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Abstract

The work in this thesis has been focused on deiwredagurfaces for use in biosensor systems,
especially for quartz crystal microbalances. Thdases were prepared by adsorption of
organosulfur molecules onto gold substrates, slectaelf assembled monolayers (SAMs).
By chemical synthesis these thiols can be spetifitailored to provide surfaces with desired
properties. The investigated surfaces were alldasethiols terminated with carboxylic acid

groups to render hydrophilic surfaces onto whickiréel proteins can be covalently attached.

In order to increase the performance of two dinmmai carboxyl surfaces, a method for
improving the immobilization of proteins to the &ge was investigated. The immobilization
levels of antibodies were increased by using N-tygsulfo-succinimide (sulfo-NHS),
instead of N-hydroxy-succinimide (NHS), as stakitiof the amine reactive intermediate
formed by reaction of the carboxyl groups with In#3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC). The negativelyaaied sulfo-NHS intermediate promotes
the attraction of overall positively charged progeand enables immobilization also at low
pH. In addition, the orientation of the immobilizadtibodies was shown to be dependent on
the pl of the antibody and to have a profound e¢ftetthe subsequent interaction with the

antigen.

The organization of carboxyl terminated SAMs campber due to the repellation between the
polar terminal groups. By using acidified ethanel solvent during the assembly step of
monolayer formation, the organization in carboxyhtinated alkyl and oligo(ethylene glycol)

SAMs was improved. However, the carboxyl groupsenemund to be converted to ethyl

esters, the rate being related to the acid strerfgtithermore, the long-term stability of

carboxyl oligo(ethylene glycol) SAMs was investiggt Here, the effect of alkyl chain length

on the storage stability was of interest. A shdkilachain was shown to have a profound
negative effect on the storage stability of the SABBulting in decomposition and loss of
functionality over time compared to when thiolswidbnger alkyl chains were studied.
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1 Introduction

There is a fundamental interest in monitoring andasistanding interactions occurring around
and within ourselves. Biological interactions i thody determine our physical condition and
are studied in order to improve medical treatmemis for the development of new drugs.
Advanced equipment for molecular detection is tfegeeneeded and specifically, biosensors
are devices that can be used to study biomoletkactions. A biosensor is made up of two
elements, a bioactive element where the biologmtalaction occurs and a transducer which
converts the signal to a measurable quantity. Theackive surface often involves

immobilized antibodies, receptors, enzymes, DNAwbiole cells that will react selectively

with an analyte and result in a signal detectedh®ytransducer. The obtained signal can
thereafter be translated into different amountsefcample changes of mass, refractive index
or colour’ A biosensor, however, does not necessarily imginplicated equipment, as

demonstrated by the commonly used biosensors farogeé sensing and home pregnancy

tests.

The study of biomolecules on a sensor surfacegisiyyidependent on the choice of interfacial
chemistry attaching the biospecific molecules te $lurface. The surface chemistry should
allow for sufficient amounts of the biomoleculeski® immobilized and, equally important,
the molecules should retain their biological atyivin the immobilized state. Also, the
surfaces should enable studies of the interactfanterest without the background noise of
other, non-specific, binding events. A frequentbed approach to achieve this is the use of
self-assembled monolayers (SAMs) that provides lhidefined interfaces with the desired
properties depending on the choice of organosuHirgroup. To suppress non-specific
binding, oligo(ethylene glycol), OEG, containing A have been successfully applied in

laboratory studies.

For biosensor surfaces to be of commercial usdptigeterm stability is of great importance.
From a surface production perspective, it is thalk the surfaces can be produced in advance
and have a shelf lifetime of at least several manfluring storage, the surface structure and
properties should not change in a way negativettier sensor functionality. Also, if the
molecules used to form the surface layers are etperand difficult to synthesize it is of
great benefit to be able to use the same solutioaexXtended periods of time.



The aim of the work presented in this thesis hanlie develop sensor surfaces suitable for
use in Quartz Crystal Microbalance (QCM) biosensdise performance of the sensor
surfaces should be highly reproducible and theylshexhibit low non-specific binding in
protein rich media. Specifically, preparation methdor SAM biosensor surfaces have been
studied and optimized and the storage stabilityd&G containing, low non-specific binding
surfaces assessed by means of infrared reflechearption spectroscopy, ellipsometry and
QCM. Methods for immobilization of antibodies on BMAsensor surfaces have been

optimized and the relationship between antibodgrddtion and binding capacity examined.



2 Protein binding

When a substrate is immersed in a protein contgimedia protein adsorption will rapidly
occur on its surfaces. In a biological context,dldeorbed proteins will govern the subsequent
cellular response towards the surfAcBo understand what the driving forces for protein
adsorption are, it is of great importance to sttigdgse events on different surfaces. The
outcome of such studies will, for example, supploet development of new protein resistant
coatings which can be used for biomaterials, bisses; marine biofouling and food

processing.

2.1 Non-specific protein adsorption

Spontaneous adsorption of proteins is the easiagt tw achieve surface bound proteins.
Adsorption is affected by hydrophobic, electrostaind van der Waals interaction forces
between the protein and surface, as well as reggraent of the protein structure. The
process of protein adsorption can be divided ietcesl steps. Initially the protein has to be
transported to the surface to enable attachmeettrBimsport will be diffusion limited closest
to the surface, even for surfaces placed undeiraomis flow. Upon adsorption the proteins
can change their conformation, although this preceight also take place some time after the
adsorption. This partial denaturation may affeet biological activity of the protein. The last
step is desorption and transport away from theasarfHowever, most proteins adsorbed on

the surface will not desorb unless exchanged @iatied by another protefn’

The spontaneous adsorption of proteins to surfase®ften unwanted in biosensor
applications since it leads to lower specificitycdmmon approach used to prevent the non-
specific adsorption is the preadsorbtion of anotpsstein, for example bovine serum
albumin, on the surfaces. Possible drawbacks with $trategy are denaturation of the
preadsorbed protein and replacement of the pretigmother proteind.Also, surfactants can
be used to reduce the non-specific binding. Falanmse, the non-ionic surfactant Tween 20
has been shown to prevent hydrophobic interactimtereen surfaces and protemsand is
therefore frequently used in biosensor studies.skatties in protein rich solutions, additional

strategies to reduce non-specific binding may beessary. Such strategies include the



incorporation of ethylene glycol (EG) units on thensor surface (described in more detail
later in this thesis). Whitesides and co-work&tsnvestigated aroun@0 different terminal

groups, including EG, and found that the surfacest lzapable of resisting non-specific
protein binding were hydrophilic, hydrogen-bond egmtors, not hydrogen-bond donors, and

had a neutral overall electrical charge.

2.2 Protein immobilization

Covalent coupling of proteins and molecules to ae$ is a way to assure the firm
attachment of a protein on the surface without o$kprotein replacement or desorption.
Common chemical compounds which can be used foaleot attachment are hydroxyl-,
carboxyl- and amine-terminated SAM this thesis, carboxylic acid terminated SAMseve
used in combination with one of the most frequeniBed strategies for immobilizing
proteins, often referred to as amine coupling. F@gR.1A shows a schematic of protein
immobilization onto a carboxylated surface by meah&-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) and N-hydroxy-smamide (NHS) mediated amine
coupling. With this reaction the carboxylic acidogps can be linked covalently to free
primary amines in proteins, such as the side cbilgsine or the N-terminal. This reaction
has been utilized for immobilization papers |, Il andlll . Possible drawbacks with this
method include a loss of protein activity due terdiical modification of the protein at or
close to its active sites and the risk of multipttachment sites potentially altering the three
dimensional structure of the protein and restrgetis ability to undergo the structural changes
associated with its biological function. Also, whiemmobilized on two dimensional surfaces
random or unfavourable orientation of the proteintloe surface may result in poor exposure

of relevant interaction sites on the prot&irt!

The orientation of immobilized antibodies and thairtigen binding capacity on a two
dimensional carboxyl surface was investigategbaper I. It was shown that orientation of
antibodies on the surface varied from random te@d depending on the antibody properties
and the immobilization pH. Also, the use of N-hydysulfo-succinimide (sulfo-NHS) instead
of NHS as an intermediate on the surface was imgagst. As seen in Figure 2.1B sulfo-NHS
has a negative charge which will aid in the attoacof overall positively charged proteins to

surfaces with few carboxylic acids as well as tofaies displaying poor attraction when



activated with the neutral NHS. The improvemeninimobilization level when using sulfo-
NHS instead of NHS on a two dimensional carboxyfasie was found to be significant as
illustrated in Figure 2.2. In addition, immobilizzt at a very low pH was shown to be

possible, which in turn would be useful for immaakion of acidic proteins.
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Figure 2.1. A) Schematic picture illustrating the covalent conglof a protein to a carboxylic acid surface via
EDC and NHSB) Chemical structure of sulfo-NHS.
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Figure 2.2. QCM data of the immobilization of anti-myoglobin 0% on an Attana carboxyl surface either
activated with EDC/NHS or EDC/sulfo-NHS.

2.3 Antibodies

Antibodies are a group of proteins that has reckiae immense interest because of their
ability to specifically bind other biomolecules. rHmstance, antibodies are widely used in
diagnostics for detection of disease markers apg #re being increasingly studied within

pharmaceuticals development. In vivo, antibodiesrasponsible for recognizing and binding
foreign molecules, so called antigens, therebyiteptb an immune response. The interaction
with its antigen is very specific and every antipodcognizes only a single or a few antigens.
Collectively, however, antibodies can in practieeagnize virtually any molecule. Despite

their binding diversity, all antibodies are struetlly similar. The common Y-shaped structure
of an immunoglobulin antibody, IgG, is depictedFigure 2.3. The molecule is made up of
the Rk part at the base which is linked via the hingaamrdo the two arms. The arms are

referred to as Js fragments and it is the region in the terminal ehthe Fy, fragments that is

responsible for the binding of the antig@n.
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Figure 2.3.The general structure of an IgG antibody. The @laydrates have been excluded.

Since antibodies have such high specificity andalao be engineered to recognize a desired
target molecule they are widely used as recogn#iements in biosensor applications. In all
three papers within this thesis antibodies were afifized on the studied surfaces and used

as model systems for functionality studies.






3 Self-Assembled Monolayers

In 1983 Nuzzo and Allara were the first to show ttlmganic disulfide molecules
spontaneously formed organized monolayers on gotthcses™® Since then self-assembled
monolayers (SAMSs) of alkylthiolates have been esitazly investigated® *° The formation

of a SAM from diluted thiol concentrations consisis two phases; a fast initial phase
followed by a slower second phase (Figure 3.1)ririguthe fast phase which takes only a few
minutes from immersion the SAM reaches 80-90% wffinal thickness and close to the
limiting value for the contact angle. The subsedqwmw phase spans over a period of several
hours during which the contact angle and thicknesaches their final values. The
alkylthiolates in the SAM proceeds from an unstwuetl, gauche, conformation during the
first phase to forming a dense and well-orderderahs, layer during the second phase. The
forces that drive the SAM towards a dense and weléred layer are the interchain

interactions, for example dipole-dipole and van\teals forces?
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Figure 3.1. Schematic picture describing the formation of avBftom a diluted alkylthiol solution. The initial

unordered SAM transforms to a dense and well-ott&#&M with incubation time.

On an Au (111) surface the thiolate superstrateaaibpt the structure of the underlying gold
substrate, a VBxV3)R30° hexagonal structure. The sulfur binding ssitere situated

approximately 5 A from each other and due to theiadice between the adjacent alkyl-
thiolates the chains will be tilted to optimize tiian der Waals interactions between the
neighbouring methylene groups. The tilt will be appmately 30° from the surface normal as

illustrated in Figure 3.1 and every molecule wilkapy an area of 21.4?A* *°

The molecular structure of the thiol can relativesy be varied by synthesis and thereby

enable fine-tuning of the surface-liquid interfattehas been shown that the length of the



alkyl chain affects the ordering within the SAM.idls with short alkyl chains, n<8, result in
less dense SAMs compared to those with longer atkglins, r9.}° By exchanging the
terminal group the functionality and wettabilitynche exactly controlled. If bulky end-groups

are inserted the packing density may however ezt .

3.1 Preparation methods

When assembling SAMs the preparation method isre&tgimportance in order to achieve
high quality monolayers. Factors that may influetice rate of adsorption as well as the
structure of the SAM include choice of solvent, pamature, concentration, molecular
structure of the thiol, immersion time and cleaatis of the substrat2.For example, if the
thiols concentration is reduced, a longer inculmatione is required’ Decreasing the
concentration has also been shown to reduce deféthin the monolayet® As already
mentioned, the terminal group of the alkyl thiolayrhave an impact on the assembly of the
SAMs. For carboxylic acid terminated SAMs it hasemereported that unstructured
SAMs will be formed due to the repulsion betweea tharged carboxylate groups. As a
means of getting well-ordered carboxyl SAMs, it ihas been suggested that the thiol
solution should be acidifietf: 2° The effect of the addition of acid in the thiolign has
been studied imaper I, where it is shown that the organization withire tEAMs is
improved by acidification. Moreover, it was demaastd that the carboxylic acid groups are
rapidly converted to an ethyl ester in the preseri@n acid, as reported earlier by othErs
this work however, the esterification was also obse in the presence of a weaker acid,
which has not been previously reported. FiguresB@vs a graph illustrating the formation of
the ethyl ester in the presence of hydrochlorid &iCl) or acetic acid (HAc) as a function of
solution age and incubation time. It is obviousttt®e rate of esterification is strongly

dependent on the strength of the acid.
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Figure 3.2. Integrated intensity of a GHpeak calculated from infrared reflection absonptapectra of SAMs
formed from thiol solutions containing HCI or HAEhe filled symbols:ie HCI belong to the lower x-axis and
the open symbols: HCI and¢ HAc to the upper x-axis.

3.2 Mixed SAMs

To enable variation and tailoring of the surfaceparties two or more thiols can be mixed in
solution and subsequently co-adsorbed on the surfidds method could be of use when for
example spatial distribution between a functiorraug is needed to prevent steric hindrance.
The ratio on the surface between the differentlates is however often not the same as the
ratio in solution. Depending on the molecular dinue, length and terminal group different

enrichments on the surface can be $&éh.

A risk when co-adsorbing thiols from solution igtformation of islands of the respective
thiols on the surface. Even though phase separattormacroscopic islands of the different
thiols usually is not observed, it probably occtosome extent on a smaller scdte¢? One
strategy to achieve truly mixed SAMs on the molaclgvel, is by co-adsorption at elevated
temperatures. In this case, well mixed monolayeas be accomplished with thiols of
different lengths and terminal groufys®

11



3.3 Oligo(ethylene glycol) SAMs

SAMs containing different numbers of ethylene gly@G) groups, (CKHCH,0),, are highly
attractive due to their protein repellent propertfe?’ This property makes these surfaces
interesting in applications where low non-spedificding is required, for instance biomaterial

and biosensor surfaces in contact with biologiktad.

The EG groups attached to the alkyl chain of altban adopt three different types of
conformations when adsorbed on a surface. As ®iatkylthiols, the EG-parts can lack any
specific order, being amorphous, or they can bsetjostacked in an zig-zag formation, all-
trans. Additionally, the EG units can adopt a relmonformation at the surface provided that
a sufficient amount of EG units are incorporatelde Tequired number depends on the general
structure of the thid?®>° The adopted conformation of the EG groups has beewn to have

a major impact on the protein resistance of thdasaf® 3! The reasons to why oligo
(ethylene glycol), OEG, SAMs are able to hindertg@iro adsorption are widely debated. It is
commonly attributed to the ability of water molezsilto penetrate into the EG part of the
SAM and to the coordination of water moleculesh® EG groups®>>° An increased number
of EG units has been observed to give increasetbipreesistanc.® 3’ Furthermore, the
specific proteins investigated, as well as the &mafure, may have a significant impact on the

results and should therefore be chosen with ¥are.

3.4 Long-term stability

For SAMs to be useful as commercial biosensor sagialong term stability is a prerequisite.
After storage the surfaces must retain their piiggeand display satisfactory performance for
relevant applications. The stability of monolayee be investigated in several ways. For
example, the structure and potential reorganizadiothe monolayers due to storage can be
characterized with different surface sensitive teghes whereas functionality tests with a
biosensor are necessary to determine the impa@&Adl degradation on the functional
performance. The latter is the critical propertince retained sensor capability despite
rearrangement in the SAM means that the structinahges are not of great importance.

12



Studies performed regarding the temperature staloifi SAMs have shown that monolayers
of alkylthiolates starts to desorb at 70°, althotigh rate of desorption is dependent on the
temperature, length of the adsorbate as well asptesent mediurft. The stability can
however be increased by introducing lateral bindvithin the SAMs, for example amide

bonds3® 4°

The major cause for a lowered shelf-life of SAMfaaes is degradation of the monolayer by
the oxidation of the sulfur-gold bond. Upon expesto air different time frames have been
reported before observing oxidative species orsthiiaces, from hour¥ to weeks®. Of the
different components in air: ON,, ozone and water, ozone has been shown to beitharp
cause of oxidation of the thiolatesHowever, storage in air filled sealed vesselstiis s
possible due to depletion of the ozone over tinagliteg to a cessation of the oxidatitn.
Exposure to UV-light will also result in oxidatiai the SAMs, as utilized in photoxidati6h.

* However, oxidized species on the surface are muwessarily easily removéd.The
oxidation rate due to either ozone or UV-lightti®©sgly dependent on the alkyl chain length,
a longer alkyl chain will decrease the rate proftiyunThis can probably be attributed to
increased organization which restricts the actixggen from penetrating the SAM down to
the sulfur-gold bond" ** **Also, varying the terminal group of the SAM havéig impact
on the oxidation rate. For example, a polar endngrdecreases the oxidation rate compared
to a non-polar one. This is probably due to hydmogending between the terminal grodps.
The oxidation of the sulfur headgroup and desonptid thiolates is primarily initiated at
defect sites, domain boundaries and vacancy islamscan from there spread into the well-
ordered domain® *° Therefore, the substrate should be chosen with easr SAMs prepared
on rougher gold surfaces will oxidize fastéiwhen working with EG containing SAMs it
should also be mentioned that the EG chain carubeeptible to oxidation in air leading to
loss of EG unit§” *®

For biosensor applications, the surfaces must ofttin their stability for longer periods of
time. However, only a few studies have been donerathe surface reorganization and
functionality are investigated in parallel. A retstudy*® on the stability of a mixed EG-thiol
surface compared different wet and dry storage aethe dry storage media (air op)N
resulted in retained biosensor properties for astl&0 days, while ethanol resulted in sulfur
oxidation, desorption of thiols and decreased sgnsapabilities including increased non-

specific binding. To investigate this further, thiect of structural changes upon storage in

13



relation to the biosensor performance of the sedatas investigated paper Ill for a set of
three types of OEG-thiol surfaces. The thiols wewmmnprised of six ethylene glycols
connected to alkyl chains of three different lesgiind with an amide linker group as seen in
Figure 3.3. The results showed an increased dtabiliSAMs with longer alkyl chains with
respect to thiol decomposition, desorption and tionality. Figure 3.4 illustrates the

immobilization capacity before and after storagelmnthree different SAMs.

H
HS/%(NV\OWOH CsEGsCOOH
O O
H OH
HS/Qm/ oYy C11EG6COOH
O O

H
HS/Q;H/N\G/\OWOH C1sEGECOOH
(@) (@)

Figure 3.3.The molecular structure of the three thiols inigeded in paper lIl.
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Figure 3.4.QCM data of the immobilization of anti-myoglobif®d5 e on the fresh and stored,E35;COOH,
C11EGsCOOH and GEG;COOH SAMs. 1 corresponds to the fresh surfaceandhe surfaces after storage.
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4 Techniques

In this section, the surface characterization tegres employed within this thesis are

described in brief.

4.1 Null-ellipsometry

Null-ellipsometry is an optical technique which bles measuring the complex refractive
index and thickness of thin layers, for example $Abh reflecting substrates. It is a fast non-
destructive technique with the ability to measwagel thicknesses of up to 100 nm at sub-
Angstrom resolution. Figure 4.1 shows schematidakyexperimental configuration of a null

ellipsometer. Typically a HeNe laser is used astligource. The light is first linearly

polarized via an adjustable polarizer before pastinough the compensator and turned into
elliptically polarized. The elliptically polarizetight is then reflected at the substrate and
passed through a second polarizer, called the zaralypefore reaching the detector. The
actual experiment consist of iteratively adjustihg angles of the polarizer and analyzer until
the light reaching the detector is extinguished @ednulling condition is achieved, hence the

term null-ellipsometry®

Laser

Photo
Rotatable detector
Polarizer

A and¥
Rotatable
Analyzer
Compensator

/ < 7 so

Figure 4.1.Schematic picture illustrating the set up of d-ellipsometer.

15



The thickness of the adsorbed films can be deteungince the state of polarization of light
reflected from a surface, with or without an adsarlfilm, will be changed. The change is

dependent on the optical properties of the surfé@bes change in polarization for the parallel

(p) and perpendicular (s) polarized light uponesetion at the surface is indirectly measured
by the ellipsometer by measuring the angles ofpthlarizer, compensator and analyzer. The
ellipsometer measures the ratio between the complgection coefficients for the p- and s-

polarized light, Rand R:

_R tan¥y - e (Ea4.1)
P=r =

S

WhereinA gives the phase difference for the s- and p-prédrilight after reflection while
tan¥ is the ratio of the amplitude change of the reSpeceflection coefficients. When the
optical properties of the ambient, the adsorberh fdnd the substrates are known, the
measurement of the ellipsometric anglkeand¥ enables the calculation of the film thickness

using different mathematical methods such as farmmte the McCrackin algorith.

For the measurements in this thesis the SAMs wssanaed to be isotropic uniform films
with a refractive index of N=1.5+6f: *’

4.2 Contact angle goniometry

Contact angle measurements can be performed t ipidrmation on the physicochemical
properties of the outermost layer of the surfatresontact angle goniometry, a drop of liquid

is placed on a substrate and the wetting propetheshydrophobicity or hydrophilicity of the
surface, are examined. The contact angjles defined as the angle between the surface and
the tangent of the droplet (Figure 4.2). The congéagle is related to the surface tengidoy
Youngs equation (Eq. 4.2.), where SV denotes thiéasa tension at the surface-vapour
interface, SL surface-liquid and LV liquid-vapouterfaces, respectively.

Vs =7g + 7 COSO (Eq. 4.2.)

16



In addition to measuring the static contact angle also possible to measure the advancing
and receding contact angles, i.e. the contact amigén the liquid is expanding or retracting.
From the hysteresis, the difference between thearadng and receding contact angles,
information on the surface homogeneity and roughrem be gainetf. With the use of
contact angle measurements indications of strugjuand organization of SAMs can be
obtained. For SAMs the contact angles have beewrstio reflect the properties of the
outermost part of the monolayer only, functionalugps buried below 5 A from the exposed

surface does not affect the contact angles witlergat

Figure 4.2.Schematic picture of a contact angle measurement.

4.3 Infrared Reflection Absorption Spectroscopy

Infrared reflection absorption spectroscopy (IRASh be used for characterizing thin films
adsorbed on reflecting surfaces, for example matafswith IRAS it is possible to gain
information on included functional groups, orierdai conformation and interactions like
hydrogen bonds. In practice, the infrared lighteected off the surface and the absorption is
measured. The absorption is the result of excitatiosspecific molecular vibrations within the
thin film. This type of excitation can only occur the dipole moment of the molecular
vibration is changed during the vibrational motidime vibrational modes of a molecule are
dependent on the constituents and their surrounaagtherefore all molecules have unique

vibration spectra.

A schematic picture of the reflection of infraraghk at the surface is shown in Figure 4.3
below. The incident light beam can be divided itite two components, the light polarized
parallel (p) and perpendicular (s) to the planenafdence. Upon reflection, off the metal
surface, the light will be phase shifted. The sapakd light is phase shifted ~180° for all
angles of incidence resulting in cancellation a thcident and reflected s-polarized light at

17



the surface. The phase shift upon reflection of ghgolarized light, however, is strongly
dependent on the angle of incidengek-or high angles of incidence the phase shiftasecto
90° and the incident and reflected beams interamtstructively with each other yielding a

strong electric field, k, oriented perpendicular to the surface.

Figure 4.3. Schematic picture of the parallel (p) and perpemdr (s) components of the incident (i) and
reflected (r) light at the surface in IRAS.

Due to the cancellation of the s-polarized compomrthe surface only vibrational modes
with a component of the transition dipole momenppadicular to the surface will be seen in
IRAS. This is called the surface selection rule 4£3):

| c|EoM|” =|E[|M|" cog (Eq. 4.3)

As follows by the equation, the absorption intgnir a vibrational mode will depend on the
angleY¥ between the electric field, E, and the transitiggple moment M. Hence, information

regarding the molecular orientation can be eluedd&tom IRAS measurements.

4.4 Quartz Crystal Microbalance

A quartz crystal microbalance (QCM) instrument fiimes as an exceptionally sensitive
scale, capable of detecting small mass changesaintime without the need for molecular
labelling. The sensor is made up of a quartz crysadwiched between two electrodes,
usually gold. The technique is based on the coevpiezoelectric effect meaning that when

an electric field difference is applied over a pielectric element, here the quartz crystal, it
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will result in a deformation, as seen in Figure,4vhere the displacement direction is
dependent on the applied potential. If instead lgrrating voltage is applied over the two
electrodes the crystal is made to mechanicallyllasei The crystal will be at resonance when
the thickness of the crystal is an odd integehefwavelength of the induced shear wave with
anti-nodes present at the electrode surfaces.&dmmance frequency is given by Equation 4.4
below where n is the overtone numberthe propagation velocity of acoustic waves in guar
and @ the thickness of the crystdl The n=1 mode is called the fundamental frequemcy a
this is the parameter measured in all QCM experimanthis thesis. The crystals commonly
used are so called AT-cut since they are relatitehyperature stable within the interval used

for biosensor measurements.

Figure 4.4. Picture of the displacement of the quartz crystaén a potential difference is applied. A) a DC

current and B) an AC current.

f=—r (Eq. 4.4)

As something adsorbs to the crystal the thickné#iseocrystal will increase and consequently
the frequency will change, as given by Equation 4M.air and vacuum the observed
frequency change was shown by SauerBfég 1959 to be proportional to the mass change
as follows (Eq. 4.5):

_ —2fiAm

Af (EqQ. 4.5)

Af and Am corresponds to the frequency shift and mass eheegpectively, whilesfdenotes
the frequency of the crystal prior to adsorptionth® electrode area,the piezoelectric
stiffened shear modulus of quartz gndhe density of quartz. Equation 4.5 is however only

valid for thin, rigid and uniform films. For in sitmeasurements water associated with the
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bound molecules will also affect the signal leadimg@verestimations of adsorbed mass if the
Sauerbrey equation is us€d>°Other studies, however, have shown that the liteeheitween
frequency and mass is essentially retained foriesudf biomolecules although with a
different coefficient for the frequency—mass relaship depending on the biological
systent’ Following the work of Nomura in 1982 who showed that the crystal can be used
when immersed in liquid the application areas f@MQhas increased enormously. Except for
monitoring mass changes on surfaces the QCM canigigrmation on affinity, kinetics from
the binding curves, and it has been used for stgdyirotein interactions, lipids, DNA
hybridization, bacteria and cells. In addition teasuring the resonance frequency, the energy
loss, or dissipation can be monitored to providermation of the viscoelastic properties of
the adlayer. Dissipation monitoring has been foualdiable for studies of biointerfaces by

assisting analysis of complex events occuring et surface§!
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5 Summary

In this thesis, methods for preparation of carbated SAM sensor surfaces have been
carefully examined in view of preparation condigsoand thiol chemical structure to yield

sensor surfaces with reproducible immobilizatiomels, low non-specific binding and long

storage stability. Methods for immobilization ofti#modies on SAM sensor surfaces have
been optimized and the use of EDC/sulfo-NHS reagdrd#s been proven to increase
immobilization levels significantly. Sulfo-NHS medéed amine coupling is clearly a good

alternative when the attraction between the surawk the protein is low, such as for two
dimensional surfaces with a limited amount of cagigroups.

For the preparation of carboxylated SAMs for sensarfaces, acidification of solutions
containing carboxyl terminated thiols will resuft improved structural organization of the
SAMs both in the alkyl and EG subunits. However,ddded acid will result in a conversion
of the carboxyl groups to an ethyl ester making strategy which should be used with care.

The use of a weaker acid will lower the conversite and is therefore recommended.

The results obtained for the OEG SAMs indicate theises based on these molecules might
have a great commercial potential. The non-spedtifinding was always low for all the
systems investigated, which is encouraging forrautesting with more complex fluids, for
example serum samples. From a surface productidnaarketing perspective, the storage
stability is of major importance. In this context\was demonstrated that the investigated
OEG thiols, containing an amide linker and a suffitly long alkyl chain close to the sulfur,

are long-term stable and thereby suitable as comialdiosensor surfaces.
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6 Papers

Papers and graphs in this thesis are reproducédp@rmission from copyright holders.

Papers included in this thesis

Paper |

Optimizing immobilization on a two dimensional carloxyl biosensor surface: pH

dependence of antibody orientation and antigen binidg capacity
Anderson, H.; Myrskog, A.; Ingemarsson, B.; Pei, Z.

Submitted

Short description

A method for immobilization of antibodies on a twiimensional carboxyl surface was
optimized. Factors affecting the immobilization eeshown to be the surface pKl of the
antibody and pH of the immobilization buffer. Toprove immobilization EDC/sulfo-NHS
was used as activation reagent. This was also stmemable immobilization at very low pH,
of importance for acidic proteins. The antigen hmgdcapacity was shown to follow the
immobilization level in most cases and the orieatabf the antibodies on the surface proved

to have a profound impact on the antigen bindingacdy.
Author’s contribution: Laboratory work in relation to development andimation of

immobilization method. Development and preparatadinsensor surfaces. Minor part in

manuscript preparation.
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Paper Il

Esterification of self-assembled carboxylic acid-teninated thiol monolayers in acid

environment: A time dependent study
Myrskog, A.; Anderson, H.; Ingemarsson, B.; Liedhds.

Submitted

Short description

Carboxylic acid terminated SAMs are widely used aschor layer for immobilizing
molecules but the structure of these surfaces neagompromised due to the presence of a
polar end group. To ensure optimal surface structum@ thereby stability, different acid
treatments were investigated with respect to efbecthe structuring and functionality on two
different carboxyl SAMs, an alkylthiol and an OEGelh Improvements in the crystallinity,
packing and orientation in both the alkyl and ethy glycol subunits were seen due to the
lower pH. However, the results showed rapid conwgar®f the carboxylic acids to ethyl

esters. This was also shown to occur in the presaefireeveaker acid at a much lower rate.

Author’s contribution: All the laboratory work and writing.
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Paper Il

On the stability of carboxylic acid-terminated selfassembled monolayers: Influence of

varying alkyl chain length
Myrskog A.; RuZet Z.; Anderson H.; Aastrup T.; Valiokas R.; Liedb&g

In manuscript

Short description

In this paper the storage stability of three cagfioxacid terminated SAMs was investigated.
The molecules had varying alkyl chain length and&@oed ethylene glycol units to minimize
non-specific binding. Structural and functional kgas due to storage were investigated. The
alkyl chain length was shown to have a great immpercthe structural order within these
SAMs. The EG units adopt an unordered structurenishort alkyl chain thiol. The structure
did not improve when HCl was added during monolaj@mation. However, better
organization in both the alkyl and ethylene glypakts were achieved from acidified thiol
solutions for the longer alkyl chain thiols. Theseictural differences were shown to have a
profound impact on the surface stability but notfonctionality. The short alkyl thiol was
less stable over time and the binding capacityhis surface was reduced upon storage.
Despite the structural differences the non-spebificling was low on all surfaces.

Author’s contribution: All the laboratory work and writing, except foretlsynthesis of the
three EG-thiols.
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Papers not included in this thesis

Surface-confined photopolymerization of pH-responsie acrylamide/acrylate brushes on

polymer thin films
Dunér, G.; Anderson, H.; Myrskog, A.; Hedlund, Mastrup, T.; Ramstrom, O.

Langmuir 2008, 24, 14, 7559-7564
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