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Abstract
Gold nanoparticles exhibit remarkable optical properties and could prove useful in sensitive
biosensing applications. Upon illumination gold nanoparticles produce localized surface
plasmons, which influence nearby fluorophores and an enhancement in their fluorescence
intensity can be observed. This property makes gold nanoparticles attractive for enhancing
optical signals.
In this project gold nanoparticles were functionalized with an antibody and immobilized to
the surface of an existing biochip platform based on fluorescence. The aim was to investigate
the possibility of obtaining an increased fluorescence signal from the gold nanoparticles.
Two different conjugation procedures were investigated, direct physisorption and covalent
attachment of the antibodies to the particles. Activity of bound antibodies was confirmed in
both cases.
The on-chip fluorescence intensity produced by the different conjugates was monitored by
use a specialized fluorescence reader designed for point-of-care use. AFM and SEM were
used to determine the surface concentration of particles. A correlation between the
produced fluorescence intensity and the surface concentration could be seen.
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Acronyms and abbreviations
AFM

Atomic Force Microscopy

Arb.u.

Arbitrary Units

COP

Cycloolefin Polymer

CRP

C-Reactive Protein

EDC

N-ethyl-N-(dimethylaminopropyl) carbodiimide

LSPR

Localized Surface Plasmon Resonance

MEF

Metal Enhanced Fluorescence

NHC

N-hydroxysuccinimide

nps

Nanoparticles

PEG

Poly(Ethylene Glycol)

RFU

Relative Fluorescence Unit

SEM

Scanning Electron Microscope

TEM

Transmission Electron Microscope

UV/Vis

Ultra Violet/Visible spectroscopy

v

vi

Table of contents
1

2

Background .....................................................................................................................1
1.1

Introduction .............................................................................................................1

1.2

Aim...........................................................................................................................1

Theory .............................................................................................................................2
2.1

3

The 4castchip ...........................................................................................................2

2.1.1

Surface chemistry ..............................................................................................2

2.1.2

Immunoassay ....................................................................................................3

2.2

Gold nanoparticles ...................................................................................................4

2.3

Antibody gold conjugation ........................................................................................7

2.4

Fluorescence ............................................................................................................9

2.5

Metal enhanced fluorescence ................................................................................10

2.6

4castreader ............................................................................................................11

2.7

Electron microscopy ...............................................................................................12

2.7.1

Transmission electron microscope ..................................................................12

2.7.2

Scanning electron microscope .........................................................................13

2.8

UV-visible spectroscopy ..........................................................................................13

2.9

Atomic force microscopy ........................................................................................14

Materials and methods..................................................................................................15
3.1

Materials ................................................................................................................15

3.1.1

Gold nanoparticles ..........................................................................................15

3.1.2

Immunoassay components ..............................................................................15

3.1.3

Buffer solutions ...............................................................................................16

3.2

Particle conjugation ................................................................................................16

3.2.1

Spontaneous adsorption of antibodies to gold nanoparticles ..........................16

3.2.2

Covalent immobilization of antibodies to PEGylated particles .........................17

3.3

Immobilization of conjugated nanoparticles to the 4castchip .................................17

3.4

Characterization techniques ...................................................................................19

3.4.1

UV-visible spectroscopy...................................................................................19

3.4.2

Transmission electron microscopy ...................................................................19

3.4.3

Immunoassay ..................................................................................................19

3.4.4

Atomic force microscopy .................................................................................21
vii

4

3.4.5

Scanning electron microscopy .........................................................................22

3.4.6

Fluorescence microscopy ................................................................................22

Results and discussion ...................................................................................................23
4.1

Citrate stabilized gold nanoparticles .......................................................................23

4.1.1

Particle characterization ..................................................................................23

4.1.2

Particle conjugation.........................................................................................25

4.1.3

Activity control of bound antibodies ................................................................27

4.1.4

Determination of nanoparticle concentration .................................................28

4.1.5

On-chip activity confirmation of bound antibodies ..........................................28

4.1.6

Fluorescence intensity measurements ............................................................29

4.1.7

Sandwich assay ...............................................................................................31

4.1.8

Fluorescence microscopy ................................................................................33

4.1.9

Surface coverage .............................................................................................33

4.2

Bioconjugation of PEGylated gold nanoparticles .....................................................36

4.2.1

Particle characterization ..................................................................................36

4.2.2

On chip activity control of bound antibodies ...................................................37

4.2.3

Fluorescence intensity measurements ............................................................38

5

Conclusions ...................................................................................................................39

6

Future outlooks .............................................................................................................40

7

Acknowledgements .......................................................................................................41

8

References ....................................................................................................................42

viii

ix

1 Background
1.1 Introduction
Biomarkers have an important role in today’s diagnostics. A biomarker is a molecule that is
up or down regulated depending on the physical state of the body. This make biomarkers
interesting as deviations in biomarker levels can reveal information about a patient’s health
condition. Most present biomarker test takes place at large clinical labs far away from the
patient delaying the entire patient recovery process. Fast and accurate results directly at the
point-of-care would significantly speed up the process, provide vital information about
correct diagnosis and reduce the stress level experienced by the patient.
Åmic AB has developed a plastic in vitro diagnostic device, called the 4castchip, for point-ofcare testing. The 4castchip is designed to see to the demands required by providing a lowcost platform capable of producing fast and reliable results. The chip is based on an open
lateral flow provided by a micro pillar structure coated with a functional surface chemistry.
This chemistry both induces a hydrophilic surface and provides a stable base for antibody
conjugation. Today Åmic AB have the possibility to use antibody-conjugated polystyrene
particles bound to the 4castchip as capturing agents, in order to increase the concentration
of the capturing antibody. Upon sample introduction, the analyte of interest is bound to the
antibodies. This interaction is detected by the use of a secondary antibody labeled with a
fluorescent dye. A specialized fluorescent reader has been developed for an optical readout
of the fluorescence intensity.
The fluorescence intensity produced on the chip is correlated to the concentration of analyte
found in the sample. As the concentration decreases, the fluorescence intensity drops until
detection becomes impossible. By introducing a plasmonic structure the intensity of the
fluorescence produced from the fluorophores can be significantly enhanced, and thus lower
the limit of detection.
This work has been performed at the department of physics, chemistry and biology at
Linköping University, Linköping, Sweden in collaboration with Åmic AB, Uppsala, Sweden. All
the equipment and devices from Åmic AB used in this study are at the prototype stage.

1.2 Aim
The aim of this master’s thesis was to explore the possibility to integrate gold nanoparticles
in Åmics 4castchip technology. Gold nanoparticles exhibit interesting properties that
influence the excitation and the spontaneous emission of photons from nearby
fluorophores. In order to use these properties for a stronger fluorescence signal, gold
nanoparticles have been conjugated with a primary antibody and bound to the 4castchip
surface. The particle covered surface has been evaluated using a fluorescence reader
developed by Åmic AB. Also, characterization of the gold nanoparticle conjugates and their
interaction with the surface chemistry has been carried out.
1

2 Theory
2.1 The 4castchip
The 4castchip is a disposable micro fluidic chip designed for in vitro diagnostic use at the
point of care, bringing the test closer to the patient. The 4castchip is an open lateral flow
device, which relies on a well ordered micro pillar structure in order to create a controlled
flow across the surface. Upon sample introduction, capillary forces from the pillars induce a
steady flow of liquid. By changing the size and distribution of the pillars the flow rate on the
chip can be altered to a desired rate.
The analysis performed on the chip is based on a sandwich assay. There is a possibility for
analysis of different biomarkers as only the immobilized capturing antibody need to be
replaced. Analyte detection is made possible through fluorescently labeled secondary
antibodies. The micro pillars also aid in the detection as they increase the area were the
surface interact with the sample, allowing detection of a lower analyte concentration.
The 4castchip is manufactured using conventional technology used in production of CDs and
DVDs, providing highly reproducible chips with very low batch-to-batch variation. First a
micro structured metal master is created, which is later used in an injection mould process
where the micro structures are transferred to a plastic material. This technique enables mass
production and hence very low manufacturing cost.

Figure 2.1: The 4castchip.

2.1.1 Surface chemistry
There are several aspects that need to be considered when constructing a lateral flow
device. First, in order to create a lateral flow the surface need to be wettable by the
introduced sample, hence when using water as solvent the surface need to be hydrophilic.
For this reason the material of the device is a crucial aspect. The polymer material used in
the 4castchip is a commercially available cycloolefincopolymer (COP) called ZeonorTM, which
is very hydrophobic and do not alone provide the properties needed for a lateral flow to
occur. Also, the hydrophobicity contributes to unwanted interactions between proteins and
the surface. This could generate a problem with unspecific binding (1). Furthermore, the
2

cyclic olefin polymer does not include any functional groups; hence covalent binding of
antibodies to the polymer is not possible (2).
In order to fulfill these demands, the 4castchip is coated with a dextran matrix. This
introduces hydroxyl groups on the chip and thereby increases the hydrophillicity of the
surface and hence, the ability to generate a lateral flow. The amount of unspecific protein
binding is also effectively reduced by introduction of the dextran matrix (3). Although the
hydrophillicity is increased, it is not possible to covalently immobilize antibodies or other
proteins to the dextran without any chemical modification. In Åmics case, this is performed
by the use of sodium periodate, an oxidizing agent with the ability to create two aldehyde
groups from one glucose ring. Since the dextran matrix consists of long chains of glucose
subunits, sodium periodate generate multiple aldehyde groups throughout the entire matrix.
This provides a possibility for further functionalization (4).
The free aldehyde groups interact and form covalent bond upon introduction of primary
amine groups, found in the N-terminal and in many amino acid side chains of the antibodies,
in a spontaneous reaction resulting in the formation of a Schiff’s base (2).
2.1.2 Immunoassay
Immunoassays use the specificity and sensitivity of the antibody-antigen interaction in order
to detect and quantify the amount of a specific analyte present in a sample. There are
different formats of immunoassays and they can be divided into heterogeneous and
homogeneous assays. Antibodies in heterogeneous assays are immobilized on a surface and
therefore separated from free immunoreactant. In homogeneous immunoassays, a
modulation of the signal occurs as a result of the immunoreaction and thus no separation is
needed. Another main difference among immunoassays is competitive and noncompetitive.
In competitive assays analyte competes with labeled analyte for a limited number of binding
sites. As the concentration of analyte increases, there will be a decrease in bound labeled
analyte, resulting in a lower signal. In a noncompetitive assay an excess of immunoreactant
(antibody or antigen) is added, so that all the analyte is practically in the form of an
immunocomplex and the increase in signal is directly related to an increase of analyte in the
sample (5).
The type of immunoassay used by Åmic AB is a sandwich assay, which is a noncompetitive
immunoassay. Capturing monoclonal antibodies are immobilized to the surface of the chip.
When a sample is flown over the surface, the analyte binds to the primary antibody. This
interaction is detected using a secondary antibody labeled with a fluorescent dye. The
secondary antibody binds to a different epitope on the captured analyte. An increase in
signal indicates an increase in bound secondary antibody and therefore a higher degree of
analyte surface concentration.
Today Åmic AB have the possibility to use antibody functionalized polystyrene particles in
the reactive zone of the chip, i.e. the zone where antibodies are immobilized. The use of
3

particles provides an increased antibody per surface area ratio and therefore a higher
number of possible analyte binding sites. This ultimately results in a stronger detection
signal.
In this thesis, an assay using dye labeled analyte was used as an experimental model. The
use of both dye labeled analyte assay and sandwich assay enabled evaluation studies
regarding different distances between nanoparticle and fluorophore. Figure 2.2 gives a
schematic view of the particle immunoassay concept. On the left in the figure labeled
analyte is illustrated and on the right the technique involving a labeled secondary antibody is
shown.

Figure 2.2: The two concepts of immunoassays used in this thesis. Antibodies (black) are bound to the polystyrene
particles (gray). Analyte (green) bind to the primary antibody. Fluorescent dye (red) was labeled on either the secondary
antibody or the analyte.

The analyte used throughout this thesis was C-reactive protein (CRP), which is an acutephase protein and is up regulated upon inflammation or tissue damage. The structure of CRP
is composed of five identical subunits bound to each other by non covalent forces. Together
the subunits form a cyclic ring structure (6).

2.2 Gold nanoparticles
Colloidal gold first appeared in the 5th or 4th century B.C. in ancient Egypt and China. The
technique for making “soluble gold” was later adopted by the Romans, who used it for
coloration of glass and ceramics. One of the most famous examples of stained Roman glass is
the Lycurgus cup. Due to colloidal gold imbedded in the glass, it appears green in reflected
light and turn red in transmitted light (7). The same characteristics can be seen in many
colored windows of medieval cathedrals. These properties of colloidal gold was not properly
examined and understood until the days of Michael Faraday, who is considered to be the
founding father of modern metal nanoparticle physics (8). His work, the Bakerian lecture,
was published in 1857, in which he discussed the optical properties of colloidal gold (9). In
4

the late 20th century colloidal gold also found a use as a contrast enhancement agent for
different biomedical imaging techniques (10).
Metal nanoparticles exhibit strong optical extinction due to a phenomenon called localized
surface plasmons. These are created when electromagnetic radiation excites free electrons
in the metal nanoparticles, causing polarization of the particles (Figure 2.3). This gives rise to
an intense optical extinction, depending on the total number of free electrons, the dielectric
function and the dielectric coefficient of the local medium. The extinction can be described
as a combination of absorption and scattering, where absorption increase in proportion with
the particle volume and scattering increase in proportion to the square of the particle
volume (8). Light scattering occurs when an oscillating electron emits electromagnetic
radiation with the same frequency as oscillation of the electron. Hence, when illuminating a
particle with a certain frequency the electrons will oscillate at the same frequency and
scatter light with the corresponding wavelength, resulting in light extinction. Light
absorption result in extinction because of transformation of light to heat (11).The highest
absorption for oscillating dipoles occur at their resonance frequency, which for gold
nanoparticles lies in the visible spectrum of light (12).

Figure 2.3: Localized surface plasmon produced by interaction between the free electrons in the particle and an incident
electromagnetic wave. Redrawn from (13).

The optical properties of metal nanoparticles can be calculated using Mie theory, which
consist of exact solutions of Maxwell’s equations. According to Mie theory the relationship
for the extinction cross section is given by:
𝜎𝑒𝑥𝑡

12𝜋𝜀𝑑3 2 𝑅3 𝜔
𝜀 ′′
𝜔 =
𝑐
𝜀 ′ + 2𝜀𝑑 2 + 𝜀 ′′

2

(2.1)

where ω is the frequency of the electromagnetic radiation, ε d is the dielectric constant of
the medium, ε’ and ε’’ is the real and imaginary components of the dielectric function, R is
5

the particle radius and c is the speed of light. Resonance is achieved when ε’ is equal to -2 ε d
if ε’’ is very small (14). This expression is a simplified version of the Mie formula and is valid
for particles following the dipolar approximation, i.e. for particles under the influence of the
same phase of the illuminating electromagnetic wave (λ >> 2R) (12).
Particles with greater size experience a phase retardation and peak broadening of their
plasmon resonance frequency. At a particle size above 80nm the scattering supersedes
absorption and becomes the dominant optical response (8). For particles with a diameter
closer to the wavelength of light, different parts of the particle are under the influence of
different part of the illuminating electromagnetic wave at any given time. Hence,
interference from the scattered light will occur and for larger particles the dipolar
approximation will not be a correct approximation. Complete Mie theory will be necessary
to describe the system. This has been done and the resulting extinction coefficients for gold
particles of different sizes are given in Table 2.1 (11).
Particle diameter (nm)
20
40
60
80
100
120
140

Extinction coefficient (M-1 cm-1)
1,57x109
1,63x1010
5,32x1010
1,14x1011
1,62x1011
2,07x1011
2,46x1011

λmax (nm)
535
535
545
555
575
605
635

Table 2.1: The SPR peak and the extinction coefficient of gold nanoparticles with different diameter. As the particle
diameter increase, the extinction coefficient increase and the position of the SPR peak is shifted towards higher
wavelengths.

There will be a wavelength shift in the position of λmax (Table 2.1) if any molecule adsorb to
the surface of the particles. This is due to a change in the refractive index of the ambient
media (ε d) and as predicted by equation 2.1 the position of λmax will be altered (13).
Metal particles in solution always experience attractive van der Waals forces between each
other, with a stronger force at short interparticle distances (15; 16). In order to keep the
particles separated there is a need for a counteracting repulsive force. Two different types of
methods can be adopted for achieving this counteraction; stabilization through electrostatic
interactions or through steric interactions. Figure 2.4 illustrate electrostatic separation (15).

6

Figure 2.4: At short inter particle distance, van der Waal attractions are strong and result in particle aggregation. The
surface of the particles is negatively charged ensuring a large enough force to keep the particles separated. Redrawn
from (15).

Throughout this thesis mainly citrate stabilized particles were used. The citrate molecules
adsorb onto the surface of the nanoparticles and create a layer of negatively charged ions.
The resulting electrostatic interaction provides an interparticle force strong enough for the
particles to stay separated. However, particle aggregation will occur if there is a sufficient
increase in ionic strength in the surrounding solution. This is due to displacement of the
capping citrate layer and, hence less repulsive charge to counteract the ever present van der
Waal forces (15). Furthermore, since the citrate layer is quite loosely bound to the particle,
citrate capped particles are suitable for further bioconjugation (7).
Other particles used in the thesis were PEGylated particles. The PEG (polyethylene glycol)
polymer provides steric repulsion, ensuring separated particles (8).

2.3 Antibody gold conjugation
For conjugation of antibodies to the gold particles both covalent and non-covalent
immobilization techniques were used.
The first technique used was spontaneous adsorption of antibodies onto the surface of
citrate stabilized nanoparticles. In this process there are three types of interactions that may
take place; hydrophobic interactions, ionic interactions and dative binding. Hydrophobic
interactions are due to attraction between hydrophobic parts of the antibody and the metal
7

surface, resulting in the formation of a non-covalent bond. Positively charged groups are
abundant in antibodies, i.e. positively charged amino acids and the N-terminal is present.
Ionic interactions are formed between these groups and the negatively charged surface of
the particles. Dative binding is the formation of a covalent bond between the gold particle
and free sulfhydryl groups of the antibody. All three types of potential interactions are
illustrated in Figure 2.5 (17).

Figure 2.5: The three potential gold antibody interactions. A) Hydrophobic parts of the antibody interact with the metal
surface. B) Positivly charged groups of the antibody are attracted to the negativly charged surface. C) A covalent bond is
formed due to dative binding. Redrawn from (17).

The PEGylated particles used were carboxyl terminated, providing a chemical group suitable
for covalent binding. Although carboxyl groups do not spontaneously form bonds to
antibodies, they can be chemically modified to serve this purpose. The coupling chemistry
used was EDC/NHS chemistry, which provides a covalent bond without the addition of a
spacer. Upon exposure of EDC/NHS to the carboxyl groups reactive NHS esters are formed.
When a primary amine group in an antibody (or another protein) come in contact with the
ester a covalent bond is formed. This reaction is illustrated in Figure 2.6 (18).
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Figure 2.6: An antibody is coupled to a PEGylated gold nanoparticle through EDC/NHS chemistry. A reactive ester is
created from a carboxyl group. Primary amines present in an introduced antibody react and covalently bind to the ester,
without addition of a spacer.

2.4 Fluorescence
Fluorescence is a process where a fluorophore absorb electromagnetic radiation and turns in
to an excited electronic state. The fluorophore then loses energy nonradiatively until it
reaches the lowest vibrational mode of the excited state. If the surrounding molecules are
unable to accept the amount of energy needed for the fluorophore to return to its electronic
ground state, it can get rid of this extra energy by emitting a photon. This radiation is called
fluorescence or radiative decay. Because of the energy loss during the nonradiative decay
process the energy of the fluorescing radiation never exceed the excitation energy. The
entire process is illustrated in Figure 2.7 (19).

Figure 2.7: Energy diagram illustrating the principle of fluorescence. Fluorescence (radiative decay) occurs, when the
surrounding molecules are unable to accept enough energy for the fluorophore to return to its ground state.
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Fluorescence is a fast spontaneous process, the fluorophore stay in the excited state only for
a few nanoseconds before emission occurs. The time the fluorophore stay in an excited state
is called the fluorescence life time. Another property exhibited by the fluorophore is the
fluorescence quantum yield and is given by the total number of photons emitted divided by
the number of photons absorbed (19).

2.5 Metal enhanced fluorescence
Metal enhanced fluorescence (MEF) is the term used to describe an increase in fluorescence
emission intensity from a fluorophore in close proximity of a metal nanoparticle or
structured metal surface. There are many parameters that affect the enhancement, such as
distance between particle and fluorophore, quantum efficiency of the fluorophore, type of
metal and particle size and shape (20). Even so the mechanisms that influence the metal
enhanced fluorescence can be described by three processes. Two of these are enhancement
effects and the third result in a decrease in fluorescence. The three effects are illustrated in
Figure 2.8, where the distance dependence and the state of the fluorophore are given. At
close distance, up to five nanometers, energy transfer quenching occur. This is a process
where the influence of the metal particle decreases the fluorescence intensity from the
fluorophore proportional to the cube of the distance (21).
For understanding of the second mechanism, electromagnetic theory must be applied. In
short, the localized surface plasmons in the metal induced by the illuminating
electromagnetic wave alter the electromagnetic field around the fluorophore and thereby
increase the fluorophore’s excitation rate. From the calculations preformed by Mie,
regarding an illuminating electromagnetic wave and a metal nanoparticle, further
calculations predict a fluorescence enhancement factor proportional to the square of the
amplitude of the field. The maximum enhancement is achieved when the localized surface
plasmon resonance wavelength coincide with the absorption band of the fluorophore (20).
The third effect influence the fluorophore’s radiative decay rate, i.e. the rate a fluorophore
spontaneously emits photons. This maximum occurs when the localized surface plasmon
resonance wavelength coincides with the emission band of the fluorophore (20). This can be
visualized by considering metal particles ability to alter the free-space condition of an
excited fluorophore, i.e. when the fluorophore absorption and emission wavelength is small
relative sample size (22). A fluorophore emitting in free space with a radiative decay rate, γ,
and a non-radiatve dacay rate, knr, the quantum yield, Q0, and the fluorophores life time, τ0,
are given by:
𝑄0 =

𝛾
𝛾 + 𝑘𝑛𝑟

(2.2)

𝜏0 =

1
𝛾 + 𝑘𝑛𝑟

(2.3)
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These relations are altered in the presence of metal particles; since a new radiative decay
rate, γm, is introduced. The new relations are as follows:
𝑄0 =
𝜏0 =

𝛾 + 𝛾𝑚
𝛾 + 𝛾𝑚 + 𝑘𝑛𝑟

(2.4)

1
𝛾 + 𝛾𝑚 + 𝑘𝑛𝑟

(2.5)

As the metal induced decay rate, γm, increases the quantum yield of the fluorophore
increases at the same time as the life time decreases (23). Since the fluorophore doesn’t
spend as long time in an excited state the photostability is dramatically increased. Also, the
quantum yield increase of the fluorophore results in brighter emission (24).

Figure 2.8: The three different effects that influence a fluorophore in close proximity of a metal nanoparticle. At close
distance quenching (km) occur, reducing the light intensity emitted from the excited fluorophore. Alteration in the
electromagnetic field (Em) around the fluorophore in the ground state can lead to increased fluorescence. An
enhancement effect can also be achieved by addition of a metal induced radiative decay rate (γm), resulting in a higher
quantum yield and reduced life time for the fluorophore. Redrawn from (21).

2.6 4castreader
Åmic’s 4castreader G1 is a prototype bench-top instrument designed for an optical readout
of the 4castchip. It operates with a fixed excitation wavelength of 639 nm and is able to
detect emission in the area around 690 nm. This makes it optimal for use with Cy5 or
Dylight649 fluorophores. Figure 2.9 give a schematic view of the 4castreader.
When using the reader a chip is placed upside down in a scanning carrier, hence both the
illuminating light and the emitted travels through the chip. Start and end position is decided
by the operator. The chip carrier then moves the chip to the starting position and the
11

scanning start. The laser produces an area of illuminating light, which excite fluorophores
when scanned across the sample. The light from the emitting fluorophores are detected by a
photodiode detector. The signal value received from the detector is proportional to the
emission intensity, hence also proportional to the amount of bound analyte. Because of the
traveling area there will be a convolution of the illuminating area and the surface. When
evaluating the resulting emission graph, this must be taken in to account and both peak
height and peak area must be considered.

Figure 2.9: Schematic view of the 4castreader. The chip is placed upside down in the reader; hence both the exiting and
the emitted light must travel through the plastic chip.

2.7 Electron microscopy
Electron microscopes enable visualization of structures smaller the wavelength of light,
which is the limiting factor in a conventional light microscope. In theory, the resolution of a
light microscope is about the wavelength of light compared to the electron microscope
resolution at less than 0,1nm, which is the wavelength of an electron. This was a major
driving force in the development of electron microscopes (25).
2.7.1 Transmission electron microscope
The principle of a TEM is very similar to the principle of a light microscope. The main
differences are the use of an electron gun instead of a light source and an electromagnetic
12

lens instead of a glass lens. In a TEM the electron gun emits an electron beam which is
focused down on to the sample by the use of a condenser. As the electrons pass through the
sample they are either transmitted or scattered. Transmitted electrons are then focused on
to a fluorescent screen to form an image. Areas containing heavy atoms scatter electrons to
a higher degree than areas containing light atoms. As a result areas with heavy atoms will
appear dark whereas areas with light atoms will appear bright in the resulting image (25).
2.7.2 Scanning electron microscope
Scanning electron microscopes use the electrons that are scattered from the surface of the
sample to produce an image. As for the transmission electron microscope an electron gun is
used as a light source and electromagnetic lenses are used to focus the electron beam on
the surface. The beam is scanned across the surface and scattered electrons are detected
(26).

2.8 UV-visible spectroscopy
In UV/Vis spectroscopy a beam of monochromatic light with known wavelength and
radiation intensity pass through a transparent container holding a reference sample and the
intensity is measured on the other side (I0). Light of the same wavelength and intensity is
then sent through the sample and the intensity (I) is measured. These two values then form
a quotient called the transmittance. This is done in order to compensate for reflection loss
caused by the container. Furthermore, the transmittance is related to the absorbance
according to:
𝐴 = −𝑙𝑜𝑔 𝑇 = 𝑙𝑜𝑔

𝐼0
𝐼

(2.6)

When the beam of photons passes through the container it will hit and interact with the
molecules in the sample. If molecules absorb or scatter photons of that particular
wavelength, the intensity of the measured beam will be lower and according to equation 2.6
the absorbance will be increased. The more molecules the light beam passes the higher
value of the absorbance. Hence, a concentration (c) increase of absorbing molecules as well
as an increase in path length (d) provides a greater number of interactions and a decrease in
the measured intensity follow. The full relationship is called Beer’s law and is represented by
𝐴 = −𝑙𝑜𝑔 𝑇 = −𝑙𝑜𝑔

𝐼0
= 𝜖𝑏𝑐
𝐼

(2.7)

where is the extinction coefficient of the sample (27).
Because of the strong optical extinction of metallic nanoparticles in the visible range,
UV/visible spectroscopy is a commonly used instrument in characterization of nanoparticles.
Both the particle concentration in a solution and the particle size can be calculated from a
UV/visible spectrum (28).
13

2.9 Atomic force microscopy
Atomic force microscopy (AFM) enables visualization of the topography of the sample at
very high resolution. A very fine tip, attached to a cantilever, scan the surface of the sample.
As the tip move across the surface height differences on the surface will be detected. This is
done by measuring deflections on the cantilever due to force differences between the tip
and the sample. By plotting the deflection against the position of the tip a topographic image
is generated (29).
An AFM instrument can be run in different modes of operation. In this thesis the
measurements were carried out in tapping mode. In tapping mode the cantilever is
oscillated close to its resonant frequency, allowing the tip to make contact with the surface
at one of the oscillation end points. This mode of operation is preferable when scanning over
surfaces with relatively large objects. Other modes of operation, such as contact mode,
might result in the tip dragging the particles across the surface instead of scanning the
surface topography (30).
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3 Materials and methods
3.1 Materials
3.1.1 Gold nanoparticles
Citrate stabilized and PEG conjugated gold nanoparticles were bought from Nanopartz, Salt
Lake City, USA. The citrate stabilized nanoparticles arrived with a given concentration of
4.08x109 particles/ml in water and a particle size of 110 nm. The PEG conjugated particles
arrived with a concentration of 2.9 x 1011 nps/ml and a particle size of 110 nm. The particles
were stored as recommended by Nanopartz in 4°C until use. Before use the particle
solutions were vortexed in order to resuspend the particles after storage. The particles used
are shown in Figure 3.1.
Large gold nanoparticles have previously shown to produce MEF. In 2007 the first study
regarding large gold nanoparticles and MEF was published, in which Aslan et.al. experienced
an up to 2.5 times increase in emission from fluorophores in the vicinity of 200 nm particles
(31). In another study 8.1 times increase was observed by Xie et.al., due to presence 118 nm
particles (32).

Figure 3.1: Left: Citrate stabilized particles from the stock solution. Right: Carboxyterminated PEGylated particles. The
difference in concentration is clearly visible.

3.1.2 Immunoassay components
All components for immunoassay measurements were obtained from Åmic AB, Uppsala,
Sweden and were stored in 4°C until use. The model system investigated was, as stated in
section 2.1.2, C-reactive protein and anti-CRP antibody. For particle conjugation primary
anti-CRP antibody was used. Åmic AB also provided 4castchips prepared with oxidized
dextran and hence ready for antibody immobilization.
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3.1.3 Buffer solutions
Two different buffer solutions were used in this thesis were prepared in Milli-Q water
obtained from a Millipore system. The buffer mostly used was a 0.01 M NaPO4 buffer, pH
7.5. This buffer was used unless stated otherwise.
The other buffer used was an assay buffer (0.1 M Trisma R base, 0.35 M NaCl, 0.4 % BSA, 0.2
% triton x-100, 5mM CaCl2, 0.05 % NaN3) used for assay measurements. Preparation
regarding the assay buffer are referred to Åmic AB.

3.2 Particle conjugation
Two different techniques for particle conjugation were tested, although direct adsorption to
citrate stabilized gold nanoparticles was more thoroughly examined.
3.2.1 Spontaneous adsorption of antibodies to gold nanoparticles
For the spontaneous adsorption studies citrate stabilized gold nanoparticles were used. As
stated in reference (3), the citrate layer is loosely bound to the surface of the particles and
exchange of the capping layer though physisorption is possible.
3.2.1.1 Stability of gold nanoparticles
First, the stability of the gold nanoparticle solution was established. This was done by
addition of different concentrations of sodium chloride (Sigma Aldrich) solution to the gold
nanoparticles. As stated in section 2.2, aggregation occurs when the ionic concentration
reaches a specific level. A dilution series of sodium chloride solutions were prepared in milliq water. 500 µl of gold solution was pipetted to 12 Eppendorf tubes. The same volume (500
µl) of sodium chloride solution was added to each tube. Before analysis in UV/Vis the
solutions were incubated for 1 h.
3.2.1.2 Determination of antibody concentration needed for particle conjugation
The next test was to determine the antibody concentration needed to produce a high degree
of antibody conjugation to the particles. For this purpose a dilution series of anti-CRP (4.7
mg/ml) was prepared in 0.01 M Na-PO4 buffer. Gold solution and antibody solution were
mixed in Eppendorf tubes, ending up with the same concentration of gold nanoparticles but
with different concentration of antibody and a total volume of 1ml. Antibody concentrations
used were 0.005 to 0.035 mg/ml in steps of 0.005 mg/ml. The solutions were incubated for
2h and analyzed using UV/Visible spectroscopy. After analysis sodium chloride solution (final
concentration 0.05 M) was added. The solutions were incubated for 1 h and were thereafter
subjected to yet another UV/Visible spectroscopy analysis.
3.2.1.3 Preparation of gold antibody conjugates for chip immobilization
In order to prepare gold antibody conjugates suitable for immobilization to the 4castchip the
following procedure was used. Anti-CRP solution with a concentration of 0.07 mg/ml in 0.01
M Na-PO4 buffer was added to the gold nanoparticle solution in an Eppendorf tube. The
concentration of the antibody used was determined by the previously described test.
Incubation for 2 h followed. After incubation unbound antibody was removed from the
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solution through centrifugation for 5 minutes at 2500 rpm. The supernatant was discarded
and the resulting pellet was resuspended in 0.01 M Na-PO4 buffer. The centrifugation
procedure was repeated and the pellet was resuspended to desired volume.
3.2.2 Covalent immobilization of antibodies to PEGylated particles
By the use of carbodiimide coupling chemistry, described in (18), antibodies could covalently
be attached to the carboxyl terminated PEGylated (CPEG) particles. Because the CPEG
particles arrived highly concentrated they were diluted to about the same concentration as
the citrate stabilized particles before use. After dilution N-ethyl-N-(dimethylaminopropyl)
carbodiimide (EDC, GE Healthcare) and N-hydroxysuccinimide (NHS, GE Healthcare) was
mixed and added to a final concentration of 50 mM and 12.5 mM respectively. Unreacted
EDC/NHS was washed away by centrifugation at 2500 rpm for 5 minutes followed by
resuspention of the pellet in 0.01 M Na-PO4 buffer. This procedure was repeated once. After
the second resuspension the solution was mixed with the same amount of 0.2 mg/ml
antibody solution and left to incubate for 2 h. The excess of antibody was washed away by
two rounds of centrifugation and resuspension in 0.01 M Na-PO4 buffer. After the last
centrifugation step the pellet was diluted to a desired volume.

3.3 Immobilization of conjugated nanoparticles to the 4castchip
Antibodies were covalently attached to the 4castchip, as stated in section 2.1.1, through a
Schiff’s base reaction. The oxidized dextran matrix consists of aldehyde groups and upon
introduction of primary amine groups, found in the antibodies, the reaction took place. This
coupling chemistry was used for immobilization of antibody conjugated particles to the
matrix (Figure 3.2).

Figure 3.2: Immobilization of antibody conjugated particles through the formation of a Schiff’s base. Not to scale.
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60 nl of coupling solution were deposited on each chip a using a micro dispenser system.
Two different dispensing systems were used in this thesis. The first system used was a
Microdrop autodrop system, which is a piezoelectric dispenser found at IFM, Linköping
University. The filled dispenser was placed in a manual aligner and with the aid of a
microscope, a line of sample solution was placed on the chip at the 30 mm mark and the
chip was left to dry over night.

Figure 3.3: Image illustrating the different region of the 4castchip. The direction of flow is upwards in the figure. Nr 1:
The reactive zone at the 30mm mark. Nr 2: The reactive zone at the 25mm mark. Nr 3: Sample application zone. Nr 4: The
wash zone.

The system used at Linköping University proved to produce large variation in the amount of
liquid dispensed to different chip, although the same solution and program settings were
used. This problem was avoided by the use of another system, a BioDot AD 3200, found at
Åmic AB, Uppsala. This dispensing system was more automated and provided a higher
accuracy in volume between each chip. Magnus Aronsson (Åmic AB) operated the dispenser
at Åmic AB. For the chips prepared by the BioDot AD3200 sample were introduced at two
positions, at the 25 mm mark and at the 30 mm mark. As for chips prepared with the
piezoelectric dispenser 60 nl of coupling solution per reactive zone were dispensed in a line
across the narrow part of the pillar structure.
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3.4 Characterization techniques
3.4.1 UV-visible spectroscopy
UV/visible spectrometry measurements were preformed on a Shimadzu UV-2450
instrument. For measurements executed in the visible range disposable polystyrene cuvettes
with 1 cm travel path was used. In order to discard differences between the cuvettes, the
same cuvette was used for all samples throughout an entire experiment. Prior to
measurement, a baseline spectrum of the solvent was measured and automatically
subtracted from the following measurements.
3.4.1.1 Determination of particle concentration
For concentration determination of the particle-antibody conjugate, a small volume of the
prepared solution was diluted to appropriate volume for UV/Vis measurement. From the
resulting UV/VIS spectrum Beer´s law was used to calculate the particle concentration. The
extinction coefficient for the SPR peak for 110 nm gold particles was retrieved by plotting
the logarithm of the particle size against the logarithm of the extinction coefficients in Table
2.1.
3.4.1.2 Activity control of bound antibodies
The activity of the bound antibodies was tested through addition of CRP to a gold conjugate
solution. Induced particle aggregation was expected, since CRP consists of five identical
subunits and hence multiple binding sites are present. The gold conjugates were prepared
according to the previously stated procedure and diluted to 500 µl. CRP (3.3 µg/ml) was
diluted to 0.1 µg/ml in 0.01 M Na-PO4 buffer and introduced to the gold conjugates.
3.4.2 Transmission electron microscopy
The gold nanoparticles were visualized using a FEI Tecnai G2 transmission electron
microscope operated at 200 kV. A few drops of particle solution were deposited on a copper
grid with a thin carbon film. The drops were left to dry under a 500 W light bulb. After
evaporation the copper grid was mounted in the TEM and the sample was analyzed. The
citrate stabilized particles were characterized before antibody conjugation.
3.4.3 Immunoassay
Two types of immunoassays were examined with the 4castreader. The first, and mostly used
in this thesis, was a labeled analyte assay. The other immunoassay used was a labeled
conjugate assay. In both types of assays, anti-CRP was bound to gold nanoparticles according
to one of the procedures described in section 3.2.1.3 or section 3.2.2 and dispensed onto the
4castchip. The same fluorescent dye (Dylight649) was used for both systems.
3.4.3.1 Pre assay preparations
Firstly, assay buffer solution was prepared. The assay buffer contained bovine serum
albumin (BSA), which acted as a blocking agent and reacted with the free aldehyde groups
that remained on the 4castchip after immobilization of antibody-conjugated particles. The
assay buffer was also required for creation of a lateral flow. In order to create an
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appropriate environment for creation of a lateral flow in the 4castchip, an increase in
humidity was required; hence a moisture chamber was created. This was done by placing the
chip under a lid together with a piece of wet Wettex towel. Figure 3.4 shows the created
moisture chamber and the 4castreader.

Figure 3.4: The moisture chamber and the fluorescence reader.

3.4.3.2 Labeled analyte assay
CRP labeled with a Dylight649 fluorophore was diluted with a dilution factor of 500 from the
stock solution in sheep serum. To prime the chip and start the lateral flow, 5 µl of assay
buffer was added to the sample application zone. After approximately 1 min, or when the
buffer had retracted into the pillar forest, 15 µl labeled CRP sample was introduced to the
sample application zone. This was followed by washing procedure where 3 x 7.5 µl sheep
serum was added to the wash zone. When the sheep serum had retracted in to the pillar
forest, the chip was placed in the 4castreader and a fluorescence measurement was
performed.
3.4.3.3 Labeled conjugate assay
During sandwich assay measurements the same buffer solution and moisture chamber used
for labeled CRP measurements were prepared. The chip was primed by addition of 5µl assay
buffer solution to the sample application zone, followed by addition of 15 µl of CRP (100
pM). Next 5 µl (3 µg/ml) of conjugate was added to the same position on the chip. The
procedure was ended by washing through addition of 3 x 5 µl sheep serum to the wash zone
and, as for the regular assay; the chip was placed in the 4castreader and the fluorescence
was measured.
3.4.3.4 Control samples for 4castreader measurement
In order to evaluate whether the gold nanoparticles provided an enhancing effect on the
fluorophores, aCRP conjugated polystyrene particles were used as a reference. The
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polystyrene particles were of the same size as the gold particles and the conjugation
procedure were performed at Åmic AB. Both polystyrene particle solution of the same
concentration as the gold solution and the polystyrene particle stock solution (1.44 mg/ml)
were dispensed in the same way as described above. Since no free electrons are present in
polystyrene, no localized surface plasmons are created and no plasmonic enhancement
effects can occur.
To show that no background binding/fluorescence took place in the reactive zone of the
chip, reference samples with only serum and no CRP were examined. Also, tests with
unconjugated particles dispensed in the reactive zone were tested. These measurements
provided information about the unspecific binding to the reactive zone.
3.4.4 Atomic force microscopy
In order to get an idea about the surface coverage of gold nanoparticles coupled to the
dextran matrix, AFM was used. Since AFM measurements directly on the pillar structured
chip is not possible, the use of a model system was required. For this purpose planar silicon
surfaces (9 x 9 mm) were used. The same surface chemistry as in the 4castchip was desired;
hence construction of a dextran matrix on top of the surfaces was executed.
Organic contamination was removed from the silicon surface by the use of a cleaning
method called TL-1. The surfaces were cleaned at 80°C in a mixture of Milli-Q, hydrogen
peroxide and ammonia (ratio 5:1:1) for 5 minutes. This was followed by rinsing in Milli-Q and
the surfaces were blown dry in nitrogen gas.
The surfaces were then coated with the same COP polymer found in the 4castchip through
spincoating, a procedure where a thin film is created on top of the surface. This was done by
dissolving the polymer in Xylene (0.25%) and then spread over the surface. The surface was
placed inside the spincoater and spun at high velocity, and by the use of the centrifugal force
a uniform polymer film was generated. The procedure is illustrated in Figure 3.5.

Figure 3.5: The spin-coating procedure. The silicon substrate is covered with a liquid containing a specific polymer and
spun at high velocity. When the polymer solution dry out, a uniform polymer film has been deposited on the silicon
surface.
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In order to attach the dextran matrix, the surfaces were incubated in a dextran solution (1 %
w/w dextran/Milli-Q) for 1 h. This was followed by oxidation of the matrix by incubation in
0.1 M sodium periodate for 2 hours, which produced the aldehyde groups needed for
immobilization of conjugated particles.
The gold nanoparticle conjugate solution was created according to the procedure for noncovalent adsorption described in section 3.2.1.3 and the solution concentration was
calculated. Three surfaces were prepared; one with conjugated gold particles, one with the
conjugated polystyrene particle stock solution, and one with the conjugated polystyrene
particle solution diluted to the same concentration as the gold particle solution. The surfaces
were incubated in particle solution for 1 h, whereupon the surfaces were washed thoroughly
in Milli-Q and blown dry in nitrogen gas.
After particle immobilization the surfaces were examined using a DI Dimension 3100 (Vecco)
instrument run in tapping mode. Images with a scan size of 1 x 1 µm2 and 10 x 10 µm2 were
obtained and analyzed using NanoScope software version 6.13r1.
3.4.5 Scanning electron microscopy
With scanning electron microscopy the surface coverage of particles could be visualized
directly on the 4castchip. Two different samples were analyzed; immobilized conjugated
citrate stabilized gold nanoparticles and immobilized conjugated polystyrene particles from
the stock solution. To remove unbound particles the 4castchip analyzed were washed using
the lateral flow created by the micro pillars. To prime the flow, 5 µl assay buffer were added
to the sample application zone. This was followed by addition of 3 x 7.5 µl Milli-Q water.
Milli-Q water was used to reduce the formation of salt crystals in the reactive zone. After
washing the chips were coated with a thin film of gold in order to get a conductive surface
required for SEM analysis. The instrument used was a Leo 1550 Gemini.
3.4.6 Fluorescence microscopy
For visualization of the fluorescence produced in the reactive zone of the 4castchip,
fluorescence microscopy measurements were performed. Two 4castchips were measured
upon, one with immobilized conjugated gold nanoparticles and one with immobilized
conjugated polystyrene particles. Prior to measurement, the 4castchips were subject to the
same running procedure as stated for labeled analyte measurements in the 4castreader,
section 3.4.3.2. Although, in the microscopy measurements the concentration was
significantly higher in order to detect the fluorescence. A dilution factor of 50 from the stock
solution was used. The samples were left to dry for 2 h before measurement.
The measurements were performed on a Leica DMI6000 B microscope. The filter used for
fluorescence detection was a CY5-filter, with excitation at 620 nm and the exposure time
used was 100 ms.
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4 Results and discussion
4.1 Citrate stabilized gold nanoparticles
4.1.1 Particle characterization
For characterization and to confirm the diameter size of the nanoparticles bought from
Nanopartz UV/Visible spectroscopy and transmission electron microscopy were used.
4.1.1.1 LSPR peak
Figure 4.1 show a UV/Visible spectrum of the citrate stabilized stock solution. The SPR peak
can be seen as a symmetrical peak with a maximum at 581 nm. This was used to calculate
the mean diameter of the particles in the solution with a result of 109 nm, according to a
method described in (28), which was stated by Nanopartz. Furthermore, the light extinction
at the localized SPR wavelenght was used to calculate the concentration of the solution
using Beer’s law. The concentration was determined to 2.03 x 109 nps/ml, which was about
half the concentration stated by Nanopartz.
For maximum fluorescence enhancement effect the SPR peak should coincide with the
fluorophores excitation or emission band (section 2.5) which for the fluorophore
(Dylight649) used in this thesis was at 654 and 673 nm. It could be established from the
UV/Vis spectra that there was not a perfect match between the SPR peak of the particles
and the excitation or emission band of the fluorophore.
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Figure 4.1: UV/Visible spectra taken of Nanopartz citrate stabilized particles. The SPR peak is located at 581nm.

4.1.1.2 Determination of homogenicity
In homogenous samples all particles exhibit the same optical response upon illumination.
Such samples produce a sharp LSPR-peak in an UV/Visible measurement. Upon
concentration calculation a very homogenous sample is preferred since the extinction
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coefficient is strongly dependant on particle size, see Table 2.1. Particle concentration
determination will be discussed further in section 4.1.4.
Figure 4.2 show TEM images taken on citrate stabilized gold nanoparticles. The images
confirmed the UV/Visible data, most particles were approximately 110 nm. However as seen
in the image to the left in the figure, particles with a smaller diameter were also present. To
analyze the size distribution 85 particles were counted and a histogram over the collected
data was created (Figure 4.3). About 55 % of the particles had the correct diameter size. This
could explain the difference between the calculated particle concentration from UV/Visible
data and the concentration stated by Nanopartz (further discussed in section 4.1.4).

Number of particles

Figure 4.2: TEM images over citrate stabilized gold nanoparticles from Nanopartz. Right: Four gold nanoparticles with a
diameter of approximately 110 nm. Left: The scale bar in the image is 50 nm. Particles with a different diameter were
also present.
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Figure 4.3: Histogram showing the distribution of particle size. Most particles had the stated particle diameter, 110nm.
The smaller particles detected were about 50 nm in diameter.
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4.1.2 Particle conjugation
UV/Visible spectroscopy was used to monitor the different steps performed during the
particle conjugation procedure.
4.1.2.1 Gold nanoparticle stability
By the addition of NaCl to the gold nanoparticle solution the ion concentration in the
solution was increased. This treatment causes a displacement in the charged capping and
the particles aggregates (described in section 2.2). As seen in Figure 4.4 the concentration
needed to cause aggregation was low, already at 0.01 M NaCl the solution start to be
unstable. The spectrum was taken 1 h after introduction of NaCl to the gold nanoparticle
solution. Note that the absorbance reached a minimum at a salt concentration of 0.04 M and
there was a slight absorbance increase observed for NaCl concentration above this value.
The results from these trials provided information about the stability of the particles and
were taken in consideration when the buffer used in the conjugation process was chosen.
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Figure 4.4: UV/Vis spectrum for gold nanoparticle solutions containing different NaCl concentrations. Introduction of
NaCl caused particle aggregation due to displacement of the capping citrate layer.

4.1.2.2 Antibody concentration needed for gold nanoparticle stability
Upon addition of antibodies to the gold solution the citrate capping was replaced by
antibodies and the electrostatic separation was replaced by steric separation. In order to
determine the amount of antibody needed to produce a stable nanoparticle solution, a
dilution series with different antibody concentrations was performed. The samples were
monitored using UV/Visible spectroscopy both before and after addition of NaCl.
Antibody gold complexes were allowed to form for 2 h before analysis with UV/Visible
spectroscopy. A slight red shift of the SPR peak occurred upon adsorption in accordance with
equation 2.1, due to a change in refractive index of the surrounding media. From Figure 4.5
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it is possible to determine the shift to about 6 nm. This indicates successful antibody
adsorption.
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Figure 4.5: The figure show the SPR peak of gold nanoparticles after 2 h incubation in aCRP. Compared to the gold
nanoparticles incubated in just buffer solution a red shift of 6nm was observed, indicating antibody adsorption. All
concentrations used are not shown in the figure.

After addition of NaCl (final concentration of 0.05M) the samples were incubated for 1 h and
subject to another analysis in the UV/Visible spectrophotometer. The result from these
measurements is presented in Figure 4.6. Particles incubated in buffer solution completely
aggregated and no SPR peak can be seen. Particles incubated in aCRP show increased
stability towards increasing ionic strength in the surrounding solution. No tendencies
towards aggregation could be seen after incubation in 0.03 mg/ml and 0.035 mg/ml. To
achieve a high concentration of antibodies conjugated to the particles and to be certain of
stability throughout further experiments the higher concentration, 0.035 mg/ml, was used.
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Figure 4.6: Gold aCRP complexes incubated in 0.05 M NaCl for 1 h. The concentrations given on the right side of the figure
give the concentration of the aCRP solutions used for aCRP adsorption onto gold nanoparticles. Unprotected particles
aggregate upon increased ionic concentration, while protected particles stay separated.

4.1.3 Activity control of bound antibodies
The activity of adsorbed antibodies was tested by introducing CRP to conjugated particles.
Since CRP is composed of five identical subunits several antibodies are able to bind to the
same CRP molecule. Furthermore, when CRP is introduced to aCRP conjugated gold
nanoparticles this should result in cross linking and slow aggregation.
The reaction started upon introduction of CRP and was monitored with an UV/Visible
spectrophotometer at four different times; directly upon introduction, after 1.5 h, after 2.5 h
and after 72 h (Figure 4.7). A red shift of the SPR peak could be observed. Also the peak
suffered a dramatic intensity drop. As time passed by the effects became even more evident
and after 72 h the peak had almost disappeared completely. This can be compared to the
NaCl induced aggregation results (section 4.1.2.1) where aggregation occurred quickly and
no peak shift was observed. The peak shift gave an indication about bound CRP to the
conjugated gold nanoparticles, which showed antibody activity. The slow but steady
aggregation further confirmed the theory of active antibodies.
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Figure 4.7: CRP induced aggregation. The cross linking between particles as a result of CRP induced aggregation gave an
indication of aCRP activity. Also, a peak shift of 6 nm was observed further strengthen the theory of antibody activity.

4.1.4 Determination of nanoparticle concentration
In order to discuss the effect of conjugated metal particles instead of conjugated polystyrene
particles present in the chip it was vital to know the particle concentration on the chip
surface. To get an idea of the expected surface concentration the particle concentration of
the solution was calculated. This was, for gold nanoparticles, done as previously stated by
the use of the extinction coefficient at the SPR peak and Beer’s law. As seen in Figure 4.5 a
peak shift was observed after conjugation resulting as a result of a change in refractive index
of the surrounding media and therefore an altered extinction coefficient for the SPR peak
value. During concentration calculations an approximation stating that no shift had taken
place was made in order to conveniently determine the particle concentration of a solution.
After conjugation both water and antibody were present inside the localized surface
plasmon field, hence the true refractive index would be a mixture of the two and an
approximation taking this into account was not possible, due to reasons such as unknown
thickness of the antibody film and unknown length of the electromagnetic field created by
the localized surface plasmons.
From the TEM images it became evident that the particle solution contained particles of
several different sizes. As the concentration was determined using beers law, only the
particles with the correct diameter influenced the calculation. This resulted in estimated
particle concentrations lower than the true value.
4.1.5 On-chip activity confirmation of bound antibodies
As explained in section 4.1.3 the antibodies did show activity when bound to the gold
particles. However, that test was performed entirely in solution, when bound to the
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4castchip the antibody particle solution was dried before measurement. Through this test
activity of antibodies bound to the chip was confirmed.
The conjugated gold nanoparticles were bound to the 4castchip through aldehyde chemistry
as explained in section 3.3. Labeled analyte (CRP) was introduced according to the running
procedure described in section 3.4.3.2. The chip was then analyzed in the 4castreader.
The results given in Figure 4.8 show a typical response from dispensed conjugated gold
nanoparticles. The response showed the fluorescence intensity produced by the sample. The
fact that fluorescence was detected from the sample zone gave an indication about
interaction between bound antibody and analyte. To further investigate the if the response
produced was in fact a result of interaction between the antibody and the analyte,
unconjugated gold nanoparticles were dispensed and the same running procedure were
performed as for the conjugated particles. Also, a reference sample was measured where no
labeled CRP was introduced to the conjugated gold nanoparticles. As seen in Figure 4.8 no
response could be detected from the reference samples. These results show that both
antibody and analyte need to be present in order to produce a response.
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Figure 4.8: Fluorescence intensity obtained from the three different measurements. Labeled CRP was used as analyte for
the samples marked as conjugated gold nanoparticles and gold nanoparticles in the figure. For the sample marked as
serum no CRP was introduced. Only when both antibody and analyte were present a response was acquired. This
showed activity for the bound antibodies.

4.1.6 Fluorescence intensity measurements
The possibility to increase the signal retrieved from every single fluorophore would lower
the detection limit of biomarkers in the sample and therefore increase the sensitivity of the
4castchip.
Figure 4.9 visualize the measurements performed and show the mean curve received from
ten measured chip of each sample. From the figure it is evident that the polystyrene stock
solution produced a much higher signal than the conjugated gold nanoparticles. The
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concentration of gold nanoparticles in the dispensed solution was calculated to 6.9 x 1010
nps/ml and can be compared with the concentration of polystyrene particles, 2.3 x 1012
nps/ml. Since the same amount of solution was dispensed to each reactive zone on the
4castchip, there were 33 times more polystyrene particles, compared to gold particles in the
reactive zone capable of analyte binding. So the big difference in signal was expected and
can be explained by the surface concentration of conjugated particles.
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Figure 4.9: The figure show the difference in response received from the 4castreader between two different solutions
deposited at two different positions on the chip (25 and 30 mm). The polystyrene stock solution produced a much higher
response than conjugated gold nanoparticles.

The results from the measurements are further summarized Table 4.1. The response
received from the polystyrene particles were about 8 times higher in the reactive zone at 25
mm and about 7 times higher at the 30 mm reactive zone. These ratios are not nearly as high
as the concentration ratios, although the difference cannot be ascribed to metal enhanced
fluorescence alone. To be able to draw any conclusions from the difference in ratios, the
relation between the particle concentration and the response value need to be known. The
relation does not necessarily need to be linear. Furthermore the calculated standard
deviations proved to be very high, especially for the gold nanoparticle chips. This made it
even more difficult to conclude an enhancement effect. By considering a hypothetical
enhancement effect of 1.5 and a ratio between the mean and the standard deviation of 1.4,
the enhancement would fall in the range of the standard deviation. Only a very large
enhancement effect would be detectable. Another problem encountered during these trials
was the lack of a reliable method for measuring the amount of antibody present in the
sample. There might have been hundreds more antibodies per gold nanoparticle than per
polystyrene particle.
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Sample

Position
on
4castchip
Gold
25mm
30mm
Polystyrene 25mm
30mm

Peak height
Mean
7,637
10,209
67,83111
71,66333

Standard
deviation
4,052286
3,119026
8,087539
8,315206

Peak area
Mean
6,22589
8,41623
50,12716
53,48933

Standard
deviation
2,65487
2,148446
5,152682
5,308152

Table 4.1: Results obtained from the 4castreader. Mean peak height and mean peak area at the two different active
zones on the 4castchip. Ten 4castchip with dispensed gold nanoparticles and ten 4castchip dispensed with polystyrene
particles were measured. The standard deviation from the measurements is also given.

Since it was desirable to produce a signal as high as possible, the particle concentration
needed to be very high. The concentration was raised through centrifugation and dilution in
a smaller liquid volume. This proved to be a problem since many particles were lost in during
the centrifugation process, due to aggregation. After the two centrifugations used to remove
unbound antibodies, about half of the starting material had unintentionally been removed.
Also, as the concentration of particles was increased more particles were lost in
centrifugation.
As mentioned earlier the polystyrene particle concentration was 2.3 x 1012 nps/ml. In order
to bring the gold nanoparticle concentration to the same concentration the particle stock
solution needed to be increased in the vicinity of a factor 1000. To discard the particle
concentration difference factor, attempts were made to reduce the polystyrene particle
concentration to the same concentration as the gold nanoparticles based on the calculated
particle concentration. These chips produced a peak area of about 1.25 RFU and compared
to the polystyrene stock solution this value can be considered a bit low. However as stated
earlier the relation between solution particle concentration and the produced fluorescence
intensity does not have to be linear. Also the particle surface concentration produced was
unknown.
4.1.7 Sandwich assay
As stated in section 2.5 metal enhanced fluorescence is a strongly distance dependant
phenomenon, a fluorophore to close to the particle may induce fluorescence quenching and
a fluorophore to far away from the particle may not experience any influence from the
particles at all. By the use of a labeled secondary antibody the fluorophore was positioned
further away from the particle.
The same type of measurement performed on the labeled analyte assay was also performed
using a sandwich assay. The results are given in Figure 4.10 where the mean curve from
measurement on five 4castchips is given. As for the labeled conjugate assay the fluorescence
intensity was much higher for the polystyrene particle stock solution, probably for the same
reasons stated earlier. Compared to the labeled analyte assay the intensity produced was
considerably lower for the sandwich assay. This might be due to a number of reasons; in the
sandwich approach more interactions take place, i.e. binding of analyte followed by binding
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of secondary antibody. However in this case, the most likely reason was differences in the
concentration of analyte as the conjugated particles did not reach a saturated level.
12

Gold @ 25mm
Gold @ 30mm

10

Polystyerene @ 25mm
Polystyrene @ 30mm

RFU

8
6
4
2
0

Figure 4.10: The mean curves produced from five 4castchip with conjugated gold nanoparticles and five 4castchip with
conjugated polystyrene particles.

The same tendencies in standard deviation, given in Table 4.2, were observed for the
sandwich assay, i.e. larger in proportion to signal strength for the gold nanoparticle chips.
From Table 4.2 ratios between gold and polystyrene chips were calculated and the signal
produced from polystyrene were about 9 times higher at the 25mm and about 8 times
higher at the 30mm zone on the 4castchip. These ratios were slightly higher than those
received from the analyte assay, which implied a slight particle fluorophore distance
dependence on the fluorophore intensity. Although, again it was not possible to draw any
unambiguous conclusions about MEF, the standard deviations were too high. One possible
explanation to the small difference in ratios might be due to a fluorophore particle distance
outside the enhancement zone for both the labeled analyte assay and the sandwich assay.
The antibody act as a spacer and could possibly be too large, providing a position outside the
LSPR for the fluorophore and no enhancement would be observed.
Sample

Gold
Polystyrene

Position
on
4castchip
25mm
30mm
25mm
30mm

Peak height
Mean
Standard
deviation
1,066
0,50895
1,288
0,327292
10,44
2,417447
10,322
0,843813

Peak area
Standard
deviation
0,91814
0,50895
1,104712
0,327292
8,13858
2,417447
7,8969
0,843813
Mean

Table 4.2: Five gold chips and five polystyrene chips were measured in the 4castreader using the sandwich assay. Mean
peak height, mean peak area and standard deviation from the measurements are given.
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4.1.8 Fluorescence microscopy
The difference in fluorescence intensity was visualized by the use of a fluorescence
microscope. Figure 4.11 show the images taken on the reactive zone of the 4castchip. The
left image in the figure show immobilized conjugated polystyrene particles from the stock
solution and the right image show immobilized conjugated gold nanoparticles. As seen in the
figure the polystyrene particles produced a much brighter image and a better defined
reactive zone. This was in good correlation with the measurements performed using the
4castreader.
Another noticeable property shown in the images was the position where the most dense
fluorescence intensity seemed to have its origin. The direction of flow were from the right to
the left in the images, hence the highest flow rate appeared in between neighboring pillars
perpendicular to the lateral flow. This was also the positions in the reactive zone where the
strongest fluorescence intensity seemed to appear and could show where the highest
concentration of bound analyte were located, although it could also be due to optical
phenomenones created by the structure of the 4castchip.

Figure 4.11: Images taken using a fluorescence microscope over the reactive zone of the 4castchip. The direction of flow
was from the right to the left upon analyte introduction. Left: Conjugated polystyrene particles. Right: Conjugated gold
nanoparticles. The polystyrene particles produced a much brighter and well defined reactive zone.

4.1.9 Surface coverage
The calculated particle concentration was only applied for the concentration in solution and
might not provide an accurate number when considering the surface coverage of bound
particles. The actual particle concentration on the surface is a very important parameter,
since it determines the concentration of capturing antibodies and hence; the amount of
analyte that are able to bind. Measurements of the surface coverage therefore provided
valuable information about the fluorescence intensity produced by the different samples.
Two different techniques were used to examine the surface coverage, AFM and SEM. The
AFM measurements could not be performed directly on the surface of the 4castchip because
of the pillar structure; instead a planar model surface with the same surface chemistry as the
4castchip was used. Instead of allowing the sample to dry out completely, the incubation
time was also shortened to 1 h. This was done because of a previous experiment where the
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samples were allowed to dry, which resulted in the formation of particle multilayer
structures impossible to interpret. Since the sheer volume of applied sample were much
higher on the AFM surfaces than on the 4castchips the multilayer formation was
understandable. However on the surfaces incubated for 1 h individual particles were easily
distinguished. The AFM images are given in Figure 4.12. The gold nanoparticle surface is
shown to the left and the polystyrene surface to the right in the figure. A tendency towards
partial aggregation could be observed for both gold and polystyrene particles. In terms of
metal enhanced fluorescence aggregation of gold nanoparticle dramatically alter the optical
properties and could result in total extinction of the LSPR peak, as seen in section 4.1.2.1,
and as a result possibly inability to produce an enhancement effect. As seen in the figure
only a small fraction of the gold particles remained separated when bound to the surface
and if only the separated particles were able to produce an enhancement effect the surface
concentration of influenced fluorophores would have been very low. This could have been
one reason for the inability to observe an enhancement effect in the examined system.

Figure 4.12: Images obtained from AFM measurement. The same coupling chemistry used to in the 4castchip was used to
bind gold nanoparticles (left) and polystyrene particles (right) to a planar surface. Particle clusters were formed and may
alter the optical properties of the gold nanoparticles.

To estimate the concentration of particles on the surface, all particles within a 3 x 3 µm area
was counted and the number of particles found for each sample is found in Table 4.3. To
calculate the total surface area covered the particles were approximated to be completely
spherical with a diameter of 110 nm. With this in consideration one particle cover 9500 nm2
and the surface coverage could be calculated. The AFM results indicate about 7 times more
polystyrene particles than gold particles on the surface. Compared to the measurements
performed with the 4castreader (section 4.1.6 and section 4.1.7), where the fluorescence
intensity from the polystyrene particles were 7 respectively 8 times the intensity from the
gold particles, the ratio between surface coverage and fluorescence intensity were in the
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same order of magnitude. This gave a slight indication about the particles inability to
produce any MEF in the examined wavelength range.
Sample
Gold
Polystyrene

Number of particles
36
265

Surface coverage (%)
4
28

Table 4.3: AFM surface coverage. The table shows the number of particles present on a 3 x 3 µm surface and the
calculated surface coverage.

To confirm the results retrieved from AFM, SEM was used. The SEM analysis was performed
directly on the 4castchip allowing a more accurate analysis of the true surface coverage.
Before the SEM measurement took place the samples were coated with a 10 nm thick gold
film to produce a conducting surface (required for SEM). Figure 4.13 show SEM images taken
in 10000x magnification, with gold particles to the left and polystyrene particles to the right.
Again, the SEM images show an indication of partial aggregation providing a problem for use
of the plasmonic effect of gold nanoparticles. A large gold particle aggregate can be seen in
the bottom of the image.

Figure 4.13: SEM images taken in 10000x magnification on the 4castchip surface. Left: Immobilized gold nanoparticles.
Right: Immobilized polystyrene particles.
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In order to calculate the surface coverage all particles within a 4 x 4 µm area was counted,
the number of particles found are given in Table 4.4. The same approximation for particle
shape done in AFM analysis was also performed for the SEM images. The surface coverage
was given by the total particle area divided by the entire counted area. Compared to the
AFM results the SEM showed a much lower surface coverage, although about the same ratio
between gold particles and polystyrene particles was retrieved. As stated for AFM, this might
indicate inability for MEF for the examined system. The difference in surface coverage
between SEM and AFM was most likely due to the difference in sample introduction and
washing procedure used.
Sample
Gold
Polystyrene

Number of particles
36
243

Surface coverage (%)
2
14

Table 4.4: SEM surface coverage. The total number of particles found in a 4 x 4 µm area and the calculated surface
coverage.

4.2 Bioconjugation of PEGylated gold nanoparticles
Carbodiimide chemistry enabled covalent immobilization of antibodies to PEGylated gold
nanoparticles. Covalent immobilization provided a stronger bond and a more stabile
conjugate than physisorption. However, the PEG acted as a linker layer ultimately placed the
fluorophore further away from the particle. The width of the PEG layer was unknown; hence
whether the fluorophores were in the range for the metal enhancing effect was also
unknown.
4.2.1 Particle characterization
The PEGylated particles were characterized using UV/Visible spectroscopy and a plasmon
peak at 585 nm was found (Figure 4.14). The particle size given by Nanopartz was 110 nm,
and compared to the citrate stabilized particles (section 4.1.1.1) the PEG layer therefore was
assumed to produce a 4 nm shift.
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Figure 4.14: UV/Visible spectra over the PEGylated particles. The plasmon peak was found at 584 nm.

As stated for the citrate stabilized particles the correlation between the SPR peak and the
excitation and emission maximum of the used fluorophore was not perfect, although MEF
could be possible.
4.2.2 On chip activity control of bound antibodies
The PEG layer stabilizing the PEGylated gold nanoparticles provided steric stabilization and
therefore the salt trials used to provide information during the conjugation process for the
citrate stabilized particles was not possible. Furthermore, the different conjugation steps
performed could not be monitored with UV/Visible spectroscopy since there was no or a
very small shift in the position of the SPR peak. The only method used to ensure correct
conjugation and to examine the different steps in the conjugation process was the
4castreader. Figure 4.15 show the measurements performed and the response produced
from particles of the three steps in the conjugation process. As seen in the figure the
unactivated particles did not produce any response. The EDC/NHS activated particles
however proved to produce a small response with a peak area of 0.08. After antibody
conjugation the peak area retrieved was 0.9, hence about ten times larger than the EDC/NHS
area. These results indicate activity of the bound antibodies, but also the presence of
nonspecific binding, due to EDC/NHS activation.
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Figure 4.15: Fluorescence responses obtained from conjugated PEGylated particles and reference tests. Unactivated
CPEG particles did not show any fluorescence activity. Some nonspecific binding due to EDC/NHS activation was
recorded.

4.2.3 Fluorescence intensity measurements
The fluorescence intensity measured from the conjugated PEGylated particles proved to be
weak compared to the conjugated citrate stabilized particles, Figure 4.16. The PEGylated
particles also proved to be even more difficult to concentrate after conjugation, resulting in
a lower final concentration and consequently a lower on chip response. Since a high signal
was desired, the citrate stabilized particles were chosen for continuing characterization.
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Figure 4.16: A comparison between the conjugated citrate stabilized particles and the PEGylated particles. The
fluorescence intensity produced by conjugated PEGylated particles were much weaker compared to the citrate stabilized
particles.
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5 Conclusions
Citrate stabilized gold nanoparticles with a diameter of 110 nm were purchased and
characterized.
The gold nanoparticles were functionalized with anti-CRP by directly adsorbing antibodies to
the surface of the particles. CPEG particles were also subjected to successful bioconjugation
through carbodiimide chemistry. After conjugation, it was possible to immobilize the
conjugated particles to the 4castchip surface through a Schiff’s base reaction.
Two different techniques confirmed antibody activity. In solution the conjugated particles
were tested using CRP-induced cross linking and after implementation of conjugated
particles to the 4castchip, the activity was confirmed by detection of a fluorescence signal
after performed assay run. Antibody activity of conjugated CPEG particles was only
confirmed by the latter procedure. No signs of background fluorescence due to immobilized
gold nanoparticles could be detected.
Fluorescence was recorded using a specific reader (4castreader) and visualized using
fluorescence microscopy. The intensity detected from the conjugated gold nanoparticles was
compared to conjugated polystyrene particles with the same size. The fluorescence intensity
detected from the conjugated gold nanoparticles proved to be lower than the polystyrene
particles, indicating no fluorescence enhancement from the gold nanoparticles. Conjugated
CPEG particles showed an even lower fluorescence signal. Also, it proved difficult to draw
any conclusions regarding the enhancement effect from the gold nanoparticles, due to the
large chip-to-chip variations.
The lower response in fluorescence intensity can however be explained by looking at the
surface coverage on the chip for the different particles. This was examined using AFM and
SEM, and both techniques indicate 7 times higher coverage for the polystyrene particles
compared to the gold particles. This value is comparable to the ratio obtained from the
fluorescence measurement, indicating that the different particles give rise to equivalent
signals and hence; no enhancement of the fluorescence intensity from the plasmonic gold
nanoparticles. One possible explanation for this could be due to aggregation of particles on
the chip surface.
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6 Future outlooks
In order to say anything regarding the enhancement effect from the gold nanoparticles, it’s
important to have an equal concentration of antibodies on the surface. The amount of
antibodies coupled to the particles was not thoroughly investigated in this thesis and a
method for receiving a good estimate of conjugated antibodies is needed.
It is not known whether two solutions, one with a polystyrene particles and one with gold
particles, with the same concentration would result in the same surface coverage; hence an
optimization procedure to produce the appropriate surface coverage is needed.
In order to achieve a fluorescence signal similar to, or higher than the signal received from
the polystyrene particles the concentration of gold nanoparticles need to be increased. It
might be possible to start with a larger particle volume and use centrifugation as performed
in this work. Another possible option might be to use dialysis.
The particles used in this thesis did not exhibit a perfect match between the LSPR peak and
the excitation or emission band. To produce an enhancing effect using the investigated
fluorophore it might be necessary to use particles with a different shape. For instance, short
gold nanorods with an aspect ratio of 1.5 produce a LSPR peak at 670 nm and would be a
perfect match with the emission band of the fluorophore used in this thesis. It would be
interesting to use particles with many different shapes and by trial, test which type exhibit
the greatest potential.
It would also be interesting to examine a different approach regarding the integration of a
plasmonic structure in the chip. Instead of replacing the conjugated polystyrene particles
with conjugated plasmonic particles, the particles could be integrated directly in the plastic
material. In doing so, difficulties in the conjugation procedure would be avoided.
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