDNA. The denaturation 

temperature is identical for both substrates (65.2 ± 0.1 °C) and at first glance 

the denaturation-related increase in heat-transfer resistance also similar 

(2.3 ± 0.04 °C/W for sapphire and 2.5 ± 0.11 °C/W for NCD). However, in the 

denaturation curve for the sapphire chip, one can see that a decrease in thermal 

resistance occurs at 78.5 ± 0.1 °C. The overshoot in Rth can presumably be 

attributed to the non-specifically interactions of the denaturated, untethered 

ssDNA strand with the surface causing a higher insulation effect of the sapphire 

surface [54]. After a short time this interaction is broken, causing a drop in Rth 

of 0.6 °C/W. This effect is not clearly seen when the same experiment was 
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performed on an NCD thin film.  This can be attributed to the higher surface 

coverage of probe DNA on sapphire chip than diamond chip, i.e. higher surface 

coverage of APTES-SA (Table 3.3), which requires more time to stabilize during 

denaturation. In addition, the diamond surface is rougher than the sapphire 

surface (RMS 17.96 nm and 0.44 nm, respectively, measured by AFM across an 

area of 1×1 m2) and this can possibly help to minimize the sterical hindering 

during denaturation. 

3.4.6 DNA mutation analysis on sapphire chips 

In the following, we will describe experiments performed with a sapphire chip in 

a temperature-stabilized environment of 19.1 °C, see Figure 3.8. First, the 

temperature-dependence of the thermal resistance was measured for a blank 

sapphire chip. The Rth value was about 9.0 °C/W and widely temperature-

independent apart from a systematic drift down to 8.0 °C/W (black line). This is 

due to the fact that the viscosity of the liquid decreases which leads to better 

heat transfer. Attaching the APTES-SA crosslinker molecules (red line) resulted 

in a similar curve, shifted upward by 0.10 ± 0.07 °C/W, indicating that the 

increase in thermal resistance is not significant. In principle, this does not come 

as a surprise because APTES-SA has relatively short carbon chain not longer 

than 1 nm. Attaching the single-stranded probe DNA made the Rth rise to 

11.0 °C/W at 40 °C and decrease to 10.6 °C/W at 85 °C (dark cyan line). This 

sample was subsequently hybridized with complementary target DNA (blue line), 

target DNA with a CC mismatch at base pair 7 (green line), and target DNA with 

the CC mismatch at base pair 20 (orange line). Note that the three 

hybridizations were performed with the original probe DNA on the same sapphire 

chip without any kind of surface regeneration. All curves exhibit the stepwise 

increase of Rth upon denaturation with midpoint temperatures of 64.5 °C ± 

0.03 °C for the complement, 55.6 °C ± 0.03 °C for the mismatch at base pair 7, 

and 54.9 °C ± 0.03 °C for the mismatch at base pair 20. The relative order of 

stability agrees nicely with calculated melting-temperature values described in 

Table 3.2. We point out that our denaturation temperatures are lower than the 

predicted values; however, this effect was also observed by van Grinsven et al. 

measuring DNA mutations in a similar manner on NCD thin film electrodes [17]. 
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Figure 3.8: Heat-transfer resistance Rth as a function of temperature for a sapphire chip. 

Data are shown for denaturation experiments with full matching DNA duplexes on sapphire 

chips (dark blue curve), one mismatch at base pair 20 (brown curve), and one mismatch 

at base pair 7 (green curve). In addition, the temperature dependence of the thermal 

resistance associated with a heating run on a blank sapphire chip (black curve), sapphire 

chip containing single-stranded probe DNA (light blue curve), and linker molecule (red) are 

shown. 

The unmodified chip (black line) and the chip with covalently attached APTES-SA 

linkers (red line) have a wide temperature independent Rth around 9 °C/W. In 

the configuration with attached probe DNA (dark cyan line) the heat-transfer 

resistance has notably increased to 11 °C/W, indicating an efficient thermal 

insulation by the highly flexible ss-DNA fragments. The Rth value of double-

stranded DNA (blue line for the complementary duplexes) is comparable to the 

non-modified surface at low temperatures and switches to the ss-DNA behaviour 

upon denaturation with a midpoint temperature Tmidpoint = 64.5 °C ± 0.03 °C. 

Repeating the experiment with defective DNA duplexes results in a clear shift of 

Tmidpoint to lower temperatures: for the duplex with CC-mismatch at BP 7 (green 

line) we obtain Tmidpoint = 55.6 °C ± 0.1 °C and for the same mismatch at BP 20 
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(orange line) this is 54.9 °C ± 0.1 °C. The relative order of stability corresponds 

to the calculated data given in Table 2. 

3.5 Conclusion 

In this work, a successful surface functionalization of sapphire was achieved. 

After hydroxylating the surface, linker molecules were attached, so that later on 

probe DNA could be coupled covalently onto the surface. The surface coverage 

with carboxylic groups (COOH) was analyzed using toluidine blue O (TBO) and 

compared to the surface coverage of nanocrystalline diamond (NCD) with COOH. 

Sapphire- and NCD-surfaces show indeed the same order of surface coverage 

with COOH groups. Also TGA and FTIR confirmed the successful surface 

modification of the sapphire beads with APTES, suggesting a covalent binding of 

probe DNA to a synthetic sapphire material. Finally, hybridization with labeled 

target DNA was carried out. The results from the confocal microscopy 

demonstrated successful hybridization and denaturation cycles, indicating the 

reusability of this sensor. Quantification of the carboxylic groups on the surface 

showed comparable results to that of planar diamond surfaces. Finally, the RTH-

measurement demonstrated the usefulness of a sapphire DNA sensor in the 

detection of SNP’s or point mutations. Comparing the results obtained in this 

experiment to the results of van Grinsven et al. [17], sapphire is proven to be a 

perfect alternative for diamond in the creation of a DNA sensor. 

To summarize, we have taken the first step towards utilizing a structural, 

electrically insulating implant material as a biosensor platform paving the way 

for future in-vivo biosensing devices. 
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4.1 Abstract 

Deoxyribonucleic acid (DNA) and protein recognition are now standard tools in 

biology. In addition, the special optical properties of microsphere resonators 

expressed by the high quality factor (Q-factor) of whispering gallery modes 

(WGMs) or morphology dependent resonances (MDRs) have attracted the 

attention of the biophotonic community. Microsphere based biosensors are 

considered as powerful candidates to achieve label-free recognition of single 

molecules due to the high sensitivity of their WGMs. When the microsphere 

surface is modified with biomolecules, the effective refractive index and the 

effective size of the microsphere change resulting in a resonant wavelength 

shift. The transverse electric (TE) and the transverse magnetic (TM) elastic light 

scattering intensity of electromagnetic waves at 600 and 1400 nm are 

numerically calculated for DNA and unspecific binding of proteins to the 

microsphere surface. The effect of changing the optical properties was studied 

for diamond (refractive index 2.34), glass (refractive index 1.50), and sapphire 

(refractive index 1.75) microspheres with a 50 m radius. The mode spacing, 

the linewidth of WGMs, and the shift of resonant wavelength due to the change 

in radius and refractive index, were analyzed by numerical simulations. 

Preliminary results of unspecific binding of biomolecules are presented. The 

calculated shift in WGMs can be used for biomolecules detection. 

Keywords: label-free biosensors, microcavity, microsphere, morphology 

dependent resonance, photonics, whispering gallery mode. 
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4.2 Introduction 

The fundamental prerequisite for biological functions is the detection and specific 

interactions between proteins and other macromolecules within the cell [1]. 

Nucleic acids’, e.g., DNA, modular structure enables the cell to generate a wide 

variety of molecules with very different binding specificities and thus, with a 

large variety of possible interactions [1]. Biomolecules recognition and DNA 

denaturation were studied by different types of measurement setups such as 

elastic measurements at the level of a single molecule [2], force-induced 

denaturation [3], and by monitoring the denaturation dynamics in real-time 

using impedance spectroscopy [4]. In addition, DNA hybridization can be 

detected optically using ring resonators [5], confocal microscopy [4], prism 

couplers [6], and spherical cavities [1].  

A biosensor is composed of a modified solid surface (transducer), single-

stranded DNA immobilized onto the surface (probe) for DNA sensing [or 

antibodies for protein sensing], and a complementary single-stranded DNA 

(target) hybridized to the probe DNA [or a target protein for the antibody] [7]. 

The target DNA is used to study the hybridization or denaturation physical 

properties of double stranded DNA. Confocal microscopy requires fluorescent 

labeling for detection, which is time-consuming, complex and expensive, and not 

suitable for rapid biophysical and routine characterization tasks [8]. In addition, 

real-time hybridization monitoring using confocal microscopy cannot be 

performed, because it is hard to distinguish between unbound targets in solution 

and those that have been hybridized to the probe on the surface, as both will 

fluoresce, when imaged [9]. The labeling for surface-enhanced Raman 

spectroscopy (SERS) [10] and total internal reflection fluorescence (TIRF) 

microscopy [11] behaves as an amplifier for an otherwise undetectable single-

molecule signal, and also requires a prior knowledge of the target molecule that 

must be modified to be compatible with the label, which restricts an 

experiment’s scope [10]. As a result, the demand for label-free biosensors has 

increased, and different technologies have been developed such as fiberoptic 

waveguides [12, 13]. Light is coupled through these waveguides and an 

evanescent field extends beyond the waveguide surface [5]. The analytes 

deposited onto the surfaces of these fiber-optic waveguides lie in the path of the 
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evanescent field, and as a result they change the effective refractive index of the 

guided mode [5]. Such waveguide sensors are size-effective. For example, in 

order to achieve a high signal and low detection limit, the waveguide must be of 

the order of a few centimeters long, since the sensing signal is accumulated 

along the waveguide [5]. Other non-optical label-free biosensors that were 

accomplished recently, are nanowires [14], nanoparticle probes [15], biochips 

[16], mechanical cantilevers [17], and field-effect sensors [18, 19]. 

Optical microcavities such as ring resonators or spherical resonators are 

promising optical label free detection setups [1, 20]. Recently, a silicon on 

insulator (SOI) microring resonator for sensitive label free biosensing was 

fabricated [21]. In addition, microring surface functionalization and a detection 

limit of 0.37 fg avidin mass (3260 molecules) were established [22, 23]. In an 

optical microcavity, the target molecules are sampled hundreds of times due to 

the recirculation of light within the microcavity by total internal reflection (TIR) 

[20]. The target molecule induces a change on the optical microcavity properties 

such as the size and refractive index, and as a result, a change in the whispering 

gallery mode (WGM) resonant wavelength is encountered [24]. 

In this article, a comparative theoretical study of an optical biosensor concept 

based on elastic light scattering from microspheres and the corresponding shift 

of WGMs, after an add-on layer to the sphere, is performed. Besides of the 

established photonic materials sapphire and glass, diamond is included in our 

study due to its excellent stability at elevated temperatures (commonly used in 

DNA-hybridization and denaturation studies), in a wide range of pH values, and 

for the well-known covalent coupling procedures [4, 7]. Consequently, diamond 

layers have been employed in DNA sensors based on electronic- and thermal 

readout principles [4, 25, 26], but its potential in photonic biosensing still needs 

to be explored. 

Although diamond microspheres are not available commercially, planar diamond 

ring resonators were recently fabricated [27], and spherical diamond microshells 

can be synthesized by plasma coating [28]. Sapphire and glass spheres are 

readily available with diameters down to a few micron. The most common 

technique to fabricate silica microsphere resonators of several hundred microns 

diameter is melting a tip of an optical fiber by a hydrogen flame or an electric 
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arc [29]. Glass spheres usually exhibit a perfectly spherical geometry. Sapphire 

spheres are fabricated using spherical indentors and the end surface is polished 

down to a few nanometers of roughness [28]. Also sapphire spheres show a 

perfect spherical geometry. Diamond indentors can be fabricated as well, but the 

crystalline anisotropy is still a limiting factor when aiming at a spherical 

symmetry [30]. The Q-factors of glass- and sapphire spheres are limited by 

absorption [31, 32] while in case of diamond it would be  limited by diffraction 

[32].  

Table 4.1: Physical properties of the sphere materials. 

Material Glass Sapphire Diamond 

Thermal expansion 

coefficient  (K-1) 
7.1x10-6 5.6x10-6 0.003x10-6 

Thermal  conductivity 

(Wm-1K-1) 
1.114 27.21 2600 

Hardness scale 

[Mohs] 
6 9 10 

Table 4.1 shows the physical properties of each material including the thermal 

expansion [33], the thermal conductivity [33], and the scratch resistance [34]. 

Due to the fact that sapphire and diamond have a higher thermal conductivity 

and lower thermal expansion as compared to glass, both materials appear 

favorable for use in optical biosensors operating in a broader temperature 

regime. The theoretical calculation of the expected resonant wavelength shifts 

will be based on the Generalized Lorenz–Mie theory (GLMT) [35] and the 

detection mechanism will be analyzed. A biosensor, based on this wavelength 

shift, can be sufficiently sensitive to detect single molecules once properly 

designed and optimized [20]. 

4.3 Detection mechanism 

A single-mode optical fiber (SMOF) half coupler can be used to couple an 

electromagnetic wave from a continuous wave (CW) laser source to the 

microsphere as illustrated in Figure 4.1a. The laser wavelength can be tuned to 

match the microsphere resonance, and as a result the light couples from the 

optical fiber to the microsphere. The electromagnetic wave is confined around 
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the inside surface of the microsphere by almost TIR [36], and it evanesces 

partially into the surrounding medium [20]. 

As a result, the light will interact with the molecules, once they are captured on 

the surface, on resonance [20]. The electromagnetic wave circumnavigates the 

sphere and returns back to its initial point in phase [36]. A periodic 

circumnavigating wave in the sphere produces a series of sharp peaks of 

morphology dependent resonances (MDRs) as a function of the size parameter 

x = a × N/, where a is the sphere radius,  the wavelength of the laser in 

vacuum, and N the refractive index of the surrounding medium [36]. 

  

Figure 4.1: (a) Schematic geometry of the microsphere with a biologically modified 

surface coupled to a half coupler optical fiber. (b) Schematic of WGMs (1 and 2) of same 

mode order and consecutive mode number, and their shift due to the sphere’s surface 

modification. 

The system was modeled using the GLMT, which describes the electromagnetic 

scattering of an arbitrary light beam by a spherical microparticle [31]. Elastic 

scattering intensity from the sphere and transmittance intensity at the output of 

the optical fiber for transverse electric (TE) and transverse magnetic (TM) 

polarization are calculated for diamond, sapphire, and glass spheres before and 

after surface modifications with biomolecules. Figure 4.1b shows the excited 

resonances manifested due to the circumnavigating light inside the sphere. 

Here,  represents the mode spacing of consecutive resonances having the 

same mode order (number of nodes or maxima of the intensity distribution in 

the radial direction) and consecutive mode number (the number of maxima 

between 0 and 180° in the angular intensity distribution of the mode; solid lines 

curve).  can be calculated using equation [31]: 
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        √    

    √    
    (4.1), 

where m is the relative refractive index of the sphere (refractive index of the 

sphere/refractive index of the surrounding medium), the wavelength of the 

laser source in vacuum, N the refractive index of the surrounding medium, and a 

is the sphere’s radius. A very important resonant property is the linewidth () 

and its respective quality factor (Q). Q is given by the equation [31] 

  
 

  
                               (4.2). 

The WGM resonant wavelength is given by the equation [5] 

                                (4.3), 

where n is the mode number, and N1 the refractive index of the sphere. If the 

molecules are tethered onto the sphere’s surface, these molecules will induce a 

change of the optical properties of the sphere such as its effective size and 

refractive index near the surface of the sphere. As a result, the resonance 

wavelength will change further and result in the phenomenon of resonant shift 

as shown by the dashed lines in Figure 4.1b [20]. The wavelength shift shift can 

be calculated by the equation: 

       

  
 
  

 
 
  

 
                 (4.4), 

where a is the change in sphere radius, and m is the change in the relative 

refractive index due to the interaction between the adsorbed molecules [24]. 

The quality factor is inversely proportional to the resonance linewidth, and so 

the narrower the linewidth, the higher the quality factor will be and lower 

concentrations can be detected. Relating Equations (4.2) and (4.4), the 

sensitivity to the size perturbation as a function of the quality factor and 

resonance shift can be calculated using the following equation: 

    
       

  
 
 

 
 
  

 
 
  

 
        (4.5). 
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In addition, in order to determine low concentrations, it is advantageous to 

utilize narrow linewidth laser sources, which will result in high precision 

measurements. 

4.4 Theoretical calculations 

Elastic light scattering intensity and transmitted intensity calculations were 

performed as depicted schematically in Figure 4.1a. A transparent flow cell with 

the optical fiber half coupler (OFHC) fixed at its base can be used to host and to 

change the liquid medium surrounding the sphere. Initially, a phosphate buffer 

saline (PBS) solution (with a refractive index of 1.335 and pH of 7.2) is 

introduced in the flow cell. PBS is a typical electrolyte frequently used in 

biosensing experiments. A diamond sphere (with refractive index of 2.34, radius 

50 m) is placed on the OFHC inside the flow cell. The electromagnetic 

scattering of an arbitrary light beam by the spherical particle is described by the 

GLMT [35]. 

For the calculations, a Gaussian beam with an infinite skirt length and a beam 

waist (the point along the laser propagation direction where the beam radius is 

minimum) with a half-width of 5mm is assumed in the OFHC. The Gaussian 

beam propagates just at the edge of the microsphere [37]. The distance 

between the center of the sphere and the center of the OFHC (b) should satisfy 

the inequality (a ≤ b ≤ ma) in order to achieve the WGM resonances excitation 

[38], where b is the impact parameter.  
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Figure 4.2: (a) Calculated TE polarized elastic scattering and transmitted spectra for a 

diamond sphere at 600 nm. (b) Calculated TM polarized elastic scattering and transmitted 

spectra for a diamond sphere at 600 nm. 

Figures 4.2a and 4.2b represent the calculated TE and TM elastic scattering at 

908 and the transmitted intensity from a diamond sphere of radius of 50 mm 

and relative index of refraction m = 1.75 (surface not modified with 

biomolecules) using the GLMT in the wavelength range from 600 to 600.7 nm 

and with a step size of 3.9 fm. The reason to choose a wavelength of 600 nm is 

that diamond, glass, and sapphire are completely transparent at this 

wavelength, while DNA molecules show only little light absorption. 
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For every maximum in the elastic scattering spectrum, there is a corresponding 

minimum in the transmittance spectrum. The minima in the transmittance 

spectrum correspond to the quantity of light coupled from the fiber into the 

sphere. The mode spacing () was found to be 0.57 nm, which correlates well 

with the calculated value ( = 0.57 nm) obtained from Equation (4.1). The 

linewidth () of the resonances is about 8.16 × 10-5 nm, which corresponds to a 

quality factor Q of 7.35 × 106 (using Equation (4.2)). A smaller step size will 

correspond to a narrower linewidth, and more resonances can be observed.  

The case of add-on layers of biomolecules adsorbed or functionalized onto the 

surface of the sphere is also analyzed. The calculation is carried out for a 

diamond sphere (a = 50 m, m = 1.75), a glass sphere (a = 50 m, m = 1.12), 

and a sapphire sphere (a = 50 m, m = 1.27). The covalent functionalization of 

diamond with probe DNA can be done photochemically using fatty-acids in 

combination with the zero-length crosslinker EDC (1-ethyl-3-[3-dimethylamino-

propyl]-carbodiimide) or, in the case of glass, along the silane route [7, 25]. The 

covalent functionalization of sapphire with DNA has been developed in the 

meantime and is described in Chapter 3. For the diamond sphere, the add-on 

layer of biomolecules effect on the WGM resonances is analyzed at the 

transmitted region in the TE and TM polarization and in the wavelength range 

600–600.7 nm. PBS absorbs less in the 650 nm wavelength range, and has a 

refractive index close to that of glass and sapphire. As a result, it is favorable to 

work in the visible wavelength range, as there will be less absorption of light by 

the medium, and a higher signal is expected from the interaction of 

biomolecules with the microsphere. In addition, since glass and sapphire are 

also transparent in the visible and infrared wavelength ranges, the calculation is 

repeated for a glass and sapphire microsphere with an add-on layer of 

biomolecules.  
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Figure 4.3: (a) Calculated TE transmitted spectra for diamond and functionalized diamond 

microsphere at 600.7 nm. (b) Calculated TM polarized transmitted spectra for diamond 

and functionalized diamond microsphere at 600 nm. 

The effect of the add-on layer of biomolecules on glass spheres is analyzed for 

the scattering angle of 90° in the wavelength range of 600 – 600.7 nm, and for 

the TE and TM polarization of light. In order to broaden the analysis to the 

infrared wavelength range, the effect of the add-on biomolecular layer on 

sapphire spheres is analyzed for the transmitted intensity in the wavelength 

range of 1400 – 1403.1 nm, again for the TE and TM polarization of light. The 

radius of the diamond, glass, and sapphire sphere without the add-on layer is 

considered to be 50 and 50.01 m with the add-on layer. For example, 1 base 
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pair (bp) DNA has a length of 0.33 nm. As a result, if a DNA strand of 30 bp is 

functionalized on the sphere, then approximately an increase of 0.01 mm 

(0.02%) in the sphere’s radius will be encountered. An increase of 0.001 

(0.05%) in the mean refractive index of the diamond, glass, and sapphire is 

assumed [6]. 

Figure 4.3a represents the calculated TE-polarized transmitted spectra and 

Figure 4.3b represents the calculated TM-polarized elastic scattering spectra for 

diamond and functionalized diamond sphere in the wavelength range from 600 

to 600.7 nm. The diamond sphere has a radius of 50 m and relative refractive 

index of 1.75, while the radius and relative refractive index of the functionalized 

diamond sphere is 50.01 m and 1.751, respectively. The TE-polarized and the 

TM-polarized simulation spectra were calculated for a change of 0.01 m in the 

radius and a change of 10-3 in the refractive index of the diamond sphere due to 

the surface modification with biomolecules. As a result, the resonances were 

red-shifted by 0.46 nm (0.077%), which correlates well with the size (0.02%) 

and index shift of the sphere (0.057%) calculated using Equation (4.4). The 

observed shift corresponds to more than 5600 times the resonance linewidth, 

which supports the possibility of identifying low concentrations of biomolecules. 

The change in the radius and in the refractive index of a glass sphere due to 

surface modification is analyzed for the TE-polarized elastic scattering intensity 

(Figure 4.4a) and TM-polarized elastic scattering intensity (Figure 4.4b) in the 

wavelength range between 600 and 600.7 nm. As a result, the WGM resonance 

positions were red shifted by 0.64 nm (0.107%) in the TE-polarized elastic 

scattering intensity and 0.64 nm (0.107%) in the TM polarized light elastic 

scattering intensity. The shifted values correlate well with the size and refractive 

index change proposed due to sphere surface modifications (0.107%) calculated 

using Equation (4.4). The linewidth of the resonances is 5.19 × 10-5 nm, which 

corresponds to a quality factor of 1.16 × 107. The observed shift is about 12300 

times the resonance linewidth.  
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Figure 4.4: (a) Calculated TE polarized spectra for glass and functionalized glass 

microsphere at 600 nm. (b) Calculated TM polarized spectra for glass and functionalized 

glass microsphere at 600 nm. 

Finally, we address sapphire, being the second hardest material next to 

diamond. Synthetic sapphire is used for implant materials such as hip implants, 

since it shows an outstanding chemical inertness, wear resistance, and 

biocompatibility [39]. Moreover, it has a wide optical transmission band from 

ultraviolet (UV) to near-infrared (near-IR) [40].  
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Figure 4.5 (a) Calculated TE polarized spectra for sapphire and functionalized sapphire 

microsphere at 1400 nm. (b) Calculated TM polarized spectra for sapphire and 

functionalized sapphire microsphere at 1400 nm. 

Figure 4.5a represents the calculated TE-polarized transmitted spectra and 

Figure 4.5b represents the calculated TM polarized elastic scattering spectra for 

sapphire and functionalized sapphire sphere in the wavelength range 1400 to 

1403.1 nm. The sapphire sphere has a radius of 50 m and relative refractive 

index of 1.31, while the radius and relative refractive index of the functionalized 

sapphire sphere are 50.01 m and 1.311, respectively. As a result, the 

resonances were red-shifted by 1.34 nm (0.096%), which correlates well with 

the size and index shift of the sphere (0.096%) calculated using Equation (4.4). 
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The linewidth of the resonances is 2.14 × 10-4 nm, which corresponds to a 

quality factor of 6.54 × 106. The observed spectral shift is around 6300 times 

the resonance linewidth, which is also in favor of the possibility of identifying low 

concentrations of biomolecules. 

Table 4.2: Summary of the calculated results for glass-, sapphire-, and diamond spheres. 

Material Glass Sapphire Diamond 

m 1.12 1.31 1.75 

nm 600 600 1400 600 

nm 5.19 x 10-5 5.56 x 10-5 2.14 x 10-4 8.16 x 10-5 

Q-factor 1.16 x 107 1.08 x 107 6.54 x 106 7.35 x 106 

shift (nm) 0.64 0.57 1.34 0.46 

% shift (TE) 0.107 0.095 0.096 0.077 

% shift (TM) 0.107 0.095 0.096 0.077 

shift/ 12331 10251 6261 5637 

 

Table 4.2 summarizes the calculated results for each sphere material in relation 

to sensitivity to size perturbation and refractive index perturbation. The shift in 

the resonant wavelength of glass due to the modification with DNA at 600 nm 

laser source wavelength corresponds to about 12300 times the linewidth of the 

resonance. This is more pronounced than in the case of diamond (5637 × ) at 

the given wavelength of 600 nm. This is due to the fact that glass has a relative 

refractive index of 1.12 which is close to 1, while diamond has a relative 

refractive index of 1.75.  

Sapphire is analyzed at 1400 nm, and the shift in resonant wavelength due to 

modification with DNA is about 0.096%. This small shift is due to the fact that 

the relative refractive index of sapphire is 1.31. The resonant shift for sapphire 

modified with DNA at 600 nm was also analyzed (data not shown) resulting in a 

resonant wavelength shift corresponding to about 10250 times the resonant 

linewidth. This wavelength shift is close to that of glass in agreement with the 

fact that the relative refractive index of sapphire (is 1.31) is only slightly higher 

than that of glass. As a result, glass and sapphire show a very similar resonant 

shift due to surface modification with DNA at 600 nm. 

As for the surface perturbations, as long as the Q-factor of the WGMs is not 

sensitive to those perturbations, that mode can be used for the spectral 

measurements. Therefore choosing a low Q-factor (106) second order WGM 
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might be better than choosing a high Q-factor (109) first order mode for the 

spectral measurements [41]. 

In case of denaturation of DNA, it is expected that a blue shift in resonances will 

occur because single-stranded DNA has a smaller index of refraction than 

double-stranded DNA [6]. Naturally, if the sphere surface was initially modified 

with single stranded DNA followed by hybridization with its complementary DNA 

strand, then a red shift in the resonances wavelength is to be expected. 

Furthermore, the sensor concept may also serve for the specific recognition of 

proteins by immobilizing antibodies onto the spheres. Since antibodies are 

proteins as well the most important effect is an increase of the radius of the 

sphere upon binding of the target proteins and therefore a red shift in the WGM 

resonances should occur. 

4.5 Conclusion 

A concept for a label-free photonic biosensor was proposed with possible 

applications in the identification of biomolecules and in the observation of 

hybridization and denaturation of DNA. TE- and TM polarized elastic light 

scattering and transmitted light intensity from diamond-, glass-, and sapphire 

spheres were analyzed in the wavelength range 600 nm. In case of sapphire, the 

elastic light scattering intensities were also analyzed in the wavelength regime 

of 1400 nm. The resonance shift due to the sphere-surface modification was 

calculated and analyzed for several values of the size and relative refractive 

indices. The calculations showed that an optical biosensor based on spherical 

cavities is a good candidate for biomolecules identification and DNA hybridization 

and denaturation. The shift in resonances can be analyzed from the transmission 

signal of the optical fiber or from the elastic scattering intensity at 90° from the 

sphere. The chemical inertness, stability at elevated temperatures, 

biocompatibility, and excellent thermal conductivity of sapphire and diamond can 

be exploited in the development of biosensors. There is no technique for 

diamond spheres yet, but the microshells should be a good starting point. The 

anisotropy of sapphire is much weaker than diamond, and as a result sapphire 

can be shaped into a nearly perfect sphere. For a resonant linewidth of the order 

10-5 nm at 600 nm, the modified glass and sapphire spheres had a spectral shift 

of 104 times the resonant linewidth, and the modified diamond sphere has 
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spectral shift of 5 × 103 times the resonant linewidth. Since sapphire and glass 

have shown close spectral shift with respect to resonant linewidth, sapphire can 

be considered an interesting alternative to glass biophotonic sensors. In 

summary, the diamond, sapphire, and glass microcavity based sensor can be 

used to study the kinetics and other physical properties of DNA and protein 

molecules. 
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5.1 Abstract 

Transmitted and elastic scattering intensity at 1510 nm are analyzed from a 

sapphire microsphere (radius 500 m, refractive index 1.77) on an optical fiber 

half coupler for the first time. The 0.43 nm angular mode spacing of the 

resonances correlates well with the optical size of the sapphire sphere. The 

spectral linewidths of the resonances are on the order of 0.01 nm, which 

corresponds to quality factors on the order of 105. A polydopamine (PDA) layer 

has been used as a functionalizing agent on sapphire microspherical resonators 

in view of the implementation of biosensors. The various PDA layer thicknesses 

on the sapphire microsphere were characterized as a function of the resonance 

wavelength shift. It is shown that the polymeric functionalization does not affect 

the quality factor (Q ≈ 104) of the sapphire microspheres. This functionalizing 

process of the microresonator constitutes a promising step towards the 

achievement of an ultra-sensitive biosensor. 

Keywords: Label-free biosensor, microcavity, photonics, polydopamine, quality 

factor, sapphire microsphere, whispering gallery modes. 
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5.2 Introduction 

Development of biological, biochemical and chemical sensors is the current need 

of the society. Biomolecule recognition and DNA denaturation were studied by 

different types of measurement setups such as elastic measurements at the 

level of a single molecule [1], force-induced denaturation [2], and by monitoring 

the denaturation dynamics in real-time using impedance spectroscopy [3], and 

heat-transfer method [4]. Other label-free biosensors that were shown recently 

are nanowires [5], nanoparticle probes [6], biochips [7], mechanical cantilevers 

[8], and field-effect sensors [9, 10]. Optical measurement techniques can 

provide high sensitivity, compactness, fast response and real-time 

measurements [11]. Optical biosensors are non-destructive to the sample, and 

the transduction processes generally take place on a surface and can be tailored 

to sense almost any kind of molecule, chemical and prebiotic as well as 

biological [12].  

Optical sensing can be performed using ring resonators [13], confocal 

microscopy [3], prism couplers [14], and spherical cavities [15]. Optical 

microcavities such as ring resonators or spherical resonators, where optical rays 

are confined by total internal reflection, are promising optical label-free 

detection setups and play a common role in modern optics [11, 15 - 16]. 

Recently, a silicon-on-insulator (SOI) microring resonator for sensitive label-free 

biosensing was fabricated [17]. In addition, microring surface functionalization 

and a detection limit of 0.37 fg avidin mass (3260 molecules) were achieved 

[18, 19]. In an optical microcavity, the target molecules are sampled hundreds 

of times due to the recirculation of light within the microcavity by total internal 

reflection (TIR) [16]. The target molecule induces a change in the optical 

microcavity properties such as its size and as a result, a change in the 

whispering gallery mode (WGM) resonant wavelength is encountered [20]. In 

order to preserve the high quality of the transducer and the interaction with the 

sensing layer and the WGM [12, 21 - 22], a good control of surface 

functionalization of the transducer surface is a crucial step for producing reliable 

biosensors for the binding of the biological recognition element to it. The 

functional layer has to be very thin, i.e., 10 to 100 nm and homogeneous. 
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So far, silicon-on-insulator ring resonators [19] and glass microspheres [15] 

have been used as microcavity-based biosensors. The degradation of silicon and 

glass interfaces in aqueous solutions limits their use to that of biosensors [23, 

24]. More recently, diamond ring resonators [25] and nearly spherical diamond 

resonators were fabricated [26]. However, their fabrication is expensive and 

diamond surface modification with proteins or DNA requires tedious 

functionalization steps [23, 27].  

In this article, an experimental study of an optical biosensor concept based on 

elastic light scattering from sapphire microspheres and the corresponding shift 

of WGMs, after an add-on polydopamine (PDA) layer to the sphere, is 

performed. Mussel-inspired polydopamine coatings have been intensely studied 

in recent years [28 - 30]. Surface functionalization using this biopolymer is 

especially robust. Simply dipping any substrate into an aqueous solution of 

dopamine, a surface-adherent polydopamine thin film is formed within hours 

through oxidative self-polymerization [28]. The thickness of the formed polymer 

can be tuned with the concentration of the dopamine used or with the immersion 

time of the substrates. Using AFM, Lee at el. found that the thickness of the 

polymers formed on gold surfaces increase linearly with time at the beginning of 

the reaction and get saturated after 20 hours [28]. Polymers with the similar 

thickness were also obtained by Pop-Georgievski et al. on hydrogen and 

oxygenated diamond surfaces measured by spectroscopic ellipsometry [31]. 

Various post-modification reactions are possible to create a variety of ad-layers 

on this polymer coating to fulfil various purposes [29, 32 - 35]. WGMs have 

been used in polymeric microresonators [36, 37]. A PDA-coated sapphire 

microspheres have been proposed as an alternative to polymeric 

microresonators. Surface functionalization of this biopolymer on a sapphire 

microsphere could be used as a platform for future bio-optical biosensing 

applications. PDA can serve as a linker molecule. In this paper, we address 

sapphire, being the second hardest material next to diamond. Sapphire shows 

outstanding chemical inertness, wear resistance, and biocompatibility [38]. 

Hence, it is widely used for implants such as hip implants [38], dental implants 

[39], and endosseous implants [40]. Moreover, its wide optical transmission 

band from the ultraviolet (UV) to the near-infrared (near-IR) [41] suggests 

application potential in optical biosensors. Sapphire spheres are fabricated using 
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spherical indentors and the end surface is polished down to a few nanometers of 

roughness and show a perfect spherical geometry [42]. 

5.3 Experimental method 

5.3.1 Surface functionalization 

TRIS hydrochloride (reagent grade, minimum 99%) and dopamine hydrochloride 

(98.5%) were purchased from Sigma and used as received. The formation of a 

polydopamine film was carried out by immersing the sapphire microsphere into a 

solution of dopamine hydrochloride (2 mg/mL) in 10 mM TRIS-HCl buffer that 

was adjusted to pH 8.5 by adding 0.5 M NaOH. Immersion times were varied 

(2 h, 5 h, 10 h and 20 h) to create polydopamine films with different thicknesses 

[28]. To prevent the formation of microparticles in the dopamine solution, the 

solution together with the sapphire microsphere was stirred with a shaker during 

the reaction. After the reaction, the coated sapphire microsphere was thoroughly 

rinsed with copious quantities of deionized water and dried under a stream of 

nitrogen (Figure 5.1a). 

Figure 5.1b presents a brief explanation of the polymerization mechanisms of 

dopamine adapted from Lee H. et al. [28]. Briefly, under an oxidative condition, 

e.g. alkaline buffer, dihydroxyl group protons in dopamine are deprotonated, 

becoming dopamine-quinone. Dopamine-quinone is then rearranged via 

intramolecular cyclization to leukodopaminechrome. Further oxidation and 

rearrangement leads to 5,6 dihydroxyindole, whose oxidation causes inter-

molecular cross-linking to yield a polymer that is structurally similar to the bio-

pigment melanin [28].  
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Figure 5.1: (a) Sapphire surface functionalization with PDA. (b) Polymerization 

mechanisms of dopamine adapted from Lee et al. [28]. 

5.3.2 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) measurements were performed on a 

sapphire chip (1 cm × 1 cm) in order to confirm the presence of the PDA layer 

after polymerization. The sapphire chip used for XPS measurements was 

functionalized with PDA (5 h immersion), just as described in chapter 3 section 

3.1. Photoemission experiments were carried out using a Scienta ESCA 200 

spectrometer in ultrahigh vacuum with a base pressure of 1x10-10 mbar 
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(Linköping University, Sweden). The measurement chamber is equipped with a 

monochromatic Al K X-ray source (1486.6 eV). The XPS experimental 

conditions were set so that the full-width-at-half-maximum of the clean Au 4f7/2 

line was 0.65 eV. All spectra were measured at a photoelectron take-off angle of 

0°, i.e. normal emission. 

 

Figure 5.2: XPS spectra of a sapphire chip before (a) and after (b) 5 h functionalization 

with PDA layer. 

Simple immersion of substrates in a dilute aqueous solution of dopamine, 

buffered to a slightly basic pH (2 mg of dopamine per milliliter of 10 mM TRIS 

buffer, pH 8.5), resulted in spontaneous deposition of a thin adherent polymer 

film. X-ray photoelectron spectroscopy (XPS) analysis of the sapphire chip 

coated during 5 hours (Figure 5.2 b) shows two additional peaks (N 1s and C 1s) 

as compared to (Figure 5.2 a), which can attributed to the nitrogen (N) and 

carbon (C) atoms in the PDA layer. Moreover, XPS analysis also revealed the 

absence of signals specific to the sapphire chip (Al 2p and Al 2s peaks), 

indicating the formation of a polymer coating of 10 nm or more in thickness 

[28]. 
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5.3.3 Detection mechanism 

 

 

Figure 5.3: (a) Schematic geometry of the microsphere with a biologically modified 

surface coupled to a single mode half coupler optical fiber. (b) Photo of the optical setup 

used for the experiments. The optical setup was implemented at INTEC, Ghent University. 

The system was modeled using the Generalized Lorenz-Mie Theory (GLMT), 

which describes the electromagnetic scattering of an arbitrary light beam by a 

spherical microparticle [43]. Elastic scattering intensity from the sphere and 

transmittance intensity at the output of the optical fiber for transverse electric 

(TE) and transverse magnetic (TM) polarization were calculated for sapphire 

spheres before and after surface modifications with biomolecules [44]. The 

mode spacing of consecutive resonances  having the same mode order 

D1
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D2
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Computer
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(number of nodes or maxima of the intensity distribution in the radial direction) 

and consecutive mode number (the number of maxima between 0 and 180°) in 

the angular intensity distribution of the mode; solid lines curve).  can be 

calculated using equation [43]: 

    
        √    

   √    
     (5.1), 

where m is the relative refractive index of the sphere (refractive index of the 

sphere/refractive index of the surrounding medium),  the wavelength of the 

laser source in vacuum, and a is the sphere’s radius. If the molecules are 

tethered onto the sphere’s surface, these molecules will induce a change of the 

optical properties of the sphere such as its effective size. As a result, the 

resonance wavelength will change further and result in the phenomenon of 

resonant shift [16]. The wavelength shift shift can be calculated by the 

equation: 

       

 
  

  

 
     (5.2). 

Here, a is the change in sphere radius due to the interaction between the 

adsorbed molecules [20]. 

5.4 Experimental results 

The diode laser was tuned from 1510 nm to 1512 nm with a step size of 5 pm 

(Figure 5.3 a). The elastically scattered light from the sapphire microsphere at 

90° is collected by a two-channel optical microscope and detected by a 

germanium (Ge) photodiode (PD). The elastically scattered light is separated by 

a beam splitter placed at an angle of 45° with respect to the collected beam. 

The Ge PD signal is sent to a digital storage oscilloscope (DSO) for signal 

monitoring and data acquisition (DAQ). The transmitted power through the 

optical fiber is detected by optical multimeter (OMM). All the optoelectronic 

equipment is controlled using the general purpose interface bus (GPIB) 

standard. 
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Figure 5.4: Measured elastic scattering intensity and the corresponding transmitted 

intensity spectra from sapphire sphere of radius 500 m and refractive index 1.77. 

Figure 5.4 shows the measured spectrum of the elastically scattered light from 

the sapphire microsphere. The  of the WGMs is observed to be 0.43 nm, which 

agrees well with the  estimated using Equation (5.1) for a 1 mm diameter 

sapphire microsphere with refractive index of 1.77. For each maximum in the 

elastic scattering spectrum, there is a corresponding minimum in the 

transmittance spectrum. The minima in the transmittance spectrum correspond 

to a fraction of the light coupled from the fiber into the sphere. The linewidth 

() of the resonances is about 0.01 nm, which corresponds to a quality factor Q 

on the order 105 (using Q =  / ). 

When adding layers of PDA to the surface of the sphere, we obtain the results in 

figure 5.5 (a & b). Figure 5.5a represents the transmitted intensity spectra and 

Figure 5.5b represents the elastic scattering intensity spectra for the non-

modified and the modified sapphire sphere in the wavelength range from 1510 - 

1512 nm.  
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Figure 5.5: Transmitted intensity (a) and elastic scattering intensity spectra (b) from 

sapphire sphere with different polymerization time and the corresponding wavelength 

shift. A) non-modified sphere. B) 2 hrs. C) 5 hrs. D) 10 hrs. E) 20 hrs of polymerization. 

Spectrum A represents the resonances from the non-modified sapphire sphere. 

Then, the sapphire sphere was polymer-coated during 2 hours and afterwards 

spectrum B was collected. As a result, the resonances were red-shifted by 0.05 

nm. Using equation 5.2, this wavelength shift corresponds to a thickness of 

16.55 nm, which is in the range of the thickness reported in Lee H. et al. [28]. 

The spectra were collected again for 5 hours, 10 hours, and 20 hours 

polymerization time, which corresponded to a shift of 0.075 nm (spectrum C), 

0.11 nm (spectrum D), and 0.155 nm (spectrum E), respectively. 
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Figure 5.6: Zoom of figure 5.5. Single resonance of the transmitted intensity (a) and 

elastic scattering intensity spectra (b) from sapphire sphere with different polymerization 

time and the corresponding wavelength shift. A) non-modified sphere. B) 2 hrs. C) 5 hrs. 

D) 10 hrs. E) 20 hrs of polymerization. 

The resulting shifts correspond to a polymer layer thickness of 24.8 nm, 36.4 

nm, and 51 nm, respectively. This correlates well with the thickness data found 

in (Lee H. et al.) table 5.1 [28]. The spectrum of the non-modified sphere 

showed resonances with quality factor of 1.5 ×105 while the spectra of the 

modified sphere showed resonances with maximum quality factor of 6.04 × 104. 

This is due to the fact that higher polymer concentrations lead to the formation 
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of an inhomogeneous coating, with the presence of clusters [11]. This scatters 

the photons out of the WGM and decreases the Q as shown in table 5.1 [45]. 

Figures 5.5a and 5.5b were zoomed into one resonance to study the relationship 

between the PDA layer thickness and the resonance quality factor. It can be 

seen from figures 5.6a and 5.6b that, as the PDA layer thickness increases, the 

resonance linewidth increases. As shown in table 5.1 the quality factors of the 

analyzed resonances were on the same order (Q = 104) and this verifies that the 

PDA layers are homogeneous. 

Table 5.1: Resonance wavelength shift and the corresponding resulting polymer film 

thickness as a function to polymerization time. 

Polymerization Time 
(hrs) 

Resonance Wavelength 
Shift (nm) 

Polymer film 
thickness (nm) 

Quality factor 
(Q) 

0 NA NA 7.5 × 104 

2 0.05 16.6 6.04 × 104 

5 0.075 24.8 5.03 × 104 

10 0.11 36.4 3.35 × 104 

20 0.155 51.2 4.3 × 104 
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Figure 5.7: Resonance wavelength shift corresponding to the sapphire surface 

polymerization time. The solid line is a guide to the eye. 

Figure 5.7 represents the resulting shift in resonance wavelengths as a function 

of the polymer film growth time. The polymer thicknesses corresponding to the 

resonance wavelength shifts were calculated using equation 5.2 as shown in 

table 5.1. As the polymerization time increases, the resonance wavelength shift, 

which corresponds to a thicker PDA layer on the sapphire surface, increases. 

5.5 Conclusion 

We have studied the transmitted intensity and the elastic scattering intensity 

from a sapphire sphere of radius 500 m and 1.77 refractive index in the 

wavelength range of 1510 - 1512 nm. The highest quality factor on the order 

105 was demonstrated for the first time in a spherical resonator fabricated out of 

this material. We have studied the shift in resonance wavelength arising from 

coating the sphere with different thicknesses of PDA layers. The quality factor of 

the resonances was studied as a function of the change in the PDA polymer 

thickness, and we found that it is almost preserved. We also verified that PDA 

layers are homogeneous as well and this allowed us to obtain high Q factors, 

comparable with the values achieved with silica spheres coated with polylactic 

acid (PLLA) [11], showing that PDA coating is a valid alternative method to 

silanization. 
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6.1 Abstract 

A microcavity-based deoxyribonucleic acid (DNA) optical biosensor is 

demonstrated for the first time using an insulating implant material for the 

optical cavity. Transmitted and elastic scattering intensity at 1510 nm are 

analyzed from a sapphire microsphere (radius 500 m, refractive index 1.77) on 

an optical fiber half coupler. The 0.43 nm angular mode spacing of the 

resonances correlates well with the optical size of the sapphire sphere. The 

spectral linewidths of the resonances are on the order of 0.01 nm, which 

corresponds to quality factors on the order of 105. Probe DNA, consisting of a 

36-mer fragment was covalently immobilized on a sapphire microsphere and 

hybridized with a 29-mer target DNA. Whispering gallery modes (WGM) 

resonances were monitored before the sapphire being functionalized with DNA 

and after it was functionalized with single-stranded DNA (ssDNA) and double-

stranded DNA (dsDNA). The shift in resonances due to the surface modification 

with DNA was measured and correlated well with the estimated add-on DNA 

layer. It is shown that ssDNA is more uniformly oriented on the sapphire surface 

than the dsDNA. In addition, it is shown that functionalization of the sapphire 

spherical surface with DNA does not affect the quality factor (Q ≈ 104) of the 

sapphire microspheres. 

Keywords: Deoxyribonucleic acid, Label-free biosensor, microcavity, photonics, 

quality factor sapphire microsphere, whispering gallery modes. 
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6.2 Introduction 

There is a growing effort for sensors to detect nanoparticles and biomolecules 

due to the advances in nanotechnology and biology [1]. Clinical diagnoses 

demand sensitive real-time label-free detection techniques [2]. Biomolecules 

recognition and DNA denaturation were studied by different types of 

measurement setups such as elastic measurements at the level of a single 

molecule [3], force-induced denaturation [4], and by monitoring the 

denaturation dynamics in real time using impedance spectroscopy [5]. Other 

label-free biosensors that have been shown recently, are nanowires [6], 

nanoparticle probes [7], biochips [8], mechanical cantilevers [9], and field-effect 

sensors [10, 11]. Label-free optical biosensors offer great advantages over 

conventional analytical techniques [12]. Optical biosensors are highly sensitive, 

fast, reproducible, and circumvent the need to modify target molecules [2, 12]. 

Optical biosensors are powerful transducers that detect the presence of 

molecules at a surface [13]. They are immune to electromagnetic interference, 

capable of performing remote sensing, and can provide multiplexed detection 

within a single device [14]. They can be extremely sensitive (nanomoles or 

less), non-destructive to the sample, and the transduction processes in optical 

biosensors generally take place on a surface and can be tailored to sense almost 

any kind of molecule, chemical and prebiotic as well as biological [15]. 

Optical sensing can be performed using ring resonators [16], confocal 

microscopy [5], prism couplers [17], spherical cavities [18], and fiber-optic 

waveguides [19, 20]. In ring resonators, spherical cavities, and fiber-optics 

waveguides, the light is coupled through the waveguides and an evanescent field 

extends beyond the waveguide surface by ≈ 100 nm [16]. The analytes bound 

to the surfaces of these waveguides will lie in the path of the evanescent field, 

and as a result they change the effective size and refractive index of the guided 

mode [16]. Optical sensing using confocal microscopy and fiber-optic 

waveguides have certain disadvantages. For example, fiber-optics waveguide 

sensors are typically quite long. In order to achieve a high signal and low 

detection limit, the waveguide must be on the order of a few centimeters long, 

since the sensing signal is accumulated along the waveguide [16]. Meanwhile, 

confocal microscopy requires fluorescent labeling for detection, which is time-
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consuming, complex, and may not be suitable for rapid biophysical and routine 

characterization tasks [21]. In addition, real-time hybridization monitoring using 

confocal microscopy cannot be performed, because it is hard to distinguish 

between unbound targets in solution and those that have been hybridized to the 

probe on the surface, as both will fluoresce when imaged [22]. 

Optical microcavities such as ring resonators or spherical resonators are 

promising optical label-free detection setups [18, 23]. In an optical microcavity, 

the target molecules are sampled hundreds of times due to the recirculation of 

light within the microcavity by total internal reflection (TIR) [23]. The target 

molecule induces a change in the optical microcavity properties such as the size 

and refractive index, and as a result, a change in the whispering gallery mode 

(WGM) resonant wavelength is encountered [24]. Recently, a silicon-on-

insulator (SOI) microring resonator for sensitive label-free biosensing was 

fabricated [25]. After coating with biotin receptor molecules, a detection limit of 

0.37 fg avidin mass (3260 molecules) was shown [26, 27]. The first nearly 

spherical diamond was demonstrated quite recently [28]. Compared to sapphire, 

the anisotropy of sapphire is much weaker than diamond, and as a result 

sapphire can be shaped into a nearly perfect sphere. Moreover, a diamond 

sphere is still considered expensive to fabricate and requires more 

functionalization steps compared to sapphire sphere [29, 30].  

In this article, an experimental study of an optical biosensor concept based on 

elastic light scattering from sapphire microspheres (radius 500 m, refractive 

index 1.77) is performed. The sapphire microsphere surface was functionalized 

with DNA layers, and the corresponding shift of WGMs was monitored and 

analysed. We address sapphire, being the second hardest material after 

diamond. Sapphire shows outstanding chemical inertness, wear resistance, and 

biocompatibility [31]. Hence, it is widely used for implants such as hip implants 

[31], dental implants [32], and endosseous implants [33]. Moreover, its wide 

optical transmission band from the ultraviolet (UV) to the near-infrared (near-

IR) [34] suggests application potential in optical biosensors. So far, silicon-on-

insulator ring resonators [25] and glass microspheres [18] have been used as 

microcavity based biosensors. The degradation of silicon and glass interfaces in 

aqueous solutions limits their use to that of biosensors [30, 35]. 
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6.3 Sapphire sphere modification with dsDNA 

Probe DNA, consisting of a 36-mer fragment was covalently immobilized on the 

sapphire sphere and hybridized with 29-mer target DNA. The sapphire sphere 

was ultrasonically cleaned in acetone, ultrapure water (Sartorius Stedim Biotech 

Ultra Pure Water System Type 1) and isopropanol for 20 minutes in each bath. 

Next, it was immersed in 10 mM HNO3 solution at room temperature for 30 

minutes to create OH groups on the surface [36, 37]. Afterwards, the sapphire 

sphere was rinsed with ultrapure water and dried with nitrogen gas. 

Silanisation of the sapphire samples  was carried out by liquid phase deposition 

of a solution of silane in an organic solvent [38]. The samples were placed in a 

600 mM solution of (3-Aminopropyl)triethoxysilane (APTES, 99%; Sigma-

Aldrich) in toluene (≥ 99.9%, Sigma-Aldrich) for 15 hours in a nitrogen-filled 

glovebox. To wash off the unbound APTES, the samples were first rinsed with 

toluene, followed by tetrahydrofuran (THF, ≥ 99.9%, Sigma-Aldrich). After 

drying the samples in a nitrogen steam, they were cured for 2 hours at 150 °C. 

Curing at this high temperature will create a much stronger film of APTES on the 

surface [38]. This creates an amine-modified surface [39]. Zero-length 1-ethyl-

3-[3-dimethylaminopropyl]-carbodiimide (EDC) was used for the covalent 

coupling of the 5’ side of a carboxyl-modified 36-mer ssDNA fragment to the 

amine-modified surface in 2-[N-morpholino]-ethannesulphonic acid (MES) buffer 

at 4 °C. In a following step, 6 μl FAM-488-modified DNA was mixed with 14 μl 

1× PCR buffer and added to the ssDNA-modified sapphire sphere (Table 6.1). 

The sphere was then incubated at 35 °C for 2 hours. Non-specifically bound DNA 

was removed using a double washing step. In a first step, the sphere was 

washed with 2 × saline sodium citrate (SSC) + 0.5% sodium dodecyl sulphate 

(SDS) for 30 minutes. Secondly, the sphere was washed twice with 0.2 × SSC at 

30 °C for 5 minutes. Finally, the sphere was rinsed with phosphate buffered 

saline (PBS) of pH 7.2 and stored in PBS at 4 °C [30]. 
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Table 6.1: Base sequences of the probe DNA and the corresponding full match DNA. 

Name Sequence 

Probe DNA 5´-COOH-AAAAAAA CCC CTG CAG CCC ATG TAT ACC CCC GAA CC -3’ 

Full Match 5'-Alexa 488-GGT TCG GGG GTA TAC ATG GGC TGC AGG GG-3' 

 

6.4 Confocal microscopy 

A fluorescence image was taken on a Zeiss LSM 510 META Axiovert 200 M laser 

scanning confocal fluorescence microscope to confirm the dsDNA covalent 

binding to sapphire microsphere (Figure 6.1). To excite the Alexa-488 

fluorescence dye, a 488 nm argon-ion laser was used with a maximum intensity 

at the sample surface of 30 W, in order to avoid bleaching during the image 

acquisition. The peak emission has a longer wavelength of 518 nm due to 

vibrational relaxation of the Alexa molecule after photon absorption. The image 

was collected with a 10×/0.3 Plan Neofluar air objective with a working distance 

of 5.6 mm. The image size was 900 by 900 μm². The pinhole size was 150 μm 

and the laser intensity was set at 10%. The detector gain, being a measure for 

the photomultiplier voltage in arbitrary units, was set to 950. The fluorescent 

intensity was analyzed using ImageJ software. As the confocal volume is narrow 

only the outer rim of the microsphere is apparent in the confocal image. 

 

Figure 6.1: Confocal fluorescence image of a sapphire microsphere where the binding 

protocol was carried out as described in section 6.3. 
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6.5 Experimental results 

The experimental setup and the detection mechanism are as explained in 

chapter 5 section 5.3.3. The same sapphire sphere was used in all the 

measurements. 

In order to ensure the stability and repeatability of the resonances, the 

experiment was repeated at least three times with non-modified and modified 

sapphire spheres in air. Figure 6.2 represents the three repeated spectra for the 

transmitted intensity (a) and the elastic scattering intensity (b) from the non-

modified sapphire sphere. The measurement was performed three times while 

keeping the sphere fixed in the same position. As a result, the resonances were 

proved to be repeatable and stable since they are quite overlapping. The  of 

the WGMs is observed to be 0.43 nm, which agrees well with the  estimated 

using equation 5.1 (see chapter 5) for a 1 mm diameter sapphire microsphere 

with a refractive index of 1.77. For every maximum in the elastic scattering 

spectrum, there is a corresponding minimum in the transmittance spectrum. The 

minima in the transmittance spectrum correlates to an amount of light coupled 

from the fiber into the sphere. The linewidth () of the resonances is about 0.01 

nm, which corresponds to a quality factor Q on the order 105 (using Q =  / ). 
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Figure 6.2: Transmitted intensity (a) and elastic scattering intensity (b) spectra from non-

modified sapphire sphere repeated three times in order to demonstrate the reproducibility 

of the concept. Spectra were offset vertically in order to display them in one graph. 
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The next step was to investigate what would happen if the sphere was moved 

around the initial coupling point and then returned back to almost same position. 

As shown in figure 6.3, the resonance positions are overlapping but their 

intensities have changed due to the change in the coupling conditions. 

 

Figure 6.3: Transmitted intensity (a) and elastic scattering intensity (b) spectra from non-

modified sapphire sphere repeated twice. A) Sphere initially on the coupler. B) Sphere was 

raised over the coupler and moved around the initial coupling point and then returned 

back to almost the same initial coupling point. Spectra were offset vertically in order to 

display them in one graph. 
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Then, the shift in WGMs of sapphire microsphere due to the surface 

functionalization with ssDNA was measured. The transmitted and the elastic 

scattering intensity spectra in the wavelength range from 1510 to 1512 nm are 

shown in figure 6.4a and Figure 6.4b, respectively. 

 

Figure 6.4: Transmitted intensity (a) and elastic scattering intensity (b) spectra from 

sapphire sphere modified with ssDNA and the corresponding shift. A) non-modified sphere. 

B) Same sphere modified with the ssDNA. Spectra were offset vertically in order to display 

them in one graph. 
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As can clearly be seen from Figures 6.4a and 6.4b, the resonances were red-

shifted by 0.025 nm, which corresponds to a radius shift of 8.3 nm as calculated 

using equation 5.2 (see chapter 5). In our previous experiment, we found that 

the film thickness of the 36 base pairs ssDNA (with a stretched-out length of 22 

nm) layer was about 7.6 nm with a surface roughness of 0.7 nm on 

nanocrystalline diamond, as measured by ellipsometry [40]. This correlates well 

with the 8.3 nm corresponding size shift measured in this setup. 

After the hybridization with the target DNA (100 M), the resonances were red-

shifted further by 0.03 nm which corresponds to a size of shift of 10 nm, as 

calculated using equation 5.2. The transmitted and the elastic scattering 

intensity spectra are shown in figure 6.5a and figure 6.5b, respectively. 
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Figure 6.5: Transmitted intensity (a) and elastic scattering intensity (b) spectra from 

sapphire sphere modified with ssDNA and the corresponding shift. A) non-modified sphere. 

B) sphere modified with the dsDNA. Spectra were offset vertically in order to display them 

in one graph. 
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Figure 6.6: Transmitted intensity (a) and elastic scattering intensity (b) spectra from 

sapphire sphere after dsDNA is denatured and the corresponding shift. A) non-modified 

sphere. B) DNA modified sphere after denaturation of dsDNA to ssDNA. Spectra were 

offset vertically in order to display them in one graph. 

The layer of 29 base pairs (bp) dsDNA (on top of an A7-ss-tail, giving a total 

stretchedout length of 14 nm) amounts to a film thickness of about 10.8 nm and 

a surface roughness of 1.7 nm on nanocrystalline diamond [40]. This again 

correlates well with the size shift value measured in this setup. The average 

mass density for the probe DNA onto the sphere surface was estimated to be 
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about 33 ng/mm2. The mass of the probe DNA bound to the sphere surface was 

estimated to be about 0.1 g, which corresponds to 5.4 × 1012 ssDNA molecules 

(Probe DNA molecular weight is 11060.3 g/mole). In addition, the observed shift 

corresponds to about 2.5 times the resonance linewidth in the ssDNA case and 

about three times in the dsDNA case, which supports the possibility of 

identifying about one third lower concentrations of biomolecules than what was 

detected in this experiment. In our case, there is a possibility of identifying 

about 0.05 g probe DNA. 

The dsDNA-functionalized sapphire sphere was denatured then by 0.1 M sodium 

hydroxide NaOH, rinsed with ultrapure water and dried in nitrogen gas. The 

transmitted intensity and the elastic scattering intensity spectra were collected 

again (Figure 6.6a and 6.6b). As expected, the resonances were blue-shifted 

back almost to the same position as in figure 6.4a and figure 6.4b.  

The linewidths of the resonances for ssDNA, dsDNA, and denatured dsDNA are 

compared. The linewidths of the resonances for ssDNA spectra (Figure 6.4 a, b) 

were a little bit narrower, and more resonances showed up as compared to 

dsDNA spectra (Figure 6.5 a, b). This can be attributed to the fact that the 

surface is smoother and might be more homogeneous with ssDNA (surface 

roughness 0.7 nm) [40] than it is with dsDNA (surface roughness 1.7 nm) [40]. 

The smoother the microcavity surface, the higher the quality factor [41]. When 

the dsDNA was denatured, the linewidths remained broad (Figure 6.6 a, b). This 

can be attributed to the fact that there might be some denatured ssDNA strands 

still attached to the surface. This will result in a non-homogeneous surface that 

scatters the photons and decreases the resonances quality factor [41]. However, 

the quality factor was still preserved (Q ≈ 104) in all the functionalization steps 

except for the ssDNA (Q ≈ 105) functionalization step, when more resonances 

showed up due to surface smoothness. 

6.7 Conclusion 

A concept for a label-free photonic biosensor was proposed with possible 

applications in the identification of biomolecules and in the observation of 

hybridization and denaturation of DNA. Elastic light scattering and transmitted 

intensity from sapphire spheres were measured in the wavelength range of 1500 



Chapter 6  123 

nm. The resonance shift due to the sphere-surface modification with ssDNA and 

dsDNA was measured and analyzed. The surface functionalization with ssDNA 

and dsDNA did not alter the quality factor (Q ≈ 104). The surface modified with 

ssDNA was smoother and the ssDNA seemed to be aligned more homogenously 

than the dsDNA. This resulted in more resonances in the spectrum of ssDNA 

than in the dsDNA. The measurements showed that an optical biosensor based 

on spherical cavities is a good candidate for biomolecules identification and DNA 

hybridization and denaturation. The shift in resonances can be analyzed from 

the transmission signal of the optical fiber or from the elastic scattering 

intensity. Furthermore, for a resonant linewidth of 0.01 nm at 1500 nm, the 

modified sapphire sphere had a spectral shift of about 3 times the resonant 

linewidth, which supports the possibility of identifying about 0.05 g probe DNA. 

In summary, this sapphire microcavity-based sensor can be used to study the 

kinetics and other physical properties of DNA and protein molecules. All in all, 

we have taken the first step towards utilizing a structural, electrically insulating 

implant material as a microcavity-based optical biosensor platform paving the 

way for future in vivo-biosensing devices. 
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Chapter 7 

General Conclusion 

 

The main goal of this work was to optimize biosensors for the characterization of 

DNA molecules based on electronic and thermal sensing principles and to 

develop a DNA biosensor based on photonic sensing principle. 

The results obtained in this thesis prove that the denaturation times provided by 

van Grinsven et al. can be decreased by increasing the flow rate or the 

concentration of NaOH solution used. Measurements performed using low 

concentrations of NaOH show that high flow rates are necessary to denature the 

DNA. The mechanical force exerted by the fluid motion contributes to the 

denaturation of the dsDNA and the removal of the denatured strands. Therefore 

the NaOH concentration should be at least 0.1 M to ensure full denaturation of 

the dsDNA at flow rates below 0.5 ml/min. Optimal conditions for industrial 

applications, requiring high throughput can be found in the high molarity and 

high flow rate range, where denaturation occurs faster. However, if the 

application requires more detail, lower flow rates at a NaOH concentration of 0.1 

M should be used. 

A successful surface functionalization of sapphire with carboxylic groups (COOH) 

was achieved. After hydroxylating the surface, linker molecules were attached, 

so that later on, probe DNA could be coupled onto the surface. The surface 

coverage with COOH was analyzed using toluidine blue O (TBO) and compared 

to the surface coverage of nanocrystalline diamond (NCD) with COOH. Sapphire- 

and NCD- surfaces show indeed an identical surface coverage with COOH 

groups. Also TGA and FTIR confirmed the successful surface modification of the 

sapphire beads with APTES, suggesting a covalent binding of probe DNA to a 

synthetic sapphire material. Finally, hybridization with labeled target DNA was 

carried out. The results from the confocal microscopy demonstrated successful 

hybridization and denaturation cycles, indicating the reusability of this sensor. 

Quantification of the carboxylic groups on the surface showed comparable 
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results to that of planar diamond surfaces. Finally, the RTH-measurement 

demonstrated the usefulness of a sapphire DNA sensor in the detection of SNPs 

or point mutations. Comparing the results obtained in this experiment to the 

results of van Grinsven et al., sapphire is proven to be a perfect alternative for 

diamond in the creation of a DNA sensor.  

A concept for a label-free photonic biosensor was proposed with possible 

applications in the identification of biomolecules and in the observation of 

hybridization and denaturation of DNA. TE- and TM-polarized elastic light 

scattering and transmitted intensity from diamond-, glass-, and sapphire 

spheres were analyzed in the wavelength range of 600 nm. In the case of 

sapphire, the elastic light scattering intensities were also analyzed in the 

wavelength regime of 1400 nm. The resonance shift due to the sphere-surface 

modification was calculated and analyzed for several values of the size and 

relative refractive indices. The calculations showed that an optical biosensor 

based on spherical cavities is a good candidate for biomolecules identification 

and DNA hybridization and denaturation. The shift in resonances can be 

analyzed from the transmission signal of the optical fiber or from the elastic 

scattering intensity at 90° from the sphere. The chemical inertness, stability at 

elevated temperatures, biocompatibility, and excellent thermal conductivity of 

sapphire and diamond can be exploited in the development of biosensors. The 

anisotropy of sapphire is much weaker than diamond, and as a result sapphire 

can be shaped into a nearly perfect sphere. For a resonant linewidth of the order 

105 nm at 600 nm, the modified glass and sapphire spheres had a spectral shift 

of 104 times the resonant linewidth, and the modified diamond sphere has 

spectral shift of 5103 times the resonant linewidth. Since sapphire and glass 

have shown similar spectral shift with respect to resonant linewidth, sapphire 

can be considered an interesting alternative to glass biophotonic sensors.  

The transmitted intensity and the elastic scattering intensity from a sapphire 

sphere of radius 500 m and 1.77 refractive index in the range of 1510-

1512 nm, were measured. The highest quality factor of the order 105 was 

demonstrated for the first time to our knowledge in a spherical resonator 

fabricated out of this material. We have studied the shift in resonance 

wavelength due to coating the sphere with different thicknesses of PDA layer. 
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The quality factor of the resonances was studied as a function of the change in 

the PDA polymer thickness on the sapphire surface, and we found that it is 

almost preserved despite a small decrease. We also verified that PDA layers are 

homogeneous as well and allowed us to obtain high Q factors showing that PDA 

coating is a valid alternative to silanization.  

Elastic light scattering and transmitted intensity from DNA-functionalized 

sapphire spheres were measured in the wavelength range 1500 nm. The 

resonance shift due to the sphere-surface modification with ssDNA and dsDNA 

was measured and analyzed. The surface functionalization with ssDNA and 

dsDNA did not alter the quality factor (Q ≈ 104). The surface modified with 

ssDNA was smoother and the ssDNA seemed to be aligned more homogenously 

than the dsDNA. This resulted in more resonances in the spectrum of ssDNA 

than in the dsDNA. The measurements showed that an optical biosensor based 

on spherical cavities is a good candidate for biomolecule identification and DNA 

hybridization and denaturation. The shift in resonances can be analyzed from 

the transmission signal of the optical fiber or from the elastic scattering 

intensity. Furthermore, for a resonant linewidth of 0.01 nm at 1500 nm, the 

modified sapphire sphere had a spectral shift of about 3 times the resonant 

linewidth, which supports the possibility of identifying lower concentrations of 

biomolecules.  

In summary, the diamond- and sapphire-based sensors can be used to study the 

kinetics and other physical properties of DNA and protein molecules. 

Optimization of the flow rates and NaOH molarities for dsDNA denaturation using 

impedance can be a valuable asset in the field of mutation analysis.  

All in all, these results bring forward the first step towards thermotronic and 

photonics microcavity-based optical detection schemes of biological compounds 

using synthetic sapphire as a platform material. 
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Appendix 1  

Nomenclature  

a  Sphere Radius 

A  Adenine 

AC   Alternating Current 

ACN  Acetonitrile 

AFM  Atomic Force Microscopy 

Ag  Silver 

Al2O3  Alumina / Sapphire 

APTES  3-Aminopropyl Triethoxysilane 

Au  Gold 

b  Impact Parameter 

B(CH3)3  Trimethyl Borane 

bp  Base Pair 

C  Cytosine 

C2  Molecular Layer Capacitance 

C3  Space Charge Layer Capacitance 

CH4  Methane molecule 

COOH  Carboxyl 

Cu  Cupper 

CVD  Chemical Vapour Deposition 

CW  Continuous Wave 

D  Detector 

DAQ  Data Acquisition  

DL  Diode Laser 

DNA  Deoxyribonucleic Acid 

dsDNA  Double-Stranded Deoxyribonucleic Acid 

DSO  Digital Storage Oscilloscope 

EDC  1-Ethyl-3-[3-Dimethylaminopropyl]-Carbodiimide 

FET  Field Effect Transistors 

FT-IR  Fourier Transform-Infra Red 

G  Guanine 

Ge  Germanium 
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GLMT  Generalized Lorenz-Mie Theory 

GPIB  General Purpose Interface Bus 

H2  Hydrogen molecule 

HNO3  Nitric Acid 

HTM  Heat-Transfer-Method 

KBr  Potassium Bromide  

m  Relative Refractive Index 

MDRs  Morphology Dependent Resonances 

MES  2-[N-morpholino]-EthanneSulphonic Acid 

MPECVD Microwave Plasma-Enhanced Chemical Vapour Deposition 

n  Mode Number 

N  Refractive Index of Surrounding Medium 

N1  Sphere Refractive index 

NaOH  Sodium Hydroxide 

NCD  Nanocrystalline Diamond 

NH2  Amine 

OFHC  Optical Fiber Half Coupler 

OMM  Optical Multimeter 

P  Phosphate 

PBS  Phosphate Buffered Saline 

PCR  Polymerase Chain Reaction 

PD  Photodiode 

PDA   Polydopamine 

PLL  Polylactic Acid 

Q  Quality Factor 

R1  Solution Resistance 

R2  Molecular Layer Resistance 

R3  Space Charge Layer Resistance 

RMS  Root Mean Square 

Rth  Thermal Resistance 

RS  Raman Spectroscopy 

SA  Succinic Anhydride 

SDS  Sodium Dodecyl Sulphate 

SERS  Surface-Enhanced Raman Spectroscopy 
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SMOF  Single Mode Optical Fiber 

SNP  Single Nucleotide Polymorphisms 

SOI  Silicon on Insulator 

SSC  Saline Sodium Citrate 

ss-DNA  Single-Stranded Deoxyribonucleic Acid 

T  Thymine 

TBO  Toluidine Blue O 

TE  Transverse Electric 

TGA  Thermo Gravimetric Analysis 

THF  Tetrahydrofuran 

TIR  Total Internal Reflection 

TIRF  Total Internal Reflection Fluorescence 

TM  Transverse Magnetic 

UA  Undecyclenic Acid 

UV  UltraViolet 

WGM  Whispering Gallery Mode 

XPS  X-Ray Photoelectron Spectroscopy 

Yimaginary Imaginary Admittance 

Yreal  Real Admittance 

Z  Impedance 

a  Change in Sphere Radius 

  Resonant Linewidth 

  Mode Spacing 

m  Change in Relative Refractive Index 

shift  Wavelength Shift 

  Laser Wavelength in Vacuum 
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