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Sammanfattning 
Abstract 

The aim of this diploma work is to improve selectivity and sensitivity in DNA-chips by utilizing fluorescence 
resonance energy transfer (FRET) between conjugated polyelectrolytes (CPEs) and fluorophores. 
 
Leclerc and co-workers have presented successful results from studies of super FRET between fluorophore tagged 
DNA and a CPE during hybridisation of the double strand. Orwar and co-workers have constructed a DNA-chip using 
standard photo lithography creating a pattern of the hydrophobic photoresist SU-8 and cholesterol tagged DNA (chol-
DNA). This diploma work will combine and modify these two ideas to fabricate a improved DNA-chip. 
 
Immobilizing of DNA onto surface has been done by using soft lithography. Hydrophobic pattern arises from the 
poly(dimethylsiloxane) (PDMS) stamp. The hydrophobic pattern will attract chol-DNA that is adsorbed to the chip. 
Different sets of fluorophores are covalently bound to the DNA and adding CPEs to the complex will make FRET 
occur between CPE and bound fluorophore.  
 
We will here show that the specificity in DNA hybridization by using PDMS patterning was high. FRET clearly 
occurred, especially with the CPEs as donor to the fluorophore Cy5. The intensity of FRET was higher when the 
fluorophore and the CPE were conjugated to the same DNA strand. The largest difference in FRET intensity between 
double stranded and single stranded complexes was observed with the CPE tPOMT. Super FRET has been observed 
but not yet fully proved. The FRET efficiency was lower with the fluorophore Alexa350 as donor compared to the 
Cy5/CPE complex. Most of the energy transferred from Alexa350 was extinguished by quenching. 
 

 



 
 

 



ABSTRACT 
The aim of this diploma work is to improve selectivity and sensitivity in DNA-chips by 

utilizing fluorescence resonance energy transfer (FRET) between conjugated 

polyelectrolytes (CPEs) and fluorophores. 

 

Leclerc and co-workers have presented successful results from studies of super FRET 

between fluorophore tagged DNA and a CPE during hybridisation of the double strand. 

Orwar and co-workers have constructed a DNA-chip using standard photo lithography 

creating a pattern of the hydrophobic photoresist SU-8 and cholesterol tagged DNA 

(chol-DNA). This diploma work will combine and modify these two ideas to fabricate a 

improved DNA-chip. 

 

Immobilizing of DNA onto surface has been done by using soft lithography. 

Hydrophobic pattern arises from the poly(dimethylsiloxane) (PDMS) stamp. The 

hydrophobic pattern will attract chol-DNA that is adsorbed to the chip. Different sets of 

fluorophores are covalently bound to the DNA and adding CPEs to the complex will 

make FRET occur between CPE and bound fluorophore.  

 

We will here show that the specificity in DNA hybridization by using PDMS patterning 

was high. FRET clearly occurred, especially with the CPEs as donor to the fluorophore 

Cy5. The intensity of FRET was higher when the fluorophore and the CPE were 

conjugated to the same DNA strand. The largest difference in FRET intensity between 

double stranded and single stranded complexes was observed with the CPE tPOMT. 

Super FRET has been observed but not yet fully proved. The FRET efficiency was lower 

with the fluorophore Alexa350 as donor compared to the Cy5/CPE complex. Most of the 

energy transferred from Alexa350 was extinguished by quenching. 

 



 

 



ABBREVIATIONS 
AFM Atomic Force Microscopy 

αCP Affinity-Contact Printing 

Chol-DNA Cholesterol tagged DNA 

CP Conjugated polymer 

CPE Conjugated polyelectrolyte 

DNA Deoxyribonucleic acid 

dsDNA Double stranded DNA 

FRET Fluorescence Resonance Energy Transfer 

MES 2-(N-morpholino)ethanesulfonic acid 

μCP Microcontact Printing 

Milli-q water Double distilled water 

MIMIC Micromolding in Capillaries 

PBS Phosphate buffered saline 

PDMS Poly(dimethylsiloxane) 

PMMA Poly(methyl methacrylate) 

POWT Poly (3-[(S)-5-amino-5-carboyxyl-3-oxapentyl]-2,5-thiophenylene 

hydrochloride) 

SAM Self-assembled layer 

SPR Surface Plasmon Resonance 

ssDNA Single stranded DNA 

tPOMT Poly(3-[(S)-5-amino-5-methoxycarboxyl-3-oxapentyl]-2,5-thiophenylene 

hydrochloride) 
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1. INTRODUCTION 
DNA chips are important tools in genome studies. Detection of DNA is of great interest 

in for example forensic science, medical diagnostics and studies of mutations [1]. 

Improved selectivity and sensitivity in detection of DNA has been under focus for many 

years [2]. Detection of DNA without for example Polymerase Chain Reaction (PCR) has 

been a goal for many science groups.  

 

The first and most important step is to immobilize single stranded DNA (ssDNA) on a 

surface which can permit hybridization and detection to occur [2]. Biochips are generally 

fabricated from glass, gold or silica, where the DNA can be immobilized on a small 

surface [3].  

 

Cholesterol-tetraethyleneglycol modified oligonucleotides (chol-DNA) have successfully 

been immobilized to the photoresist SU-8. The binding occurs through hydrophobic 

interactions. The immobilization requires clean room working conditions, which makes it 

complicated and expensive [4, 5]. Polymer-based substrates as poly(methyl 

methacrylate), PMMA and poly(dimethylsiloxane), PDMS have an advantage of being 

cheap. These polymers have earlier been used for immobilization of DNA by the help of 

hydrophobic interactions [6, 7]. It is possible to use the soft lithography technique, 

microcontact printing (µCP) to create an alternating hydrophobic/hydrophilic pattern. 

The soft stamp is replicated from a rigid master, and PDMS is the most common stamp 

material used. When the stamp is placed in conformal contact with a substrate, low 

molecular residuals are left on the substrate forming hydrophobic regions as a copy of the 

stamp on the surface [8]. 

 

Detection of DNA can occur by utilizing Fluorescence Resonance Energy Transfer 

(FRET) between conjugated polymers and fluorescently tagged DNA. The polymer is 

fluorescent in its native random coil configuration.  When adding the polymer to ssDNA 

the polymer is quenched and when combining it with double stranded DNA (dsDNA) it 

becomes luminescent. This is a detection method with high detection sensitivity [9].  
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1.1. Aim 

The aim with this diploma work is to study whether the detection sensitivity increases 

when utilizing FRET between conjugated polymers and fluorophores for DNA detection 

on surfaces. This has been proven in solution by Leclerc and co workers [9]. Orwar and 

co workers have constructed DNA-chip where they immobilize chol-DNA on SU-8 and 

then verify hybridization with FRET [4]. This diploma work will try to improve the 

technique utilizing; PDMS patterning to immobilize a fluorophore conjugated DNA and 

super FRET. In CPE complexes with ssDNA, FRET will occur. Hybridization of the 

complementary DNA strand to the complex could change the conditions for FRET. 
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2. THEORETICAL BACKGROUND 

2.1. DNA-chip 

DNA-chip technology makes it possible to rapidly determine which genes are expressed 

by a cell or tissue. A DNA-chip is manufactured somewhat like a computer microchip. 

On the surface of each chip thousands of short, synthetic, ssDNA sequences are 

immobilized. The DNA from a sample needs to be denatured and then labelled by 

attaching a fluorescent dye. The same procedure but with another fluorescent dye is 

required on the control DNA. Both sets of labelled DNA are added to the chip and allow 

hybridizing to the known sequences on the chip. Depending on what colour that appears 

after screening it is now possible to determine in which areas the searched mutation is 

located [10]. 

 

2.2. Soft lithography 

Soft lithography is a term used for many methods to produce micro patterns of molecules 

like polymers and self-assembled layers (SAMs) on solid surfaces by contact printing. 

Examples of methods are Microcontact Printing (µCP), Affinity-Contact Printing (αCP) 

and Micromolding in Capillaries (MIMIC). The name of the technique comes from that 

flexible organic molecules and materials are used in the fabrication of microelectronic 

system. The key element that transfers the pattern to the substrate is an elastomeric stamp 

or mould [11]. 

 

To mold a stamp, a master/template is required. A common fairly cheap material of the 

template is a Si-wafer. Normally a UV photo resist, such as SU-8 spin, is spin coated on a 

Si wafer carrier substrate [12, 13]. SU-8 is a photoresist with strong hydrophobic 

character. The pattern is then developed by exposing with a Cr mask. Su-8 is inexpensive 

and easily produced by microfabrication techniques with the possibility to construct 

feature sizes down to less than 30 nm [4]. To prevent PDMS to stick to SU-8, the 

template needs to be silanized. PDMS can now be poured over the master and after 

curing become an elastomeric stamp, a negative copy of the master [13]. 
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2.2.1. Polydimethylsiloxane, PDMS 

PDMS is a biocompatible, ultra-violet transparent and gas-permeable elastomer. Since 

PDMS is soft and flexible it can have intimate contact with substrates and consequently 

make a good pattern transfer to those substrates [14]. PDMS is a two-component heat-

curing polymer consisting of a base part and cure agent part. The two components are 

mixed in a 10:1 ratio, stirred, degassed and then dispensed on to the template. After 

curing in heat the stamp can be peeled off and is then ready to use [13]. Since PDMS is 

hydrophobic [7] the pattern after bare stamping is hydrophobic [15]. 

 

2.3. Fluorescence 

Fluorescence is utilized in biosensors in many different ways, in solution and on surface 

[3, 4]. Fluorescence is a form of luminescence, emission of light and requires energy 

from outside of the system by absorption of irradiance [16]. 

A molecule absorbs energy and goes in to an excited electron state. It loses energy non-

radiatively and steps down to the lowest vibrational level of the electronically excited 

molecular state. The surrounding molecules might be unable to accept the large energy 

difference that needs to be transferred in order to get the electron in its ground state. 

Therefore can the remaining energy emit as radiation, fluorescence. To obtain an 

emission spectrum, the excitation light is held at a constant wavelength and the different 

wavelengths of fluorescent light is scanned [17]. 

 

Absorbance is a measure of optical density of the sample. It measures the absorption of 

light in the sample. The net absorbance of single-frequency incident radiation is 

monitored as the radiation is swept over a range of frequencies. Emission and absorption 

spectroscopy give the same information about energy level separation. It is often the 

practical considerations that determine which technique to use [18]. 

 

Excitation is, in the opposite of emission, when a system goes from a lower energy level 

to a higher. An excitation spectrum visualizes the relative ability to develop fluorescence 

at a specific wavelength from light of different wavelengths. The spectrum is measured 
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by recording the intensity of the emitted light at a chosen wavelength and scanning the 

wavelengths of excitation light [19].  

 

2.4. Fluorescent Resonance Energy Transfer, FRET 

FRET involves the direct transfer of excited state energy from a donor fluorophore to an 

acceptor fluorophore without exchanging photons. It is an alternative to fluorescence 

emissive decay from the donor. The transfer can occur when the distance between the 

donor and the acceptor is very short, up to 10 nm. Another demand is that the emission 

spectrum of the donor has to overlap with the absorption spectrum of the acceptor [20]. 

The quantum yield of the donor and the relative orientation of the donor and acceptor 

transition dipoles also have an influence on the rate of energy transfer. Quantum yield is 

the ratio of the number of photons emitted to the number of photons absorbed.  

 

The rate of energy transfer from a donor to an acceptor kT(r) is given by 
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emission spectrum of the donor with the absorption spectrum of the acceptor, the higher 

value of Förster distance.  
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where  is the quantum yield of the donor in the absence of acceptor, n is the refractive 

index of the medium, N is Avogadro’s number, r and 

DQ

Dτ  is the same as in eq. 1. The 

refractive index (n) is typically assumed to be 1.4 for biomolecules in aqueous solution. 

( )λDF  is the donor’s corrected fluorescence intensity in the wavelength range λ  to 

λ +Δλ   with the total intensity normalized to unity. ( )λε A  is the extinction coefficient of 

the acceptor at λ  and the typical unit is M-1 cm-1. 2κ  describes the relative orientation in 

space of the transition dipoles of the donor and acceptor and is in general assumed to 2/3 

[21]. 

 

This technique is often used to measure distances in biological systems. Since 

fluorophores can be employed to specifically label biomolecules and the distance 

condition of FRET is of the order of the diameter of most biomolecules, FRET is a 

common used technique to determine when and where two or more molecules are 

interacting with their surroundings [3]. 

 

It is better to examine energy levels differences in the donor’s peak than in the acceptor’s 

peak. It is difficult to determine whether the acceptor’s own emission has an influence or 

not in the intensity of the acceptor’s peak. Some of the energy transferred from the donor 

can “extinguish” in quenching (see next chapter). The transferred energy does not show 

as an increase in intensity of the acceptor’s peak. 
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Figure 2-1. Schematical images of a donor and acceptor when the demands  
for FRET are not fulfilled (a) and when the demands are fulfilled (b), donor  
on the left and acceptor on the right. (c) shows the spectra from a) and b). 

 

In the images in figure 2-1 a) are the demands for FRET not fulfilled. The donor on the 

left is excited with light at a certain wavelength. The emitted light has longer wavelength 

than the incoming light. The acceptor can not emit light at this wavelength. In figure 2-1 

b) are the demands for FRET fulfilled. The system is excited with the same energy as in 

a). The emitted light from the donor has the same wavelength as in a) but the intensity is 

lower. FRET occurs and the acceptor can emit light. The spectra in 2-1 c) show the 

decrease of intensity of the donor when the demands are fulfilled compared to the case in 

a). The acceptor peak arises when the demands are fulfilled. 

 

2.5. Fluorescence Quenching 

Any process that decreases the fluorescence intensity of a sample is referred to as 

fluorescence quenching. This is observed as the donor emission spectrum being partly 

extinguished. A variety of molecular interactions such as excited-state reactions, 

molecular rearrangements, energy transfer, ground-state complex formation and collision 

encounters can result in quenching. Collision or dynamic quenching occurs as a result of 

collision encounters between the fluorophore and quencher. The quencher must diffuse to 

the fluorophore during the lifetime of the excited state. Static quenching can occur as a 

result of the formation of a non-fluorescent ground-state complex between the 

fluorophore and quencher. When this complex absorbs light it immediately returns to the 
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ground-state without emission of a photon. Both dynamic and static quenching requires 

molecular contact between the fluorophore and quencher and overlap of the donor’s 

emission spectrum and the acceptor’s absorption spectra. Examination of the absorption 

spectrum of the fluorophore gives information that can separate dynamic quenching from 

static quenching. Static quenching will frequently result in perturbation of the absorption 

spectra of the fluorophore. Static quenching is, as FRET very dependent on the distance 

between the donor and the acceptor and the rate of energy transfer is proportional to r -6 

where r is the distance between the donor and the acceptor. The distance can be up to 10 

nm for quenching to occur [22, 23]. 
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3. MATERIALS 

3.1. DNA 

DNA is short for deoxyribonucleic acid and constitutes the genome in all living 

organisms. DNA consists of two strands, linked together with hydrogen bonds, which is 

called double helix. The strands consist of thousands of units, nucleotides, which in turn 

consists of phosphate and the sugar deoxyribose and one of four nitrogen-containing 

bases. The bases are Adenine (A), Guanine (G), Cytosine (C) and Tymine (T). When a 

double helix is formed, A can only base pair with T, and G can only base pair with C.  

 

One of the strands is written from 5’-3’ and its complementary strand runs from 3’-5’ 

[24, 25].  

 

In this diploma work the DNA-strands are covalently bound to cholesterol in the end that 

will be immobilized onto the surface. Cholesterol is hydrophobic, and as the PDMS 

stamp will transfer a hydrophobic pattern on the surface, attraction/interaction will occur. 

Some of the other ends of the strands are fluorophore-tagged. The DNA is manufactured 

by Eurogentec S.A., Belgium.  

 

The following DNA strands have been used in this diploma work: 

 

DNA X 5’-CCC TCC GTC GTG CCT

 [5’]TEGCholesterol 

 

DNA A 3’-CCC AGG CAG CAC GGA ACC TGT AGT CTT TAT

 [3’]TEGCholesterol 

  

DNA B 3’-CCC AGG CAG CAC GGA TTG GAT CAC TCT TTA

 [3’]TEGCholesterol 
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DNA A(Alexa350) 3’-CCC AGG CAG CAC GGA ACC TGT AGT CTT TAT 

 [5’]Alexa350 [3’]TEGCholesterol 

 

DNA B(Cy5) 3’-CCC AGG CAG CAC GGA TTG GAT CAC TCT TTA 

 [5’]Cy5 [3’]TEGCholesterol 

 

DNA A’ 5’-TGG ACA TCA GAA ATA CCC 

 

DNA B’ 5’-AAC CTA GTG AGA AAT CCC 

 

DNA A’(Cy5) 5’-TGG ACA TCA GAA ATA CCC 

 [3’]Cy5  

 

DNA B’(Alexa350) 5’-AAC CTA GTG AGA AAT CCC 

 [3’]Alexa350 

 

Unfortunately incorrect synthesized DNA was delivered, which was discovered as late as 

after almost three months work. DNA A, B, A(Alexa350) and B(Cy5) were manufactured 

in a way where the 5’-end of the DNA was cholesterol-tagged instead of the 3’-end. New 

DNA was ordered and the work could continue. 

 

3.2. Fluorophores 

Fluorophores are usually exogenous large molecules that have unique spectral properties 

which make them readily identifiable under the microscope and thus generate contrast. 

  

Fluorophores absorbs energy of a specific wavelength. A small amount of this absorbed 

energy is lost as heat, while the reminder is very quickly given up by the fluorophore as it 

reemits the energy as light of a slightly longer wavelength (therefore of less energy), and 

the shift is  called Stokes shift.  
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Fluorophores can be covalently bound to a variety of biologically important molecules 

such as lipids, membrane components, proteins, enzymes, antibodies and, as in this work, 

DNA. It is for example possible to study nuclear fragmentation during apoptosis when 

the cell nuclei are labelled. Fluorophores can also be used to sense micro environmental 

parameters such as pH. Or they can be used in studies of FRET, as in this diploma work 

[26]. The fluorophores used in this study are Alexa350 and Cy5.  

 

There are several different Alexa dyes such as Alexa350, Alexa430 and Alexa594. The 

numbers in the name indicates the approximate excitation wavelength in nm [27]. The 

emission maximum of Alexa350 is around 440nm [28]. The fluorescent dyes named 

above have similar emission/excitation spectra as AMCA, Lucifer Yellow and Texas 

Red, respectively [27].  

 

Cy5 conjugates show excitation and emission maxima around 650 nm and 665 nm, 

respectively [28].  

 

Both Alexa350 and Cy5 carry a net negative charge, which may in a few cases cause a 

non-specific electrostatic interaction with positively charged molecules [29]. In these 

cases, neutral dyes such as Texas Red or rhodamine, is preferable even though they are 

less fluorescent [27]. 

 

3.3. Polymers 

Polymers are large molecules made up from multiple identical or similar units, 

monomers. The units are linked together by covalent bonds [30].  

 

A conjugated polymer (CP) is an organic molecule where the backbone consists of 

carbon atoms covalently bound via alternating single and double bonds [31]. This 

alternation, the π-system, is a structural characteristic of conjugated polymers and is 

responsible for its optical and electrical properties [32].  
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Conjugated polymers with no ionic substituents are insoluble in polar solvents. To utilize 

the polymer as detecting elements for biological molecules requires that the polymers are 

compatible with aqueous environment. This can be achieved by introducing ionic 

substituents on the polymer backbone. The conjugated polymer becomes a conjugated 

polyelectrolyte, CPE. The functional groups of the conjugated polymer are charged 

anionic or cationic depending on pH, which makes them suitable for forming strong 

electrostatic complexes with negatively or positively charged biomolecules. The 

substituents can also create hydrogen bonding with different molecules, which is required 

with some biomolecules. The hydrophobic backbone is also able to interact with 

hydrophobic sites on biomolecules [31]. When the biomolecule interacts or binds to 

something, the structure of the biomolecule will change. This change transmits to the 

polymer which structure also will change. The transformation can be detected by 

studying the change in colour of the light that the polymer absorbs or sends out after 

being illuminated [31]. 

 

The binding between the conjugated polyelectrolyte and DNA is based on non-covalent 

interactions. By electrostatic interactions is a polymer with a positive amino group able to 

bind to the negatively charged backbone of the DNA [31]. The internal interactions 

between the amino and carboxyl group in the polymer are disrupted by the DNA which 

gives the polymer a more planar conformation. The bases of the DNA chain are now able 

to form hydrogen bonds to the amino and carboxyl groups to a nearby polymer. An 

aggregation of polymer chains occurs. Addition of complementary DNA will make the 

DNA bases to form hydrogen bonds with each other and the hydrogen bonds to the 

polymer will be disrupted. The polymer chains will also be interacting electrostatically 

with the phosphate backbone and the bases of the dsDNA. The polymer reverts to a more 

non-planar conformation. The CPE POWT (see below) in a solution shows two maxima 

in emission spectra (with excitation at 400nm), one at 546nm and one at 670nm. The 

maximum at the lower wavelength is a result of the intra-chain events and the one at 

longer wavelengths is due to planarization of the polymer and inter-chain events because 

of contact between polymer chains. When adding ssDNA, the intensity of the intra-chain 

peak is decreased and the emission is red shifted. Addition of dsDNA makes the emission 
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shift back to a shorter wavelength and the intensity of the emitted light increases a lot 

[33]. Change of the complex’s structure will change the conditions of FRET. The 

distance between the donor and the acceptor (one of them bound to the DNA and one is 

the polymer), the relative orientation of the donor and acceptor transition dipoles and the 

overlap integral of the donor’s  emission spectra and the acceptor’s absorption spectra 

have the ability to change.  

 

The polymers used in this diploma work are poly (3-[(S)-5-amino-5-carboyxyl-3-

oxapentyl]-2,5-thiophenylene hydrochloride) (POWT), poly(3-[(S)-5-amino-5-

methoxycarboxyl-3-oxapentyl]-2,5-thiophenylene hydrochloride) (tPOMT) and PBAT. 

See fig 3-1. 

 

 

 

 

 

 

Figure 3-1.  a) POWT b) tPOMT c) PBAT 

 

The side chains of POWT make the polymer zwitterionic [1]. Depending on the solvent 

pH, the charge of POWT can be neutral, positive or negative. If the charges of the side 

chains are altered, the rotation around its single bonds will be affected which gives 

different optical characteristics [34]. 

tPOMT is more regioregular than the other polymers. This makes it more defined with a 

chain length of 12 thiophene rings compared to POWT, where the chain length varies 

from 12- 18 thiophenes. tPOMT has less random distribution of the side chain position 

[31, 35]. 

The methyl groups on the side chain of PBAT make the polymer very hydrophobic 

(unpublished). All polymers were designed and synthesized at Organic Chemistry, 

Linköping University.  
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4. INSTRUMENTS 

4.1. Fluorescence microscopy 

The technique is used to study specimens, which can be made to fluoresce.  

The instrument used in this diploma work is Zeiss Axiovert inverted microscope A200 

Mot with a Hg lamp (HBO 100) as light source. The microscope was equipped with four 

different filters: 365/12 nm (397 nm long pass emission filter (LP)), 405/30 nm (450 nm 

LP), 470/40 nm (515 nm LP) and 546/12 nm (590 nm LP). The CCD camera was an 

AxioCam HRc.  

 

Fluorescence techniques require strong illumination sources such as mercury or xenon 

arc lamps, or lasers. The light is first passed through the excitation band pass filter that 

only saves those wavelengths required to excite the molecules from the sample, see figure 

4-1. This excitation light hits the dichroic mirror which reflects shorter wavelength 

excitation light and allows longer emission wavelengths to pass through it. The shorter 

wavelength excitation light passes the objective to the specimen where it absorbs and 

reemits at a longer wavelength. A small part of the emitted light is collected by the 

objective lens and passes through the objective and again hits the dichroic mirror. The 

longer wavelength emitted light passes and then hits the emission filter which permits 

only the emission wavelength. The light that reaches the observer is only the light from 

the excited molecule. Detection is achieved with a CCD camera [26].  

 

 

 

 

 

 

 

 

Figure 4-1. Schematic setup of fluorescent microscopy. Modified from [36].  
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4.2. Fluorescent spectrophotometer 

A fluorescent spectrophotometer measures fluorescence in order to provide information 

regarding the fluorescent molecules concentrations and chemical environment in the 

sample. 

 

The instrument measuring emission spectra in this diploma work is called TECAN 

Safire2 and Fluoromax-4, Spectrofluorometer from Horibajobin Yvon. The Fluoromax-4 

was also used to measure excitation spectra in solution and emission spectra from DNA 

patterned surfaces. The absorbance was measured in Lambda 950, UV/VIS Spectrometer 

from PerkinElmer. 

  

The light from an excitation source passes through a filter, the monochromator, and then 

hits the sample, see figure 4-2. A portion of the light hits the sample and give rises to 

excitation of the fluorescent molecules in the sample. The light passes through another 

filter and then hits the detector. The incident light that can reach the emission filter by 

light spreading will not pass [18, 37]. 

 

When measuring absorbance the light beams need to pass through both the sample and a 

reference cell and then the relative absorbance can be determined [18]. 

 

 

 

 

 

 

 

Figure 4-2. Schematic setup of a fluorescence spectrophotometer [38].  
 

 

 

 

16 



4.3. Imaging ellipsometry 

Imaging ellipsometry is a non-destructive method that measures thickness below 1 nm 

and optical properties of a sample on a surface. 

 

Polarized light is defined as a combination of two polarized components: parallel or 

perpendicular to the plane of incidence. The laser beam from the light source gets 

elliptically polarized when passing through the polarizer and the retarder, usually fixed at 

45°, see figure 4-3. The elliptically polarized light reflects off the sample and the phase 

and amplitude of the reflected light changes. The changes are different for the two 

components. By adjusting the angle of the polarizer the light is linear polarized after 

reflection. The reflected light goes through a long distance objective. The polarized 

reflected light is extinguished by adjusting the angle of the analyzer. This condition is 

called nulling condition. The image is detected with a CCD camera. The angles of the 

polarizer and the analyzer are converted to the ellipsometrical parameters Δ and Ψ by 

 

A=Ψ      (3) 

 

°+=Δ 902P     (4) 

 

where A is the angle of the analyzer and P is the angle of the polarizer, when nulling 

conditions are reached. Different computer models are used to convert the two 

parameters and Ψ Δ into film thickness. This is easily done if the refractive index of all 

layers on the substrate and the ambient are known [39-41]. 

 

 

 

 

 

 

 

Figure 4-3. Schematic setup of imaging ellipsometry [40].  
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4.4. Atomic Force Microscopy 

Atomic Force Microscopy, AFM, is a technique that measures thickness and reveals the 

fine details and structure of the surface [42]. 

 

AFM images are obtained by measuring the force on a sharp tip that is scanned across the 

surface, see figure 4-4. This force is created by the proximity to the surface of the sample. 

The distance between the tip and sample is kept small and at a constant level with a 

feedback system where a piezoelectric element is used. The topography of the sample is 

imaged and presented through the AFM software [43].  

 

 

 

 

 

 

 

 

Figure 4-4. Schematic setup of the tip scanning across the  
surface in AFM. Modified from [44]. 
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5. EXPERIMENTAL 
The experimental work was performed in the laboratories of BiOrgEl, Applied Physics, 

IFM, Linköping University. Most of the solution preparations and all the work with 

surface preparations were done in the Rubber lab. High cleanliness is required in the lab 

to make it possible for real clean experiments and to avoid contamination from PDMS. 

The clothing is clean room coat, gloves, shoes and hair cover. All work with the 

fluorophores was done in subdued light and the surfaces and solutions were covered with 

foil as much as possible. 

 

5.1. Preparations of solutions 

The DNA was manufactured by Eurogentec S.A., Belgium. It was diluted in pure double 

distilled water (milli-q water) (18.2 MΩ) to stock solutions of 50 µM and 100 µM on 

arrival and stored in freezer (-20°C). The DNA solutions were sometimes kept a few days 

at 4°C when the same DNA combination was used several days in a row. Phosphate 

buffered saline (PBS) (pH 7.4, 150 mM) was used for further dilution down to 1 µM for 

the chol-DNA and 0.1 µM for the complementary DNA at the day of experiment. 

Fluorescence measurements in solution, dilution started from 100 µM DNA solution to 

get a higher ion-strength (NaCl) to prevent hybridization. The DNA solutions used in 

surface patterning started dilution from 50 µM. DNA was immobilized with a single or 

double cholesterol anchor, for example DNA A/B or DNA XA/XB. To generate the 

double anchor, DNA X and DNA A/B were mixed in 1:1 ratio to a concentration of 1 µM 

in PBS (pH 7.4, 150 mM) and hybridized for at least 1 hour. 

 

The polymers were stored in stock solutions of 1 mg/ml in milli-q water in freezer as 

aliquot in small volumes. Sample solution was diluted in buffer, and incubated onto the 

surface within 10 minutes from the dilution.  
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5.2. Stamp production 

PDMS stamps was produced by mixing base and curing agent, Sylgard 184 (Dow 

Corning Corporation) in a 10:1 ratio, the mix was degassed, cast on the master and cured 

in convection oven for 45 minutes at 70˚ C before peeling off the stamp. The master was 

fabricated using standard photolithographic technique. The stamp size studied in 

fluorescence microscopy and imaging ellipsometry was ~1 cm2 containing circles with 80 

µm diameter and a spacing of 80 µm. The pattern on the master used in AFM was circles 

with 5 and 10 µm diameter and a spacing of 5 µm on both patterns. When preparing 

surfaces for emission spectra stamps were also formed as an oval with a length of ~17 

mm and a width of ~5 mm, both with and without pattern. The choice of an oval was 

determined because of the shape of the area where the measurement was taking place. 

 

5.3. Surface patterning 

Standard glass slides were used in fluorescence microscopy and solid emission spectra 

studies. Standard silicon wafers with native silicon dioxide thickness of approximately 

1.5 nm were used in imaging ellipsometry and AFM. In imaging ellipsometry, wafers 

with silicon dioxide of approximately 54 nm were used as well. Some of the wafers 

studied with imaging ellipsometry were also studied in the fluorescence microscope.  

 

All substrates were TL-1 washed,a procedure where the surfaces are washed in a 5:1:1 

ratio of pure milli-q water, 30% hydrogen peroxide (H2O2) and 25% ammonia (NH3) 

solution for 10 minutes at 80˚C. After extensively rinsing in milli-q water and drying in 

nitrogen gas were the surfaces put in oxygen plasma chamber (Diener electronic) for 1 

minute (175 W, 0.05 Torr). Then the stamp was placed on the surface. The contact time 

of the stamp was varied between 1, 2, 10 and 60 minutes to get the optimal time. After 

examining the result was the contact time used in further experiments set to 2 minutes. 

Then the surface was incubated with 20-70 µl of DNA solution in varied incubation times 

using the result from the study of contact time, 2 minutes. The different incubation times 

were 5, 15, 30 and 60 minutes. After examining the result was the incubation time used in 

further experiments set to 15 minutes. Afterwards the substrates were rinsed or dipped 
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into milli-q water or the used buffer. In some experiments were the surfaces now dried in 

nitrogen gas; in some they were kept wet and were immediately studied. The best result 

was obtained when rinsing the substrate in the used buffer and drying in nitrogen gas, a 

procedure which will be used in further experiments. In some cases were the surfaces 

examined wet. 

In the study with polymers and/or a complementary DNA strand as well, this was 

incubated onto the chol-DNA patterned substrate after the rinsing or drying step. The 

polymer was always incubated before the complementary DNA strand. The used time of 

incubation was 15 minutes and the concentrations were 1 µg/ml for POWT and tPOMT 

and 5 µg/ml for PBAT in Sodium Acetate (pH5.5, 50mM). The complementary DNA 

strand was also incubated for 15 minutes in concentration of 0.1 µM in PBS (pH 7.4, 150 

mM). The substrate was always rinsed in the used buffer (PBS in DNA complexes and 

Sodium Acetate in DNA/polymer complexes) and most often dried between the different 

incubation steps.  

DNA X 
 

DNA A(Alexa350) 

DNA XA(Alexa350) 

DNA XA(Alexa350)/POWT +A’ DNA XA(Alexa350)/POWT  

 DNA A’  POWT 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-1. Schematic image of surface patterning. 

f)

 FRET 

e) 

c)b) a) d)

FRET
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Figure 5-1 shows schematically surface patterning with XA(Alexa350)/POWT+A’. (a) 

DNA X and A are mixed in solution. (b) After hybridization is the complex 

XA(Alexa350) formed. (c) The complex is added to the PDMS patterned surface. (d) The 

cholesterol on the DNA complex attracts by the hydrophobic pattern and gets 

immobilized. The surface is then rinsed in buffer. (e) The addition of the CPE POWT can 

make FRET occur. (f) After rinsing and addition of the complementary strand A’ will 

hopefully the FRET intensity increase. 

 

A Super Pap Pen was used in the surface patterning for emission spectra measurements. 

It works as a liquid blocker and makes the solutions on the surface stay in the desired 

area. 

 

The buffers examined to suit POWT were pure milli-q water, PBS (pH 7.4, 150 mM), 

MES (2-(N-morpholino)ethanesulfonic acid, pH 7, 50 mM) and Sodium Acetate (pH 5.5, 

50mM) and the result of this experiment was used for tPOMT and PBAT. All buffers 

were prepared using standard recipe. The examined concentrations of POWT were 1 

ng/ml, 10 ng/ml, 100 ng/ml, 1 µg/ml, 10 µg/ml and 20 µg/ml and of tPOMT 0.1 µg/ml, 1 

µg/ml and 10 µg/ml and the concentrations of PBAT were 1 µg/ml, 5 µg/ml and 10 

µg/ml. 

 

After studying the results from different contact times, incubation times, buffers, 

concentrations of the polymer and rinsing methods, a protocol was generated and used in 

further experiments. 

 

Experiments were done when the DNA-and POWT complex were formed before 

immobilization onto the surface in two different ways. In one of the experiments was 

POWT in a stock solution of 0.5mg/ml in pure milli-q water and the DNA in 100 µM in 

milli-q water. 2 µl of the polymer solution were mixed with 2.6 µl of DNA solution (A, 

A(Alexa350) or B(Cy5)). After 15 minutes of incubation, the samples were diluted with 

230 µl of milli-q water, 60 µl of Sodium Acetate buffer (pH 5.5, 50mM) and 2.6 µl of 

complementary DNA (X) to get a final concentration of Sodium Acetate to 10mM. The 
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samples were incubated for 5-10 minutes before immobilizing onto the surface. In the 

experiment with XA(Alexa350) without POWT was milli-q water used instead of the 

polymer. This protocol was used in  [33], where FRET was studied in solution.  

 

In an attempt to imitate the experiments adding the solutions separately, 25 µl of 2 µM 

DNA solution (B, B(Cy5) or A(Alexa350)) was mixed with 25 µl of 1 µg/ml POWT. 

After 15 minutes of incubation 25 µl of 2µM DNA X was added and incubated for 35 

minutes. When Alexa350 was studied without POWT was Sodium Acetate added instead 

of the polymer. 

 

DNA A(Alexa350) 

  POWT 

DNA A(Alexa350)/POWT 

DNA XA(Alexa350)/POWT 

DNA X 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 5-2. Schematic image of surface patterning when forming the 
 complex before immobilization. 

 

Figure 5-2 shows schematical surface patterning of XA(Alexa350)/POWT when forming 

the complex before immobilization onto the surface. (a) DNA A(Alexa350) and POWT 

are mixed together. (b) POWT binds to the backbone of the DNA and the complex 

a) b)

c) e)d)

 FRET
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A(Alexa350)/POWT is formed. (c) DNA X is added. (d) The complex is added to the 

PDMS patterned surface. (e) The cholesterol on the DNA complex attracts by the 

hydrophobic pattern and gets immobilized. 

 

5.4. Surface characterization 

The surfaces were studied with four different techniques. 
 

5.4.1. Fluorescence microscopy 

When using the fluorescence microscope the slide was placed with the substrates towards 

the excitation light. The 10X objective was used with various exposure times in different 

experiments to get the best result. However, for correct comparisons between images the 

same exposure time was used within one experiment. The complexes with Alexa350 

were principally studied at excitation wavelengths of 365nm and for Cy5 at 546 nm. 

FRET studies were for the most part done close to the donor’s excitation wavelength; 

Alexa350 and polymer at 365 nm and Cy5 and polymer at 470 nm. The images were 

analyzed using Zeiss AxioVision PC software v4.6 program. The software enables to 

measure an outline of the surface to obtain a colour intensity profile. The images shown 

in the report are revised in contrast and brightness with Adobe Photoshop CS to facilitate 

legibility in print. When comparison between images is done are the images changed 

equally. 

 

5.4.2. Fluorescence emission spectra solid state 

The surfaces were placed at 30° angle to the incident light. Clean glass slides were 

measured as reference as well as PDMS patterned surfaces. The excitation wavelengths 

were 350, 365, 400, 470 or 546 nm depending on what complex to be examined. 

The fluorescence microscope in Zürich was equipped with a SpectraCube SD-300 VDS 

(Applied Spectral Imaging, Inc. CA). Spectral Imaging was used to image acquisition and 

SpectraView to analyze the images. The Spectra View system enables to record a 

spectrum from each pixel in the image or an average spectrum from a region of interest. 

The excitation wavelength used on surfaces analyzed in Zürich was 470 nm. 
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5.4.3. Imaging ellipsometry 

The surfaces needed to be rinsed in milli-q water to avoid salt on the surface, which will 

deteriorate the image. The objectives used were 2 or 10 times enlargement and the 

intensity of the laser were set to 15%. The Angle of Incident Light (AOI) was set to 60˚ 

and the angles of the analyzer (A) and of the polarizer (P) were primary set to 50˚ and 30˚ 

respectively, which were adjusted by the ellipsometer during the measurement.  

 

5.4.4. Atomic Force Microscopy 

Even here the surfaces needed to be rinsed in milli-q water. Tapping mode was used. 

 

5.5. Photo spectroscopic measurements in solution 

The concentrations from the beginning in the preparation of emission spectra 

measurement were 0.5 mg/ml for POWT, diluted in Sodium Acetate (pH5.5, 50 mM) and 

25 µM for DNA solutions, diluted in PBS (pH 7.4, 150mM). 3 µl of the polymer solution 

was mixed with 6 µl of DNA solution containing the chol-DNA of interest and Sodium 

Acetate. After 15 minutes of incubating 6 µl of complementary DNA and 180 µl of 

Sodium Acetate were added and incubated for at least 15 minutes. If the complex did not 

contain the polymer or a complementary strand, these amounts were compensated in the 

amount of Sodium Acetate, so the final volume of the solution was 210 µl. The same 

properties of solutions were made for excitation and absorption measurements but to a 

final volume of 700 µl. 

 

5.5.1. Emission 

Two replicates were done for each sample and buffer was measured as reference. The 

samples were excited at 365, 400, 470 or 600 nm depending on what complex to be 

studied. 
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5.5.2. Excitation 

The emission was measured at 550 and 675 nm scanning the excitation from 350 nm to 

525 or 625 nm, respectively, chosen from results from emission spectra measurements.  

 

5.5.3. Absorption 

First was a background measurement done using the buffer, Sodium Acetate. Then one of 

the glass cuvettes with buffer was retained in the instrument as a reference. The 

absorption was scanned from 750 to 350 nm. 
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6. RESULTS AND DISCUSSION 

6.1. Spectral overlap 

Since one of the requirements for FRET is that the donor emission spectrum and the 

acceptor absorption spectrum must overlap, these spectra were measured for the 

POWT/Cy5 complex, see figure 6-1. 
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Figure 6-1. Comparison between the emission spectrum of POWT 
(donor) and the absorbance spectrum of Cy5 (acceptor). 

 

 

 

 

 

 

 

 

Figure 6-1 shows the spectral overlap region between the emission spectrum of POWT 

(donor) and the absorption spectrum of Cy5 (acceptor). Since the overlap is existing one 

of the requirements of FRET is reached.  

 

6.2. Fabrication of PDMS patterned Single DNA-chip 

Since as much DNA immobilized on the surface as possible is desirable, a well working 

protocol was generated by evaluating different contact times of the PDMS stamp, 

incubation times of the DNA and different rinsing methods. The evaluations were done 

after studying the surfaces in fluorescence microscope. Thickness measurements with 

imaging ellipsometry and AFM should had been done with the correct synthesized DNA 

if more time had been available.  

 

This diploma work is a continuation of an earlier work done in the BiOrgEl group where 

chol-DNA was immobilized onto PDMS residuals on glass surfaces [45]. In the 

procedure giving the most distinct pattern were the surfaces TL-1 washed for 10 minutes, 
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contact time used was 2 minutes and incubation time was 15 minutes. The surfaces were 

rinsed with PBS buffer, finishing off with a careful rinse with milli-q water.  

When searching for the optimal protocol in this diploma work these parameters were 

used as a starting point. When varying one parameter, the other parameters were as the 

procedure just described.  

 

6.2.1. Immobilization of DNA 

No difference is observed when studying 1, 2 or 10 minutes of contact time of the stamp 

on the surface or 5, 15, 30 or 60 minutes of incubation time of the DNA on the surface. 

The same result arise for XB(Cy5) as for XA(Alexa350). The images of contact time of 

60 minutes are more smeary and blurry which is confirmed by the profile measurements. 

Both Alexa350 and Cy5 can be seen more between the dots of the pattern where the 

contact time is 60 minutes than with the other contact times. The difference between a 

contact time of 2 minutes and 60 minutes is clear in figure 6-3 where XB(Cy5) is 

immobilized. 

 

The experiments with single anchor gave the same result as with double anchor. There is 

no significant difference in the images or in the profile measurements. The silicon wafers 

with silicon dioxide layer of ~1.5 nm showed no pattern in the fluorescence microscope, 

while the silica wafers with thicker layer of silicon dioxide, ~54 nm, showed a nice 

pattern. The explanation of this is quenching on the surfaces with ~1.5 nm thick silicon 

dioxide layer. The donor fluorophore transfers energy and the silica functions as an 

acceptor and accept the energy. Since silica is not fluorescent it will extinguish the 

emission from the fluorophore. This energy transfer is distance dependent and can not 

occur at a distance longer than 10 nm [22]. 

 

The incorrect synthesized DNA was not immobilized onto the surface as well as the 

correct DNA. When using the incorrect DNA, the pattern was more distinct when dipping 

the surface into the buffer and examining it wet, while the correct DNA was not as 

sensitive against rinsing or blowing the surface dry with nitrogen gas. The incorrect 
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synthesized DNA has after hybridization most likely one cholesterol tag in one end and 

one in the middle se fig 6-2. This makes the adsorption to the PDMS patterned surface 

instable. 

 

Chol- CCC AGG CAG CAC GGA ACC TGT AGT CTT TAT 
        TCC GTG CTG  CCT  CCC- Chol   
 

Figure 6-2. The incorrect synthesized DNA A and X after hybridization. 
 

6.2.2. DNA thickness measurements 

The measurements with imaging ellipsometry and AFM were only done with the 

incorrect synthesized DNA because of lack of time. No distinct thicknesses were 

observed. The DNA-thickness on the surface was too small and on a too large of area to 

get a proper result. After the incorrect DNA is hybridized, it will probably have one 

cholesterol tag in one end and one in the middle, see figure 6-2. Since it is through the 

cholesterol tags the DNA get immobilized, the strands will probably get immobilized 

laying down instead of standing up. If the DNA is lying down many of the hydrogen 

bindings of the ssDNA will not be exposed and then not able to bind to a complementary 

strand or to a polymer. And of course a layer of DNA along a surface is thinner than a 

layer standing up. 

 

The protocol used in further procedures was as follows: contact time of 2 minutes, 

incubation time of 15 minutes, rinsing with buffer (PBS, pH 7.4, 0.15 M) and drying with 

nitrogen gas. Some exceptions were made with the drying section, since it still was not 

clear how well the different complexes were immobilized onto the surface. The surfaces 

examined wet were only dipped into buffer, not rinsed. 

 

6.2.3. Hybridization of complementary DNA to chol-DNA chip 

Specificity 

A large difference is observed between when the chol-DNA already immobilized onto the 

surface is complementary or non-complementary to the added DNA strand conjugated to 
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a fluorophore. In figure 6-4 a), where the chol-DNA is complementary to the DNA strand 

conjugated to the fluorophore, a clear and distinct pattern is achieved. Figure 6-4 b), 

where the chol-DNA is non complementary to the added DNA strand, shows no pattern 

at all. The DNA does not bind to the surface if the chol-DNA already immobilized on the 

surface is non complementary. The adsorbed chol-DNA block the substrate against non 

specific DNA adsorption; hence no additional blocking step is necessary. 

 

Immobilization without cholesterol 

The experiment with immobilizing DNA without a cholesterol tag show a small amount 

of A’(Cy5) and B’(Alexa350) on the surface. The pattern is much weaker when A’(Cy5) 

or B’(Alexa350) are added directly to the surface after stamping compared to when 

complementary DNA (A or B) already is immobilized on the surface.  

 

Placement of the fluorophore 

Observations of the colour intensities of DNA-complexes containing only the Alexa350-

fluorophore or only the Cy5 gave the following result: The fluorescence intensity is 

highest when the fluorophore is conjugated to the complementary strand (A’ or B’) 

comparing to when it is on the chol-DNA strand (A or B). This result is confirmed by the 

emission spectra further on, see figure 6-24. When the complex contains both of the 

fluorophores is the intensity of Alexa350 equal for XA(Alexa350)+A’(Cy5) as for 

XB(Cy5)+B’(Alexa350). The intensity of Cy5 is highest at one of the surfaces with 

XB(Cy5)+B’Alexa(350). The other surface with the same DNA combination is equal to 

those with XA(Alexa350)+A’(Cy5). Figure 6-5 shows the same surface immobilized 

with XA(Alexa350)+A’(Cy5) but excited at different wavelengths and both fluorophores 

give nice patterns. 
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 Figure 6-3. Surfaces incubated with XB(Cy5) for 15 minutes using contact time of 2 
minutes (a) and 60 minutes (b), excitation at 546 nm, exposure time 4 s. 

 b)  a) 
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Figure 6-5. One surface incubated with XA(Alexa350)+A’(Cy5) excitation at 365 nm (a) 
and 546 nm (b) with exposure times 3 s and 6 s respectively.

 b)  a) 

    200 µm      200 µm 

Figure 6-4. Surface incubated with XB+B’(Alexa350) (a) compared with surface 
incubated with non complementary XA+B’(Alexa350) (b), excitation at 365 nm, exposure 
time 1.5 s. 

 a)  b) 

    200 µm      200 µm 
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6.3. Enhancing detection limits of PDMS patterned DNA-chip by using 
CPEs 

The polymers that have been studied in this work are POWT, tPOMT and PBAT. All 

these polymers contain a positive amino group with ability to bind to the negatively 

charged backbone of the DNA. In the Alexa350/CPE studies will Alexa350 work as a 

donor and the CPE as an acceptor and in the Cy5/CPE studies will the CPE work as a 

donor and Cy5 as an acceptor. The reason for using CPEs in a DNA chip is that the CPE 

is able to transfer or accept energy and it differs in structure depending on its 

environment and should therefore be well suited for enhancing the limit of the detection 

of the chip. Given that FRET occurs differently depending on the structure of the 

complex, a response whether the sample contains complementary DNA or not should be 

obtained. 

 

6.3.1. Determination of excitation wavelength 

Excitation spectra in solution were measured to obtain at which wavelength the 

fluorescence intensities of the Cy5/POWT complexes differ the most. The result gives the 

optimum excitation wavelength when measuring fluorescence. The emission was 

measured at 550 nm and at 675 nm since the peaks of POWT and Cy5 in emission 

spectrum (see section 6.3.4., table 2) arises at these wavelengths and make these 

wavelengths the most interesting.  

 

Figure 6-6. Excitation spectra measured at 550 nm. 
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By measuring at 550 nm is the best wavelength for fluorescence intensities differences in 

the POWT peak examined. As can be seen in figure 6-6, Cy5 is almost not shown at all 

while POWT shows large intensity. The intensity of POWT decreases when the polymer 

is in a complex with Cy5 as a result of FRET. The intensity of POWT on its own is 

higher at 400 nm, or even at any shorter wavelengths than it is at longer wavelengths. 

There is large difference between POWT and the double cholesterol anchor 

XB(Cy5)/POWT and even larger between POWT and the single cholesterol anchor 

complexes B(Cy5)/POWT+B’ and B(Cy5)/POWT when exciting around 400 nm. No 

significant difference obtains between the two single cholesterol anchor complexes. The 

difference between 405 nm and 470 nm (two of the eligible wavelengths in the 

fluorescence microscope) is not dramatic when studying the POWT peak and it makes no 

difference whether measuring in any of the wavelengths.  

 

Figure 6-7. Excitation spectra measured at 675 nm. 

0,E+00

2,E+06

4,E+06

6,E+06

350 400 450 500 550 600

Wavelenght (nm)

In
te

ns
ity

XB(Cy5)/POWT
B(Cy5)/POWT+B'
B(Cy5)/POWT
POWT
B(Cy5)

 

 

 

 

 

 

 

 

 

To get information about the Cy5 peak is the emission measured at 675 nm. The 

excitation spectra in figure 6-7 shows almost no POWT fluorescence at all, while Cy5 

give rises to a large peak at wavelengths longer than 550 nm. Largest differences in the 

Cy5 peak between the complexes obtains when exciting between 400 nm and 470 nm. No 

significant difference is shown between 405 and 470 nm when measuring at 675 nm 

either. At longer wavelengths will the complexes show more and more similar emission 

spectrum and when exciting at ~525 nm almost no difference will be obtained except 

from POWT that will almost not show at all. Noticeable is that the peak of B(Cy5) begins 

to rise at shorter wavelengths than when Cy5 is in a complex with POWT. This 
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phenomenon is probably due to the environment change of the fluorophore which might 

lead to change in polarity of the complex. This leads to the wavelength shift. 

 

The conclusion from the excitation measurement is that excitation at 405 or 470 nm of 

the Cy5/POWT complex should give the largest colour differences due to FRET. After 

studying the complexes in fluorescence microscopy was 470 nm chosen for examination 

of FRET between all the polymers and Cy5, since the images at this wavelength were 

brighter and easier to study. 

 

6.3.2. POWT immobilized on PDMS patterned DNA-chip 

Buffers 

The experiments with different buffers were done with the incorrect synthesized DNA. 

However the complex formation, with respect to aggregation formation of the CPE 

depending on the environment, between the DNA and CPEs are not expected to differ in 

the later studies with properly synthesized DNA. Of the tested buffer system Sodium 

Acetate (pH 5.5, 50 mM) gave the best result. Pattern arises with pure milli-q water and 

MES (pH 7, 50 mM) as buffers as well, but in the case with milli-q water, the pattern was 

weaker than with Sodium Acetate, and with MES-buffer it was even weaker. No 

aggregates appeared in any of the cases. When using PBS (pH 7.4, 0.15 mM) a high 

number of aggregates were shown. Even though the contact times and incubation times 

were not the same when using PBS as in the other cases, the differences are considerable.  

 

Concentration of POWT  

To avoid the fluorophores to drown in the colour intensity of the polymer and still make 

the polymer’s colour appear in the fluorescence microscope different concentrations of 

POWT were examined. The study was only done with the incorrect synthesized DNA. 

The experiments were done without any fluorophores to avoid the energy transfer’s 

influence. The concentrations studied were 20 µg/ml, 10 µg/ml, 1 µg/ml, 100 ng/ml, 10 

ng/ml and 1 ng/ml. No significant differences were shown between the three highest 
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concentrations while the lower concentrations gave much worse result. 1 µg/ml was 

chosen in further researches since the expression of the fluorophore is important. 

 

Immobilization with only POWT 

The pattern that occurs after immobilization of POWT without DNA is very weak. 

POWT can bind to the surface even though not as good as when DNA is on the surface. 

This has earlier been shown by Åsberg P. [46].  

 

6.3.3. Alexa350/POWT complex on PDMS patterned DNA-chips or in 

solution  

Here the differences of the donor’s colour intensities are examined at 365 nm for this 

complex. At comparison between Alexa350/POWT and Alexa350 in absence of POWT 

is decrease in blue intensity desirable. Emission of the acceptor, POWT in this complex, 

at the excitation wavelength of the donor (Alexa350) is not desired since the results get 

more difficult to evaluate. 

 

When incubating chol-DNA followed by POWT separately to the PDMS patterned 

surface some colour difference can be seen between XA(Alexa350) and XA(Alexa350) 

with POWT in 365 nm, see figure 6-8. There is green colour on the dots when POWT is 

added. But the green colour also shows when Alexa350 is not present. These surfaces are 

examined when they are still wet. 
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The intensity of the green colour increases on surfaces where POWT is present, when the 

surfaces are blown dry before they get examined, see figure 6-9. The blue colour 

decreases in this case compared to the surfaces examined wet which indicates that FRET 

occurs to a greater degree when examining the surfaces dry. Noticeable is also that when 

examining wet surfaces immobilized with XA(Alexa350)/POWT is red colour present 

between the pattern and when examining the dry surfaces is red present at the pattern. 

This indicates that POWT gets immobilized better on the dry surfaces than on the wet 

since the red colour comes from POWT.  

 

 

 

 

 

 

 

 

 

 

 

a) b) 

blue

green 

red

Figure 6-9. Colour intensity profiles from surfaces immobilized with 
XA(Alexa350)/POWT (a) and XB/POWT excited at 365 nm, exposure 
time 2 s, examined dry. 

blue
green 

b) a) 

red

green 

blue

red

c) 

Figure 6-8. Colour intensity profiles from surfaces immobilized with  XA(Alexa350) (a),  
XA(Alexa350)/POWT (b) and XA/POWT (c) excited at 365 nm, exposure time 2s,  
examined wet. .  
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When adding the complementary strand A’, the green colour on the dots decreases and 

the blue increases even compared to the surfaces shown in figure 6-8. These surfaces 

were examined wet. The exposure times were 3 s instead of 2 s, but the difference should 

be reliable. The surfaces incubated with XB/POWT+B’(Alexa350) are more smeary than 

the surfaces with XA(Alexa350)/POWT +A’. The green colour decreases and the blue 

increases. 

 

In the images that were studied after drying with nitrogen gas increases the green 

intensity on the dots when incubating XA(Alexa350)/POWT+A’ compared to the ones 

examined wet. The blue and the green intensity is larger than those incubated with 

XB/POWT+B’(Alexa350) (dry) while the later is better dry than wet, they are not as 

smeary as the wet were.  

 

The complex giving the largest colour difference between Alexa350 and 

Alexa350/POWT complex is XA(Alexa350)/POWT or XA(Alexa350)/POWT+A’ 

examined dry. The blue intensity is higher on surfaces with XB+B’(Alexa350) as in 

figure 6-4, than on surfaces with XA(Alexa350)/POWT+A’ as in figure 6-14, which also 

shows a green intensity. The green intensity comes from POWT. Figure 6-15 shows a 

surface immobilized with XB/POWT where no blue colour obtains on the pattern. The 

best FRET occurs when the fluorophore is conjugated to the chol-DNA A instead of to 

the complementary DNA strand B’. The explanation of this phenomenon could be the 

distance between Alexa350 and POWT is longer when the DNA forms a double strand, 

compared to the single stranded situation, see figure 6-10. In the case when the 

fluorophore is conjugated to the chol-DNA are POWT and Alexa350 bound to the same 

DNA strand which is not the case when the fluorophore is on the complementary strand. 

The possibility for FRET decreases and the energy transfer from Alexa350 to POWT gets 

smaller. The dipole orientation can also have changed and influenced the energy transfer.  
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Figure 6-10. Schematical  images of the fluorophore conjugated  
to the chol-DNA on the left and to the complementary strand on the right. 

 

To try to make sure that the polymer immobilizes on the patterned surface where the 

DNA is immobilized, the DNA-and POWT complex were formed before immobilizing 

onto the surface. The DNA and POWT will then reach the pattern already bound to each 

other. No differences in colour intensity were obtained between XA(Alexa350)/POWT 

and XA(Alexa350) in any of these experiments.  

 

For the reason of this result the remaining experiments with Alexa350 and POWT, such 

as getting the emission spectra, the solutions will be added separately.  

 

Emission spectra measurements of Alexa350/POWT complexes 

To make sure that the colour differences seen in fluorescence microscopy is because of 

energy transfer and not for the reason of adding of colours, emission spectra were 

measured both from surface and solution.  

The most repeatable intensities are obtained when using a patterned stamp formed similar 

to the area where the measurement takes place. The Super Pap Pen kept the solutions 

very well in place. 

 

Since it is not possible to see where on the surface the measurement takes place and the 

DNA or CPEs some times forms large aggregates some times and gets immobilized 

uneven over the surface, are the spectra measured in solution more repeatable in intensity 

than those on surfaces.  

 

 

POWT 

DNA X 

DNA A’ 

DNA A(Alexa350)

FRET FRET 

DNA X

DNA A’ POWT

DNA A(Alexa350) 
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Figure 6-11. Emission spectra in solution excited at 365 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-12. Emission spectra on surface excited at 365 nm. 
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It is clear that one peak belongs to Alexa350 (the left), the second to POWT and the third 

one in solution to Cy5 in figure 6-11 and 6-12. 

 

The spectrophotometer used for measuring on surfaces gave an instrumental peak shortly 

above 700 nm. The peak arising at the double measurement wavelength influences the 

increasing of the intensity of the instrumental peak. That is why the measurement ends 
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already at 610 nm. The instrument also gave a peak around 430 nm but the peak differed 

too much in intensity to subtract the mean value of the reference measurements from the 

obtained values with DNA and polymer. 

 

The peak of Alexa350 has highest intensity in absence of POWT and conjugated to the 

complementary strand B’ in solution as the result was on the surfaces examined in the 

fluorescence microscope. The intensities of XA(Alexa350) and XA(Alexa350)+A’ are 

very similar, data not shown.  

 

In the complexes with Alexa350 and POWT is energy transferred from Alexa350 to 

POWT, the Alexa350 peak decreases which can be seen in both solution and on surface. 

The POWT peak does not increase in intensity in solution which it does on surface 

compared to XA/POWT+A’. However, on surface has the XA/POWT peak the same 

intensity as the POWT peaks have in the complexes of XA(Alexa350)/POWT+A’ and 

XA(Alexa350)/POWT, data not shown. The solution result is more reliable than the 

surface’s. Only a very small increase of the POWT peak can be seen. Since the Alexa350 

peak is decreasing energy is transferred but POWT does not seem to completely accept 

the energy. The lack of an increasing POWT peak can be contingent on quenching. 

Charges in the complex or in the surrounding accept the energy without emitting light 

and no larger increase of the acceptor’s peak is obtained. FRET has occurred since the 

Alexa350 peak decreases when POWT is interacting with the fluorophore. 

 

When Alexa350, Cy5 and POWT are present in the solution, a clear interaction is 

detected. Both the Alexa350 and the POWT peaks are decreased, energy has been 

transferred from the Alexa350 to the POWT and then finally to Cy5. Cy5 does not emit 

by excitation at 365 nm on its own. 

 

An explanation to why the Alexa350 peak in XB/POWT+B’(Alexa350) is higher 

compared the others with both Alexa350 and POWT (XA(Alexa350)/POWT and 

XA(Alexa350)/POWT +A’) could be due to the change of the distance between 

Alexa350 and POWT as discussed  after the  fluorescence  microscopy studies in figure 
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6-10. When the fluorophore and the CPE are not bound to the same DNA strand, the 

distance is increased between them and the possibilities for FRET decreases. The fact that 

the intensity of Alexa350 on its own is highest when the fluorophore is conjugated to the 

complementary strand could also have an influence, however this is the result even for 

XA/POWT+A’(Cy5) and XA/tPOMT+A’Cy5, see further on in figure 6-22, 6-23, 6-31 

and 6-32, which makes the option with distance change and the change of dipole 

orientation most probable.  

 

The energy- transfer is not significant bigger when the complementary strand is added on 

XA(Alexa350)+POWT. 

 

The reason why it is difficult to say whether FRET has occurred or not when watching 

the POWT peak only is that POWT is also excited at 365. It is difficult to determine how 

much of POWT’s emission on its own has an influence likewise the influence of 

quenching. However FRET has definitely occurred since the Alexa350 peak shows a 

decrease in intensity and in the case with both of the fluorophores and POWT does FRET 

occur in two steps. A clear peak of Cy5 is obtained and since Cy5 does not emit on its 

own at excitation at 365 nm, this is a reliable proof of FRET. 

  Solution Surface 
 

Alexa350 438 nm 425 nm 
 

POWT 568 nm 539 nm 
 

Cy5 674 nm - 
 

 Table 1. Emission maximum wavelengths taken from figure 6-11 and 6-12. 

The differences in POWT’s emission maximum wavelengths, see table 1, can be 

explained in different conjugation lengths. On the surface the side chains of the polymer 

separates and the distance between the backbones gets longer The backbone of the 

polymer gets more twisted and the conjugation length decreases and the energy increases. 

This phenomenon has been studied by Nilsson P. [32]. However the instrument probably 

also differs in calibration since the peak of Alexa350 also is differed. 
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To get more information about the energy levels in the different complexes, the solutions 

were excited at 400 nm as well, see figure 6-13. 
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Figure 6-13. Emission spectra in solution excited at 400nm. 

 

 

 

 

 

 

 

 

 

 

 

A small peak of Alexa350 can be seen to the left in figure 6-13, the middle peaks belong 

to POWT and the right peak to Cy5. POWT on its own shows slightly higher intensity 

when adding the complementary strand, XA/POWT compared to XA/POWT+A’. This 

increase has earlier been shown in solution by Nilsson P. [33]. The POWT peak 

decreases when the polymer is interacting with both of the fluorophores since energy is 

transferred from POWT to Cy5. At this wavelength Alexa350 can still absorb energy and 

transfer it to POWT, which makes the POWT peak increase slightly. The increase is not 

large, which is the same result as in excitation at 365 nm in figure 6-11 and 6-12 and can 

be explained by quenching as mentioned above. Noticeable is that the increase is similar 

between when adding Alexa350 to XA/POWT as it is when adding Alexa350 to 

XA/POWT+A’. The intensity is higher for the complexes with complement.  
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6.3.4. Cy5/POWT complex on PDMS patterned DNA-chips or in 

solution  

In this complex a colour change at excitation at 470 nm between Cy5/POWT complexes 

and POWT complexes is desirable. Emission of Cy5 is not desired at this excitation 

wavelength. 

 

When adding DNA and the polymer separately to the patterned surface, large differences 

are obtained between XB(Cy5)/POWT and XB/POWT when the surfaces are examined 

at 470 nm. The difference in red intensity between the two complexes is clear, both when 

the surfaces are wet and dry. XB(Cy5)/POWT shows the colour of red in figure 6-16 and 

6-18 while the pattern is green without Cy5 in figure 6-17 and 6-19. Cy5 on its own 

shows a very weak green pattern when excited at 470 nm. The colours are still present, 

but weaker, after three weeks kept in air. 

 

When comparing XB(Cy5)/POWT+B’ and XA/POWT+A’(Cy5) when the surfaces are 

wet shows that the later is more red in one case. Compare with the images of 

Alexa350/POWT in figure 6-10. The other surface with Cy5 on the complementary 

strand shows almost no red colour at all. On the dry surfaces is the red intensity higher 

when Cy5 is conjugated to the chol-DNA than when it is conjugated to the 

complementary strand, see figure 6-20 and 6-21. The same result was obtained with 

Alexa350/POWT complexes, both in studies with fluorescence microscopy and emission 

spectrum studies above. 

 

The complexes giving the most difference in colour between Cy5/POWT and POWT are 

XB(Cy5)/POWT and XB(Cy5)/POWT+B’. No significant difference is obtained, when 

examining XB(Cy5)/POWT dry or wet, while when adding the complementary strand is 

the best result obtained with dry examination. 
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Figure 6-15. XB/POWT excited 
at 365 nm, exposure time 2 s. 

 200 µm 

Figure 6-14. XA(Alexa350)/POWT+A’ 
excited at 365 nm, exposure time 2 s. 

 200 µm 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-16.  XB(Cy5)/POWT excited at 
470 nm, exposure time 4 s, examined wet. 

 200 µm 

Figure 6-17.  XB/POWT excited at 470 
nm, exposure time 4 s, examined wet. 

 200 µm 

 

 

Figure 6-19. XB/POWT excited at 470 
nm, exposure time 4 s, examined dry. 

 200 µm 

 

 

 

 

 
Figure 6-18.  XB(Cy5)/POWT excited at 
470 nm, exposure time 4 s, examined dry. 

 200 µm 

 

 

Figure 6-21. XB/POWT+B(Cy5)’ 
excited at 470 nm, exposure time 4 s, 
examined dry. 

 200 µm 

Figure 6-20.  XB(Cy5)/POWT+B’ 
excited at 470 nm, exposure time 4 s, 
examined dry. 

 200 µm 
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Even if forming the Alexa350/POWT complex in solution before immobilizing did not 

give a positive result was the experiment performed with the Cy5/POWT complex as 

well. The purpose was to prevent POWT to immobilize where DNA is not immobilized. 

No differences are observed between XB(Cy5)/POWT and XB/POWT. Aggregates are 

present, which is not the case in the other setups. When the concentrations of the DNA 

and the polymer are similar as when immobilizing them separately are the surfaces with 

Cy5 slightly redder than those without, but not as red as when DNA and the polymer are 

immobilized separately. 

 

Emission spectra measurements of Cy5/POWT complexes 

To further analyze the immobilized chol-DNA/CPE complex fluorescence spectra from 

both surfaces and solution were recorded.  

 

Distinct peaks from POWT (to the left) and Cy5 (to the right) are shown in figure 6-22 

and 6-23. The intensity of POWT is highest when Cy5 is absent. The intensity is similar 

with and without the complementary strand (XA/POWT+A’ compared to XA/POWT) in 

solution and a slightly higher with the complementary strand on surface, data not shown. 

The peak from Cy5 alone can almost not be seen at all in solution with excitation at 

470nm. The reason why it shows on surface can be that there is a lot of background 

emission.  
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Figure 6-22. Emission spectra in solution excited at 470 nm. 
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Figure 6-23. Emission spectra on surface excited at 470 nm. 

 

 

 

 

 

 

 

 

 

 

 

FRET from POWT to Cy5 clearly occurs both in solution and on surface. The decrease of 

the POWT peak is smallest when Cy5 is conjugated to the complementary strand A’. 

This indicates that FRET is smaller when the fluorophore is conjugated to the 

complementary strand A’ than when it is conjugated to the chol-DNA B. As discussed 

above, the distance between the polymer and the fluorophore is increased when they are 

on different DNA-strands, compared to when they are on the same (schematically shown 

in figure 6-10). The reason the Cy5 peak is higher in this case is probably because the 

intensity increases when the fluorophore is on the complementary strand compared to the 

chol-DNA, even in absence of POWT. 

 

The result is almost the same for double stranded, XB(Cy5)/POWT+B’, as for single 

stranded, XB(Cy5)/POWT. The complementary strand seems not to organize the 

structure that much for super FRET to occur. 

 

 
 Solution Surface 

 
POWT 560 nm 550 nm 

 
Cy5 679 nm 675 nm 

 

 Table 2. Emission maxima wavelengths taken from figure 6-22 and 6-23.  

46 



The differences in emission maximum wavelength, see table 2, can be explained by 

differences in conjugation lengths as in the case in figure 6-11 and 6-12. It could also be 

due to instrumental calibration differences. Cy5 in absence of POWT has an emission 

maximum at shorter wavelengths, 666 nm, compared to the average emission maximum 

wavelength. As discussed earlier in the excitation spectra in figure 6-6 is the probable 

explanation of this wavelength shift the environment change of the fluorophore which 

might change the polarity of Cy5.  

 

For further knowledge about the complexes the solutions were studied by excitation at 

600 nm. 
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Figure 6-24. Emission spectra in solution excited at 600 nm. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-24 shows spectra when exciting at a wavelength more close to the acceptor’s 

(Cy5’s) excitation maximum. The higher peaks belong to Cy5 in absence of POWT and 

the Cy5/POWT complexes where the fluorophore is conjugated to the complementary 

strand A’. The lower peaks that can be seen in the figure belong to the complexes where 

POWT is involved, the single stranded a bit lower than double stranded, XB(Cy5)/POWT 

compared to XB(Cy5)/POWT+B’. POWT on its own has the lowest intensity; it does 

almost not emit any light at this wavelength. POWT cannot accept energy and is 

therefore not able to transfer any energy to Cy5; FRET is not possible at this wavelength. 

Cy5 emit light at this wavelength, more when the fluorophore is conjugated to the 
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complementary strand A’ than when conjugated to the chol-DNA B. This phenomenon 

was shown earlier in fluorescence microscopy and other emission spectra studies with 

both Alexa350 and Cy5.  

 

The decrease in intensity when adding POWT to XB(Cy5) and XB(Cy5)+B’ is probably 

due to quenching. Cy5 transfers energy to POWT, but since POWT can not emit at this 

wavelength is the emission spectrum almost extinguished. When the fluorophore is 

conjugated to the complementary strand, the distance between the donor (POWT) and the 

acceptor (Cy5) gets longer which makes quenching more difficult. By that can not Cy5 

transfer as much energy to POWT but itself emit the light. When Alexa350 also is 

involved in the complex, as in the highest peak, is the intensity similar to XA+A’(Cy5). 

The distance between POWT and Cy5 increases probably even more when Alexa350 also 

is conjugated to the DNA and according to the similarity to XA+A’(Cy5), no quenching 

has probably occurred and the peak stays large.   

 

6.3.5. Alexa350/tPOMT complex on PDMS patterned DNA-chips or in 

solution  

In order to use the most optimal concentration of tPOMT different concentrations of the 

polymer were examined. Of 0.1 µg/ml, 1 µg/ml and 10 µg/ml was the concentration of 1 

µg/ml the best, since the lowest concentration showed almost no pattern, the high 

concentration showed slightly red pattern when exciting at 470 nm and 1 µg/ml showed 

distinct pattern which was green at 470 nm.  

 

The desired colour changes for successful FRET are the same as in the Alexa350/POWT 

complex. 

 

On the adsorbed dots in figure 6-25 compared to the surface in between are the colours 

blue, red and green on XA(Alexa350)/tPOMT, blue on the surfaces with XA(Alexa350), 

figure 6-27, and only red and green on XB/tPOMT, figure 6-28. The intensity of blue 
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decreases when tPOMT is added to the XA(Alexa350) complex, FRET from Alexa350 to 

tPOMT occur. 

There is no difference in colour intensity between XA(Alexa350)/tPOMT+A’ and 

XB/tPOMT+B’(Alexa350). These surfaces are less blue and more red and green than the 

surfaces without the complementary strand, see figure 6-26. FRET occurs from Alexa350 

to tPOMT more when the complementary strand is added than in the single stranded 

situation, compare figure 6-25 and 6-26. 
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Figure 6-25. Surface with XA(Alexa350)/tPOMT (a) and the colour intensity 
profile (b) along the red line excited at 365 nm, exposure time 1.5 s. 

b) a) 

 200 µm 

 

 

 

 

 

 

 

 

Figure 6-26. Surface with XA(Alexa350)/tPOMT+A’ (a) and the colour intensity 
profile (b) along the red line excited at 365 nm, exposure time 1.5 s. 

b) a) 

 200 µm 

 

 

 

 

 

 

 

 

Figure 6-27. Surface with XA(Alexa350) (a) and the colour intensity profile 
along the red line (b) excited at 365 nm, exposure time 1.5 s. 

b) a) 

 200 µm 

 

 

 

 

 

 

 

Figure 6-28. Surface with XA/tPOMT (a) and the colour intensity profile 
along the red line (b) excited at 365 nm, exposure time 1.5 s. 

b) a) 

 200 µm 
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6.3.6. Cy5/tPOMT complex on PDMS patterned DNA-chips or in 

solution 

As in the experiments with Cy5/POWT are colour changes between Cy5/tPOMT and 

tPOMT desirable. 

 

In figure 6-29 FRET clearly occurs. The red intensity increases a lot in XB(Cy5)/tPOMT 

compared to XB/tPOMT in figure 6-30. 

 

The red intensity is larger when the fluorophore is conjugated to the chol-DNA with a 

complementary strand (XB(Cy5)/tPOMT+B’) than when it is conjugated to the 

complementary strand (XA/tPOMT+A’(Cy5), compare figure 6-31 and 6-32. The same 

result is obtained as in fluorescence microscopy studies and in spectra measurements of 

Alexa350/POWT and Cy5/POWT complexes, see above. The most likely reason, as 

discussed earlier, is that the distance between the donor and acceptor is longer when the 

fluorophore is conjugated to the complementary strand than when it is conjugated to the 

chol-DNA. The distance differences are shown schematically in figure 6-10 for the 

complex Alexa350/POWT. The relative dipole orientations can also have changed. This 

decreases the possibilities for FRET. 

 

The red intensity of XB(Cy5)/tPOMT+B’ (figure 6-31) is higher than of the complex 

XB(Cy5)/tPOMT (figure 6-29). The more double stranded complex generates in higher 

intensity of FRET; super FRET has occurred. 

 

6.3.7. Cy5/PBAT complex on PDMS patterned DNA-chips  

Experiments with PBAT were only done with the incorrect synthesized DNA. 

The concentration of PBAT that gave the best result was 5 mg/ml. The pattern was very 

uneven over the surface and in some cases was the colour intensity in between the pattern 

instead of on the dots. PBAT has a wide spectrum and the pattern arises in all 

wavelengths in the fluorescence microscope when examining the polymer without any 

fluorophore. When studying surfaces with Cy5/PBAT complexes in 470 nm was the 
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pattern very red compared to complexes with only PBAT which were green, see figure 6-

34. Since many of the surfaces became very smeary and blurry no further studies with the 

correct DNA were made.  
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Figure 6-30. XB/tPOMT excited at 
470 nm, exposure time 1.5 s. 

  200 µm

 

 

 

 

 

 
Figure 6-29. XB(Cy5)/tPOMT excited 
at 470 nm, exposure time 1.5 s. 

  200 µm

 

 

 

 

 

 

 

 
Figure 6-31. XB(Cy5)/tPOMT+A’ 
excited at 470 nm, exposure time 1.5 s. 

  200 µm

Figure 6-32. XB/tPOMT+A’(Cy5) 
excited at 470 nm, exposure time 1.5 s. 

  200 µm

 

 

 

 

 

 0 µ50 µm

Figure 6-33. Surfaces measured in Zürich, B(Cy5)/tPOMT on the left, 
XB(Cy5)/tPOMT+B’ in the middle and B/tPOMT on the right, excitation at 470 nm. 

50 µm 50 µm 50 µm 

 

Figure 6-34. Surface incubated with XBCy5)/PBAT 
excited 470 nm, exposure time 1.3 s.

 200 µm
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6.4. Cy5/tPOMT complex on PDMS patterned surface measured in 
Zürich  

An opportunity to get better fluorescence spectra measured on surfaces was given. In this 

instrument is it possible to see where on the surface the measurement takes place. Since 

the aim of the diploma work is to see a difference between fluorophore/CPE complex in a 

single stranded situation compared to a double stranded situation, and not too many 

surfaces could be examined, the choice of complex was important. FRET seems to be 

most clear in the Cy5/polymer complexes and since the POWT complexes had been 

studied in the spectrophotometer in Linköping were Cy5/tPOMT complexes chosen. 

These complexes were the only one were FRET probably occurred. Different 

combinations of these complexes were sent to Zürich for measuring emission spectra and 

the result is shown in figure 6-35. The reason Cy5 is not present in the figure is for the 

reason that the fluorophore did not emit any light by excitation at 470 nm. 
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Figure 6-35. Emission spectra on surface excited at 470 nm. 

 

 

 

 

 

 

 

 

 

 

The donor’s peak (tPOMT) is shown to the left in figure 6-35 while the acceptor’s peak 

(Cy5) is shown to the right. Since Cy5 does not emit on its own are the Cy5 peaks present 

due to FRET from tPOMT. Very nice and clear FRET is shown in the spectra. The donor 

peak that decreases most of the Cy5/tPOMT complexes give rise to the biggest acceptor 

peak. FRET occurs better in the single stranded (B(CY5)/tPOMT) situation than in the 

double stranded (XB(Cy5)/tPOMT+B’). tPOMT might be located further away from the 
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fluorophore when a double helix is formed, or the relative orientation of the donor and 

acceptor transition dipoles becomes less favourable. Unfortunately no super FRET 

occurred. But since there is a decrease in intensity with double stranded complex the 

hybridization is detectable. The same result has earlier been shown with POWT in 

solution [1].  

 

The same result is shown in the images in figure 6-33 where the spectra above are 

obtained. The surface immobilized with B(Cy5)/tPOMT is more red than the surface 

immobilized with XB(Cy5)/tPOMT+B’. The surface immobilized with only the CPE 

does not show any red, only green colour obtains.   

 

These results are the opposite of the surfaces measured in Linköping where the more 

double stranded complex gave higher intensity of FRET. But the influence of DNA X or 

B’ is not certain. More measurements when these DNA strands are involved are needed 

before establishing that these results are completely the opposite of each other. The time 

difference between the measurements can also have an influence. The surfaces studied in 

Linköping were examined within minutes after fabrication. The surfaces studied in 

Zürich were examined after a few days. Another explanation of the difference in the 

result can be that the polymer binds to the backbone at different distances to the 

fluorophore. More measurements of the same complex should give the answer of this 

assumption. 

 

6.5. Confirmation of Emission spectra by Absorption measurements 

Absorption spectra of the Cy5/POWT complexes were measured to confirm the emission 

spectra studies and to get more information regarding the energy level separations.  

As can be seen in figure 6-36 two different peaks is obtained from absorption 

measurements, POWT on the left and Cy5 on the right. POWT on its own generates only 

one peak around 400 nm and as Cy5 around 650 nm. The complexes of Cy5/POWT 

generate in two peaks with highest absorption for XB(Cy5)/POWT. There is no 

significant difference between the Cy5/POWT complexes, which is clearer in the 
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emission spectra. The peak of B(Cy5) is at slightly shorter wavelengths than when Cy5 is 

in complex to the CPE. This result corresponds to the wavelength shifts obtained in 

emission study (figure 6-22) and excitation study (figure 6-7) which is probably due to 

polarity change as mentioned above. Similar results obtain with POWT. When POWT is 

on its own is the peak at shorter wavelengths than when the CPE is in a complex with 

DNA, especially compared to B/POWT. This corresponds to the theory section, where it 

was described that the polymer’s emission gets more red shifted when adding ssDNA and 

then shifts back to a shorter wavelength when adding dsDNA. 
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Figure 6-36. Absorption spectra of Cy5/POWT complexes. 
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7. CONCLUSIONS 
The technique of surface modification using soft lithography to get DNA immobilized 

onto surfaces in nice patterns was verified to be successful. Hybridization occurred on the 

surface and the specificity was high.  

 

FRET could occur on surface. The energy transfer was clearer when the polymer acted as 

a donor than as an acceptor, even if it did occur with Alexa350 as donor to POWT or 

tPOMT. The decrease in intensity of Alexa350 was clear but the increase of the CPE was 

not as clear. The explanation of this lack of increase is probably due to quenching 

 

More definite was FRET from POWT or tPOMT to Cy5. In the Cy5/tPOMT complex 

was even observable difference between single stranded and double stranded complexes 

obtained. FRET occurred in higher intensities when the complex was single stranded. 

Super FRET occurred in one case but has not been reproduced. 

 

FRET from PBAT to Cy5 did also very likely occur but no emission spectrum was 

measured for confirmation. 

 

The energy transfer was remarkably distance dependent. FRET occurred in higher extent 

when the fluorophore and the polymer were conjugated to the same DNA strand. This 

phenomenon was clear for the POWT and tPOMT complexes. The result is positive since 

it is more complicated to add the fluorophore to the sample in examination than if it 

already is conjugated to the chip. 

 

Of the complexes studied in this diploma work gave tPOMT/Cy5 (Cy5 conjugated to the 

chol-DNA) the best preconditions for FRET studies on surface. 
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8. FUTURE OUTLOOK 
Since almost three months were “lost” in this diploma work there was no time to do the 

measurements several times, which is needed to get a larger basis for conclusions. 

Thickness measurements to obtain the most optimal protocol had been good to have 

done. But since the fluorescence microscopy was the main detection instrument and clear 

patterns were obtained with the used protocol, this was not a priority. Maybe with another 

protocol very small differences in FRET could have become detectable.  

 

Since clear differences between single stranded and double stranded DNA in complex 

with tPOMT was shown, it had been interesting to make studies with DNA strands 

complementary to the full length of A and B, not divided in X, A’ and B’. Larger 

differences between POWT in single stranded or double stranded conformations might 

arise. The difference of between XB+B’ to XB is too small to get a difference in FRET. 

Since no differences were obtained with single or double anchor the result would be 

reliable. 

 

It had also been interesting to examine the surfaces in Surface Plasmon Resonance (SPR) 

to get more information about the complexes, the strength of the binding between the 

polymer and the DNA strand for example. 

 

Other polymers could be interesting to examine since polymers differ very much in 

structure and behaviour.  

 

By developing this DNA detection method opens an opportunity to produce a multiple 

DNA-chip or the technique can be used in protein identification.  

 

The measurements in Zürich were very successful and more surfaces measured with that 

instrument had been an advantage. 
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