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Abstract

Cells of Saccharomyces cerevisiae poses a possible detoxification method for the removal of my-

cotoxins through the formation of a yeast-mycotoxin complex. One of the main fungal genus

that produces mycotoxins is the Fusarium, where fumonisin B1 is considered to be the most

toxic. Fumonisin B1 is a carcinogen, predominantly found in maize- and maize based animal

feeds. This study aims to characterize the ability of S. cerevisiae to interact with fumonisin B1, as

well as to elaborate on the molecular mechanism involved in the yeast-fumonisin B1 complex

formation.

The adhesiveness of S. cerevisiae was investigated using optical tweezers and shear stress

flow chamber. The optical tweezers enables measurement of forces in the range of 0.1-200 pN,

while the simple setup of the flow chamber offers measurements within a widely applicable

force range. It was discovered that viable BY4741 and mutant ∆mnn9 cells of S. cerevisiae were

not able to interact with fumonisin B1. The outer mannan-layer of the cell wall was concluded to

not participate in an interaction with fumonisin B1. Furthermore, reducing the mannan-layer

did not improve the adhesiveness and it was thus considered to not limit the access to the ad-

sorption sites. An interaction frequency of 16% was recorded between β-glucan and fumonisin

B1, in which the structure of β-glucan was considered to affect the ability to interact with the

mycotoxin molecules. Heat treated BY4741 cells presented an improved adhesiveness, where

the treatment was assumed to alter the cell wall structure which promoted the availability of

the adsorption sites. The lack of a negative control is at present a limitation that that entails

challenges related to verification of the reliability of the obtained results.

Investigating cellular adhesion at the single cell level is important for detecting cell hetero-

geneity. This focus on detecting cell heterogeneity has lead to the development of new methods

for single cell analysis, such as microcontact printing. Another objective of this thesis was to

investigate the use of microcontact printing in order to produce a microoarray of S. cerevisiae

cells on a PLL patterned glass surface. A PDMS stamp with micrometer scale features was suc-

cessfully fabricated and used to deposit a pattern of fluorescent PLL onto a glass slide. However,

within the limited time period available, S. cerevisiae was not successfully immobilized on a

PLL-functionalized surface.
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Sammendrag

Saccharomyces cerevisiae utgjør en mulig avgiftningsmetode for å fjerne mykotoksiner, via dan-

nelsen av et gjær-mykotoksin kompleks. Fusarium er en av de viktigste sopp slektene som evner

å produsere mykotoksiner, hvor fumonisin B1 regnes som en av de giftigste mykotoksinene pro-

dusert av denne slekten. Dette kreftfremkallende giftstoffet finnes hovedsakelig i mais og mais-

basert dyrefôr. Målet med denne masteroppgaven er å karakterisere evnen S. cerevisiae har til å

interagere med fumonisin B1, samt utdype den molekylære mekanismen som ligger til grunne

for dannelsen av gjær-fumonisin B1 komplekset.

Interaksjonsevnen til S. cerevisiae og fumonisin B1 ble undersøkt ved bruk av en optisk pin-

sett og et strømningskammer, hvor cellene i sistnevnte utsettes for skjærspenning. Den op-

tiske pinsetten kan detektere krefter i området 0.1-200 pN, mens strømningskammeret tilbyr

målinger innenfor et bredt anvendelig kraftområde. Det ble observert at levedyktige BY4741

og mutant ∆mnn9 celler ikke var i stand til å interagere med fumonisin B1. Det ytre mannan

laget i celleveggen viste ikke evnen til å interagere med fumonisin B1. Samtidig viste heller

ikke dette laget å begrense tilgangen til bindingssetene, da et redusert nivå av mannan ikke

forbedret interaksjonsevnen. β-Glukan presenterte en interaksjonsfrekvens på 16 %, og det ble

indikert at strukturen til β-glukan kjedene kan påvirke evnen til å interagere med fumonisin B1

molekylene. Varmebehandlede BY4741 celler demonstrerte en forbedret interaksjonsevne. Det

ble antatt at varmebehandlingen medførte en endring i celleveggstrukturen, som promoterte

tilgjengeligheten til bindingssetene. Mangelen på en negativ kontroll utgjør for øyeblikket en

begrensning som innebærer utfordringer relatert til verifiseringen av resultatene.

Undersøkelser av celleadhesjon på enkeltcellenivå er viktig for å detektere cellulær hetero-

genitet. Fokuset på cellulær heterogenitet har medført en utvikling av nye metoder innen enkelt-

celle analyse, slik somµCP. Et av objektivene ved denne masteroppgaven var å undersøke bruken

av µCP for å produsere en mikromatrise av S. cerevisiae celler på en PLL-mønsteret glassover-

flate. ET PDMS stempel med mønster på mikrometer skalaen ble brukt til å deponere et mønster

av fluorescerende PLL på en glassoverflate. Innenfor den begrensende tidsperioden ble det ikke

oppnådd en vellykket immobilisering av S. cerevisiae på en PLL-funksjonaliser overflate.
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1. Introduction
Annually, a high percentage of the world’s crops are contaminated by toxic compounds pro-

duced by fungi [1]. These mycotoxins poses a threat to both animals and humans by introduc-

ing diseases through contaminated food and feed [2]. A variety of physical and chemical meth-

ods have been suggested for detoxification of mycotoxins. However, many of these techniques

present challenges that prevent their acceptance for practical use [1]. As a result, microorgan-

isms able to bind mycotoxins in a solution have been suggested as a possible detoxification

technique. Several bacterial and yeast strains have been investigated, which have revealed the

ability of Saccharomyces cerevisiae to form complexes with a variety of mycotoxins [3]. The for-

mation of such microorganism-mycotoxin complexes in the gastrointestinal tract can prevent

adsorption of the mycotoxins into the blood stream. Hence, the development of toxin-induced

diseases is hindered [4]. However, before these adsorbing agents can be applied in vivo, further

information is required on the underlying molecular mechanism of this physical adsorption.

The complex nature of cells can cause a considerable difference in their adhesion ability.

This cell heterogeneity is hidden during bulk experiments, and thus require adhesion analysis

at the single cell level. The adhesiveness of cells is generally quantified based on their ability to

remain attached to a surface upon the exposure of a detachment force. There are several tech-

niques available today for investigation cellular adhesion, such as atomic force spectroscopy,

optical tweezers and flow chamber assay [5]. However, new possibilities have emerged related

to the growing field on nanobiotechnology. Microcontact printing enables patterning of sur-

faces to facilitate cell adhesion. Such isolation of cells allows high throughput study of single

cell events, or the study of interactions between pairs and triplets of cells [6].
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2. Background

2.1 Fumonisin

Mycotoxins are secondary metabolites of fungi that can be harmful for both animals and hu-

mans, by introducing diseases known as mycotoxicosis. One of the main fungal genus able to

produce mycotoxins is the Fusarium, which is responsible for the production of zearalenone,

trichothecenes and fumonisin [2]. In this thesis, the mycotoxin fumonisin will be further elabo-

rated, as well as the challenges related to the detoxification techniques applied today.

Fumonisins are mainly produced by Fusarium proliferatum and F. verticillioides (formerly

known as F. moniliforme). The different Fusarium species are located all over the world [7], but

thrives mostly in temperate regions where they are widely distributed in soil or associated with

plants [8]. Highest occurrence of fumonisins have been recorded in maize and maize-based

animal feeds [7, 9, 10]. Animal studies have presented fumonisins as hepatoxic, nephotoxic,

atherogenic, immunosuppressive and embryotoxic [11]. Several different types of fumonisins

have been identified. The most important ones are fumonisin B1 (FB1) and fumonisin B2 (FB2),

where FB1 seems more abundant than FB2. Together they constitute approximately 70% of

the fumonisins recorded in naturally contaminated food. Both present phytotoxicity to various

weeds and crop cultivate, as well as cytotoxicity to different mammalian cell lines. In addition,

studies using rats as a model organism have documented that FB1 is carcinogenic to liver and

kidney [9]. FB1 is the most toxic of the fumonisins, and is considered to be a human carcinogen

of class 2B [10]. It is also responsible for the two well-identified diseases in domestic animals;

equine leukoncephalomalacia in horses and pulmonary edema syndrome in swine [8, 9].

Fumonisins are alkylamines with a long hydroxylated chain and further esterified with two

propanetricarboxylic acid moieties on adjacent carbons (figure 2.1). The different types of fu-

monisins are classified into A and B series, where the fumonisins are N-acetylated or contain

free amino groups, respectively. The propanetricarboxylic acid moieties of fumonisins B1 and

B2 can be hydrolytically removed, resulting in the formation of the respective aminopentols AP1
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and AP2 [8]. The free amino group seems to enhance their activity. This assumption is based

on N-acetylated fumonisins not presenting any detectable toxicity [9]. The role of the amino-

pentols in the toxic mechanism of fumonisins, as well as the enzymes responsible for the for-

mation of these aminopentols, needs further investigation. These enzymes are widely present

in both plant and animal tissues, and are primary located i liver, kidney, duodenum and brain

in mammalian systems. If these enzymes are required in order to activate the fumonisins, then

this can be an explaining factor for the observed variety in sensitivity of different cell lines and

organs to the toxin [8].

Figure 2.1: Structure of fumonisin B1. Figure reproduced from Marin et al. (2013) [2].

The mechanism of action of fumonisins involves the inhibition of the enzyme ceramide syn-

thase, which is responsible for the acylation of sphinganine (Sa) and sphingosine (So) (figure

2.2). Fumonisins, and especially FB1, resemble the structure of Sa and So, rendering it able to

interact with ceramide synthase. Consequently, the level of these cytotoxic sphingoid bases in-

creases and the sphingolipid metabolism is disrupted [7, 10, 11]. Being important structural

components of the cell membrane, as well as participating in transduction pathways as sec-

ondary messenger, sphingolipids are essential in maintaining normal regulatory mechanisms

within cells. The effects of fumonisin, documented for animal and human systems in vitro,

involve regenerative cell proliferation and apoptosis, as a consequence of disrupted sphingo-

lipid metabolism [10]. The accumulation of free sphingoid bases also leads to proapoptotic and

growth inhibitory effects, contributing to the toxic and carcinogenic effects of fumonisin [7].

2.1.1 Available detoxification techniques

The presence of fumonisin in food products can be avoided either by preventing their forma-

tion, or by eliminating or inactivating already present fumonisin. Avoiding mycotoxin contam-

4



Figure 2.2: The pathways of sphingolipid biosynthesis, and the biological activities affected by fumonisin
B1 (FB1). FB1 inhibit the ceramide synthase, resulting in the disruption of sphingolipid metabolism.
Figure reproduced from IARC Monographs (2002) [10].

ination can be achieved by inhibiting the growth of molds through the application of well-

selected harvesting, storage and processing methods. However, if mycotoxins are already present

on the field, correct storage or the use of mold inhibitors will not influence the presence of the

mycotoxins. The detoxification techniques available today include both physical and chemical

methods. However, they are not widely used due to their high cost, complex procedure and the

possible consequence of reducing nutritional and sensory properties of the food products. Fur-

thermore, some detoxification techniques result in even more toxic by-products. The physical

methods include radiation, ultrasound, washing procedures and direct removal of the contam-

inated section of the crop [1]. Some of the inorganic compounds proven effective against my-

cotoxins, include clays, bentonites and aluminosilicates. Despite these promising results, these

inorganic compounds are not specific adsorbents, resulting in inefficient adsorption of some

mycotoxins, as well as the possibility of adsorbing essential nutrients. As a result, organic com-
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pounds, such as yeast or bacterial cell walls have been investigated for their adhesiveness of

mycotoxins [3].

2.1.2 Microorganisms as mycotoxin adsorbents

Several yeast and bacterial strains has proven the ability of reversibly adsorbing mycotoxins in

a suspension. One promising sequestering agent is Saccharomyces cerevisiae, which have pre-

sented the ability to form complexes with several mycotoxins, including fumonisin B1. The cell

wall components are assumed to be responsible for the interactions, however, the molecular

mechanism behind the microorganism-mycotoxin complex is still not completely established

[3, 4, 12–14].

2.2 Saccharomyces cerevisiae

The yeast Saccharomyces cerevisiae is of the phylum Ascomycetes [15]. This facultative anaerobe

fungus plays an important role in brewing and bakery, while also being a well known model

organism. In 1994, S. cerevisiae became the first eukaryote to have its full genome sequenced

[16].

S. cerevisiae is capable of both asexual and sexual reproduction, and can therefore exists

both as haploid or diploid cells. By asexual reproduction, a new cell is formed by budding cell

division of the zygote. Upon separation of daughter cell from the mother cell, both cells are

marked with a scar at the point of separation. Sexual reproduction is based upon the event were

two cells of different mating type fuse. During conditions of starvation, the formed zygote will

further initiate meiosis, which eventually leads to the formation of haploid ascospores. One

cycle produces four haploid cells, two of each mating type. A single cell of S. cerevisiae has a

diameter of approximately 6 µm, and has a spherical, oval or cylindrical shape [16].

2.2.1 Properties of the cell wall

Constituting 15-30% of the total weight of a cell, the cell wall of S. cerevisiae determines the

shape of the cell and offers protection from both osmotic and physical factors. The bi-layered
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structure is composed of β-glucan, mannan, chitin, phosphate, lipids and many different pro-

teins. [17, 18]. All these components are cross-linked in different ways to produce high-order

complexes. The relative amount and location of the individual cell wall components are highly

dependent on the developmental stage and growth phase of the cell, as well as external factors.

This includes nutritional conditions and stress imposed by drug treatment, hypo-osmolarity or

mutational loss of wall biosynthetic activities or wall proteins [18].

The inner layer, consisting of glucan polymers and chitin, offer mechanical strength and acts

as a scaffold for the outer protective layer of mannan and mannoproteins. 80-90% of this inner

layer is constructed of β-1,3-linked glucan chains, which are branched through β-1,6-linkages

[19, 20]. A schematic presentation of the structure of the S. cerevisiae cell wall is shown in figure

2.3.

Figure 2.3: Structure of the Saccharomyces cerevisiae cell wall. The β-glucan contains both β-1,3- and
β-1,6-linked glucan. Figure reproduced from Vega et al. (2012) [21].

β-Glucan

The polysaccharide chains of β-glucan consist of a backbone of D-glucose sugar units, assem-

bled through β-1,3-glycosidic linkages. The helical nature of the β-1,3-linked glucan chains is

primarily responsible for the elasticity of the cell wall (figure 2.4). Furthermore, the β-1,3-linked

glucan chains contain β-1,6-linked side chain [22]. The presence of these side chains results in

local association of the β-1,3-linked glucan molecules through hydrogen bonds, which create a

continuous and elastic, three-dimensional network. The β-1,6-linked glucan and β-1,3-linked

glucan constitutes 5-10% and 30-45% of the cell wall, respectively. Although the β-1,6-linked

glucan constitutes a minor component of the wall, they play a central role in cross-linking cell
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wall components [18, 23].

a

b

Figure 2.4: (a) Helical conformation of the β-1,3-linked glucan chain. Figure reproduced from Rees
et al. (1971) [22]. (b) Chemical structure of β-1,3-linked glucan with β-1,6-linked side chains. Figure
reproduced from Samuelsen et al. (2014) [24].

The non-reducing ends of β-1,3-linked glucan chains can function as attachment sites for

other polysaccharides in the cell wall. For instance, chitin chains can attach to the non-reducing

ends of the β-1,3-linked glucan network in the lateral walls [23]. In response to cell wall stress,

chitin can also become glycosidically linked to the non-reducing ends of theβ-1,6-linked glucan

chains [20]. The cross-linking of β-glucan to chitin results in insolubility in alkali-solutions [18].

Furthermore, these highly branched and water soluble β-1,6-linked glucan chains are also able

to attach to glycosylphosphatidylinositol (GPI)-modified mannoproteins at the external face of

the β-1,3-glucan network [23].

Mannan and mannoproteins

The mannoproteins that constitutes the outer layer of the cell wall have a protein moiety of

about 100 kDa in apparent size [25]. The two main classes of cell wall proteins (CWPs) are GPI-
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dependent cell wall proteins (GPI-CWPs) and Pir proteins (Pir-CWPs). The GPI-CWPs are as

mentioned indirectly linked to β-1,3-linked glucan through their β-1,6-linked branches. Pir-

CWPs is linked to β-1,3-linked glucan though an alkali-sensitive bond. The mannoproteins are

heavily glycosylated with a mannan fraction that can exceed 90%. These heavily glycosylated

mannoproteins play an important role in cell-cell recognition, as well as shielding the inner

part of the cell wall from foreign enzymes [20].

The mannan polymer, constituting 30-50% of the cell wall, consists of mannose sugar units

in a α-1,6-linked backbone, with α-1,2- and α-1,3-linked branches [23, 26]. The phoshodiester

bridges in both N- and O-linked mannosyl side chains result in the cell surface having numer-

ous negative charges. The large N-linked mannans chains are heavily branched and linked to

asparagine residues of a mannoprotein. The presence of these long and branched carbohydrate

side chains, as well as the presence of disulfide bridges, makes the outer layer less permeable

compared to the internal fibrous layer. The O-linked mannans consists of shorter chains, ap-

proximately five mannose residues, that are attached to serine or threonine residues of a protein

[20]. The structure of N-linked and O-linked mannan is illustrated in figure 2.5.
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Figure 2.5: Structure of (a) N-linked and (b) O-linked mannan in Saccharomyces cerevisiae. Asn, as-
paragine; Ser, serine; Thr, threonine; GlcNAc, N-acetylglucosamine. Figure modified from Jigami et al.
(1999) [27] and Hirayama et al. (2012) [28].

Chitin

Chitin is a linear polysaccharide composed of repeatingβ-1,4-linked N-acetylglucosamine (Glc-

NAc) monomers (figure 2.6), which contributes no more than 1-2% of the dry weight of the wall.

As mentioned, this polymer is located in the innermost layer of the wall, as well as deposited in a

ring between the emerging bud and the mother cell, in the primary septum and in bud scars [18,

20]. Chitin is present in three polydisperse forms in the wall: free chains, bound to β-1,3-linked

glucan at the neck between mother and bud, and bound to β-1,6-linked glucan at the lateral

walls. As a response to cell wall stress, the amount of chitin in the lateral walls can increase up

to 20% of the wall [18].

Figure 2.6: Chemical structure of chitin. Figure reproduced from Kurita et al. (2006) [29].
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2.2.2 Cell wall stress

S. cerevisiae, as many other microorganisms, has developed a defense mechanism in order to

survive under adverse conditions. The cells sense and respond to the environment via signaling

pathways, and initiate an appropriate cellular response upon environmental changes [30, 31].

A variety of environmental conditions are able to initiate an stress response, including pH, high

salt level, osmotic stress, oxidative stress, cell wall stress, high temperature, or stress caused

by antifungal compounds. The integrity of the cell is largely depended on the cell wall, which

offers mechanical strength that allows the cell to support turgor pressure against the plasma

membrane [19, 30]. Maintaining the mechanical strength of the cell wall is thus necessary for

survival, and such stress-induced changes in the cell wall structure initiate a cellular response

referred to as the "compensatory mechanism". This cellular response results in increased levels

of chitin and changed association betweenβ-glucan, mannoproteins and chitin [23, 32, 33]. The

expression of several cell wall proteins is also increased, such as the Pir proteins, while some of

the cell wall proteins are relocated from the cell wall construction machinery to the lateral wall.

Furthermore, theβ-1,3-glucan synthase complex is temporary redistributed throughout the cell

[33, 34].

2.3 Cellular adhesion at the single cell level

Cells are complex biological systems and they behave individually, which results in a consid-

erable difference in their adhesion ability. This cell heterogeneity is hidden during bulk experi-

ments, and thus require adhesion analysis at the single cell level. Quantification of adhesiveness

is generally based on the ability of cells to remain attached to a surface upon exposure to a de-

tachment force. The complexity of cellular systems requires investigation of a large number of

single cells, to compensate for the uncertainty regarding abnormal behaviour. Cell adhesion

is generally a combination of specific and nonspecific interactions. It is therefore necessary to

perform control experiments, in order to identify specific adhesive interaction from the many

possible non-specific interactions [5].

Several techniques are available today for analysis of single cells. To identify each adhesive

feature of a cell, techniques such as optical tweezers and flow chamber have been applied. In
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the latter method, cells are exerted to shear stress by a homogeneous buffer. The adhesiveness is

indicated by the number of remaining cells as the shear stress is increased. The optical tweezers

enables trapping of nano- or micrometer-sized objects by a focused laser beam. Interactions

are measured by pulling two trapped objects apart, where the detachment force is recorded in

the range of 0.1-200 pN [5].

There is an increasing interest for developing high throughput platforms for single cell anal-

ysis [35, 36]. Techniques related to nanobiotechnology offers new possibilities for performing

analysis at the single cell level [37]. Patterning of surfaces to facilitate cell adhesion has been

investigated. Microcontact printing utilizes an elastomeric stamp with designed features to de-

posit a cell-binding chemical onto the substrate surface. This creates patches where cells are

likely to attach, on an otherwise cell-repellent surface [38].

Cellular adhesion plays a major role in guiding a range of cell functions, which is important

for several applications within the fields of physiology, pathology and biotechnology. A deeper

understanding of the biophysical and biochemical mechanisms related to cellular adhesion can

be useful for controlling the interaction of certain cells with an artificial environment for medi-

cal purposes. Furthermore, it is important for the development of cell-based regenerative ther-

apy of human tissues, as well as optimizing the activity of cells in a bioreactor for applications

in pharmacy, in addition to the food industry and materials engineering [39].

2.4 Aims of the thesis

The main objectives of this Master’s project are summarized in the following aims:

• Evaluate the ability of S. cerevisiae to interact with the mycotoxin fumonisin B1, by the

use of optical tweezers and shear stress flow chamber. The adhesiveness of the cell wall

components mannan and β-glucan, as well as the wild-type BY4741 and mutant ∆mnn9

strains of S. cerevisiae will be characterized.

• Investigate if subjecting the S. cerevisiae cells to a protease treatment or heat shock im-

proves their adhesiveness towards fumonisin B1.

• Deposit PLL pattern by using microcontact printing.

12



• Investigate the suitability of microcontact printing using PLL and cells of S. cerevisiae as a

method to achieve microarrays of yeast cells on glass slides.
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3. Theory of applied methods

3.1 Microscopy

3.1.1 Light Microscopy

After the invention of the light microscope in the 17th century it has been an important tool

used by biologists. Microscopes are used to produce images of structures, and can be used to

study a specimen in real time [40]. The simplest form of a light microscope is the bright field

microscope. The optical system of such a microscope includes the light source, condenser lens,

microscope slide containing the specimen, objective lens and oculars through which the image

of the specimen is visualized (figure 3.1). The light source, which often is a halogen lamp, can

be built into the base of the microscope, where light is shined directly into the condenser. The

condenser acts to focus the light onto a small area of the sample. The specimen will diffract

the light, which is further collected by the objective lens and converted into an image at the

real intermediate image plane located close to the eyepieces or oculars (figure 3.1). The ocular

lenses offer additional magnification of the image produced by the objective lenses [41].

light
source

condenser
lens

specimen objective
lens

ocular final image
seen by eye

intermediate
image

path of
light

Figure 3.1: Working principle of a light microscope.

The total level of magnification is determined by multiplying the magnification of the ob-

jective lens with the magnification of the ocular. In the case of studying very small organisms

or in the field of microbiology, an oil immersion objective is preferred. Such objectives have a

magnification of 100x and requires a drop of oil between the slide and the objective [41].
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The resolving power of a lens is the ability to distinguish between separate objects or points

located close to each other. Both the numerical aperture (NA) of a lens and the wavelength of

the light beam (λ) affects the resolution of a light microscope. The numerical aperture is defined

by the following equation:

NA = n sinα (3.1)

where n is the refractive index of the medium between the sample and objective lens, and α the

maximum angle of incident light entering the objective lens [42]. The refractive index is defined

as the ratio between the speed of light in a vacuum and its speed in a medium [43].

NA indicates the amount of light collected by the lens, and the highest value of NA is ob-

tained when applying an oil immersion, resulting in a value of 1.4. To obtain maximum resolu-

tion, the NA of the condenser lens should match the NA of the objective lens. For light micro-

scopes, the light beam is from the visible part of the spectrum, with wavelengths in the range

of 0.4-0.7 µm. The resolving power of a bright field microscope, where the condenser NA ≥ the

objective NA, is given by equation 3.2:

d = 0.61λ

NA
(3.2)

where d is the minimum resolved distance and λ is the imaging wavelength [42].

Bright and even illumination of the specimen plane is achieved through Köhler illumination.

The collector lens is responsible for generating an image of the light source at the front aperture

of the condenser. The front aperture refers to the opening at the front focal plane of a lens, when

the light travels from the lamp to the retina. The condenser lens further generates an image of

the field stop diaphragm in the object. In the front focal plane of the condenser lens is the

condenser diaphragm. The light source illuminates a certain area of the field stop diaphragm

in the specimen. This results in limited light scattered from other areas of the object, which

further contributes to the formation of an image. Light originating from the same point in the

light source are able to enter the object in parallel when the front aperture of the condenser is

located in the focal plane of the condenser lens. An even illumination is achieved by ensuring

that each light source point will contribute equally to illumination in the specimen plane [42].
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Another important aspect of the microscope is the level of contrast, which is the variation in

the amount of light falling on each point of the image plane. Light absorption and scattering of

light presents two sources of contrast in bright field microscopes. Bright field microscopes are

suited for studying specimens with good contrast level. This includes specimens with naturally

occurring pigmentation or samples where components or the whole specimen has been dyed.

Dyes or pigments allows the specimen to appear in color by absorbing specific wavelengths of

the white light. The contrast level of transparent biological specimens is naturally poor due to

a refractive index similar to that of the glass. This can be improved by staining or by applying

alternative microscopy techniques [41, 42].

3.1.2 Fluorescence microscopy

A bright field microscope can be used for fluorescence microscopy, but it requires strong atten-

uation of the excitation light. This can be obtained by epi-illumination, where the specimen

is illuminated and the emitted light is detected from the same side, as demonstrated in figure

3.2. In order to use a bright field microscope to detect the fluorescence, a filter cube containing

an excitation filter, a dichroic mirror and an emission filter, is inserted into the optical pathway

(figure 3.2). The optical properties of the filter cube are designed to match the adsorption and

emission wavelength range of the fluorophore, which is a chromophore that fluoresces. The

dichoric mirror functions by directing the excitation light towards the specimen, as well as al-

lowing the emitted fluorescent light to pass through. The emission filter acts to select the light in

the range of wavelengths absorbed by the fluorophore [42]. A bright field microscope contain-

ing such a setup will generate an image that appears dark in areas corresponding to locations in

the specimen without fluorophores, and colored in areas where there are fluorophores [40].
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Figure 3.2: Schematic demonstration of the optical pathways in a fluorescence microscope, including
the working principle of the filter cube.

3.1.3 Phase contrast microscopy

Phase objects are specimens that are not able to absorb light, but can diffract light and cause a

phase shift in the light rays passing through them. This phase shift is not visible by the naked

eye, but can be detected by transforming the phase shift into an intensity difference. A phase

contrast microscope is able to perform such transformation, and is therefore suited for imaging

of transparent biological specimens. When light passes through a phase object, the illuminating

beam is separated into two components. Most of the light passes through the specimen without

interacting with it, while a small portion gets scattered in many directions. Both light waves are

collected by the objective lens and focused in the image plane. Due to their difference in the op-

tical pathway, the waves undergo interference and generate a particle wave. For the microscope

to detect the object image, a significant difference in the amplitude of the particle wave and the

diffracted wave is required [42]. The principle of a phase contract microscope is presented in

figure 3.3.

The optical design of the phase contrast microscope needs to isolate and separate the unob-

structed and diffracted waves, so that they occupy different locations in the diffraction plane
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at the back aperture of the objective lens. It is also necessary to obtain constructive or de-

structive interference, as well as reduce the amplitude of the unobstructed wave to enhance

the differences in amplitude between the object and the background in the image plane. Such

optical design is achieved by inserting a ring shaped aperture diaphragm and a phase plate at

the back focal plane. This modulator plate is made out of glass with a partly transparent ring.

The diffracted wave light is modified by λ/4 relative to the phase of the unobstructed wave. The

unobstructed wave is further advanced in the positive phase contrast by λ/4 at the phase plate,

resulting in a total phase shift of λ/2. This enables a destructive interference with the diffracted

wave in the image plane. Specimens with a higher or lower refractive index than its surrounding

medium will appear dark or bright, respectively. A negative phase contrast is achieved when the

unobstructed wave is retarded byλ/4, resulting in a total phase shift of 0. This enables construc-

tive interference with the unobstructed waves in the image plane [42].

However, relative phase advancements is not sufficient to generate a high contrast image,

due to the amplitude of the unobstructed wave being too high to obtain an adequate contrast

level. This can be solved by darkening the ring in the phase plate by a semitransparent metallic

coating, which results in about 70% reduction in the amplitude of the unobstructed wave. Since

the particle wave is a product of both the unobstructed and diffracted waves, the generated

particle wave will have a considerable lower amplitude than the diffracted wave. This is due to

the interference in the image plane. The difference in phase from diffraction by the sample is

transformed into an observable difference in contrast, and the object can be visualized in the

microscope [42].
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Figure 3.3: Working principle of phase contrast microscopy.
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3.1.4 Atomic Force Microscopy

The atomic force microscopy (AFM) offers two modes of function: force spectroscopy and imag-

ing. The main components of the AFM are a tip attached to a cantilever, a sample stage and an

optical deflection system, which consist of a laser diode and a photodetector (figure 3.4). Im-

ages are created by scanning the sample surface with the sharp tip mounted to the soft cantilever

spring. The interaction force between the tip and the sample is used to probe the topography

of the surface. A laser beam, focused on the free end of the cantilever, is used to detect the

deflection of the cantilever, which is directly proportional to the force [42].

The AFM is able to operate in three different modes for imaging: contact, tapping and non-

contact. In the contact mode, the tip is in direct contact with the sample surface. Variation in the

height of the sample results in deflection of the cantilever. A feedback loop will maintain a con-

stant sample probe distance by adjusting the height of the sample stage. The direct contact be-

tween the tip and the sample might induce damage to the sample surface, which can be reduced

by applying the tapping mode. Instead of continuously touching the surface, the cantilever osci-

llates over the sample and gently taps the sample surface. When the tip is close to the surface,

the oscillation frequency is reduced. As with the contact mode, a feedback loop will adjust the

probe height to maintain a constant amplitude. In the third mode, the tip never touches the

surface, but is oscillating above the surface level. The topography is detected based on van der

Waals forces. The non-contact mode requires vacuum for optimal function [42]. In this master

thesis, AFM was used to investigate fumonisin B1 coated glass surfaces, and the tapping mode

was utilized.

In the force spectroscopy mode, the cantilever deflection is recorded as a function of the ver-

tical displacement of the piezoelectric scanner. The AFM can detect forces such as mechanical

contact forces, chemical binding and van der Waals forces. The spectroscopy mode of AFM was

not used in this thesis, and is therefore not further elaborated [42].
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Figure 3.4: Working principle of atomic force microscopy.

3.2 Optical Tweezers

The optical tweezers (OT) were invented in the 1990s, but the first observations of optical trap-

ping were already reported by Arthur Ashkin and coworkers at Bell Labs in 1970. He demon-

strated the ability of optical forces to displace and levitate micron-sized dielectric particles, both

in water and in air. This work further lead to the development of a single-beam gradient force

optical trap, which is today known as the "optical tweezers". The OT utilizes a high numeri-

cal aperture microscope to focus a laser beam at a diffraction limited spot, in order to restrain

micro- and nanosized objects stably in space. It can also be used to control the state of motion

and trajectory of these objects. Since there is no mechanical contact with the trapped object, the

OT offers the possibility of manipulate and reposition living cells and single molecules without

causing them any damage. The position of the trapped object can be detected with nanometer-

level precision, and in combination with the OT this enables quantitative measurements of force

interactions at the piconewton (pN) level [42, 44]. The force of the optical trap is in the order of

1-100 pN, depending on the properties of the trapped object, such as size and refractive index,

in addition to the wavelength of the laser beam [45].
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3.2.1 Requirements of trapped objects

In order for an object to be manipulated by the OT, it has to fulfill certain requirements. Objects

that are small, mostly transparent and often dielectric particles, can be trapped by the laser

beam of an OT [42]. Dielectric particles, such as polystyrene beads, can be used alone or as car-

riers to manipulate other objects that are too small to be trapped by a laser, including biological

molecules such as polymers and proteins. The polystyrene beads used in OT studies generally

have sizes in the range of 10 nm to 4 µm (JPK technical note). Biological specimens, such as

bacteria, yeast and organelles of larger cells, can be trapped directly. The refractive index (n) of

the object is important in the sense that it needs to be higher than the refractive index of the

surrounding medium [44]. The first experiments performed with an OT revealed that the focus-

ing effect only functioned when the objects had a higher refractive index than the surrounding

medium [42]. Objects with a lower refractive index than the surrounding medium will be pro-

pelled forward, in the opposite direction of the intensity gradient [44].

3.2.2 The principle of optical trapping

Optical forces depends on the relationship between the radius of the trapped sphere (a) and the

wavelength of the laser (λ), as well as the relationship between the wavelength and the beam

waist (w0). Consequently, optical trapping is described in the two main regimes: Geometrical

optics regime (a » λ) and Rayleigh regime (a « λ/20). In this experiment, polystyrene beads and

yeast cells are used, which have sizes in the Mie regime (from 200 nm to 7 µm) [42], and therefore

only the geometrical optics regime will be further explored.

The rays travelling in an optical field will follow a straight line in an uniform media. When

the rays reaches an interface separating two media of different refractive indices, the direction

of propagation is changed. For instance, as light impinges on one side of the polystyrene bead,

some of the light is absorbed while the rest is scattered in several directions. Since light carries

momentum, this corresponds to a change in the momentum of the light [42, 44]. The force

exerted on the polystyrene bead, due to the transfer of momentum from the photons, equals the

difference between the initial and final momentum of a photon. This force F can therefore be

defined as the change in momentum over time, F = ∆(P )/∆(t ) [46]. The transfer of momentum
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is possible due to the polarizable material and the low conductivity of the dielectric particle [44].

The laser beam applied in the OT has a Gaussian intensity profile, where the light intensity is

strongest in the middle of the beam and decreases further out [42]. The rays of light will there-

fore have different intensities based on where they are located according to the center of the

laser beam. Rays with higher intensities will exert higher force on a polarized dielectric particle,

resulting in the particle being forced towards the region of more intense light in the beam axis.

The force responsible for this movement is referred to as the gradient force and is defined as the

optical force arising from refraction of the particle. Another force, referred to as the scattering

force, will push the particle in the direction of the propagation of the light (Z-direction). This

force arises from both the absorption and reflection by the particle. Consequently, in order for

the particle to be trapped stably by the laser in all three dimensions, the axial gradient force,

pulling the particle towards the focal region, must be greater than the scattering force and the

radiation pressure from the photons. The scattering force is responsible for pushing the parti-

cle away from the focal region. The balance between the force components results in an axial

equilibrium position of the particle slightly beyond the focal point. If the particle moves in the

focused laser beam, the imbalance of optical forces will push the particle back to its equilib-

rium position. The stability of the optical trap can also be influenced by other forces acting

on the trapped particle, including gravity and forces exerted by the surrounding medium. To

overcome these forces, the OT has to apply a sufficiently powerful laser [44].

3.2.3 Principles behind force measurements

The forces exerted by the laser cannot be directly measured. However, the light scattered by

the trapped particle can be used to determine the external forces acting on the particle. These

external forces result in a displacement of the particle away from the center of the trapping

beam. This imbalance can be induced by for instance Brownian motion of the surrounding

liquid, collisions with other particles in the sample solution or pulling forces produced when

surface molecules of the particle interacts with something else. A Gaussian beam profile will

result in the behavior of the optical trap resembling a linear spring. Based on the displacement

of the trapped particle and the trap stiffness, it is therefore possible to calculate the external

forces acting on the object. Since the force exerted on the particle is obtained by the deviation
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from the equilibrium position, the precision of force measurements depends on the OTs ability

to accurately measure the position of the particle [47].

Brownian motion

Brownian motion is defined as random diffusion of particles suspended in a liquid. Even though

a particle is trapped by a laser beam, it will also undergo Brownian motion by being constantly

bombarded by other molecules in the solution. However, this movement is restricted to the focal

volume of the trap. Based on equations 3.3 and 3.4, the Brownian motions can be determined

for one dimension at a time [42]:

〈
x2〉= 2Dt (3.3)

D = kB T

3πηd
(3.4)

〈
x2

〉
represents the mean square displacement distance of the particle as a result of Brownian

motion. D is the diffusion constant of the trapped object, and t represents the time from zero

position. In equation 3.4, where the diffusion constant is obtained, kB denotes the Boltzmann

constant and T denotes the absolute temperature measured in Kelvin. T is usually estimated

based on the room temperature, but will be slightly (a few degrees) higher due to the heating

of the sample by the laser. η is the solvent viscosity and d is the diameter of the particle. Based

on these two equations and the mentioned parameters, the movement of the particle can be

calculated for the X, Y and Z direction [42].

Back-focal-plane interferometry

The position of the bead in the optical trap is achieved by back-focal-plane interferometry.

When light passes through the trapped particle in an optical trap, the particle will act as a small

lens and refracts the rays passing through it. The distribution of the light in the back-focal-plane,

after refraction, is detected by a quadrant photodiode (QPD). The back focal plane is located be-

hind the detection objective. The QPD device consists of four equal quadrants, where each of
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them detects the light intensity striking it (figure 3.5). The light rays detected are converted to

a voltage difference over the device, which is proportional to the difference in light intensity.

The displacements signal detected in the lateral directions (x,y) can be transformed into two

dimensionless numbers, Qx and Qy [42]. These are obtained by the following formulas:

Qx = (V2 +V4)− (V1 +V3)

(V1 +V2 +V3 +V4)
(3.5)

Qy = (V1 +V2)− (V3 +V4)

(V1 +V2 +V3 +V4)
(3.6)

Figure 3.5: Schematic illustration of the principle of back-focal-plane interferometry. Photons re-
fracted from the bead are detected on the back-focal-plane by a quadrant photodiode (QPD). The
figure demonstrates the configuration for detection of displacement in the lateral directions: x and y.
Figure reproduced from JPK Technical Note for Optical Tweezers, "Quantitative force measurements
with optical tweezers: The JPK NanoTrackerTM".

The optical trap can be characterized in the lateral directions (x,y) by two spring constants

kx and ky . The recorded Qx on the QPD is directly proportional to both the actual displacement

(x) from the center of the beam trap and the force (Fx) exerted on the sphere. The same consid-

erations will also apply for the y-axis, and the subscripts x and y are therefore not included in

further formulas [42].

As the object moves away from the center of the optical trap, it will experience a force that is

proportional to the spring constant k. The detector sensitivity, β, is responsible for translating
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the detector signal Q (in volt) into a physical displacement x. According to Hooke’s law, the force

F can be obtained from the position data, by multiplying the displacement distance x with the

spring constant of the optical trap [42]:

F =−kx (3.7)

Lorentzian shape function

The conversion factors β and k are essential when using optical tweezers as a force measure-

ment device. However, these conversion factors are difficult to obtain by theoretical considera-

tions, and are instead determined by experimental calibration of the optical traps [42].

One method of calibrating the position detector is based on the thermal motion of the object

in the optical trap. This thermal motion is believed to follow a distribution that can be fitted to

the Lorentzian equation (equation 3.8). The one-sided power spectrum of the Brownian mo-

tions of the particle will follow the expression [44]:

S( f ) = kB T

γπ2( f 2
c + f 2)

(3.8)

where S(f) is the function for the Lorenztian power spectrum, and gives output in units of

displacement2/Hz. γ is the hydrodynamic drag coefficient of the particle, and can be obtained

by Stoke’s law for a spherical particle (equation 3.9) [44]:

γ= 6πηa (3.9)

If the solvent viscosity (η) and the radius of the spherical particle (a) are known, the stiffness

of the optical trap, κ, can be obtained from the characteristic roll-off or corner frequency of the

power spectrum, fc (equation 3.10) [48]:

fc = κ

2πγ
(3.10)

By comparing the measured power spectrum (V 2/Hz) with the expected theoretical value

(m2/Hz), the sensitivity of the detector (in m/V), β, is obtained [42]. Figure 3.6 presents a screen
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print of the calibration procedure implemented in the NanoTracker software.

Figure 3.6: Screen print of the calibration procedure implemented in the NanoTracker software. The
blue curve is the thermal motion of the trapped particle, that are driven by Brownian motions. The
red curve represents the sample data fitted to the Lorentzian power spectrum function. The presented
results are obtained by calibration of the particle trapped in trap 2, in the X-direction. This procedure
must be carried out for both the x, y and z directions, and both for trap 1 and trap 2. Both the sensitiv-
ity of the detector (m/V) and the stiffness of the optical trap (N/m) is obtained from the fitted Loren-
zian power spectrum curve, and their respective values are presented in the panel on the left side of
the window. The figure is reproduced from JPK Technical Note for Optical Tweezers, "Characterizing
quantitative measurements of force and displacement with Optical Tweezers in the NanoTrackerTM".

3.3 Dynamic force spectroscopy

The non-covalent intermolecular bond between biomolecules are mainly due to van der Waals

forces, electrostatic interaction, hydrogen bonds and hydrophobic interactions. These bonds

have a limited lifetime and will eventually rupture when a force pulls them apart with a sufficient

strength and time [49, 50]. The strength of these interactions can be quantified using sensitive
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force probes, such as an optical tweezers [45]. Dynamic force spectroscopy (DFS) enables the

study of these binding forces, and can provide molecule properties such as bond strength. In

a DFS experiment, the external force applied to a molecular bond is increased with time. The

increase in applied force per unit time is defined as the loading rate (r f ) [51]:

r f =∆ f /∆t (3.11)

By increasing the loading rate, the force required to rupture the molecular bond is determined as

a function of the loading rate [49, 50]. In an OT, the trapped particle will experience a displace-

ment from the center of the trap, which is proportional to the applied force [45]. The potential

barrier landscapes and lifetime of the bonds can be obtained by analyzing the relationship be-

tween the bond strength (f ) and the logarithm of the loading rate (r f ) [50, 51]. The rupture

events of a non-covalent interaction are stochastic processes and the quantification of the bond

strength therefore requires several measurements of individual bond rupture events [50].

3.3.1 Rupture force of single interacting pairs

As two objects are moved together, allowed to interact and then separated, the loading rate and

magnitude of the bond rupture strength are recorded. The different objects are expected to

interact through bonds characterized by different rupture strengths, lifetimes and binding ge-

ometries. This will lead to different energy landscapes of the interactions.

3.3.2 Probing the energy landscape of binding objects

In OT studies, the two objects anchoring the bond are moved apart as one of the objects is pulled

away with a force that increases over time at a constant rate, ∆x/∆t. The loading rate can there-

fore be defined by the retraction speed and the spring constant of the trap, k [49]:

r f = k(∆x/∆t ) (3.12)

This is the basis for the well known Bell-Evans model, which assumes that the association rate

(kon) is minimal compared to the dissociation rate (ko f f ). The Arrhenius equation states that
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the dissociation rate will then increase with the activation energy [52]:

ko f f ∝ exp

(−∆G∗

kB T

)
(3.13)

where ∆G∗ is the activation energy, kB is the Boltzmann’s constant, and T is the absolute tem-

perature in Kelvin [52]. Bell-Evans model explains that as an external force is applied to rupture

a bond, the thermal activation is aided by the applied force and must be taken into account

when determining the new dissociation constant [49]:

ko f f ( f ) = ko f f ,0exp

(
xβ

kB T

)
(3.14)

where ko f f ,0 is the rate of dissociation at equilibrium, when no external force is applied. xβ is

the thermally average distance from bound state to activation barrier, and f is the applied force

[52]. The other parameters are defined above.

The loading force, f, is assumed to act in the direction of xβ until the transition state is

reached [49]. This consider the case where only a single pair of molecules are interacting, as

well as the force increasing linearly with time [52]. Equation 3.14 presents a exponential in-

crease of the disassociation coefficient according to the force [49]. ko f f can further be used to

calculate the lifetime of the bond, τ0, using equation 3.15:

τ0 = 1

ko f f
(3.15)

The probability density P(f) for observing a bond rupture between a molecular pair at the force

f subjected to constant force loading rate r f predicted by the Bell-Evans assumption is [49, 52]:

P ( f ) = ko f f ,0exp

(
xβ

kB T

)
exp

[
ko f f ,0kB T

xβr f

(
1−exp

(
xβ f

kB T

))]
(3.16)

By maximizing equation 3.16, the most probable rupture force ( f ∗) at a specific loading rate can

be obtained [49, 52]:

f ∗ = kB T

xβ
ln

(
r f xβ

ko f f kB T

)
(3.17)
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3.4 Shear stress flow chamber

A shear stress flow chamber enables the researcher to subject cells to laminar flow conditions

and study their response to fluid shear stresses [53]. The system aims to mimic in vivo shear

stresses imposed by the physiological environment of cells [54]. The transparent viewing region

of the flow cell enables real-time investigation of cell adhesion, as well as imaging of cell mor-

phology both before, during and after flow of the chosen buffer [53]. The flow chamber has been

used to study cell reaction upon adhesion to a variety of surface topographies, as well as investi-

gating bacterial adhesion, microsphere deposition and receptor-ligand bonds. Furthermore, it

has the potential to gain information about natural phenomenons that are poorly understood,

such as the rolling motion of leucocytes or the migration of granulocytes [55].

The shear stress flow chamber is based on the flow of a fluid through a flow channel, which

can be shaped as a square or rectangle. The slide placed in the flow channel, also referred to

as a coupon, can be of different materials, depending on the application [56]. Typical materials

applied include glass, polystyrene and stainless steel. The surface can be further functionalized

for the desired application. The flow rate is generally adjusted by a pump, but can also be regu-

lated by hydrostatic pressure [55–57]. The shear stress produced at the wall in the channel can

be estimated based on the following equation:

τw = 3µQ

4h2l
(3.18)

with Q corresponding to the mass flow (m3/s), µ is the fluid dynamic viscosity, h is the half-

height of the channel and l is the half-width of the chamber [56, 57].

The establishment of laminar flow can be confirmed by calculating its Reynolds number

(Re), which is the ratio of inertial forces to viscous forces. The flow is laminar if the viscous forces

predominate, resulting in a Re value of less than 2300 [53]. Re can be calculated by equation 3.19:

Re = ρQDh

µlh
(3.19)

where ρ is the fluid density and Dh is the hydraulic diameter [53]. The other parameters are

defined above.
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3.5 Chemical modification of biopolymers by reducing end mod-

ification

The aim of reductive amination is the conversion of a carbonyl group into an amine [58]. In a

reversible reaction, the carbonyl group, presented in an open-ring form of a carbohydrate, re-

acts with a primary or secondary amine to form an imine, also called a Schiff base (figure 3.7).

The imine is further reduced to give a secondary or tertiary amine, in an irreversible reaction

[59]. The reaction can be performed in one single step, also called a "one-pot" system, where

the formation of an imine and its reduction proceeds in one operational stage. Its is also possi-

ble for the reaction to proceed stepwise, where the imine is isolated and further reduced in the

second stage [58].

Reducing
agent

Figure 3.7: General reaction mechanism for reductive amination. A carbonyl group reacts with a
primary or secondary amine to form a Schiff base, which is further reduced to give a secondary or
tertiary amine. Reproduced from Cosenza et al. (2011) [58].

The reaction of a reductive amination requires a carbonyl compound, a reducing agent and

an amine donor. Several different reducing agents are commercially available, such as sodi-

um cyanoborohydride (NaBH3CN), sodium triacetoxyborhydride (NaBH3(OAc)), pyridine bor-

ane (Pyr-BH3) and α-picoline borane (Pic-BH3). The three first mentioned reducing agents are

commonly employed for laboratory scale, however they present some challenges, including in-

stability and toxic sub-products. The newly accessible Pic-BH3 offer a solution to these cha-

llenges, by offering stable working conditions in different solvents and no generation of toxic

sub-products. In addition, this agent is cost-effective and highly selective [58]. The structure of

Pic-BH3 is presented in figure 3.8
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Figure 3.8: Structure of the reducing agent α-picoline borane. Figure achieved from Sigma-Aldrich.

3.6 Soft Lithography

The development of micro- and nano-fabrication techniques has offered great progress in the

electronic industry. It has enabled the production of miniaturized circuits that are less expen-

sive and more efficiently manufactured. Miniaturization has also opened up new possibilities

within the field of biology through a collaboration with nanotechnology and microfabrication,

resulting in the field of nanobiotechnology. This collaboration presents advantages within both

fields, where nanotechnology on one hand achieves knowledge on the functional nanosystems

of biomolecules. On the other hand, micro- and nano-sized devices can be useful in studying

biological materials. Well-established and high resolution nanotechnological approaches, such

as X-ray lithographies, electron- and focused-ion beam, photolithography and scanning probe

methods, are at the moment unsuitable for biological applications due to lack of biocompatibil-

ity and the need of cleanroom facilities and specific equipment. For many of these approaches

the cost is also very high and therefore unaffordable for large-scale industry [37].

Based on these limitations, a new set of non-photolithographic patterning techniques was

developed in the late 1990s by G. M. Whitesides and his co-workers. These techniques were

collectively referred to as soft lithography [37]. The techniques are based on printing and mold-

ing by the use of elastomeric stamps, for fabricating micro- and nanostructures for biological

applications. The technique offers a rapid, inexpensive and convenient method of producing

patterns and structures [6]. The size of the features on the stamp surface can range from 30 nm

to 100 µm. These stamps have a variety of applications and are used in techniques such as mi-

crocontact printing (µCP), replica molding (REM), microtransfer molding (µTM), micromolding

in capillaries (MIMIC) and solvent-assisted micromolding (SAMIM) [60]. As multiple copies of a
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stamp can be produced from a single master mold, these simple, reliable and inexpensive tech-

niques can justify the cost and the time consumed of producing the master by high-resolution

techniques, such as photolithography [38].

The decreased size of the devices results in a higher demand of the surface properties, re-

garding their performance ability. Soft lithography has shown to match these demands, and has

proven to be well suited in patterning the composition, topography and properties of surfaces.

Advantages with miniaturizing such biochemical assays is the reduced need of required analytes

and maximization of number of assays performed in parallel [6].

3.6.1 Fabrication of mold by photolithography

Photolithography utilizes light and a light-sensitive polymer, referred to as a photoresist, to cre-

ate a 3D relief image on a substrate surface. The substrate surface is most commonly a silicon

wafer [6]. The generated image will ideally have the exact same shape as the intended pattern in

the substrate plane. A binary resist pattern is formed, where the photoresist will cover the sub-

strate in certain areas while other areas are completely uncovered. This is achieved based on the

properties of the photoresist. This chemical compound will either polymerize or depolymerize

when exposed to light of a specific wavelength. A positive resist depolymerizes in exposed areas

due to increased solubility, while a negative resist experiences decreased solubility in exposed

areas and therefore polymerizes. The desired pattern is created by controlling which areas of

the resist get exposed, resulting in the removal of certain areas of the resist during developing of

the substrate [61]. A photomask is often used to control the exposure, which functions by block-

ing UV-light in some areas based on the designed pattern. However, designing and producing

such a photomask is expensive, difficult and time-consuming. Maskless photolithgraphy offers

a solution to these problems by directly exposing the patterns without the need of a mask [62].

A general photolithography sequence consist of the following steps: preparation of sub-

strate, spin coating of photoresist, pre-bake, exposure, post-exposure bake, development and

post-bake (figure 3.9). The preparation step is intended to ensure an even and uncontaminated

substrate surface, as well as ensuring good adhesive properties for the photoresist. A dehydra-

tion bake can be performed to remove water from the substrate surface. The substrate is then

allowed to cool, and further covered with the chosen photoresist by spin coating. The solid
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components of the photoresist are dissolved in a solvent, which is poured onto the substrate.

Spin coating provides an uniform coating of the photoresist, with a well-controlled thickness.

The desired thickness of the resist is obtained by adjusting the time and acceleration of each

spin speed, as well as the spin speed itself. After coating, the photoresist is dried to evaporate

remaining traces of solvent. This pre-bake process helps stabilize the resist film, as well as im-

proving the adhesion of the photoresist. The coated substrate is then exposed to UV light, where

a maskless aligner is used to define the exposed areas [61]. This device utilizes an illumination

mode of 405 nm or 375 nm and directly exposes the pattern through a raster-scan mode, gen-

erating one stripe of the pattern at a time [63]. A negative resist contain a cross-linker which

is activated upon exposure. During the post-exposure bake, cross-links in the exposed areas of

a negative photoresist is thermally induced, which stabilizes the pattern in the developer [64].

Once exposed, the substrate is submersed in a developer to remove photoresist which is not

cross linked. During the post-bake, the final resist image is harden to improve its stability even

further [61] .

prepare wafer

spin coat 
photoresist

pre bake

expose with
maskless aligner

post-exposure bake

develop and post bake

Figure 3.9: Schematic demonstration of the photolithography sequence.

3.6.2 Replica molding

Replica molding is a single step duplication of the three-dimensional topologies present in the

surface of a master mold. A liquid elastomeric pre-polymer is poured onto the surface of the

master mold, which contains micro- or nanoscaled features, and is further in situ polymerized
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by thermal curing. The cured polymer will present almost the same dimensions and topologies

as the mold by offering less than 3% shrinkage. The elastic quality of the polymer allows it to be

peeled off from the master mold and the duplication can be repeated to produce multiple copies

[60]. The technique does not require clean room facilities and can therefore be performed in

ambient laboratory conditions [38].

3.6.3 PDMS

Poly(dimethylsiloxane)(PDMS) is one of the widely used polymers in the production of stamps

and molds for soft lithography techniques. This linear polymer presents an unique combination

of properties due to the arrangement of an inorganic siloxane backbone and two organic methyl

side-groups for each Si atom (figure 3.10) [37]. Both physical and chemical characteristics of

PDMS makes it qualified to work with biological material, such as being nontoxic to cells and

proteins, chemically inert, gas permeable, as well as being stable at temperatures required for

biological procedures (40–95°C). Another advantage is the transparent nature of PDMS, which

allows the use of optical methods to modify the ink or for inspection of the experimental process

[60].

PDMS is commercially available as a pre-polymer base and a curing agent, such as Sylgard

184 supplied by Dow Corning. Their low melting point and glass transition temperatures results

in the elastomer being a fluid at room temperature [65]. By the process of thermal curing, the

liquid material is converted into a solid elastomer due to cross-linking [60]. The time and tem-

perature required for the thermal curing varies and are dependent on the application and type

of structures used [38]. This readily available polymer has a low Young’s modulus value of about

3 MPa, rendering it quite flexible and guarantees conformal contact with different target sub-

strates. However, this can induce a possible loss of resolution since the molds can suffer from

distortions, collapse or sagging [37].

The elastomer has a surface energy value of around 22 mN/m, rendering it hydrophobic

with a water contact angle of about 110°. These properties allows small hydrophobic molecules,

biopolymers and cells to irreversibly adhere to the surface. In order to bind organic groups,

plasma oxygen treatments have presented the possibility of inducing superficial silanol func-

tional groups that can act as reactive sites on the PDMS surface. The surface properties of PDMS
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presents another advantage over glass, silicon and hard plastic, that is the capability of reversible

or irreversible bonding to different substrates [37].

Figure 3.10: Chemical structure of a poly(dimethylsiloxane) (PDMS) unit.

3.6.4 µCP

The original purpose of µCP was to produce self-assembled monolayers of alkanethiolates onto

gold surfaces. However, in recent years the application has developed into patterning of pro-

teins and DNA onto solid supports, as well as controlling the spatial distribution of living cells

on surfaces [37]. µCP is a form of soft lithography, where an elastomer stamp with features or

punches on the micro- or nanometer scale is used to deposit an ink onto a surface of inter-

est. The ink, which can be a chemical substance or small micro- or nanoscopic particles, will

form patterns of self-assembled monolayers on the surfaces of substrates [60]. This conformal

contact between the elastomer stamp and the substrate determines the success of the printing

process [66]. Once the mold has been created, the µCP does not require cleanroom facilities and

can be performed in a standard biology lab. Further advantages with this patterning technique

is the ability to pattern non-planar surfaces, as well as patterning of larger areas in one single

printing step [65].

µCP has proven to be both quick, simple and convenient, and multiple copies of the pattern

can be produced from the same stamp, resulting in minimal waste of materials. The principle of

the technique is to transfer molecules onto a substrate surface through contact with the raised

features of a stamp. The stamp is covered with the chosen ink solution, where excess solution is

removed through evaporation, and then placed in conformal contact with the substrate surface.

Depending on the ink solution, the transfer of the ink can happen only after a few seconds of

contact. When the stamp is peeled off, the stamped ink molecules will remain on the substrate

surface. In order to transfer the molecules onto the substrate, binding to the substrate surface
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must be more energetically favorable than remaining on the stamp surface [65]. This adhesion

can be either specific or non-specific [65]. The ink molecules can attach to the substrate cova-

lently if the surface is reactive or adhere through electrostatic interactions. It is also possible for

the molecules to physically adsorb on the substrate [67]. A specific adhesion can be achieved

by exploiting the strong interaction between biotin and avidin, where biotin-conjugated pro-

teins are captured by available biotin-binding sites on avidin located on the substrate surface.

Through such interactions, the protein ink is more likely to maintain is native conformation

[65].

There are some concern regarding how the stamping procedure might impact the function

of some biomolecules. The aggregation and functionality of biomolecules might be influenced

by the drying process and interactions with the substrate surface. However, studies indicate

that the functionality of the proteins is retained in most cases. To retain the function of the

stamped biomolecule, it is important to perform the procedure at room temperature and use

solvents that are compatible with the molecule. The quality of the stamping can be investigated

by tagging the stamped biomolecules with a fluorescent molecule and examining the stamped

surfaces with a fluorescence microscope [68].

3.6.5 Microarray of cells

Soft lithography has made it possible to position cells on a surface, while controlling their size

and spatial arrangement. Such isolation of cells allows the study of single cell events, or the

study of interactions between pairs and triplets of cells. This is a great advantage in cases where

cell-based screens are required [6]. A microarray of cells can be obtained by creating patterns

with regions that either promote or resist the adhesion of cells to the surface. Cells are able

to adhere to many surfaces. However, there are fewer surfaces that resist their adsorption and

adhesion, making it difficult to create patterns and structures. An inert surface is therefore re-

quired, which can be achieved by covering the surface with a sufficient density of for instance

poly(ethylene glycol) [6].
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Poly(ethylene glycol)

Poly(ethylene glycol) (PEG) is a condensation polymer of ethylene oxide and water (figure 3.11).

The chemical properties renders it possible to utilize this polymer for a range of application,

such as within the fields of biology, chemistry and pharmaceutics. The polymer can easily be

synthesized into a range of molecular weights and with different end groups [69]. PEG can be

linear or branched, with a neutral charge, and is soluble in most organic solvents and water.

When attached to other molecules, PEG controls the solubility of the complex, but does not

interfere with the chemistry of the molecule [70].

The inert feature of PEG makes it suitable for biological applications, since it does not initiate

an immune response [70]. The inert character of PEG-treated surfaces is believed to be due to

its electrical neutrality and the reduction in surface interfacial. PEG is able to exclude cells and

proteins from its presence in an aqueous environment. When a cell or protein approaches the

PEG-treated surface, a repulsive force develops due to a reduction in available conformations of

the poly(ethylene glycol) chains. Furthermore, an osmotic repulsive force also develops due to

the compression or interpenetration of the polymer chains [71].

Figure 3.11: Chemical structure of poly(ethylene glycol). Figure reproduced from Sigma-Aldrich.

PEG can be immobilized on surfaces through coupling to a functional group, which pos-

sesses affinity for the surface, or through grafting onto a polymer backbone. The latter can be

achieved by grafting PEG side chains onto a poly-L-lysine backbone, creating a comblike struc-

ture [72]. This complex is referred to as poly-L-lysine-graft-poly(ethylene glycol) (PLL-g-PEG),

and a schematic illustration of its conformation is presented in figure 3.12.
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Figure 3.12: Schematic illustration of the conformation of PLL-g-PEG on glass surface in aqueous
solution.

Poly-L-lysine

Poly-L-lysine (PLL) is a positively charged polymer composed ofα-poly-L-lysine monomers (fig-

ure 3.13). This polycation is commonly used to immobilize cells on various surfaces [73]. As a

polyelectrolyte, PLL acts to neutralize any opposite charge present on a surface. The positively

charged amino groups of PLL will bind to a negatively charged surface, such as glass, metals and

metal oxides, through an electrostatic interaction [72, 74]. These amino groups are provided by

the lysine residues (pKa = 10.54) in the PLL side chains [75]. The polymer will attain a flat-lying

conformation, by orienting parallel to the surface in thin layers [72].

Figure 3.13: Structure of poly-L-lysine monomer. Figure reproduced from Sigma-Aldrich.

The conformation of PLL is influenced by temperature, as well as the properties of the sol-

vent, including the ionic strength and pH. In acidic and neutral solutions, PLL has a positive

charge due to the protonation of its amino groups. This introduces an electrostatic repulsion

between the side chains, resulting in an extended conformation of the polymer. The polymer

will obtain an equilibrium between the PI I -helical conformation, which lacks intramolecular

hydrogen bonds, and an extended β-strand. As the pH increases, the amino groups gets depro-

tonated, resulting in a reduction of electrostatic repulsion. The PLL polymer will be structured
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as an α-helix or β-sheets structure, depending on the temperature of the solvent [73].

PLL enables immobilization of cells on surfaces based on electrostatic forces. The positive

charge of PLL promotes an electrostatic interaction with the negatively charged cell surface.

High concentrations of PLL have been shown to present an inhibitory effect on microbial growth

[76]. However, yeast cells are more protected than animal cells due to their cell wall [77].
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4. Materials and methods

4.1 Chemicals used in the experiments

Chemicals purchased from Sigma Aldrich:

• Boric acid (50 mM, pH 5.8)

• Bovine Serum Albumin (BSA), BioReagent, heat shocked fraction, ≥ 96%, CAS number:

9048-46-8

• D-(+)-Glucose, ≥ 99.5%, MW: 180.16 g/mol, CAS number: 50-99-7

• EDC (N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride), Chrystalline, CAS

number: 25952-53-8

• Fumonisin B1, 5 mg, CAS number: 116355-83-0

• HEPES (4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid)) (25 mM HEPES, 150 mM

NaCl, pH 7.4)

• Poly-L-lysine solution (0.01%),BioReagent, MW: 150 000 - 300 000 Da, sterile-filtered, suit-

able for cell culture, CAS number: 25988-63-0

• Poly-L-lysine-FITC labeled, MW: 30 000 - 70 000, MDL number: MFCD00165427

• Protease from Streptomyces griseus, powder, CAS number: 9036-06-0

• Mannan from S. cerevisiae, prepared by alkaline extraction, CAS number: 9036-88-8

• Yeast extract, for use in microbial growth medium, powder, CAS number: 8013-01-2

Other chemicals:

• Agar bacteriological, Oxoid LTD
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• Amino- and carboxyl functionalized polystyrene beads, Spherotech, Lake Forest, IL, USA.

• Bacterial peptone, Oxoid LTD

• PLL-g-PEG (PLL(20)-g[3.5]-PEG(2)), powder, SuSoS AG

• Soluble β-1,3/1,6-glucan from S. cerevisiae, 18 mg/mL, Biotec Pharmacon AS

(http://www.spherotech.com/)

4.2 S. cerevisiae cells

The strains BY4741 (wild type) and∆mnn9 of S. cerevisiae were kindly provided by Hélène Martin-

Yken, LISBP, Université de Toulouse, CNRS, INRA, INSA, 31400 Toulouse, France. The ∆mnn9

mutant has defects in the synthesis of the cell wall component mannan, resulting in an altered

cell wall composition [78]. The composition of the cell wall of the mutant strain compared to

the wild-type (WT) is presented in table 4.1

Table 4.1: The composition of the cell wall of S. cerevisiae strains BY4741 (wild type)
and mutant ∆mnn9 [78].

Strain
Mannans βββ-1,3-glucan βββ-1,6-glucan Chitin Protein
(µµµg/mg) (µµµg/mg) (µµµg/mg) (µµµg/mg) (%%%)

BY4741 304 ± 36 357 ± 11 138 ± 4 45 ± 5 14.4 ± 1.0
∆mnn9 170 ± 38 299 ± 21 123 ± 1.5 62 ± 2 43.2 ± 4.6

WT yeast cells were subjected to protease treatment and heat shock, to investigate if the

resulting changes in the cell wall composition improved their ability to interact with fumonisin

B1.

4.2.1 Cultivation of S. cerevisiae

Cells of the strains BY4741 (wild-type) and ∆mnn9 were cultivated on agar plates containing

YPD medium and further stored in a cooled storage room with a temperature of 4°C. Instructions

for preparation of YPD medium is presented in appendix B.
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Before experiments, cells were inoculated overnight in 25 mL of liquid YPD medium at 30°C

and with constant agitation at 130 rpm. Yeast cells were isolated from the overnight culture by

a washing procedure, resulting in a up-concentrated solution of yeast cells. 1 mL of overnight

culture was centrifuged in an eppendorf tube at 4000 rpm for 5 min. The supernatant was dis-

carded and cells re-suspended in 1 mL of distilled water, before further centrifuged at 4000 rpm

for 5 min. The cleaning step was repeated two more times and the remaining pellet was re-

suspended in buffer. For the optical tweezers experiments, the cells were suspended in 200 µL

of HEPES buffer, while 1 mL of PBS (pH 7.5) was applied for the flow chamber experiments.

4.2.2 Protease treatment of S. cerevisiae cells

Yeast cells were subjected to a protease treatment, in order to reduce the amount of mannose

peptides in the cell wall. This protease mixture from Streptomyces griseus is highly nonspecific,

but prefers to hydrolyze peptide bonds on the carboxyl side of glutamic or aspartic acids (Prod-

uct Information from Sigma-Aldrich). The effect of the protease treatment was investigated us-

ing optical tweezers. The protease was kindly provided by Marion Schiavone, LISBP, Université

de Toulouse, CNRS, INRA, INSA, 31400 Toulouse, Lallemand SAS, Blagnac, France. A 20 mg/mL

stock solution was prepared by dissolving 20 mg of protease in 1 mL acetate buffer (pH 5). 20 µL

of the stock solution was added to yeast cells dissolved in HEPES, with a total volume of 200 µL,

and the cells were incubated at 37°C for at least 2 hours. After incubation, the yeast cells were

spinned down at 3000 rpm for 3 min at room temperature. The supernatant was removed, and

the remaining pellets were washed two times with 200 µL of acetate buffer. The washing proce-

dure ensures removal of the protease and cleaved off mannose peptides. After the cleaning step,

the supernatant was removed and the pellet was dissolved in 200 µL of HEPES buffer.

4.2.3 Heat treatment of S. cerevisiae cells

In order to introduce a structural change to the cell wall, WT yeast cells were exposed to heat

stress by boiling the cells in buffer at approximately 80°C for 1 hour. Heat treated cells were

investigated using both optical tweezers and flow chamber, where the cells were suspended in

HEPES and PBS, respectively.
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4.3 Covalent immobilization of fumonisin B1 and yeast cell wall

components onto polystyrene beads or glass surfaces

In order to study the ability of S. cerevisiae cells to interact with fumonisin B1, the isolated cell

wall components mannan and β-glucan, as well as fumonisin B1, were immobilized on poly-

styrene beads. The polystyrene beads (Amino/Carboxyl Polystyrene Particles, 5% w/v) were

purchased from Spherotech, Inc and the β-glucans were provided by Biotec Pharmacon AS.

The boric acid used in functionalization of the polystyrene beads was prepared by Gjertrud

Maurstad. All the other chemical used were purchased from Sigma-Aldrich.

4.3.1 Functionalization of polystyrene beads

Immobilization of fumonisin B1

Fumonisin B1 was immobilized on both amino- and carboxyl-functionalized polystyrene beads,

with respective sizes of 2.18 µm and 2.10 µm, in order to investigate if the free amino-group on

C2 did participate in the interaction. The fumonisin B1 molecules were covalently attached

to the beads using the water soluble coupling agent EDC, which introduces a covalent bond

between a carboxyl group and an amino group (figure 4.1) [79].

Figure 4.1: Working principle the EDC (N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hy-
drochloride) coupling agent. EDC is able to introduce a covalent bond between carboxyl- and amino
groups. Molecules (1) and (2) can be peptides, proteins or other chemicals with available carboxyl or
primary amine groups. Figure reproduced from Thermo Scientific Crosslinking Technical Handbook
[79].

If carboxyl-functionalized polystyrene beads were applied, then fumonisin B1 was immo-

bilized through its amino-group, while using amino-functionalized beads, one of the propane-
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tricarboxylic acid moieties on the side arms participated in the covalent bond. The amount of

fumonisin B1 needed to achieve a sufficient coverage of the polystyrene beads was also inves-

tigated. Experiments were performed with both 10 µL and 1 µL of fumonisin B1 (5 mg/mL in

acetonitril) for 1.0 µL of NH2-functionalized beads. The reaction was performed in 100 µL of

boric acid (50 mM, pH 5.8) with approximately 0.5 mg EDC. After mixing by vortexing, the sam-

ple was placed in a rotary shaker overnight. Before use, the fumonisin B1-coated polystyrene

beads were washed to remove excess reactants and free fumonisin B1 molecules. The beads

were then spinned down at 6000 rpm for 1 min at 23°C. The supernatant was removed and the

beads were resuspended in 200 µL HEPES. The cleaning step was repeated, and the desired fi-

nal concentration of beads was achieved by dissolving the beads in 200 µL of HEPES. The coated

polystyrene beads were sonicated for 10 min in an ultrasonic bath prior to experiments, in order

to reduce the amount of aggregated beads.

Immobilization of β-glucan and mannan

The polymers β-glucan and mannan were immobilized on 3.36 µm amino-functionalized poly-

styrene beads through the process of reductive amination. A final concentration of 1 mg/mL

of polymer was to be immobilized on 10 µL of polystyrene beads, using 25 µL of 40 mg/mL

picoline-borane (Sigma-Aldrich) in 96% ethanol. The solution was adjusted with MQ water until

a final volume of 500 µL. The solution was incubated on a rotary shaker for 48 hours at room

temperature. To remove free polymer chains and excess reactants, the polysaccharide coated

polystyrene beads were washed with HEPES buffer as described for fumonisin B1 beads in the

previous section. The beads were suspended in a final volume of 200 µL HEPES, and further

sonicated as described for fumonisin B1-coated beads.

4.3.2 Coating of glass slides

For the flow chamber experiments with fumonisin B1 against viable and heat treated BY4741

cells, the glass coupons were coated with fumonisin B1. Additionally, the circular coverslips

used in optical tweezers experiments were coated with bovine serum albumin (BSA) to prevent

beads and cells from adhering to the glass surface.

45



Immobilization of fumonisin B1 on glass coupons

The coupon surface was first functionalized by silanization, using 6 µL of N-[(3-Trimethoxysilyl)-

propyl]ethylenedamine triacetic acid trisodium salt in 500 µL of 1 mM acetic acid. The struc-

ture of the silane is illustrated in figure 4.2. The glass coupons were incubated with the silane-

solution for 20-30 min. After incubation, excess solution was pipetted off and the coupons were

further washed in MQ water. The carboxyl-silane-functionalized surface was then incubated for

1 hour with a solution of 0.25 mg/mL fumonisin B1 in boric acid (50 mM, pH 5.8), with 5 mg/mL

EDC. A volume of approximately 500 µL was needed to completely cover the coupon surface.

Excess fumonisin B1 solution was removed and the surface cleaned with MQ water and dried

with N2 gas.

Figure 4.2: Chemical structure of N-[(3-Trimethoxysilyl)-propyl]ethylenedamine triacetic acid tri-
sodium salt. Figure modified from PubChem Compound Database.

Bovine serum albumin (BSA) coating

The coverslips used in the optical tweezers experiments were coated with a solution of bovine

serum albumin (BSA) to prevent adhesion of functionalized beads and yeast cells to the glass

surface. Prior to the BSA-treatment, the glass slides were washed with MQ and dried with N2 gas

in order to remove dust and other contamination on the surface. The slides were incubated with

a 1 mg/mL solution of BSA in MQ water for 20 min, and further washed in MQ and dried with

N2 gas. The BSA molecules are able to adhere to the glass surface by electrostatic interactions.

New BSA-coated glass slides were prepared for each day performing experiments.
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4.4 Quantification of interactions by the use of optical tweezers

4.4.1 Instrument set up of JPK optical tweezers

The dual trap optical tweezers used in these experiments are NanoTracker from JPK (figure 4.3),

with an integrated Zeiss Axio Observer inverted optical microscope. The device allows the use

of two independently controlled traps, due to a polarized beam splitter. Absolute light intensity

and power ratio distributed between the two traps can be altered continuously. Trapping is

performed using a high-intensity 3W laser operating at a wavelength of 1064 nm and with a

Gaussian beam profile. The laser light is coupled into the Zeiss microscope, which contains two

objectives; one for trapping and one for detection. These are both water immersion objectives,

with a magnification power of 63x and 1.20 numerical aperture. A LED light source illuminates

the sample, which is further imaged by a CCD camera. Ultra fast steering of the laser beam, both

in the x and the y axis, is offered by galvanic mirrors. Control of the laser beam in the z direction

in achieved by a movable lens attached to a linear motor. The sample holder is controlled by a

motorized sample position system, consisting of both a long-distance XY translation stage and

a closed-loop piezo stage [80]. To dampen the interference of vibrations in the building, the

optical tweezers platform is positioned on an air vibration isolation table.
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Figure 4.3: Schematic diagram of the JPK NanoTracker Optical Tweezers. Figure achieved from JPK
Instruments.

4.4.2 Preparation of sample chamber

The sample was prepared in a closed chamber, referred to as a liquid cell. The housing consists

of a circular coverslip (30 mm diameter, thickness number 1), two strips of double-sided tape

used to create a channel and a rectangular 20 x 50 mm coverslip (Figure 4.4). Before mounting

the liquid cell, the circular coverslip was pre-coated with bovine serum albumin (BSA, Sigma) as

described in section 4.3.2. The liquid cell was prepared before each experiment. The width of

the channel can be altered, but is usually set to approximately 4 mm. The precise sample volume

depends on the size of the channel, but with this set-up a sample size of about 14 µL is inserted

into the channel. By using a pipette, the sample drop was placed on one edge of the channel

and further dragged into the channel by capillary forces. To prevent the sample from drying out

during the experiment, a drop of nail polish was placed at both ends of the channel to seal it

off. The sample solution contained 5 µL from two different polystyrene beads solutions (section
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4.3.1) in 200 µL HEPES. For experiments performed with cells, the sample solution contained 5

µL of polystyrene beads solution and 5 µL of yeast solution (section 4.2.1).

Rectangular 
cover glass

Double-sided 
tape

Circular cover glass
Nail polish

Figure 4.4: Liquid cell used in optical tweezers experiments.

4.4.3 Force measurements using the optical tweezers

After turning on the instrument, followed by the software, the laser power requires about 1-2

hours to stabilize. Performing measurements on the sample must therefore wait until the stabi-

lization of the laser is completed. The liquid cell was prepared as described above and loaded

in the sample holder, and further placed in the sample chamber. A drop of Zeiss oil was placed

on both sides of the liquid cell, in the center of the sample channel. The trapping and detection

objectives were adjusted to get the sample in focus. The microscope was further adjusted to

Köhler illumination, achieving both sample and blender in focus. This involves closing the field

diaphragm and further adjusting the height of the detection objective to obtain clear edges of

the octagonal light source. The field diaphragm was then opened, and the optical tweezers are

ready for initiating measurements. Two beads with different functional surface, or one function-

alized bead and one yeast cell, were trapped by each of the two lasers. The beads representing

different functional surface are chosen to have different size, to be able to discriminate between

the two types of beads.Figure 4.5 illustrates optical traps with two trapped beads.
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Figure 4.5: A schematic drawing of optical traps with two trapped beads. One trap contains a β-
glucan coated amino bead, while the other contains a fumonisin B1-coated amino bead. Fumonisin
B1 is covalently bound through one of its carboxylic acid moieties, while β-glucan is attached by its
reducing end through reductive amination.

Calibration

The size of the trapped cell was determined by the JPK NanoTracker software. The measured

diameter of the cell, as well as the manufactured size of the beads, was used as input for the

Calibration Manager. Every time new beads or cells are trapped, the stiffness and sensitivity of

both traps must be calibrated by the software. The calibration is based on measuring Brownian

motions for 8 seconds, resulting in 8 parallel measurements. The Lorenzian function is further

fitted to the measured power spectrum of Brownian motion, where the stiffness and sensitivity

is calculated based on the corner frequency, also referred to as the roll-off frequency (equation

3.10 in section 3.2.3), of the fitted Lorenzian. The calculated fit must then be marked off to be

used in the experiment. The calibration of the stiffness is based on a temperature of 25°C. The

room temperature was approximately 21°C, but due to heating of the sample by the laser, the

temperature of the sample was estimated to be a bit higher.
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Parameter settings

The location of the beads in the z-axis was adjusted so that the two beads were located at the

same height. This was achieved by placing the small bead a little lower than the larger bead.

By gently moving them up and down, it was estimated that the small bead should be placed

at approximately - 0.1 µm to - 0.25 µm, and the larger bead in the range of 0.3 to 0.45 µm.The

trapped beads were further aligned on a horizontal line. The smallest bead was usually cho-

sen as the movable bead, while the other was kept stationary. The distance between the beads

was reduced until the two polystyrene beads were in contact and gently pushes each other out

of the laser focus, which can be observed as an increase in the force acting on the beads. The

separation distance was generally kept at maximum 2 µm, due to a larger distance generating a

bigger data file, as well as resulting in more time consuming measurements. During the mea-

surements, the speed of movement can be regulated, in addition to the time period of contact,

also referred to as the hold-time. A speed of 1 µm/sec and a hold-time of 0.5 sec was found to be

most efficient.

The forces acting on the beads are measured during the displacement. If there is any inter-

action it will be detectable when the beads are moving apart from each other. The pulling force

required to move the bead to its equilibrium position increases as more of the bead is displaced

from the center of the optical trap.

4.4.4 Data analysis

For each observed rupture event, the bond strength and corresponding force loading rate were

determined based on the magnitude and slope of the force jump, respectively. The JPK OT-

instrument generates a text-file, which contains a large amount of information about the rup-

ture events, including the calibration parameters. The corresponding values of f ∗, ko f f and xβ

can be obtained from the text-file using the programs iNanoTrackerOT3D and ForceSpecAnal-

yse, both developed using IDL Data Visualization Software and written by Bjørn Torger Stokke,

Professor at the Department of Physcis at NTNU. In a pre-process and pro-process program,

the recorded change in force in X, Y and Z direction for both trapped objects are combined and

further analyzed.
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iNanoTrackerOT3DPreProcess3.pro

This program integrates information from the text-file provided by the OT. Several graphs are

generated for both trapped objects in the X, Y and Z position, where each graph contains infor-

mation about one of the objects in one of the three dimensions. The obtained data is further

combined into a single position-coordinate. Since both trapped objects are displaced during

interaction, the change in force of both objects are combined into a single force-value using

equations 4.1 and 4.2

∆F = F (r etr act )−F (appr oach) (4.1)

where∆ F refers to the change in curves, and F(retract) and F(approach) refers to the interaction

forces for the retract curve and approach curve, respectively.

∑
F =∆F x +∆F y +∆F z (4.2)

Performing equation 4.2 for both trapped objects, and further adding the obtained values, gen-

erates a combined curve of the forces. Consequently, the baseline of the approach-retract-

curves was evened out and a horizontal baseline was produced. A new ".txt" file was generated,

which was further analyzed with iNanoTrackerOT3DPostProcess2.pro

iNanoTrackerOT3DPostProcess2.pro

The combined curve of the forces provided by the pre-process program is used as input for

the iNanoTrackerOT3DPostProcess program, in order to calculate the rupture force and load-

ing rate. The loading rate, defined as the external force applied per time unit (df /dt), can be

calculated from the slope of the force curve:

r f =
∆y

∆x

∆ f

∆d
(4.3)

where f is the force and d is the distance. The area of the force curved used for fitting of the

loading rate is indicated by the red line in figure 4.6a. The unbinding force is estimated by fitting

a vertical line from the baseline to the top of the force jump, which is indicated by the yellow line
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in figure 4.6a. A good estimation is achieved if the vertical line is fitted to a coherent vertical line

of the force-curve. It is possible to obtain several rupture events when an interaction curve

presents multiple interactions. The force and loading rate estimations are further written to an

"out.txt" file.

a) b)

c)

Figure 4.6: Screen print of interaction analysis in the iNanoTrackerOT3DPostProcess program. (a)
The purple curve is the combined curve obtained from the iNanoTrackerOT3DPreProcess program.
The yellow line estimates the unbinding force, while the red line indicates the area of the force curve
used for fitting of the loading rate. The orange and green curve presents the second derivative of the
purple curve, where the peak indicates the force of the rupture event. (b) Overview of the distribution
of unbinding forces relative to the loading rate. (c) A combined "Force vs distance" plot of the graphs
generated for both trapped objects, indicating the relationship between force and distance in the x, y
and z-direction.

ForceSpecAnalyse

The program ForceSpecAnalyse divides the data set of force and loading rate into suitable dis-

tributions. A histogram is generated for each of the distributions and a fit of P(f) (equation 3.16)

is added to each histogram. By maximizing equation 3.16, the most probable unbinding force

is obtained for each distribution. The fitting also provides the parameters xβ, ko f f and τ0. The

number of histograms is manually set by the user, and is based on the number of data points

and the spread in the data. A large data set is required, in order to obtain sufficient data points

for each histogram so that the fit of P(f) produces a peak.
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SigmaPlot

All figures presenting data related to DFS, such as histograms and galleries of force-jumps, were

processed and presented using Sigma Plot, a mathematical and statistical software.

4.5 Preparation of samples for AFM imaging

The effect of immobilizing fumonisin B1 onto a glass slide using silanization was investigated by

AFM imaging of the glass surface. The fumonisin B1-treated surfaces were exmamined by Nina

Bjørk Arnfinnsdottir (Department of Physics, NTNU).

The glass slides were silanized as described for the flow cell coupons in section 4.3.2. The

glass slides applied in AFM experiments are quite smaller than the coupons, and a volume of ap-

proximately 50 µL was needed to cover the entire glass surface. For investigating the difference

between simple adhesion of fumonisin B1 and covalent immobilization, a control surface was

also investigated where the glass slide was immersed in a fumonisin B1 solution (0.25 mg/mL in

50 mM boric acid, pH 5.8). The control sample was incubated with the fumonisin B1 solution for

30 min, before washed in MQ water and let to dry in a petri dish on a parafilm cover. The AFM

imaging of the glass slides was performed in the tapping mode. The AFM images were processed

and presented using IGOR pro software, which also calculated the mean surface roughness of

the obtained images. The program controlling the AFM in the IGOR software has been pro-

duced by Asylum Research, and the current version is AR15. The surface roughness can give a

qualitatively evaluation of the deposition of fumonisin B1 on the differently treated surfaces.

4.6 Shear stress flow chamber experiments

4.6.1 Assembly of flow cell

The flow cell applied in this study consisted of a rectangular flow channel (12 mm width, 25.2

mm length and 200 µm thickness). All equipment for the flow cell was cleaned with 70% ethanol

before use. A small screw with O-ring was positioned under the coupon housing chamber, in the

flow cell. After the experiment, this screw is removed and a small screwdriver is used to push
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the coupon out of the chamber. To avoid possible leakage, all screws are covered with a small

amount of grease. The flow cell chamber was placed on a plaque support, which was mounted

onto a plexiglass plate, and further fixed by inserting a screw in each of the four corners of the

chamber. The glass coupon (∼ 1 mm thick) was positioned on top of a small metal plate in

the coupon housing chamber, where a small amount of grease was used to keep the coupon in

place. The metal plate allows the coupon to be leveled with the bottom of the flow channel,

creating a gap of 200 µm between the coupon surface and the cover glass.

The coupon had been treated with fumonisin B1, as described in section 4.3.2. A cover glass,

cleaned with 70% ethanol and further dried, was placed in the notch of the chamber, on top

of the coupon. A thin layer of grease was added on the rest of the surface of the chamber, in

addition to around the edge of the glass slide. This is to prevent leakage of buffer from the

flow cell and to further establish laminar flow. The silicon seal was positioned, and a black top

clamping plate was placed on top. The plate was fastened by 10 screws in a quincunx order. The

procedure for the assembly of the flow cell is demonstrated in figure 4.7.

4.6.2 Procedure for shear-stress flow chamber experiments

The buffer supply tank was filled with 20 L of PBS buffer. Instructions for preparation of PBS

buffer is presented in appendix B. All the tubes were checked if connected properly, and the

tubes connected to the flow cell were secured by the use of white strips, two on each side of

the chamber and one on the side facing the next tube. The tubes were further filled with PBS

solution, and both the tubing and the flow chamber were checked for leakage. The remaining

air bubbles in the tubes were also removed through the bubble trap and the outlet tube. The

injection loop was also filled with PBS solution.

S. cerevisiae cells were prepared as described in section 4.2, and PBS was added to obtain an

optical density of about 5, which gave approximately 200 cells per sample area at 40x magnifi-

cation. Experiments were conducted with both viable and heat treated cells. A 1 mL suspension

of S. cerevisiae cells was slowly injected through the injection loop and further into the flow

chamber using a 1 mL syringe. The suspension was let to attach to the coupon surface for 50

min under static conditions. During injection, the valve on the bubble trap must be open. The

flow cell was further mounted onto a Nikon eclipse LV100 microscope sample stage. The cor-
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Flow channel
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Figure 4.7: Stepwise procedure for assembly of the flow cell. 1) A screw with O-ring is positioned under
the coupon housing chamber, which is not demonstrated. The flow cell chamber is mounted on a
plaque support, which is further attached to a plexiglass plate. 2) A coupon covered with a molecule
of interest is positioned in a the coupon housing chamber, and a cleaned cover glass is further placed
on top of the coupon. The remaining surface of the chamber is covered with a thin layer of grease,
especially around the edges of the cover glass. 3) The silicon seal is positioned so that it covers the
outer edges of the cover glass. 4) The black top clamping plate is positioned and fastened by 10 screws
in a quincunx order.

responding Nikon software was used to capture images of the chosen sample area. The sample

area must be located at the end of the coupon, near the output tube. This is due to the laminar

flow still establishing at the upstream part of the coupon. When an area of the coupon was in fo-

cus, an image was taken and the number of single cells were counted and registered in a custom

made excel sheet.

After 50 min of adhesion, a rinsing step with PBS was performed for 10 min at a height of

28 cm of the constant-level tank. This height corresponds to a flow rate of 0.001 mL/s, which

ensures a rinsing procedure at a low rate, to obtain a stabilized system and remove unbound or

loosely-adhered cells. Laminar flow was then initiated by further increasing the flow rate every

third min, and the corresponding weight of run trough PBS buffer was measured and registered

in the excel sheet.
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Images were collected using the optical microscope Nikon Eclipse LV100. The microscope

contains a 40x ultra-long working distance objective, and the images were recorded by a camera

(digital STGHT DS-2MBW, Nikon) and presented by the NIS-Elements F3.0 video acquisition

software. Every third min, the image collected was used to manually count the number of cells

present.

The flow rate was first adjusted by hydrostatic pressure, by increasing the height of the constant-

level tank, resulting in rates ranging from 0.001 to 0.3 mL/s. When the rack had reached the

maximum height of 80 cm at the rack, the flow rate was further increased by using the volumet-

ric pump. Maximal obtained Reynolds number was equal to laminar flow conditions. The wall

shear stress (τw ) during the experiments was in the range 0-80 Pa.

A schematic diagram for the setup of a shear stress flow cell experiment is presented in figure

4.8. The experiments were performed at least in triplicates for each different condition, with

different FB1-coated or only silanized coupons and independently grown S. cerevisiae cultures.

Buffer supply
tank

Constant-
level tank

z

Waste tank

Volumetric 
pump

Bubble trap

Injection
loop

Sink

Flow cell

Outlet
valve

Injection valve

Figure 4.8: Schematic diagram for the setup of shear stress flow chamber experiments.

4.6.3 Cleaning procedure of coupons

The coupons were cleaned by first removing the visible contamination by ethanol and by rub-

bing with some paper. The coupons were then transferred to a 2% (v/v) solution of RBS liquid

detergent at 50°C for about 1 hour and further at room temperature overnight. Traces of the

detergent on the coupon surface was washed off by a rinsing procedure, in which the coupons

were dipped into first five baths of MQ water at 50°C and then in five baths of MQ water at room
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temperature. The coupons were then dried by the use of N2 gas and further placed in a petri

dish on a sheet of parafilm. The coupons were further cleaned by plasma cleaning, to remove

remaining traces of contamination. The plasma cleaning was performed by Cécile Formosa-

Dague, LISBP, Université de Toulouse, CNRS, INRA, INSA, 31400 Toulouse, France.

4.6.4 Data analysis

The number of cells present at each measurement, as well as the amount of run through buffer

were recorded in a custom made excel sheet. For each measurement, the buffer flow rate (mL/s),

shear stress (Pa) and the percentage of remaining cells were calculated. The shear stress was

obtained from equation 3.18, which is presented in section 3.4. How the different parameters

were calculated is explained in the appendix D.

4.7 Preparation of microarray of yeast cells

4.7.1 Fabrication of PDMS stamp

The PDMS stamp used for microcontact printing was produced in a clean room at NTNU by

Kertu Liis Krigul. The pattern of the PDMS stamp was designed by using the software CleWin.

The fabrication procedure of a PDMS stamp is demonstrated in figure 4.9.
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Figure 4.9: (i) A silicon wafer is used as the substrate, which is further coated with the photoresist
mr-DWL 5 through spin coating. (ii) The photoresist is exposed to UV light using a maskless aligner,
allowing direct exposure of the desired pattern without the need of a mask. (iii) A developer is used to
remove unexposed photoresist, resulting in the formation of a 3D patterned surface. (iv) The PDMS
pre-polymer and its curing agent is mixed and poured onto the patterned silicon wafer. (v) The poly-
mer is hardened through thermal curing and can be pealed off from the mold. The PDMS is then ready
to be applied for microcontact printing.

Photolithography

A 2" silicone wafer (University Wafers) was cleaned by soaking it in acetone and further rinsing

it with isopropanol, ethanol and DI water. To remove any traces of the solvent, the wafer was

dried with N2 gas. The wafer was further placed in an ozone cleaner for 3 min to improve resist

adhesion. Remaining solvents were removed by a 20-min dehydration bake at 180°C.

The cleaned wafer was then covered with the chosen photoresist, mr-DWL 5, which was

applied by spin coating. 2 mL of mr-DWL 5 was added and further spinned for 33 seconds,

with an acceleration of 1000 rpm/s and a maximum speed of 3000 rpm, resulting in a thickness

of approximately 5.5 µm. The resist coated wafer was further pre-baked at 90°C for 2 min, by

placing the wafer on a cold hotplate and gradually increasing the temperature until 90°C was

reached. The temperature of the hotplate was then decreased to 50°C, and the wafer was let to

cool down on the hotplate. When 50°C was reached, the wafer was moved onto a clean room

wipe and let to relax for 10 min.
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The substrate was exposed to UV light at 405 nm, with an exposure dose of 300-500 mJ/cm2,

using the maskless aligner MLA150. The exposure was performed following the MLA150 User

Guide by Heidelberg Instruments.

After exposure, the substrate was subjected to a post-exposure bake at 90°C for 2 min. The

same procedure as for the pre-bake was repeated for the post-exposure bake. The wafer was

placed on a clean room wipe for a relaxation period of 1 hour.

The substrate was developed by placing the wafer in a beaker containing mrDEV-600 for 1.5-

2 min under constant agitation. Fresh developer was pipetted onto the wafer surface, before

incubating the wafer in a beaker with isopropanaol for 1 min. While removing the sample from

the beaker, the sample was rinsed with fresh isopropanol and then dried with N2 gas. A post

bake was performed at 120-140°C for 30 min.

Replica moulding

In a 1:10 ratio, the PDMS pre-polymer Sylgard-184 (Dow Corning) was mixed with the curing

agent (Dow Corning). The ratio was determined by weight, where approximately 10 g of PDMS

mixture was enough for a 2" wafer. The two components were mixed by gently stirring with

a plastic spoon, and the bubbles generated during stirring were removed by de-gassing in a

vacuum chamber for 5-7 min. The mixture was then gently poured onto the wafer placed in a

holder made by aluminum foil, and the PDMS was cured in a curing oven for 3 hours at 65°C.

After curing, the PDMS stamp was carefully peeled off the wafer using tweezers.

4.7.2 Microcontact printing

A PDMS stamp produced by Kertu Liis Krigul, with a 4.6 µm thickness and features of 6 µm

diameter with 12 µm spacing, was used for the microcontact printing procedure.

Microcontact printing of PLL-FITC

In order to characterize the stamp pattern, the fluorescent PLL-FITC was used to deposit the

pattern onto a glass slide. Dust and other contaminants on the surface of the stamp were re-

moved by gently attaching a piece of tape on the surface and then removing it. Depending on
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the size of the PDMS stamp used, a drop of approximately 200 µL of PLL-FITC (0.5 mg/mL in MQ

water) was added to the surface and let to react for about 15 min. Excess solution was pipetted

off and the remaining PLL-FITC solution was removed by drying the surface with N2 gas. A glass

slide cleaned with ethanol and MQ water was placed on top of the stamp, with the pattern side

facing up. The tip of a tweezers was used to gently push the glass against the tamp, so that the

stamp pattern was visible by the naked eye. A weight of approximately 100 g was placed on top

of the glass slide for about 15 min. The deposited pattern was investigated using the FITC filter

on a Zeiss Axiobserver Z.1 microscope.

Immobilization of S. cerevisiae on PLL-treated glass

Since S. cerevisiae cells were able to attach to glass surfaces cleaned with ethanol and MQ water,

the cover glasses were further treated with PEG to prevent adhesion. Cleaned glass surfaces were

covered with 1 mg/mL PLL-g-PEG solution (200 µL, 60 min incubation). After incubation, excess

solution was pipetted off and the slides were gently washed in MQ water and further dried with

N2 gas.

In order to verify the ability of PLL to immobilize S. cerevisiae cells on glass surfaces, the

entire cover glass was functionalized with 0.01% PLL (200 µL, 15 min incubation). Excess solu-

tion was pipetted off and the glass slide was dried with N2 gas. A solution of S. cerevisiae cells

suspended in HEPES, 1:2 diluted from stock solution, was added to the slide.

Different time periods of incubation were investigated, where 5 min was established as the

optimal incubation period to prevent the formation of large cell aggregates. After incubation,

the slides were gently washed with MQ water. A gentle washing procedure is required, since the

interaction between PLL and cells can be mechanically interrupted. Different types of washing

procedures were tested, including gently moving the slide in a petri dish with MQ water, dipping

the slide into MQ water and pipetting on and off MQ water on either a flat or slightly tilted glass

slide. No optimal procedure was established. The immobilized S. cerevisiae cells were studied

using a Zeiss Axiobserver Z.1 microscope, using both bright field and phase contrast. Some fresh

HEPES was added to the slide surface, to prevent the cells from drying out.
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Microarray of S. cerevisiae

The same procedure used for depositing a pattern of PLL-FITC was repeated for PLL (0.01%),

which was deposited on a pegylated glass slide. Since the pattern would be more difficult to

locate, due to the lack of a fluorescent tag, the stamp area was marked on the glass slide. The

patterned surface was investigated using a Zeiss Axiobserver Z.1 microscope.

The PLL patterned side of the glass slide was further applied with a 200 µL solution of S.

cerevisiae cells, 1:2 dilution of the stock solution, and incubated for 5 min, before washing with

MQ to remove unattached cells. All the washing procedures mentioned above was also applied,

however, no clear difference was observed. The immobilized S. cerevisiae cells were studied us-

ing a Zeiss Axiobserver Z.1 microscope, using both bright field and phase contrast. Some fresh

HEPES was added to the slide surface to prevent the cells from drying out. Figure 4.10 demon-

strates the experimental procedure for immobilization of S. cerevisiae on a PLL-patterned glass

surface.
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100 g

1. Cover the PDMS stamp with PLL solution

PLL

2. Place glass slide on PLL treated stamp to transfer pattern

3. Cover the patterned surface with a solution containing yeast cells 

4. Wash off excess yeast cells to obtain pattern of immobilized cells

yeast cells

Figure 4.10: Schematic overview of the microcontact procedure for obtaining a PLL-patterned glass
surface, and further immobilization of Saccharomyces cerevisiae cells. 1) The PDMS stamp was cov-
ered with a PLL (0.01%) solution for 15 min, before excess solution was pipetted off and the surface
dried with N2 gas. 2) A 100 g weight was positioned on top of the glass slide, in order to transfer the
PLL-pattern onto the glass surface. 3) A 1:2 diluted cell suspension (in HEPES, pH 7.4) was added to
the surface and let to react for 5 min at room temperature. 4) The yeast solution was removed by gently
washing in MQ water. The glass surface had HEPES added to prevent the remaining cells from drying
out.
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5. Presentation and evaluation of results
This chapter presents the experimental data obtained as part of this master thesis, and consti-

tutes the basis of the conclusions drawn. Some evaluation of the obtained results during the

experimental work are also presented, which lead to small alterations in the experimental pro-

cedure.

5.1 Quantification of interactions between S. cerevisiae and fu-

monisin B1 by the use of shear stress flow chamber

A shear stress flow chamber was used to investigate the adhesiveness of S. cerevisiae cells on

fumonisin B1 coated glass slides. Prior to coating the glass coupons with fumonisin B1, they

were silanized in order to cover the glass slides with functional carboxyl groups. Fumonisin B1

was covalently immobilized on the coupons by the use of the coupling agent EDC. The cou-

pling agent introduces a covalent bond between the carboxyl-group on the glass surface and

the amino group on fumonisin B1 [79].

The cell suspension was injected through the injection loop and the cells were allowed to at-

tach to the coupon surface during a 50 min waiting time, under static conditions. For the wild-

type BY4741, all cells were washed away during the rinsing step. Based on this observation it was

concluded that the wild-type cells were not able to adhere to the fumonisin B1 coated surface, or

the carboxyl-silanized control surface. However, it was also investigated if subjecting the yeast

cells to heat shock might improve their adhesiveness. The wild-type BY4741 cells were boiled in

a PBS buffer for 1 hour at 80°C prior to the experiment. These heat treated cells presented im-

proved adhesiveness, which was observed for all three replicas. The adhesiveness of viable and

heat treated cells was investigated for both fumonisin B1 coated surface and carboxyl-silanized

control surface. The shear stress (τw ) required in order to detach the cells from the surface is

presented in table 5.1.
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Table 5.1: Shear stress calculated at the wall of the flow cell channel when 10, 50 and 90 % of the
cells were washed away, denoted as τw10%, τw50% and τw90%, respectively. The measurements
were obtained in a shear stress flow chamber for viable and heat treated wild-type BY4741 cells
attached to fumonisin B1 (FB1) coated glass in PBS buffer. As a control sample, shear stress was
recorded for heat treated cells attached to a carboxyl-silanized surface.

Viable cells on Heat treated cells on Heat treated cells on
FB1 coated surface1 FB1 coated surface COOH-silanized surface

τw 10% (Pa) No adhesion 0.50 ± 0.02 0.34 ± 0.07
τw 50% (Pa) No adhesion 4.14 ± 2.12 0.36 ± 0.10
τw 90% (Pa) No adhesion 10.67 ± 1.08 0.37 ± 0.14
1No adhesion observed for viable cells on COOH-silanized surface.

For the heat treated cells, about 4% remained after the rinsing step, which constitutes the

cells with successful adhesion to fumonisin B1. The detachment profile for the three replicas is

presented in figure 5.1. Two of the replicas presented a similar detachment profile (light orange

and orange in figure 5.1), where all cells were washed away at approximately 12 and 15 Pa of

shear stress. The third replica deviated from this profile, and presented a more rapid detach-

ment, where all cells had detached before 5 Pa of shear stress.

Figure 5.1: Detachment profiles of the three replicas of heat treated wild-type BY4741 cells attached
to fumonisin B1 coated glass surface in PBS, induced by shear flow. About 4% of the cells remained
after the rinsing step, which denoted the number of cells with successful adhesion to the fumonisin B1
coated surface and was therefore regarded as the population size (100 %) for the first measurement.

The heat treated cells also presented some ability to adhere to carboxyl-silanized glass sur-

face, but a lower shear stress was required in order to detach all cells compared to the fumonisin

B1 coated surface (table 5.1). Figure 5.2 shows images of the chosen sample area before and after
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the rinsing step, for both carboxyl-silanized glass and fumonisin B1 coated glass. The number

of cells present in the sample area before the rinsing step was about 200 cells. An image of the

sample area was collected for every measurement, in order to count the number of cells present.
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Figure 5.2: Images of chosen sample area of the coupon before and after performing the rinsing step.
The number of cells present on the carboxyl-silanized glass surface, before and after rinsing, is pre-
sented in (a) and (b) respectively. The same is illustrated for the fumonisin B1 coated glass surface, in
(c) and (d). Images are obtained using the optical microscope Nikon Eclipse LV100, with 40x magnifi-
cation.

5.1.1 Sensitivity of the shear stress flow chamber measurements

Cleanness of the coupon

In order to achieve reliable results from the shear stress flow chamber, it is important to have a

clean coupon surface. This was observed when first performing a negative control experiment

with wild-type cells and an untreated glass coupon in November 2017. The coupon had been

used before and was cleaned using a RBS detergent and further washed in MQ water. The results
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indicated that yeast cells were able to adhere quite strongly to the untreated surface, where 193

out of 250 cells where still present after the rinsing step. A shear flow of 28 Pa was required in

order to detach all cells from the glass surface. Visual inspection of the cleaned coupon, prior

to the experiment, indicated the presence of contamination. This was confirmed when imaging

the coupon in the optical microscope Nikon Eclipse LV100.

Due to suspected contamination of the coupon surface, a new cleaning procedure was intro-

duced, which involved cleaning the coupon with ethanol immediately after performing an ex-

periment. The coupon was subsequently immersed in RBS at 50°C for about 1 hour and then at

room temperature overnight. The last step of the cleaning procedure involved plasma cleaning,

which was performed by Cécile Formosa-Dague, LISBP, Université de Toulouse, CNRS, INRA,

INSA, 31400 Toulouse, France.

The experiment with the wild-type cells and an untreated glass coupon was repeated, using

a coupon cleaned with the new procedure. The obtained results differed from the first exper-

iment, where all cells were washed away during the rinsing step. It was therefore determined

that RBS was not able to remove all contamination from the coupon surface. Based on these

results, previous experiments performed with a coupon washed only with RBS were excluded.

Furthermore, the new cleaning procedure enabled discrimination of the results obtained

for a fumonisin B1 coated surface versus a carboxyl-silanized surface. The observed adhesion

is thus believed to result from the surface coating, and not remnants of vacuum grease or other

contaminants. However, some uncertainty remains regarding the ability of the improved clean-

ing procedure to remove all traces of functionalization from the glass surface. The possibility

of contaminating vacuum grease or surface functionalization can be avoided by applying a new

coupon for each experiment.

Instrumental setup

The instrumental set up of the shear stress flow chamber, demonstrated in figure 4.8, also pre-

sented some challenges regarding the reliability of the results. It was discovered that acciden-

tally touching the tubes attached to the flow chamber induced a disturbance in the PBS that

could result in detachment of the cells. This problem was mainly due to the position of the bal-

ance, located in the center of the instrumental setup. In order to reach the balance, one had to
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lean over the outlet tube, which is attached to the flow cell chamber.

Such disturbance can be avoided by relocating the balance to a position were it does not in-

terfere with the instrumental setup of the flow chamber. The measurements must be performed

at precise time points, which leads to a time pressure on the researcher. Hence, the balance

should be positioned close to allow rapid measurements, while reducing the stress and risk of

touching the tube.

Correct estimation of the shear stress and adhesiveness of the cells were also challenging

to obtain. The estimation of the shear stress is based on the amount of PBS buffer that runs

through the system at a given interval in time, and calculated every 3r d min. By exceeding the

3 min time period by just a couple of seconds, a larger volume of buffer is recorded than what

is correct, which will further result in a higher shear stress. A correct estimation of shear stress

was aimed for by carefully timing each measurement. However, an automatic registering of

run through buffer would make it easier to obtain correct measurements and thus a correct

estimation of the shear stress in the flow cell.

For each measurement, the number of cells present in the sample area had to be counted

manually, which was a time consuming process. The number of cells could be obtained using

a MATLAB program, which can count the number of cells in the recorded images. However, it

is important to distinguish cells that have moved and reattached within the sample area from

those that were able to maintain their initial position throughout the measurements. Further-

more, cells that were initially part of aggregates prior to the rinsing step were not registered, and

should not be included if they were represented as single cells later in the experiment. It was

also observed that cells from other locations on the coupon surface could reattach within the

sample area. Such cells should not be recorded. However, keeping track of these cells during the

measurements was experimentally challenging. Identifying such occurrences was not possible

for the available MATLAB program, and thus the recording of cells present in the sample area

was concluded to be more accurately determined when performed manually.

Distribution of fumonisin B1 on the coupon surface

Another factor that might impact the reliability of the results is the distribution of fumonisin B1

on the coupon surface. A homogenous coverage of fumonisin B1 is favorable in order to ob-
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tain equal conditions for each measurement. A concentration of 0.25 mg/mL fumonisin B1 was

found to provide a sufficient coverage. However, some aggregates were observed, as demon-

strated in figure 5.3.

Figure 5.3: Demonstration of uneven coverage of fumonisin B1 on carboxyl-silanized glass surface
used for shear stress flow chamber experiments. The image is captured before performing the rinsing
step. Image is obtained using an optical microscope Nikon Eclipse LV100, with 40x magnification.

5.1.2 AFM height images of fumonisin B1 coated glass

The distribution of fumonisin B1 on the glass coupon was investigated by the use of AFM imag-

ing. The surface topography of the glass coupon was characterized using tapping mode AFM.

This procedure was performed by Nina Bjørk Arnfinnsdottir (Institute of Physics, NTNU). Glass

slides with covalently immobilized fumonisin B1 were compared with glass slides where fumon-

isin B1 had been adsorbed on the surface (figure 5.4). AFM images of glass with adsorbed fu-

monisin B1 illustrated areas with a homogenous coverage (c and d), but also areas with aggre-

gates (b) and empty spots (a). The surfaces with covalently immobilized fumonisin B1 generally

showed a homogenous coverage (e), but included some areas showing aggregates present on

top of the fumonisin B1 film (f).
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Figure 5.4: AFM height images of fumonisin B1 adsorbed (a-d) or covalently immobilized (e-f) on
glass slides. The images were recorded by the use of tapping mode.

In order to compare the topography of the adsorbed and covalently immobilized fumonisin

B1 covered glass slides, the surface roughness (Ra) was calculated for each of the images pre-

sented in figure 5.4. The obtained value is the mean surface roughness calculated for the entire

image. In figure 5.4a, there are some regions with aggregates, but also areas without any visible

fumonisin B1. By the use of the mask function in the IGOR pro software, the surface roughness

was calculated for the region without any visible fumonisin B1 (figure 5.5i). The same procedure
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was repeated for figure 5.4f, and the chosen region for determination of the surface roughness

is illustrated in figure 5.5ii.

i) Adhesion ii) Covalent immobilization

Figure 5.5: Marked region of AFM height images of fumonisin B1 adsorbed (i) or covalently immobi-
lized (ii) on glass, for determination of surface roughness

The obtained Ra values for figures 5.4 and 5.5 are presented in table 5.2, as well as the mea-

sured Ra for a clean glass slide. The Ra values obtained for the glass slides with adsorbed fumon-

isin B1 were lower than the ones obtained for fumonisin B1 covalently immobilized on glass.

The marked region (i) in figure 5.5 had a lower surface roughness than the entire image (figure

5.4a). This was also observed for the marked region (ii) of image f in figure 5.4.

Table 5.2: Surface roughness (Ra) of the AFM height images of a clean glass
slide and fumonisin B1 adsorbed or covalently immobilized on glass pre-
sented in figure 5.4, as well as the marked region in figure 5.5.

Sample1 Ra (nm)
Clean glass - 0.597

a 1.242
b 1.640

FB1 adsorbed on glass c 1.155
d 1.142
i 0.745
e 3.203

FB1 covalently immobilized on glass f 3.127
ii 2.394

1The letters refer to the different images included in figure 5.4 and 5.5

The obtained results presented a more even coverage of fumonisin B1 when it was covalently
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immobilized on the glass compared to only adhesion of the fumonisin B1 molecules (figure 5.4).

Based on the roughness values of the glass surfaces, it can be concluded that fumonisin B1 can

successfully adhere to glass, as well as be covalently immobilized to carboxyl-silane using EDC.

However, covalently immobilizing fumonisin B1 on the surface seems to be a better option than

adhesion, due to a more even coverage and a stronger attachment to the glass. Applying glass

with fumonisin B1 adsorbed to the surface might risk the removal of the fumonisin B1 molecules

during the experiments, due to the weak interaction with the glass surface.

5.2 Quantification of interactions between S. cerevisiae and fu-

monisin B1 by the use of optical tweezers

The ability of S. cerevisiae cells to interact with the mycotoxin fumonisin B1 was also investigated

using the dual beam optical tweezers. Both the wild-type BY4741 and the mutant∆mnn9 strains

of S. cerevisiae were studied. Furthermore, the two strains were subjected to a protease treat-

ment and heat shock to investigate if this improved their adhesiveness. The molecular mech-

anism behind the interaction was investigated by coating polystyrene beads with the cell wall

components β-glucan and mannan. The adhesiveness of the polysaccharide-coated beads with

fumonisin-coated beads was examined, and the obtained results are presented in section 5.2.2.

5.2.1 Interaction capacity of different strains of S. cerevisiae and the effect of

treatments affecting the cell wall structure

Fumonisin B1 was tested against viable wild-type BY4741 and genetically modified∆mnn9 cells

of S. cerevisiae. The ∆mnn9 mutant strain possesses a defect in the synthesis of mannan, re-

sulting in aberrations in the cell wall structure. This altered cell wall composition should result

in more exposed cell wall proteins, as well as increased access to the β-glucan layer, which is

hypothesized to participate in an interaction with fumonisin B1. Neither strains were able to

interact with fumonisin B1.

Wild-type and∆mnn9 were further subjected to a protease treatment, in order to reduce the

mannose peptides in the cell wall. This protease mixture from Streptomyces griseus is highly
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nonspecific, but prefers to hydrolyze peptide bonds on the carboxyl side of glutamic or aspartic

acids (Product Information from Sigma-Aldrich). This could improve the access to the β-glucan

layer and thus promote the ability to interact with fumonisin B1. The first experiment with pro-

tease treated cells was performed in June 2017, where the cells were incubated with the protease

for 2 hours. However, the protease treatment demonstrated no visible effect on the frequency

of interactions. The experiment was repeated in March 2018, with a much longer incubation

period, of 6 hours. The increased incubation time did not influence the interaction capacity.

The wild-type cells were also subjected to heat shock by boiling the cells in a buffer for 1

hour at 80 °C. The heat shock was hypothesized to induce a change in the cell wall structure

which would result in access to binding sites for fumonisin B1. The treatment did result in visi-

ble interaction with fumonisin B1, where about 29 % of the curves obtained interactions when

fumonisin B1 was immobilized on amino beads. The heat treated cells were able to interact with

amino and carboxyl beads, both with and without immobilized fumonisin B1.

An overview of the ability of S.cerevisiae cells to interact with fumonisin B1, as well as the

effect of the two treatments, is presented in table 5.3. The frequency of interaction for heat

treated cells and fumonisin B1, as well as the corresponding negative controls, are presented in

figure 5.6.

Table 5.3: The ability of S. cerevisiae cells to interact with fumonisin B1 (FB1). Fumonisin B1 was im-
mobilized on either amino- or carboxyl-functionalized polystyrene beads for the experiments. There-
fore, the interaction capacity between yeast cells and untreated amino- and carboxyl-functionalized
beads was investigated as a negative control.

COOH beads FB1 on NH2 beads FB1 on
COOH beads NH2 beads

Heat treated WT cells YES YES YES YES
Untreated WT cells NO NO NO NO
∆mnn9 cells NO NO NO NO
Protease treated WT cells NO NO NO NO
Protease treated∆mnn9 cells NO NO NO NO
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Figure 5.6: Frequency of interaction for heat treated wild-type (WT) S. cerevisiae cells and fumonisin
B1 (FB1) on either amino- or carboxyl-beads, as well as the corresponding negative controls.
*Functionalization of the bead: amino or carboxyl.

The frequency of interaction for fumonisin B1 immobilized on amino beads was more than

two times higher compared to fumonisin B1 immobilized on carboxyl beads. However, the in-

teraction between heat treated cells and untreated amino beads was almost the same as for fu-

monisin B1 treated amino beads, 29 and 27% respectively. For the untreated carboxyl beads 17%

of the curves obtained interactions, while the fumonisin B1 treated carboxyl beads displayed an

interaction frequency of about 12%.

In order to elaborate on the role of fumonisin B1 in the interaction with heat treated cells, the

force curves were analyzed using the IDL program described in section 4.4.4. The generated data

of rupture force and loading rate for each recorded interaction was further used to compare the

dynamic power spectra of the different interactions. Some of the force curves are also presented

to demonstrate the typical shape of the curves observed for the different interactions.

Interactions between heat treated wild-type S. cerevisiae cells and fumonisin B1 on carboxyl-

functionalized beads

The force curves of the interaction between heat treated cells and fumonisin B1 on carboxyl-

beads presented a linear increase in force with low level of background noise, as demonstrated

by the examples in figure 5.7. For the interaction between heat treated cells and uncoated

carboxyl-beads, some of the curves had a similar shape to those obtained for fumonisin B1-
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coated beads (figure 5.7c). Whereas other curves presented a more convex or horizontal curve,

as demonstrated in figure 5.7d.

Heat treated cells vs. uncoated carboxyl beads

Heat treated cells vs. FB1-coated carboxyl beads

a b

c d

Figure 5.7: Examples of force curves obtained for the interactions between heat treated wild-type
S. cerevisiae cells and (a,b) fumonisin B1 (FB1) coated or (c,d) uncoated carboxyl-functionalized
polystyrene beads. The loading rate has not been fitted for the presented force curves.

A histogram of the distribution of unbinding forces between heat treated wild-type BY4741

cells and fumonisin B1 on carboxyl beads was made based on data gathered in February 2018

(figure 5.8). The distribution is based on 130 data points. A fit of the Bell-Evans curve (equation

3.16) yields the value of the most probable unbinding force ( f ∗) as the peak of the curve. The

interaction between heat treated cells and fumonisin B1 on carboxyl beads resulted in measure-

ments with a rupture force up to 70 pN.
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Figure 5.8: Histogram demonstrating the distribution of rupture forces between heat treated wild-
type S. cerevisiae cells and fumonisin B1 on carboxyl beads (2.10 µm). The histogram is based on 130
data points.

The dynamic force spectrum of the interaction between heat treated cells and fumonisin B1

is presented together with the dynamic force spectrum of the interactions between heat treated

cells and untreated carboxyl beads (figure 5.9). Both spectra were obtained using 2.10 µm car-

boxyl beads. The interactions with fumonisin B1 and untreated carboxyl beads are based on 130

and 184 data points, respectively. The two data sets presented a similar dynamic force spectrum.
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Figure 5.9: A comparison of the dynamic force spectra of heat treated wild-type (WT) S. cerevisiae
cells - fumonisin B1 (FB1) on carboxyl beads, and heat treated cells - untreated carboxyl beads. Both
sets of spectra were obtained using 2.10 µm beads, and are based on 130 and 184 data points for the
interactions with FB1 and untreated carboxyl beads, respectively.

Interactions between heat treated wild-type BY4741 yeast cells and fumonisin B1 on amino-

functionalized beads

Force curves obtained for the interaction between heat treated cells and fumonisin B1 on amino-

beads presented a long and gradual increase in force before the force jump, as demonstrated by

the force curves presented in figure 5.10. The same shape was also observed for the interaction

with uncoated amino-beads. However, some of the curves presented a higher level of back-

ground noise (figure 5.10c).
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Heat treated cells vs. uncoated amino beads

Heat treated cells vs. FB1-coated amino beads

a b

c d

Figure 5.10: Examples of force curves obtained for the interactions between heat treated wild-
type S. cerevisiae cells and (a,b) fumonisin B1 (FB1) coated or (c,d) uncoated amino-functionalized
polystyrene beads. The loading rate has not been fitted for the presented force curves.

The interaction between heat treated wild-type BY4741 cells and fumonisin B1 on amino

beads was illustrated in two histograms, which are obtained for rupture forces in two sub-

distributions of loading rate (figure 5.11). The two sub-distributions were generated based on

a total of 174 data points gathered in April 2018. A fit of the Bell-Evans curve (equation 3.16)

yields the value of the most probable unbinding force ( f ∗), determined based on the maximum

in the histogram distribution. The histogram located to the left in figure 5.11 is based on the data

points in the lower region of the loading rate. Due to the shape of this distribution, a good Bell-

Evans fit was not obtained, resulting in a unrealistically low f ∗ value. The histogram located to

the right in figure 5.11 is based on the data points of higher loading rate. Also for this distribu-

tion it was challenging to obtain a good fit of equation 3.16, and the f ∗ determined based on

the fitting procedure appears unrealistically low. None of the two sub-distributions presented

rupture forces above 30 pN.
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Figure 5.11: Histograms obtained for rupture forces in two sub-distributions of loading rate, for inter-
actions between heat treated wild-type S. cerevisiae cells and fumonisin B1 on amino beads (2.18 µm).
The two sub-distribution is based on 85 and 89 data points, respectively.

The dynamic force spectrum of the interaction between heat treated cells and fumonisin B1

is presented together with the dynamic force spectrum of the interactions between heat treated

cells and untreated amino beads (figure 5.12). Both spectra were obtained using 2.18 µm amino-

functionalized beads. The dynamic power spectra showed that the interactions for heat treated

cells - fumonisin B1 on amino beads were generally of lower strength and obtained at lower

loading rate than the interactions with untreated amino beads. The data points for the fumon-

isin B1 interactions were also mostly concentrated in the lower region of loading force, while

the untreated amino beads generated more scattered data points, also in the higher regions of

loading rate. The interactions with FB1 and untreated amino beads are based on 174 and 164

data points, respectively.
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Figure 5.12: Dynamic power spectra for the interactions between heat treated wild-type (WT) S. cere-
visiae cells and fumonisin B1 (FB1) on amino beads, as well as the interactions with untreated amino
beads as a negative control. Both sets of spectra were obtained using 2.18 µm beads, and are based on
174 and 164 data points for the interactions with FB1 and untreated amino beads, respectively.

Dynamic force spectrum for heat treated cells and fumonisin B1 interactions is presented in

figure 5.13. The spectra obtained by fumonisin B1 immobilized on amino beads is compared

with the spectra of fumonisin B1 on carboxyl beads. When fumonisin B1 was immobilized on

amino beads, the interactions with heat treated cells resulted in force curves with a rupture force

in the range of 0-40 pN. The data points are also located in the lower region of loading rate com-

pared to what is observed for fumonisin B1 immobilized on carboxyl beads. The interactions for

the carboxyl beads generated data points with higher loading rates, as well as rupture forces as

high as 120 pN. The data sets were obtained using 2.10 µm carboxyl beads and 2.18 µm amino

beads, and are based on 130 and 174 data points, respectively.
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Figure 5.13: A comparison of the dynamic power spectra of heat treated wild-type S. cerevisiae cells
and fumonisin B1 on either amino- or carboxyl-beads.

5.2.2 Interactions between the cell wall components of S. cerevisiae and fu-

monisin B1

To elaborate on which component in the cell wall of S. cerevisiae that was able to interact with

fumonisin B1, both mannan and β-glucan were immobilized on polystyrene beads. For the

first experiments, mannan and β-glucan was subjected to a reductive amination process, which

should introduce an amino-group at the reducing end of the polysaccharides. The modified

polysaccharides could then be covalently attached to carboxyl beads by the coupling agent EDC.

However, the reductive amination process failed due to the lack of an amine donor. As a result,

these beads were assumed to not contain any polysaccharides on the surface and the exper-

iments performed with these beads were excluded. The reductive amination process was re-

peated with amino-functionalized beads (3.36 µm) acting as the amine donor, as described in

section 4.3.1.

When investigating the interaction capacity between mannan and fumonisin B1, less than

5% of the curves contained signatures of the rupture of intermolecular interactions. This was
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observed for the interactions with fumonisin B1 immobilized on both amino and carboxyl beads,

as well as for untreated beads. On the other hand, β-glucan presented a frequency of interaction

equal to about 16% when fumonisin B1 was immobilized on amino beads. However, the con-

trol experiments showed that β-glucan coated beads were also able to interact with untreated

amino-functionalized beads, where 6% of the curves obtained interaction. The frequency of in-

teraction for the cell wall components with fumonisin B1, as well as the corresponding negative

controls are presented in figure 5.14.

Figure 5.14: Frequency of interactions for the cell wall components of S. cerevisiae with fumonisin B1,
immobilized on either amino- or carboxyl-functionalized polystyrene beads. The frequency of inter-
action is also stated for the corresponding negative controls, consisting of self-interaction between
amino beads and the interaction between uncoated amino- and carboxyl beads.
*Functionalization of the bead: amino or carboxyl.

Due to the low frequency of interaction observed between mannan and fumonisin, it was de-

cided to further focus on the interaction between β-glucan and fumonisin B1, which presented

more promising results.

Interactions between β-glucan and fumonisin B1 on carboxyl-functionalized beads

The force curves of the interaction between β-glucan and fumonisin B1 on carboxyl-beads pre-

sented a linear increase in force with some level of background noise, as demonstrated by the

examples in figure 5.15. For the interaction between β-glucan and uncoated carboxyl-beads,

the force curves presented a similar shape to those obtained for fumonisin B1-coated beads.
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β-glucan vs. uncoated carboxyl beads

β-glucan vs. FB1-coated carboxyl beads

a b

c d

Figure 5.15: Examples of force curves obtained for the interactions between the cell wall component
β-glucan and (a,b) fumonisin B1 (FB1) coated or (c,d) uncoated carboxyl-functionalized polystyrene
beads. The loading rate has not been fitted for the presented force curves.

A histogram of the distribution of rupture forces forβ-glucan and fumonisin B1 on carboxyl-

functionalized beads (2.10 µm) was made based on the 13 data points gathered in April 2018

(figure 5.16). A fit of the Bell-Evans curve (equation 3.16) yields the value of the most probable

unbinding force ( f ∗) as the peak of the curve. Due to the small data set, a good Bell-Evans

analysis was difficult to obtain. However, the calculated f ∗ value of 22.7 pN seems to be located

in the centre of the distribution, and thus is believed to be accurate.
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Figure 5.16: Histogram demonstrating the distribution of unbinding forces between the cell wall com-
ponent β-glucan and fumonisin B1 on carboxyl-beads (2.10 µm), based on 13 data points. β-glucan
was immobilized on 3.36 µm amino beads.

The dynamic force spectrum of the interaction between β-glucan and fumonisin B1 was

presented together with the dynamic force spectrum of the interactions between β-glucan and

untreated carboxyl beads (figure 5.17). Fumonisin B1 was immobilized on 2.10 µm carboxyl

beads, and the same size was applied for the negative control. Both the dynamic force spectra

for fumonisin B1-coated beads and untreated carboxyl beads are based on very few data points,

13 and 21 respectively, rendering it difficult to evaluate the distribution of rupture force.
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Figure 5.17: A comparison of the dynamic power spectra for the cell wall component β-glucan - fu-
monisin B1 (FB1) on carboxyl beads, and β-glucan - untreated carboxyl beads. Both sets of spectra
were obtained using 2.10 µm carboxyl beads, and β-glucan was immobilized on 3.36 µm amino beads.
The dynamic power spectra are based on 13 and 21 data points for the FB1-treated and untreated car-
boxyl beads, respectively.

Interactions between β-glucan and fumonisin B1 on amino-functionalized beads

The force curves obtained for the interaction between β-glucan and fumonisin B1 on amino-

beads presented a rapid and linear increase in force before the force jump, as demonstrated in

figure 5.18. The curve in figure 5.18a demonstrates a slightly jagged curve, which might indi-

cate multiple interactions. A rapid and linear increase in force was also observed for the force

curves obtained for the interaction with uncoated amino-functionalized beads. However, some

of these curves presented a higher level of background noise (figure 5.18d).
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β-glucan vs. uncoated amino beads

β-glucan vs. FB1-coated amino beads

a b

c d

Figure 5.18: Examples of force curves obtained for the interactions between the cell wall component
β-glucan and (a,b) fumonisin B1 (FB1) coated or (c,d) uncoated amino-functionalized polystyrene
beads. The loading rate has not been fitted for the presented force curves.

A histogram of the distribution of rupture forces for β-glucan and fumonisin B1 on amino-

functionalized beads (2.18 µm) was made based on the 118 data points gathered in April 2018

(figure 5.19). A fit of the Bell-Evans curve (equation 3.16) yields the value of the most probable

unbinding force ( f ∗) as the peak of the curve. A large number of interactions creates a better

foundation for achieving a good Bell-Evans analysis, and the generated curve corresponds well

to the distribution of rupture forces. When fumonisin B1 was immobilized on amino beads, it

was able to generate interactions with β-glucan with a strength up to 70 pN.
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Figure 5.19: Distribution of unbinding forces between the cell wall component β-glucan and fumon-
isin B1 on amino beads (2.18 µm), based on 118 data points. β-glucan was immobilized on 3.36 µm
amino beads.

The dynamic force spectrum of the interaction between β-glucan and fumonisin B1 was

presented together with the dynamic force spectrum of the interactions between β-glucan and

untreated amino beads (figure 5.20). Fumonisin B1 was immobilized on 2.18 µm amino beads,

and the same size was applied for the negative control. The dynamic power spectra are based on

118 and 47 data points for fumonisin B1-coated beads and untreated amino beads, respectively.

The dynamic power spectra illustrates that the interaction between β-glucan and fumonisin B1

coated amino beads generally generated rupture forces of higher strength than the interactions

observed for untreated amino beads.
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Figure 5.20: Dynamic power spectra for the interactions between the cell wall component β-gluan
and fumonisin B1 (FB1) on amino beads, as well as the interactions with untreated amino beads as a
negative control. Both sets of spectra were obtained using 3.36 and 2.18 µm amino beads, forβ-glucan
and FB1 respectively. The dynamic power spectra are based on 118 data points for the interactions
with FB1 and 47 data points for the interactions with untreated beads.

Untreated amino-functionalized beads presented the ability to self-interact, where about

25% of the curves obtained interactions. The force curves presented a rapid and linear increase

in force before the force jump figure 5.21). The curves had varying shapes, such as jagged curves

and high levels of background noise.

a b

Figure 5.21: Examples of force curves obtained for the self-interaction between uncoated amino-
functionalized beads.
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In order to differentiate the interaction between untreated amino beads from the interaction

between β-glucan and fumonisin B1, their respective dynamic power spectrum were presented

together in figure 5.22. Both spectra presented rupture forces up to 200 pN, while the untreated

amino beads displayed a few data points with even higher force, up to 400 pN. The investigation

of the interactions between untreated amino-functionalized beads was performed using 2.18,

3.12 and 3.36 µm beads. Measurements were performed on bead pairs of equally sized beads,

as well as for beads of different size. β-glucan and fumonisin B1 were immobilized on 3.36 and

2.18 µm sized amino beads, respectively, for all measurements.

Figure 5.22: Dynamic power spectrum for the interactions between β-glucan and fumonisin B1, both
immobilized on amino beads, compared with the dynamic power spectrum of interactions between
untreated amino beads. The dynamic power spectra are based on 118 data points for the β-glucan -
FB1 interactions and 342 for interactions between untreated amino beads.

The effect of fumonisin B1 immobilized on amino- or carboxyl beads

A dynamic force spectrum for β-glucan and fumonisin B1 interactions is presented in figure

5.23. The dynamic force spectrum compares the spectrum obtained by fumonisin immobilized

on amino beads with the spectrum of fumonisin on carboxyl beads. The data sets were obtained

using 2.10 µm carboxyl beads and 2.18 µm amino beads for immobilization of fumonisin B1,
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and are based on 13 and 118 data points, respectively. Due to the small amount of available data

points for the interactions with fumonisin B1 on carboxyl beads, the corresponding dynamic

force spectrum does not provide sufficient information concerning the shape of the dynamic

force spectra.

Figure 5.23: A comparison of the dynamic power spectra of β-glucan and fumonisin B1 on either
amino- or carboxyl- beads. β-glucan was immobilized on 3.36 µm amino beads for both sets, while
2.18 µm amino beads and 2.10 µm carboxyl beads were applied for immobilization of fumonisin B1.

Summary of the cell wall components - fumonisin B1 experiments

A summary of the experiments involving the cell wall components of S. cerevisiae and fumon-

isin B1, including the control experiments, is illustrated in table 5.4. Mannan enabled a very

low frequency of interactions with fumonisin B1, while β-glucan rendered more able to interact

with fumonisin B1. However, several of the control experiments also presented interactions.
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Table 5.4: Overview of the ability of the cell wall components of S. cerevisiae to interact with
fumonisin B1, as well as the ability to interact with the corresponding control surfaces.

COOH beads NH2 beads Fumonisin B1 β-glucan Mannan
COOH beads NO YES N/A NO** NO**
NH2 beads YES YES NO** YES NO**
Fumonisin B1 N/A NO** N/A YES NO**
β-glucan NO** YES YES N/A N/A
Mannan NO** NO** NO** N/A N/A
**Some interaction was observed, but the frequency of interaction was less than 5 %.
N/A: the interaction was not investigated in this master thesis.

5.3 Force measurements by the use of optical tweezers

When the force-distance curves are generated, the loading rate is manually determined for each

force jump. Fitting the loading rate for each force jump requires some training to be able to

identify the shape of a force jump. When multiple bonds break within a small segment of the

curve, it is difficult to fit the loading rate. This is due to a more flattened curve, than in the case

of the rupture of a single bond. In cases where multiple bonds break one after the other, the

loading rate determined will be lower than for single bonds. Forces below 4 pN were difficult

to characterize as an unbinding force rather than an unspecific interaction or accumulation of

noise. In some cases even greater forces were difficult to characterize due to high degree of

noise.

5.4 Challenges associated with the optical tweezers

5.4.1 Identifying specific interactions

The shape of force curves of specific interactions should be identified to distinguish specific

interactions from the unspecific ones. A specific interaction can be obtained by examining a

positive control. However, no positive control was investigated in this master thesis. Identifying

specific interactions was therefore challenging, and no clear difference was observed for the

force curves obtained for the investigated samples and the negative controls.

There are many possible ways for two objects to interact, and identifying the molecular
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mechanism behind the interactions is difficult. In this master thesis, specific interactions are

characterized as the interactions between fumonisin B1 coated beads and either S. cerevisiae

cells or its cell wall components. Consequently, self-interactions of uncoated polystyrene beads,

or interactions between a coated and an uncoated bead, are defined as non-specific. However,

it is not certain if these interactions characterized as unspecific might be due to a specific inter-

molecular binding event. These interactions can therefore be useful in determining the molec-

ular mechanism behind the interaction of S. cerevisiae and fumonisin B1.

An example of the signature of a specific interaction is demonstrated below, which is ob-

tained by measurements between β-glucan and fumonisin B1 on amino-functionalized beads

(figure 5.24). The force curve presents a slightly increasing slope, from right to left, until there is

a force jump upon rupture of the bond, and the curve drops to the horizontal baseline. In order

to obtain a correct estimation of the loading rate, the curve should have a low noise level before

the bond breakage. It is also important that the slope of the fitted loading rate corresponds with

the slope of the area to which it is fitted. This can be obtained by adjusting the length of the red

line, which indicates the area used for fitting the loading rate (figure 5.24).

Figure 5.24: Demonstration of force curve with good estimation of loading rate. The force curve is
obtained from measurements between β-glucan and fumonisin B1 on amino beads.

In some cases, fitting of the loading rate was difficult due to the appearance of the force

curve. Some of the curves were excluded, since the loading rate could not be estimated cor-

rectly. High levels of random noise is one parameter that can cause difficulties for estimating
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the loading rate. The random noise can be due to insufficient stabilization of the lasers. If ran-

dom noise appears in the stretch of the curve immediately before the bond breaks, then it might

result in an incorrect estimation of the loading rate. This can be avoided to some degree by ad-

justing the stretch of the curve used for fitting, by avoiding the areas with high level of noise.

There can also be cases where two bonds rupture simultaneously or in close proximity in time.

The force curves will then either appear as jagged or flattened. The loading rate can be cor-

rectly estimated for the first rupture if the appearance of the curve allows the two ruptures to be

identified separately (figure 5.25).

Figure 5.25: Demonstration of force curve with multiple bond ruptures. The loading rate can only be
correctly estimated for the first rupture.

There was also recorded force curves without any force jump, where the curve linearly in-

creased without dropping to the baseline during the measurement. This was due to the beads

remaining connected during the measurement. Such force curves were excluded. Another

source of an unspecific interaction can be when a polysaccharide is able to interact with the

bead surface and is gradually peeled off when the beads are pulled apart. This can be observed

as a horizontal force curve before the force jump, which is illustrated in a and b in figure 5.26.
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a b

c d

Figure 5.26: Demonstration of force curves that should be excluded due to difficulty in estimating the
loading rate. (a,b) Illustrates force curves with a horizontal curve before the force jump, which can be
obtained during peeling. (a) Also demonstrate force curves with a high level of background noise. (c)
Indicates the rupture of two bonds within a short distance. (d) Illustrates incorrect estimation of the
force.

The height of the vertical line, which is the force estimated by the PostProcessing software, is

an important parameter when determining the loading rate. The force is estimated based on the

height of the yellow line, demonstrated in figure 5.24. In some cases, the strength of the force is

incorrectly estimated, which can be observed by the yellow line not reaching the top of the force

curve (figure 5.26d). This will further affect the slope of the loading rate line.

5.4.2 Factors able to affect the frequency of interactions

The adhesiveness of two objects can be quantified based on the observed frequency of inter-

action. If an interaction is expected, then the observed frequency of interaction can be a good

indication of the availability of the functional groups involved in the interaction. However, sev-

eral factors are able to affect the measured interaction frequency, thus influencing the reliability

of the obtained values. The presented values must therefore be carefully analyzed when evalu-
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ating the results. On the other hand, they can give a small indication of the interaction ability of

the different samples.

In this master thesis, the polysaccharides and fumonisin B1 are immobilized on polystyrene

beads. By comparing the amount of observed interactions between two coated beads with the

interactions observed for uncoated beads might give an indication of the interaction being spe-

cific or not. This can be used to distinguish between unspecific and specific interactions.

In order to achieve a frequency of interaction that is as reliable as possible, it is important to

localize the correct position of the objects in the z-direction before starting the measurements.

If the objects are not evenly leveled in the z-plane, then they might not be in direct contact dur-

ing the measurements and therefore not able to interact properly. During the force measure-

ments, the time and force should be approximately the same for each measurement. For in-

stance, a higher frequency of interaction was observed when the objects were pressed together

with a force that resulted in a small visible displacement of the stationary object compared to

the interactions with no visible displacement. Each experiment was therefore conducted using

0.5 sec hold-time and the objects where pressed together with a force that resulted in a small

visible displacement. Differences in surface coverage of the polysaccharides or the mycotoxin

on polystyrene beads can affect the probability for the frequency of interactions. Several bead

pairs (or bead-cell pairs) were investigated for each sample in order to compensate for such

challenges.

Controlling the applied loading force

An increased frequency of interaction was observed when the beads were pushed together with

a force resulting in a small displacement of the stationary bead. This can be explained by the

larger contact area, which increases the possibility of achieving interactions. However, control-

ling the applied force is difficult. It was attempted to use an amount of force that resulted in a

small visible displacement of the stationary bead for every experiment. The measurements were

recorded only when the required separation distance was established. It would be favorable if

the JPK NanoTracker software enabled a feedback loop in order to maintain a constant force.
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Alignment of the optical traps in the z-plane

The importance of a correct alignment of the optical traps in the z-plane was experienced dur-

ing the work of this master thesis. During an experiment performed with fumonisin B1 and

β-glucan, no interactions were observed for about 500 measurements. When the traps were re-

aligned, so that the smaller bead, immobilized with fumonisin B1, was positioned slightly lower

in the z-plane than the larger bead, immobilized with β-glucan, the beads suddenly were able

to interact. Among 839 attempts, 139 interactions were recorded from 10 pairs of beads, where

all presented the ability to interact.

A proper positioning of the beads can be characterized by a visible displacement of the sta-

tionary bead when the beads are pressed together, as well as no visible change in contrast level

of the beads upon contact. Positioning of the beads in the z-plane was based on noted locations

which had provided interactions in previous experiments. The position was discovered to be

dependent on the size of the bead, where small beads were positioned lower in the z-plane than

larger sized beads. It was observed that when the smallest bead was trapped in trap 1, it should

be positioned at approximately - 0.1 µm to - 0.25 µm, while the larger bead in trap 2 should be

positioned in the range of 0.3 µm to 0.45 µm.

However, obtaining a good position was difficult and time-consuming. The position in the

z-plane had to be adjusted for each bead pair, which could result in positions outside of the

mentioned range. Even when trapping a bead pair with the same size as a previously trapped

pair, the location had to be adjusted for that particular bead pair. A contributing factor can be

the small variety in size of the polystyrene beads.

Trapping of yeast cells

When large yeast cells were trapped, approximately 4 µm and larger, it was observed that their

movement was not fully constrained. During measurements, this resulted in altered separation

distance between the fumonisin B1 coated bead and the trapped yeast cell. The separation

distance was therefore constantly adjusted to avoid measurements without contact between

the bead and the cell. However, this might have affected the frequency of interaction obtained

for the experiments performed with larger yeast cells.

97



Some organelles within the cells possess a refractive index that allows the cells to be trapped,

such as the nucleus. However, the rest of the cell structure might be able to move around these

trapped organelles and thus move in the trap. It was observed that the movement of smaller

cells was easier to restrain, and it was thus favorable to trap smaller cells (about 3 µm).

Distribution of polysaccharides or mycotoxin on the bead surface

An even distribution of the polysaccharides or the mycotoxin on the surface of the bead is fa-

vorable. It is also preferable to obtain an approximately equal amount of the polysaccharides

or the mycotoxin on the beads. However, this is unfortunately not the case. Within a sample,

some bead pairs presented a higher frequency of interactions than others. This is exemplified

by the measurements performed on fumonisin B1 on amino-functionalized beads versus un-

treated amino-functionalized beads. In one sample, 4 out of 5 bead pairs did not present the

ability to interact. It was also observed that a small adjustment of the position in the y-plane

for one of the beads could result in increased frequency of interactions for a bead pair. In or-

der to compensate for this variability, interactions were recorded for several bead pairs for each

sample. In addition, small adjustments of their position in the y-plane were performed for each

bead pair.

5.4.3 Impurities in the sample

During the experiments performed in April 2018, small impurities were discovered in the sam-

ples. These impurities either floated freely in the sample or were attached to the surface of the

beads or to the bottom of the sample chamber. The refractive index of these impurities allowed

them to be pulled towards and into the traps. During measurements, a pair of beads would not

demonstrate any sign of interaction, but when some impurities were pulled into the traps, sud-

denly interaction between the beads was observed. For some of the observed interactions, the

beads were able to move slightly apart before a jump in force was observed, indicating a bond

rupture. It might indicate that the contaminants were able to act as a linker between the beads.

In an attempt to reduce the presence of these impurities, the different buffers applied in the

experiments were filtered with a 0.1 µm filter syringe. In addition, the coverslips used for the

sample chamber were washed in MQ and dried with nitrogen gas before BSA was applied to the
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glass surfaces. After BSA treatment, the coverslips were again washed in MQ and blown clean

with nitrogen gas. The amount of impurities present was slightly reduced, but the frequency of

interaction was the same.

The contaminants were in particular present in the samples with uncoated amino beads,

observed both for 2.18 µm and 3.36 µm beads. Some 3.12 µm sized amino-functionalized beads

were borrowed from the Department of Physics at NTNU to investigate if the stock-solutions

might have been the source of the contamination. During the measurements with the 3.12 µm

beads, no impurities were observed. Despite the lack of visible impurities in the sample, the

amino-functionalized beads still presented the ability to interact.

5.5 Microarray of S. cerevisiae cells

The fabrication of the PDMS stamp used for microcontact printing in this thesis was performed

by Kertu Liis Krigul. Optimization of the fabrication procedure is not a part of this thesis, and

therefore are not the challenges related to this procedure further elaborated. For information

on the process of producing the PDMS stamp, it is recommended to read the Master’s thesis by

Kertu Liis Krigul.

The ability to form a microarray of S. cerevisiae cells on a PLL-patterned glass surface was

investigated using a Zeiss Axiobserver Z.1 microscope. A PDMS stamp was used to transfer the

PLL pattern onto the glass surface by microcontact printing. The patterned glass surface was

further incubated with a cell suspension. Different concentrations of the cell suspension was

investigated, as well as different periods of incubation.

5.5.1 Microcontact printing of PLL-FITC

The deposition of a PLL pattern by the use of the fabricated PDMS stamp was investigated using

the fluorescent PLL-FITC. A PDMS stamp with features of 6 µm diameter with 12 µm separation

distance was covered with a PLL-FITC solution (0.5 mg/mL) for 15 min. The stamp was fur-

ther dried with N2 gas, and then a cover glass was placed on top of the PLL-FITC treated PDMS

surface in order to deposit the pattern onto the glass. By applying a FITC filer on the Zeiss Ax-

iobserver Z.1 microscope, the deposited PLL-FITC would appear green, rendering it easier to
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investigate the deposited pattern. Figure 5.27 demonstrates a successful deposition of the PLL-

FITC pattern.

50 μm 

Figure 5.27: Microcontact printing of PLL-FITC (0.5 mg/mL) on cover glass. Demonstration of pattern
obtained using a PDMS stamp with features of 6 µm diameter and 12 µm separation distance. Image
obtained by bright field mode (20x) using the FITC filter on a Zeiss Axiobserver Z.1 microscope.

However, the deposition of the pattern was not always successful (figure 5.28). In some cases,

the weight applied to the stamp was too high, resulting in the bottom of the stamp also touching

the glass surface (a, b). If the weight applied to the stamp was unevenly distributed, then only

parts of the pattern was deposited (c, d).
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a b

c d

Figure 5.28: Demonstration of failed deposition of PLL-FITC (0.5 mg/ml) pattern on cover glass.
Bright field images (20x) of pattern obtained when (a, b) applying too much weight on the stamp
and (c, d) uneven distribution of weight on the stamp. Images obtained using the FITC filter on a Zeiss
Axiobserver Z.1 microscope.

5.5.2 Microcontact printing of PLL

It was attempted to deposit a PLL pattern on a glass surface by the use of microcontact printing.

The same procedure performed with PLL-FITC was repeated with a solution of PLL (0.01%). The

area where the pattern had been deposited was marked with a pen, in order to locate the pattern

101



easier in the Zeiss Axiobserver Z.1 microscope. Despite the low amount of material deposited,

the PLL-spots were visible on light microscope images (figure 5.29). The image presented in

figure 5.29a demonstrates a larger area with the pattern, however, the appearance of the pattern

indicates that the stamp has been moved slightly during the deposition. Compared to the round

features visible in the image presented in figure 5.29b, the deposited pattern features in (a) have

more of a rod-like shape.

a b

Figure 5.29: Pattern of PLL (0.01 %) deposited on cover glass, obtained by microcontact printing. A
PDMS stamp with features of 6 µm diameter with 12 µm separation distance was used to deposit the
pattern. (a) Phase contrast image (20x) and (b) bright field image (20x) of PLL pattern.

5.5.3 Immobilization of S. cerevisiae cells on PLL pattern

In order to fabricate a microarray of S. cerevisiae cells on glass, a 1:2 diluted cell suspension (in

HEPES) was incubated on a PLL patterned glass surface for 5 min. This required that the cells

would only adhere to the 6 µm sized PLL features, thus creating a micrroarray of cells with 12

µm spacing distance. The glass slide was subsequently washed by gently moving the glass slide

around in a petri dish with MQ water. After performing the washing procedure, the glass surface

had HEPES added to prevent the remaining cells from drying out. Figure 5.30 shows two areas

(a, b) of the glass surface with a partly visible pattern of cells. Other areas of the glass surface

contained large aggregates of cells (c, d).
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a b

c d

Figure 5.30: Immobilization of S. cerevisiae cells on PLL (0.01 %) patterned cover glass. The cover glass
was functionalized with a pattern of PLL by microcontact printing, and further incubated with a cell
suspension for 5 min. (a, b) Demonstration of a partly visible pattern and (c, d) areas with aggregates
of cells. Images obtained by bright field mode, 20x magnification.

In order to prepare a microarray, one must not only assure high adhesiveness onto surface

spots introduced using microcontact printing, but also assure that the adhesiveness of the sur-

rounding areas is kept low. The following experiments were performed in order to document

the adhesiveness of surface as a function of the surface functionalization as described.

Optimization of experimental factors

An aliquot of 1 mL from the stock solution of yeast cells in YPD medium was washed and re-

suspended in HEPES buffer, as described in section 4.2.1. For the first experiment, the pellet of

1 mL stock solution was re-suspended in 1 mL of HEPES. Approximately 200 µL was required to

cover the glass surface. When investigating the slide by the naked eye, this highly concentrated

cell suspension created a light grey layer of cells on the surface. Several layers of cells were
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identified when investigating the glass in a microscope, and the solution was regarded as too

concentrated. A new experiment was performed with 1:2 dilution, where the pellet of 1 mL of

stock solution was suspended in 2 mL of HEPES. This resulted in a slightly grey layer of cells,

and was confirmed to give a good coverage of cells on the slide.

Three different incubation periods were tested; 30, 10 and 5 min. An incubation period of

30 min was regarded as too long, due to the high probability of the cells forming aggregates on

the glass surface. The amount of large aggregates was to some degree reduced for an incubation

period of 10 min, while 5 min resulted in mostly small aggregates.

After incubation, a washing procedure was performed in order to remove unbound cells.

Four different washing procedures were tested. One consisted of gently moving the glass slide

around in a petri dish with MQ water. Another procedure was based on pipetting MQ water

onto the glass surface while laying flat, and then removing most of the liquid. Another version

of this procedure was also investigated, where the glass slide was held slightly tilted over a petri

dish. MQ water was added to the top of the glass, which flowed down the glass surface. The

last procedure consisted of gently dipping the glass slide into a petri dish with MQ water, with

the functionalized side facing down. It was attempted to keep the slide leveled with the water

surface. The tested procedure was repeated three times for each glass slide. The different wash-

ing procedures presented relatively the same efficiency in removing unbound cells. However,

all procedures depended on slow and gentle movements, in order to prevent strong forces that

could result in detachment of adhered cells.

A 1:2 diluted cell suspension, 5 min of incubation period and a washing procedure consisting

of gently moving the glass slide around in a petri dish with MQ was applied for the presented

results. After performing the washing procedure, the glass surface had HEPES added to prevent

the remaining cells from drying out.

Immobilization of S. cerevisiae cells on cleaned glass

The ability of S. cerevisiae cells to adhere to a clean glass surface was investigated in order to de-

termine a good negative control. The glass slides were washed with ethanol and MQ water, and

further dried with N2 gas. A 1:2 diluted cell suspension (in HEPES) was incubated on the glass

slide for 5 min. Figure 5.31 illustrates the number of cells present before and (a) after (b) wash-
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ing. As illustrated, S. cerevisiae cells were able to adhere to a clean glass surface. Consequently,

a clean glass surface did not constitute a good negative control.

a b

Figure 5.31: S.cerevisiae cells in HEPES buffer on cover glass cleaned with ethanol. The cell suspension
was incubated on glass slide for 5 min before washed in MQ water. (a) Phase contrast image (20x)
before washing and (b) bright field image (20x) bright field image after washing.

Immobilization of S. cerevisiae on pegylated glass

To prevent adhesion of S. cerevisiae cells to the glass surface, the cover glass was treated with

PLL-g-PEG (1 mg/ml). The amphiphilic nature of PEG can provide a sterically induced exclusion

zone, which will prevent the cells from adhering to the glass surface. The PLL-PEG treatment

was able to reduce the amount of cells adhering to the glass. This is demonstrated in figure 5.32,

where the glass slide contained almost no cells after washing in MQ water (b). Based on these

results, it was decided to continue using PLL-g-PEG treated glass as a negative control.
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a b

Figure 5.32: S. cerevisiae cells in HEPES buffer on cover glass cleaned with ethanol and treated with
PEG. The cell suspension was incubated on glass slide for 5 min before washed in MQ water. Bright
field image (20x) before (a) and after (b) washing.

Immobilization of S. cerevisiae cells on PLL coated glass

The adhesiveness of S. cerevisiae cells on PLL was investigated by coating the entire cover glass

surface with PLL (0.01 %). The PLL-solution was added on top of the inert PLL-g-PEG cover,

and was incubated for 15 min. A cell suspension was added to the PLL-coated glass surface,

and further washed away using MQ water after 5 min of incubation. The glass slide was investi-

gated before and after the washing procedure, which demonstrated a reduction in the number

of cells present on the glass surface after washing (figure 5.33). Some cells were able to adhere

to the PLL-coated glass surface, however, these were quite few compared to the number of cells

present before washing the glass. The cells appeared both in aggregates and scattered as single

cells. By investigating the entire PLL-coated surface, it was discovered some areas that did not

contain any yeast cells at all. It was also observed a clear border between the areas with and

without cell adhesion within the PLL-treated area (figure 5.34).
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a b

Figure 5.33: S. cerevisiae cells in HEPES buffer immobilized on pegylated cover glass functionalized
with PLL (0.01 %). The cell suspension was incubated on glass slide for 5 min before washed in MQ
water. Bright field image (20x) before (a) and (b) after washing.

a b

Figure 5.34: Demonstration of uneven coverage of S. cerevisiae cells immobilized on pegylated cover
glass functionalized with PLL (0.01 %). (a) Demonstration of aggregates of cells and (b) clear border
between areas with and without cells. Images obtained using bright field mode, 20x magnification.

These experiments thus indicate that the lack of success with obtaining a yeast microarray

is due to the insufficient adhesiveness of yeast to the PLL spots, or insufficient adhesiveness of

the PLL to the pegylated glass surface.
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6. Comprehensive discussion of the

information provided by the experimental

work
Investigating cellular adhesion is of interest to a great diversity of applications within numerous

fields, such as physiology, pathology and biotechnology. Several techniques are available for in-

vestigating this cellular adhesion at the single cell level [39]. However, the field of nanobiotech-

nology has presented new possibilities for experimental platforms that enables high throughput

single cell analysis of cellular adhesion [37].

6.1 S. cerevisiae as an adsorbing agent of fumonisin B1

Applying S. cerevisiae as a adsorbing agent of mycotoxins in the gastrointestinal tract could be a

promising method to protect against the toxic effects induced by these food contaminants [81].

S. cerevisiae has proven adhesiveness towards several mycotoxins in a suspension [4, 13, 82, 83].

However, in order to apply this microorganism for the removal of mycotoxins such as fumonisin

B1, the underlying molecular mechanism of the interaction requires further investigation.

6.2 Interaction between S. cerevisiae cells and fumonisin B1

Viable wild-type S. cerevisiae cells did not present the ability to interact with fumonisin B1. This

was indicated by both the flow chamber assay and the optical tweezers experiments. These re-

sults do not correspond with the study performed by Pizzolitto et al. (2012), which presented

60% removal of fumonisin B1 by S. cerevisiae cells in a suspension. Several other studies have

also indicated the ability of S. cerevisiae to adsorb different mycotoxins in a suspension [3, 12–

14]. A common feature with these experiments is that the adhesiveness was investigated in a

suspension, where cells and mycotoxin molecules were able to move freely. The instrumental
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setup of the flow chamber requires immobilization of the fumonisin B1 molecules on a coupon

surface, while the fumonisin B1 molecules were immobilized on the surface of polystyrene

beads for the optical tweezers. Consequently, the fumonisin B1 molecules were not able to move

freely, which could have interfered with their ability to interact with S. cerevisiae. Attaching the

fumonisin B1 molecules to the polystyrene beads might have offered a sterical hindrance, re-

sulting in the fumonisin B1 molecules not being able to reach the inner layer of the cell wall. It

was hypothesized that removing some of the outer mannan-layer might improve the access to

the binding sites of fumonisin B1.

6.2.1 Identifying the S. cerevisiae cell wall component involved in the inter-

action with fumonisin B1

Investigating the role of the mannan-layer

The possible limited access to the binding sites offered by the mannan layer was investigated by

examining the adhesiveness of the mutant ∆mnn9. The cell wall of this mutant contains about

170 µg/mg mannan, compared to the 304 µg/mg in the wild-type BY4741 [78]. However, the

reduced mannan content of ∆mnn9 did not render it more able to interact with fumonisin B1

than the wild-type BY4741 cells. Neither did the protease treatment improve the ability of the

BY4741 cells or∆mnn9 cells to interact with fumonisin B1. Consequently, reducing the mannan

layer did not improve the adhesiveness of the cells, and the mannan layer was concluded to

not provide any limitation of access to the fumonisin B1 binding sites. This is supported by

the studies performed by Yiannikouris et al. (2004), which concluded that the mannan-layer

presented no stereochemical blockage [12]. The ability of mannan to interact with fumonisin

B1 was also directly investigated by the optical tweezers. With an interaction frequency of 3 %,

the results support the assumption that mannan do not participate in the formation of a yeast-

mycotoxin complex.

β-Glucan as the interacting cell wall component

On the other hand, β-glucan presented an interaction frequency of 16 %, when fumonisin B1

was immobilized on amino-functionalized beads. This supports the hypothesis of β-glucan be-
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ing important in the formation of a yeast-mycotoxin complex, which has been indicated by pre-

vious studies of yeast-mycotoxin complexes [3, 12–14].

The strength of the measured rupture forces presented values below 70 pN, indicating a weak

interaction between β-glucan and fumonisin B1. The interaction is assumed to consist of weak

non-covalent bonds, such as hydrogen bonds and van der Waals forces. β-1,3-linked glucan

is able to participate in both types of interactions, while β-1,6-linked glucan strengthens the

van der Waals forces [13]. It can thus be assumed that β-1,6-linked glucan is not necessary for

the formation of an interaction with fumonisin B1, but is able to strengthen and stabilize the

interaction.

The β-glucan chains applied in this master thesis consisted of shorter chains and had re-

duced levels of β-1,6-linked glucan. The main content being β-1,3-linked glucan should pro-

mote an interaction with fumonisin B1. However, the length of the β-glucan chain might inter-

fere with the ability to interact with fumonisin B1. Shorter chains result in closer contact be-

tween the beads in order to allow an interaction between the β-glucan chain and fumonisin B1.

As elaborated in section 6.3.1, it was discovered that also the bead surface was able to promote

an interaction, more specifically a self-interaction between amino-functionalized beads.

The obtained frequency of interaction for β-glucan and fumonisin B1 seems low compared

to the percentage of adsorption presented by viable S. cerevisiae cells in the study performed by

Pizzolitto et al. (2012). The S. cerevisiae cells presented the ability to adsorb approximately 60 %

of the fumonisin B1 content in a suspension [4]. This might be due to the structural differences

of β-glucan when immobilized on a polystyrene bead compared to the structure it possesses

in the cell wall. It has been indicated that the alkali-insoluble β-glucan presents a higher adhe-

siveness than the simple alkali-soluble fraction [3, 13]. The alkali-insolubility ofβ-glucan results

in the formation of single and/or triple helices. The cross-linking of β-glucan with chitin pro-

duces a fibrous network, consisting of alternating single- and triple helix regions, resulting in a

structure where the adsorption sites for the mycotoxin is more available [12].

The partly solubleβ-glucan obtained from Biotec Pharmacon AS can be structured as single-

or triple helices, as well as random coils and aggregates in the stock-solution [84]. The β-glucan

is attached through its reducing end to the surface of the polystyrene beads. Furthermore, the

beads are subjected to several washing steps, as well as a sonication procedure prior to the ex-
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periments. It is assumed that aggregates and triple helices will be dissolved during this pro-

cess and that β-glucan will be structured as random coils or single helices on the surface of

the bead. The β-glucan on the bead surface is thus considered to not present a complex struc-

ture, as the one it possesses in the cell wall. By subjecting the β-glucan solution to a dimethyl

sulphoxide (DMSO) treatment, aggregates and other complex structures are dispersed into sin-

gle chains [85]. Such a treatment will ensure the presence of only single chains on the surface

of the polystyrene bead. However, a random coil or single helix structure of the β-glucan might

result in less available adsorption sites for fumonisin B1. Consequently, the β-glucan chains

might present a reduced adhesiveness towards fumonisin B1.

6.2.2 Improved adhesiveness of S. cerevisiae cells upon heat treatment

Some studies have presented promising results regarding heat treatment of the cells, which

demonstrated an improved adhesiveness compared to viable cells [4, 86]. In order to investigate

if the heat treatment improved the adhesiveness of the cells, the wild-type BY4741 cells where

boiled in buffer for 1 hour. This was first investigated with the flow chamber assays, where 4 % of

the initial amount of cells were able to adhere to the fumonisin B1-coated glass surface. A shear

stress of about 10 Pa was required in order to remove all cells. This indicates a weak interac-

tion between the heat treated cells and fumonisin B1, which corresponds with the assumption

that the interaction is based on weak non-covalent bonds. The interaction capacity was inves-

tigated further with the optical tweezers, which presented 29 % frequency of interaction when

fumonisin B1 was immobilized on amino-functionalized beads.

It can be assumed that the heat treatment results in a structural change in the cell wall, that

makes the adsorption sites on β-glucan more available. The heat treatment initiates a cell re-

sponse which acts to strengthen the cell wall, including increased levels of chitin [23, 87, 88]. The

level of cross-linkages is also increased, such as the complex CWP-GPIr → β-1,6-linked glucan

← chitin, as well as increased cross-linkages between chitin and β-1,3-linked glucan [23, 88].

This results in an increased fraction of alkali-insoluble β-glucan, which can be an important

factor promoting interactions in the heat treated cells.

However, the increased levels of chitin and cross-linkages will increase the cell wall stiffness,

which have been indicated to negatively affect the availability of the adsorption sites. Yian-
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nikuris et al. (2004) discovered that the fraction of alkali-soluble β-glucan is actually more sig-

nificant in mycotoxin adsorption than the insoluble fraction due to its cooperative process, al-

lowing the mycotoxin molecules to move inside the cell wall structure and access the adsorption

sites [3]. On the other hand, the heat treatment is also assumed to result in denaturation of the

cell wall proteins [89]. Reduced levels of cell wall proteins may result in openings in the cell wall

structure, allowing the fumonisin B1 molecules to access the adsorption sites. This remodelling

of the surface topography was confirmed by the study performed by Adya et al. (2006), which

demonstrated an increase in cell surface roughness as a result of a heat treatment (90°C, 1 hour)

[90]. It can be assumed that the removal of cell wall proteins participate in the formation of

cracks and holes in the cell wall. These openings in the cell wall structure might enable the fu-

monisin B1 molecules to access the adsorption sites in the complex three dimensional β-glucan

structure.

Fumonisin B1 molecules are quite large compared to other mycotoxins, with a molecu-

lar weight of 721.838 g/mol compared to an average of about 300 g/mol for toxins such as

zearalenone, ochratoxin A and deoxynivalenone (values obtained from PubChem Compound

Database). A larger structure requires a bigger inner helical space in order for the fumonisin B1

molecules to reach the adsorption sites. It can thus be assumed that the complex cell wall struc-

ture in viable viable BY4741 cells might be too compact in order to let fumonisin B1 reach the

adsorption sites, when their movement is restricted by being immobilized on a coupon surface

or polystyrene bead.

6.2.3 Evaluating the specificity of the recorded interactions

The distribution of rupture forces obtained for the interactions between β-glucan and fumon-

isin B1 indicated the presence of multiple interactions. These are illustrated by the tails in the

histogram presented in figure 5.19. This was confirmed by the appearance of the force curves,

where some presented jagged curves, indicating the rupture of several bonds (figure 5.18a). This

might be due to several fumonisin B1 molecules interacting with one or severalβ-glucan chains,

which can indicate a too dense coating in order to investigate single-molecule interactions. It

has been indicated that the interaction of one mycotoxin molecule promotes a small change

in the helicoidal structure of β-glucan, and thus allowing more mycotoxin molecules to attach
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until the adsorption sites are saturated. This discovery is based on the interaction between S.

cerevisiae and zearalenone [3], however, if fumonisin B1 can initiate the same event, then this

phenomenon can provide an explanation for the multiple interactions observed.

The specificity of the observed interaction between β-glucan and fumonisin B1 is however

difficult to determine, as the negative controls also presented interactions. Since uncoated

amino-functionalized beads were able to self-interact, it was questioned if the observed inter-

action was due to β-glucan and fumonisin B1 or the functional groups on the bead surface.

The uncoated amino-functionalized beads presented curves where about 25 % obtained inter-

action, and thus a greater adhesiveness than the one observed for β-glucan and fumonisin B1

(figure 5.14). However, the recorded interaction frequency dropped to 6 % and 4 % when one

of the amino-functionalized beads were coated with either β-glucan or fumonisin B1, respec-

tively. This indicates that β-glucan and fumonisin B1 have been successfully immobilized on

the bead surface. If the observed interaction is between the amino bead and free amino-groups

on the coated bead, or between the uncoated amino bead and either β-glucan or fumonisin B1

is still unclear. One possible explanation is the sterical hindrance offered by the polysaccha-

ride and mycotoxin molecules on the bead surface, resulting in reduced accessibility to the free

amino-groups on the bead surface and thus a reduction in recorded interaction frequency.

However, the heat treated cells also presented the ability to interact with an uncoated amino-

functionalized bead. This indicates that one or several of the cell wall components are able to

interact with an amino-group. As the interaction between β-glucan and fumonisin B1 is pre-

sumably based on hydrogen bonds and van der Waals forces, then β-glucan can be assumed

to be able to form hydrogen bonds with a free amino-group. When examining the distribution

of rupture forces, the interactions obtained for heat treated cells and fumonisin B1 generated

a more clustered distribution of data points with low rupture force and low loading rate (figure

5.12). The more scattered distribution observed for the interaction with uncoated amino-beads

might indicate a more unspecific interaction. The force curves presented high levels of back-

ground noise, which would have affected the distribution of rupture force. Both sets of data had

force curves with a long and gradual increase in force before the force jump, indicating multi-

ple interactions (figure 5.10). The observed interaction between heat treated cells and amino-

functionalized beads might be due to an electrostatic interaction. The heat treatment might
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affect the surface charge of the cells, rendering them more able to form an electrostatic inter-

action with the amino-groups. This can be investigated by measuring the zeta potential of the

heat treated cells.

When further examining the self-interaction of amino-functionalized beads, it was discov-

ered some high levels of background noise during the force measurements. This may have im-

pacted the estimation of rupture force and loading rate, and thus affected the reliability of these

results. The amino beads presented rupture forces up to 400 pN, however, these were probed

at high loading rates (figure 5.22), which is assumed to be a contributing factor to the high val-

ues. Furthermore, it can be assumed that the high loading rates and rupture forces are obtained

due to multiple interactions. This has been indicated by previous studies performed by Frid-

dle et al. [91, 92].The ability to self-interact can be due to the formation of hydrogen bonds, as

the amino group is able to act both as a hydrogen donor and acceptor. However, the samples

with untreated amino beads were also later discovered to be contaminated, where the observed

impurities could have affected the interactions. The actual role of these impurities in the inter-

action between uncoated amino-beads is elaborated in section 6.3.1.

Based on these results, it can be assumed that the interaction observed for beads coated

with β-glucan and fumonisin B1 is due to the coating of the beads and not the functional amino

groups on the bead surface. The specificity of the interaction can be confirmed by applying free

β-glucan chains in the solution, which will compete with the β-glucan on the bead surface to

form an interaction with the fumonisin B1 molecules. However, the ability of β-glucan to in-

teract with amino-groups on the bead surface can not be excluded. The force curves followed

the baseline for about 200 nm before initiating a linear increase in force, this was observed for

the interactions between β-glucan and fumonisin B1, as well as the interactions with uncoated

amino-beads (figure 5.18). This might indicate the distance required to stretch the polysaccha-

ride chains, before an interaction was detected. The force curves obtained for the uncoated

amino beads presented an increase of force immediately when the beads started to move apart

(figure 5.21), and thus implying an interaction between the bead surfaces.
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6.2.4 The effect of the choice of functional group used for immobilization of

fumonisin B1

The fumonisin B1 molecule contains several functional groups that are able to participate in a

hydrogen bond, such as the hydroxyl-, carboxyl- and amino-groups. It has been indicated that

the amino-group enhance their toxic activity, and can thus be important in the formation of a

yeast-mycotoxin complex. The interaction frequency recorded when fumonisin B1 was immo-

bilized on carboxyl-functionalized beads was much lower than for amino-functionalized beads

(figure 5.14). This was observed both against β-glucan and heat treated cells.

This might indicate that the amino-group enhances the ability to form a yeast-mycotoxin

complex. When investigating the strength of the interaction, the recorded rupture forces for fu-

monisin B1 on amino beads versus heat treated cells were generally lower and probed at lower

loading rate than the rupture forces obtained for fumonisin B1 immobilized on carboxyl-beads

(figure 5.13). The force curves for the amino-coated beads presented overall an almost horizon-

tal slope, indicating several bond ruptures (figures 5.10). The appearance of such force curves

results in a lower estimation of the loading rate. The force curves of carboxyl-coated beads had

a more rapid increase in force, presenting a more steeper slope and thus a higher estimation of

loading rate (figure 5.7).

The flow chamber experiments were performed with fumonisin B1 immobilized on a carb-

oxyl-silanized surface. The amount of cells capable of adhering to the surface could have been

higher if fumonisin B1 was immobilized on an amino-silanized surface, based on the results

obtained from the optical tweezers. However, it can be questioned if the amino-functionalized

surface constitutes a good negative control. Hence, the specificity of an interaction with fumon-

isin B1 on an amino-functionalized surface has to be investigated further.

6.3 Quantification of interactions by shear stress flow chamber

and optical tweezers

Both techniques presented the ability of quantifying the interactions between S. cerevisiae and

fumonisin B1. The optical tweezers offer controllable conditions, where the position of the
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trapped objects, separation distance and force applied to the trapped objects can be adjusted

during the measurements. This allows re-positioning of the trapped cell, in order to probe a

larger area of the cell surface. The flow chamber assay acts to mimic a more natural environ-

ment, by subjecting the cells to fluid shear stresses. The cells are able to move freely within the

flow cell. However, this might result in unavailable adsorption sites, if they are located on the

part of the cell pointing away from the fumonisin B1 coated surface. The restricted movement

of the fumonisin B1 molecules might also prevent the molecules from reaching the adsorption

sites if they are located slightly inside the cell wall. The optical tweezers can apply force in order

to reach such unavailable adsorption sites. Increasing the contact force also results in a larger

contact area, which increases the probability of cell adhesion. However, when applying S. cere-

visiae cells for adsorption of fumonisin B1 in the gastrointestinal tract, applying force in order to

achieve an interaction will not be possible. Thus, the flow chamber might be regarded as a more

realistic model for measuring the adhesiveness since the cells can move freely. However, differ-

ent challenges are associated with both techniques, and these challenges may have affected the

obtained results.

6.3.1 Establishing a good negative control

The negative controls are applied to indicate the purity of the sample. If they present a notable

number of interactions, then the samples should be reproduced with cleaned equipment and

filtered solutions. If the observed interactions are due to impurities in the sample, then the

number of recorded interactions should be decreased.

For the optical tweezers experiments, impurities were observed floating freely in the sample,

but also attached to the bottom of the sample chamber or to the surface of the beads. The

impurities were able move and presented a refractive index that enabled them to be trapped

by the laser beam. It was hypothesized that these impurities might be bacteria, which had a

diameter of about 1 µm. Further investigation of the identity of these impurities is needed,

which can be achieved by for instance fluorescent staining of bacteria and investigating the

sample in a fluorescent microscope.

The actions introduced in order to reduce the amount of impurities did present lower lev-

els of observed impurities. The impurities were in particular observed in the negative control

117



sample containing only amino-functionalized beads. Even at reduced levels of impurities, the

beads presented an interaction frequency of 25 %. It was hypothesized that these impurities

might be responsible for the interaction. This was further investigated by repeating the experi-

ment with 3.12 µm amino beads from the Department of Physics. These amino-functionalized

beads presented curves with interactions in about 20 % of the measurements, without the pres-

ence of any visible impurities. This might indicate that the interaction between the uncoated

amino-functionalized beads is due to the amino-groups, and not the impurities. The role of

the functional groups in initiating an interaction can be further investigated by reducing the pH

of the sample to around 5, which will inhibit the interaction between the amino-groups. If the

amino-functionalized beads are still able to interact it might be due to the surface properties of

the polystyrene beads. The bead surface can also be treated with PEG or zwitterions, in order to

make the amino-groups inert.

6.3.2 Importance of the density and homogeneity of the surface functional-

ization

A high density of the surface functionalization can prevent unspecific interactions with the sur-

face. However, a very dense layer of coating can result in multiple interactions, which is unfa-

vorable when detecting single-molecule interactions. If applying a less dense layer of surface

functionalization, an inert linker can be used in order to distinguish specific interaction from

the unspecific ones.

For the optical tweezers experiments, an inert linker can be applied between the bead sur-

face and the molecule of interest. This will result in interactions between the molecules of in-

terest happening further away from the bead surface, which could enable the discrimination of

unspecific and specific interactions. Interactions with the bead surface can be excluded during

analysis, where the distance of the bond rupture should exceed the length of the applied linker.

A linker also enables the use of a greater variety of functionalized polystyrene beads. For im-

mobilizing fumonisin B1 on the bead surface, an amino- or carboxyl-functionalization of the

bead surface was required. However, when the fumonisin B1 molecule is attached to a linker,

presenting the required functional group, the other end of the linker can be custom made to
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match a variety of surfaces. This opens new possibilities, which can for instance include a bi-

otin/streptavidin complex. As previously mentioned, establishing a good negative control was

challenging. Applying a linker introduces the possibility of applying differently functionalized

beads, which could enable the establishment of a proper negative control.

The importance of achieving a dense and homogenous surface functionalization was demon-

strated for the flow chamber assay. Images of the coupon surface indicated areas of the coupon

that had varying degrees of coverage of fumonisin B1 (figure 5.3). This would be a challenge

when determining the sample area, due to a variable amount of attachment points for the S.

cerevisiae cells. The surface should preferably contain single molecules and not large aggre-

gates of the surface functionalization. The large aggregates and webs formed by fumonisin B1

molecules on the coupon surface might result in cells being trapped within these webs. Conse-

quently, the measured adhesiveness might be due to the cells being physically restrained, rather

than a specific interaction.

The required concentration of the surface functionalization has to be optimized for the mole-

cule of interest. The formation of large aggregates and webs on the surface can be reduced by

subjecting the solution to a sonciation treatment prior to the functionalization procedure.

For the optical tweezers, the density and homogeneity of the surface functionalization can

be investigated by coupling a fluorescent tag to the molecule of interest. By applying a super-

resolution microscope, such as the stimulated emission depletion (STED) microscope, the dis-

tribution of the molecule on the bead surface can be identified. The same principle can also be

applied for the coupon surface, in order to give a more detailed characterization of the surface

functionalization.

6.4 Microarray of S. cerevisiae on PLL patterned glass surface

The formation of a microarray of cells provides new possibilities for high throughput study of

single cell events, or the investigation of interactions between pairs and triplets of cells [6]. Fur-

thermore, it allows investigation of the cell response upon adhesion to different surfaces [38].

However, the immobilization of cells on the surface needs to be stable in order to obtain a re-

liable microarray platform. This requires an accurate deposition of patches of a chemical pro-
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moting cell adhesion, on an otherwise cell-repellent surface.

6.4.1 Microcontact printing of PLL

The deposited PLL-pattern was successfully identified (figure 5.29), even though locating the

pattern proved to be challenging. The pattern was also successfully deposited with PLL-FITC.

However, some abnormalities of deposited pattern were observed, which were more clearly

demonstrated by the deposition of PLL-FITC (figure 5.28). It was assumed that the weight had

been applied inaccurate during deposition of the pattern. If the stamp is slightly moved during

deposition, the deposited features will have more of a rod-like shape than round spheres. This

can be a result of applying too much force when using the tweezers to push the glass against the

stamp. It is thus important to be very gentle when applying the tweezers. The weight is impor-

tant for obtaining sufficient contact between the stamp and glass surface, however, it must be

deposited directly on top in order to prevent smearing on the glass surface. It is also important

that the weight has a flat bottom, so that the weight is evenly distributed.

6.4.2 Adsorption of S. cerevisiae on a clean glass surface

The observed ability of S. cerevisiae cells to adhere to a clean glass surface does not correspond

with the results obtained in the master theses by Åshild Samseth [93] and Karen Dunker [94].

If the glass slides applied in this master thesis were not completely clean after washing with

ethanol and MQ water, then impurities on the glass surface may be responsible for the adhesion

of the cells. This can be further investigated by applying different cleaning procedures, such as

methanol and HCl.

6.4.3 Immobilization of S. cerevisiae on PLL-treated surface

S. cerevisiae was not successfully immobilized on a glass surface functionalized with PLL (0.01%).

The results obtained by Åshild Samseth [93] and Karen Dunker [94] were thus not replicated.

The glass surface was pegylated in order to obtain an inert surface, since the S. cerevisiae

cells were able to adhere to a clean glass slide. The pegylation was successful in preventing the

adhesion of the S. cerevisiae cells 5.32. The attachment of PLL-g-PEG onto the glass surface
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blocks the negatively charged glass surface from initiating electrostatic interactions with the

PLL. If the PLL-g-PEG layer interfered with the attachment of PLL on the glass surface, then the

surface will still present PEG side chains. As demonstrated, a pegylated surface will prevent cell

adhesion, which could explain the removal of cells during washing.

However, the demonstrated PLL-pattern obtained by microcontact printing, confirms the

deposition of PLL on a pegylated glass surface. It can thus be assumed that the PLL-covered glass

surface also contains PLL. Furthermore, weight is applied when depositing the PLL-pattern,

while the surface is just covered with the PLL solution for the PLL-covered glass slide. The ap-

plied weight might help PLL attach more strongly to the surface, while the PLL molecules are

loosely attached on the PLL-coated glass. A weak interaction between the pegylated glass and

PLL might result in removal of the PLL molecules during the wahsing procedure. Further inves-

tigation is required to determine the strength of the interaction between PLL and the pegylated

surface.

It was hypothesized that the washing procedure applied was too strong, resulting in the de-

tachment of cells. Several washing procedures were investigated, but they all achieved the same

results. The interaction between PLL and S. cerevisiae cells is based on electrostatic interac-

tions, which might be ruptured by the generated forces during washing. The assumption of the

washing procedure being responsible for not obtaining immobilization of S. cerevisiae cells on

PLL can be further substantiated by the observed aggregates, as well as the incomplete patterns

formed by attached cells (5.30). If the washing procedure resulted in detachment of some cells,

then they might have been moved during washing, and further formed aggregates with cells that

were able to maintain their attachment to the PLL-surface.

Another possible factor affecting the immobilization of S. cerevisiae is the pH. The cells were

suspended in HEPES, which has a pH of approximately 7.4. This is higher than the pH of MQ

water (pH of ∼ 5.5). The increase in pH will result in a conformation change of PLL into α-helix

due to the deprotonation of the amino groups [73]. This change in structure of PLL might affect

the strength of interaction with the S. cerevisiae cells, rendering it weaker.
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7. Recommendations for further work

7.1 Further investigation required in order to apply S. cerevisiae

as an adsorbing agent

In order to apply S. cerevisiae as an adsorbing agent of fumonisin B1, the interaction must be

characterized as specific. This is to prevent the possible adsorption of essential nutrients or

other important compounds present in the gastrointestinal tract. The adsorption procedure

also has to be optimized, in order to achieve an efficient adsorbing agent.

7.1.1 Further investigation of the effect of heat treatment

The effect of the heat treatment on the cell wall structure has to be further investigated, in order

to understand the mechanism behind the increased adhesiveness. Biochemical measurements

can be performed in order to characterize the carbohydrate composition of the cell wall. The

amount of cell wall proteins should also be determined, which can be obtained based on the

nitrogen content of the cell wall, as described in the study performed by Schiavone et al. (2014)

[78]. It would be interesting to evaluate the context of the amount of cell wall proteins with

the adhesiveness of the S. cerevisiae cells. The heat treatment also needs to be optimized, by

testing different temperatures and incubation periods, in order to investigate the effect on the

adhesiveness.

7.1.2 Investigate the role of the functional groups on fumonisin B1 in the

formation of a yeast-mycotoxin complex

The role of the free amino group on fumonisin B1 in the formation of a yeast-mycotoxin molecule

can be investigated by chemically removing or blocking the amino group. Examining the inter-

action capacity of fumonisin B1 with and without a free amino group can indicate the role of

the amino group in forming an interaction with S. cerevisiae. This should also be investigated
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for the acid moieties. The amino group and acid moieties can be removed through deamination

and decarboxylation, respectively.

7.1.3 Identify the optimal structure of the polysaccharide chains

As indicated, a complex structure of β-glucan has been indicated to present more available ad-

sorption sites [12]. It has also been demonstrated that the alkali-insoluble fraction of the β-

glucan plays a major role in the formation of a yeast-mycotoxin complex [3, 13]. It would thus

be interesting to repeat the experiments with β-glucan and fumonisin B1, where applying an

insoluble fraction of β-glucan.

7.1.4 Alternative techniques for investigating the adhesiveness

The effect of immobilizing β-glucan and fumonisin B1 on their ability to interact should be

further investigated. Restraining their ability to move can affect their interaction capacity, by

not being able to reach the adsorption sites. The interaction capacity should therefore be further

investigated in an aqueous solution, where both β-glucan and fumonisin B1 moves freely. This

might allow the presence of different structures of β-glucan, which can promote an adsorption

of fumonisin B1. Such an experiment should also be performed with viable and heat treated S.

cerevisiae cells, in order to investigate if viable cells possesses the ability to adsorb fumonisin B1,

which has been indicated by previous studies [4, 82, 83]. By measuring the amount of fumonisin

B1 molecules added to the solution, the percentage of adsorbed molecules can be obtained by

recording the amount of free molecules left after a certain time period.

Before the adhesiveness of S. cerevisiae can be investigated in vivo, several obstacles has to

be solved. However, a possible experimental platform, which acts to mimic the in vivo environ-

ment, is the lab-on-a-chip (LOC). This can be obtained by creating a channel of epithelial cells

from the gastrointestinal tract, which is surrounded by moving liquid, mimicking the blood flow.

As mentioned, the formation of a yeast-mycotoxin complex is to prevent the adsorption of the

mycotoxin molecules into the circulatory system. The adhesiveness can be measured by record-

ing the percentage of adsorbed fumonisin B1 molecules, as described above. It also allows the

investigation of the amount of fumonisin B1 molecules that might be able to cross the epithelial
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cell layer and move over into the circulatory system. This can give an indication of the efficiency

of S. cerevisiae as an adsorbing agent. The effect of different pH on the yeast-mycotoxin com-

plexes can be investigated by changing the pH in the channel. This is relevant since the complex

will be exposed to varying pH during its travel in the gastrointestinal tract.

7.1.5 Other applications of the investigated cellular adhesion

Investigation of the adsorption mechanism between S. cerevisiae and fumonisin B1 can offer

other applications within the field of biology, immunology and pharmaceutics. Further under-

standing of cell behavior and cell interaction can be beneficial for other applications as well,

such as the immunological effect of β-glucans.

7.2 Further work for obtaining a microarray of cells

Different chemicals promoting cell adhesion, such as other polycations, proteins or protein

fragments [95], can be investigated for the fabrication of a microarray by the use of microcontact

printing. As demonstrated in this master thesis, a successful immobilization of S. cerevisiae was

not obtained on a PLL-treated surface. The interaction between PLL and S. cerevisiae should be

investigated further, to determine the strength of this interaction. It would also be interesting

if an inert glass surface could be obtained without applying PLL-g-PEG, by for instance an im-

proved cleaning procedure. This could enable a direct attachment of PLL to the glass surface,

which may have improved the stability of the deposited pattern and thus an improved immobi-

lization of S. cerevisiae.
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8. Conclusion
Optical tweezers offers the detection of weak interactions, like the interactions observed be-

tween S. cerevisiae and fumonisin B1. However, this technique was not able to give a reliable

estimation of the frequency of interaction for the interacting pairs. Several factors were discov-

ered to affect the estimation of the frequency of interaction. This includes the distribution of

the polysaccharides and mycotoxin molecules on the bead surface, the amount of force applied

to the beads in order to push them together, as well as the alignment of the traps. Another chal-

lenge was establishing a good negative control, since the amino-functionalized beads presented

the ability to self-react. Consequently, it was difficult to identify specific interaction.

The flow chamber assay offered conditions that mimic the natural environment of cells, by

introducing the S. cerevisiae cells to increased shear stress. However, determining the strength

of the interaction was challenging, and the procedure for data collection should be improved to

increase the reliability of the obtained data. A good cleaning procedure of the substrate surface

was established, which improved the reliability of the results.

It was discovered that viable wild-type S. cerevisiae cells were not able to present interac-

tions with fumonisin B1, when the adhesiveness was examined with the optical tweezers and

flow chamber assay. Reducing the amount of mannan in the outer layer of the cell wall did not

improve the adhesiveness of S. cerevisiae. Furthermore, the mannan and mannoprotein layer

was concluded to not limit the access to the adsorption sites. The results indicated thatβ-glucan

is the responsible cell wall component in an interaction with fumonisin B1. It was also indicated

that the instrumental setup, which required immobilization of the polyssaccharides and myco-

toxin molecules on either a glass surface or polystyrene beads, might have interfered with their

ability to interact. The structure of β-glucan was assumed to be important for its ability to in-

teract with fumonisin B1.

Subjecting S. cerevisiae cells to a heat treatment improved their adhesiveness of fumonisin

B1. The treatment was assumed to interfere with the cell wall structure, which promoted the

availability of the adsorption sites on β-glucan.
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PLL-FITC enabled verification of successful deposition of PLL in a microscale pattern, by the

use of microcontact printing. However, the immobilization of S. cerevisiae cells on a glass sur-

face functionalized with a layer of PLL was not reproduced. Hence, a microarray of S. cerevisiae

cells on a PLL patterned surface was not obtained. Several factors was identified to affect the

interaction between PLL and S. cerevisiae, such as the pegylation of the glass surface, pH of the

buffer and the forces introduced by the washing procedure.
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Appendices

I



A. Acronyms

AFM Atomic force microscopy

BSA Bovine serum albumin

CWP Cell wall protein

µCP Microcontact printing

DI De-ionized water

FB1 Fumonisin B1

FITC Fluorescein isothiocyanate

MQ MilliQ water

NA Numerical aperture

OT Optical tweezers

PBS Phosphate buffered saline

PDMS Polydimethylsiloxane

PEG Poly(ethylene glycol)

PIR Proteins with internal repeats

PLL Poly-L-lysine

QPD Quadrant photodiode

S. cerevisiae Saccharomyces cerevisiae

YPD Yeast extract peptone dextrose

WT wild-type strain of Saccharomyces cerevisiae

II



B. Preparation of solutions
YPD medium preparation instructions

If using YPD power mix, 50 g is suspended in 1 L of distilled water. When using separate prod-

ucts; 10 g of yeast extract, 20 g of bactopeptone and 20 g glucose are mixed and suspended in 1

L of destilled water. The medium was autoclaved at 121°C for 20 min.

When preparing YPD medium for agar plates, 15 g of agar was added to the 1 L YPD medium.

Preparation of PBS buffer

A PBS buffer was prepared by dissolving 40.91 g of N aC l , 1.0065 g of KC l , 18.0860 g of N a2HPO4

and 1.2250 g of K H2PO4 in 5 L of demineralised water. The pH of the buffer was adjusted to app-

roximately 7,5.

III



C. Percentage of interaction for optical

tweezers experiments
The percentage of interaction obtain for the different interacting pairs examined with the optical

tweezers are presented in table C.1

Table C.1: A summary of all experiments performed with the optical tweezers, presenting the
percentage of interaction observed for each of the examined interacting pairs.

Curves with Total number Percentage
Interacting pairs interactions of curves (%)
β-glucan - fumonisin B1 (amino bead) 132 839 15.7
β-glucan - amino bead 52 837 6.2
β-glucan - fumonisin B1 (carboxyl bead) 18 817 2.2
β-glucan - carboxyl bead 26 812 3.2
Mannan - fumonisin B1 (amino bead) 21 828 2.5
Mannan - amino bead 14 790 1.8
Mannan - fumonisin B1 (carboxyl bead) 28 827 3.4
Mannan - carboxyl bead 4 830 0.5
Fumonisin B1 - amino bead 37 886 4.2
Amino bead - amino bead 342 1389 24.6
Amino bead - carboxyl bead 86 899 9.6

IV



D. Data analysis of flow chamber

experiments

D.1 Calculations of parameters for analysis

The parameters buffer flow rate and shear stress were automatically calibrated by the custom

made excel sheet.

Buffer flow rate

The buffer flow rate, also referred to as the mass flow (Q) is obtained by:

flow rate = weight of run through buffer (g)

duration of stress (s)
(D.1)

An example of an flow chamber experiment and the corresponding measurements recorded

in the custom made excel sheet is presented in figure D.1. For the measurement after the wash-

ing procedure, the following flow rate was calculated:

Q = 13.723

600
= 0.0229mL/s (D.2)

Shear stress

The shear stress is obtained by the following equation:

τw = 3µQ

4h2l
(D.3)

with Q corresponding to the mass flow (m3/s), µ is the fluid dynamic viscosity, h is the half-

height of the channel and l is the half-width of the chamber.

The height of the channel is 0.2 mm and the length is 25.2 mm. For the same measurement

V



as examined above, with a flow rate of 0.0229 mL/s, the following shear stress was obtained:

τw = 3×0.001×0.0229×0.000001

4× (0.2/2×0.001)2 × (25.2×0.001)
≈ 0.07Pa (D.4)

VI



Figure D.1: Demonstration of custom made excel sheet for recording weight of run through
buffer and number of cells for each measurement. The excel sheet automatically calibrates the
buffer flow rate, shear stress and percentage of adhesion for each measurement.
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