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Abstract

This thesis describes methods for improving sensitivity in rapid singleplex and mul-
tiplex microarray assays. The assays utilize the optical characteristics of colloidal
gold nanoparticles for the colorimetric detection of proteins.

Multiplexed detection in sandwich immunoassays is limited by cross-reactivity
between different detection antibodies. The cross-reactivity between antibodies can
contribute to increased background noise - decreasing the Limit-of-Detection of the
assay - or generate false positive signals. Paper I shows improved assay sensitivity
in a multiplexed vertical flow assay by the application of ultrasonic energy to the
gold nanoparticles functionalized with detection antibodies. The ultrasonication of
the antibody conjugated gold nanoparticles resulted in a 10 000 fold increase in
sensitivity in a 3-plex assay. COMSOL Multiphysics R© was used to simulate the
acoustical energy of the probe used in Paper I for obtaining an indication of the size
and direction of the forces acting upon the functionalized gold nanoparticles.

In Paper II, it was studied if different gold nanoparticle conjugation methods and
colorimetric signal enhancement of the gold nanoparticle conjugates could influence
the sensitivity of a paper-based lateral flow microarray assay, targeting cardiac tro-
ponin T for the rapid diagnostics of acute myocardial infarction.

Ultrasonication and signal enhancement of the detection gold nanoparticles has
the potential of improving the sensitivity of paper based assays and expanding their
potential future applications.

Keywords: Gold nanoparticles, ultrasound energy, signal enhancement, diagnos-
tics, microarrays, paper-based assays, COMSOL Multiphysics R© simulations
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Sammanfattning

Denna avhandling beskriver metoder för förbättring av känsligheten i snabba single-
plexa och multiplexa mikroarray assays som använder sig av de optiska egenskaperna
hos kolloidala guldnanopartiklar för kolorimetrisk detektion av proteiner.

Multiplex detektion i sandwich immunoassays är begränsad av till exempel ko-
rsreaktivitet mellan olika detektionsantikroppar. Korsreaktiviteten mellan antikrop-
par kan bidra till ökat bakgrundsbrus - vilket minskar testets minsta detekterbara
värde - eller generera falska positiva signaler. Artikel I visar förbättrad känslighet
i en multiplex vertical flow assay genom applicering av ultraljudsenergi till guld-
nanopartiklar funktionaliserade med detektionsantikroppar. Sonikeringen av de an-
tikroppskonjugerade guldnanopartiklarna resulterade i en 10 000-faldig ökning av
känsligheten i en 3-plex assay. COMSOL Multiphysics R© användes för att simulera
den akustiska energin hos ultraljudssonden som användes i artikel I för att erh̊alla
en indikation av storleken och riktningen hos krafterna som verkar p̊a de funktion-
aliserade guldnanopartiklarna.

I artikel II undersöktes det hur olika konjugeringsmetoder till guldnanopartik-
lar och kolorimetrisk signalförstärkning av guldnanopartikelkonjugaten kan p̊averka
känsligheten i pappersbaserade lateral flow mikroarray assays mot cardiac troponin
T för att snabb diagnostik av akut hjärtinfarkt.

Ultraljud och signalförstärkning av detektionsguldnanopartiklarna har poten-
tialen att förbättra känsligheten hos pappersbaserade assays och utöka deras poten-
tiella framtida tillämpningar.

Nyckelord: Guldnanopartiklar, ultraljudsenergi, signalförstärkning, diagnostik,
mikroarrayer, pappersbaserade assays, COMSOL Multiphysics R© simulation
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Abbreviations

Ab-AuNPs Antibody conjugated gold nanoparticles
AuNP Gold nanoparticle
cTnT Cardiac troponin T
CV Coefficient of variation
DLS Dynamic light scattering
EGF Epidermal growth factor
Fab Fragment antigen binding
Fc Fragment crystalline
Ig Immunoglobulin
IL2 Interleukin 2
LOD Limit of detection
LFA Lateral flow assay
RT Room temperature
SPR Surface plasmon resonance
TEM Transmission electron microscopy
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Symbols

Symbol Description Unit

Kd Dissociation constant M
kon Association rate constant M−1s−1

koff Dissociation rate constant s−1

ζ Zeta-potential mV
A Amplitude of acoustic wave m
ω Angular frequency s−1

k Wave number m−1

φ Initial phase 1
λ Wavelength of sound wave nm
f Frequency s−1

V Sound velocity m · s−1

U Total vibrational energy J
F rad Acoustic force N
r Particle radius m
κs Isentropic compressibility m ·N−1

ρ0 Mass density kg ·m−3

f∗0 Monopole scattering coefficient 1
f∗1 Dipole scattering coefficient 1
pin Incident acoustic pressure Pa
vin Incident acoustic velocity m · s−1

Fd Stokes’ drag force N
µ Dynamic viscosity Pa · s
vp Particle velocity m · s−1

a Inward acceleration m · s−2

d0 Amplitude of acoustic wave m
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Thesis outline

The thesis is written to give an overview and background information of the different
methods and calculations used in the research work and presented in the papers.

In Paper I, cross-reactivity between antibodies in multiplexed assays was de-
creased using ultrasonication on detection antibodies conjugated to gold nanoparti-
cles. In Paper II, different parameters for the detection of cardiac troponin T were
investigated for rapid diagnosis of acute myocardial infarction.

Chapter 1 gives an introduction to sandwich immunoassays and different types
of paper-based assays that are used for singleplex and multiplex detection.

Chapter 2 continues to present the use of gold nanoparticles for colorimetric
detection in the immunoassays, their physical properties, and their functionalization
with antibodies.

Chapter 3 gives an overview of ultrasonic energy and present how the simulation
of the ultrasonic probe and force calculations where done in Paper I.

Chapter 4 summarizes the research and results obtained for the two papers in
this thesis.
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Chapter 1

Affinity based sensing

Immunoassays include methods used for detecting or measuring concentrations of
specific proteins. This thesis is focused on rapid immunoassays consisting of paper-
based lateral flow and vertical flow microarray assays.

1.1 Antibodies

Antibodies, also known as Immunoglobulins (Ig), are produced by the immune sys-
tem in response to an infection. An antibody consists of four polypeptide chains,
two identical heavy chains and two identical light chains. Each chain contains a
variable region and a constant region. Antibodies can be described as Y-shaped
molecules as in Figure 1.1. The fragment of the antibody that contains the variable
part for antigen recognition is called Fab (Fragment antigen binding) and is com-
posed of the heavy chain and the light chain. The remaining region composed of
the two heavy chains make the Fc (fragment crystalline) region [1].

There are two types of light chains (κ and λ) and five types of heavy chains (µ,
δ, γ, ε, and α), where each type of light chain may be combined with any type of
heavy chain. Antibodies are named according to their isotype, which is classified
according to the type of the heavy chains (IgM, IgD, IgG, IgE and IgA).

Figure 1.1: Representation of an IgG with the different regions shown.

1
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Antibodies bind to antigens non-covalently in parts recognized by antibodies
called epitopes. They bind through hydrogen bonds, hydrophobic interactions, and
charge-based interactions. Different epitopes may be recognized by the antibodies
based on a sequence of amino acids or the shape of the epitope. Antibodies that are
produced against one antigen but also bind similar epitopes on other antigens are
cross-reacting. Different antibodies are more or less inclined to cross-react [2].

Antibodies can be produced monoclonal or polyclonal. Monoclonal antibodies
are identical, they are produced from a single B cell linage and detect one epitope per
antigen. Polyclonal antibodies are a collection of antibodies produced from different
B cell linages and therefore recognize multiple epitopes in one antigen. They are
less expensive to produce and are less sensitive to minor antigen changes, but can
have a batch-to-batch variability [3].

1.2 Binding kinetics

Affinity describes the reversible interactions between molecule-ligand pairs such as
e.g. streptavidin-biotin or antibody-antigen at equilibrium, and is the strength of
the bond of a single binding site [1]. Affinity is chemically defined as the molar
concentration of an antigen required to occupy half the available antibodies in a
solution and is expressed as the equilibrium dissociation constant, Kd. Thus, lower
Kd values indicate a higher affinity.

In a reaction where there is association and dissociation, the reaction of two
molecules, A and B, that forms a molecule complex, AB, e.g. an antibody and
antigen complex is shown in Eq. (1.1)

A+B 
 AB (1.1)

The dissociation constant is calculated according to Eq. (1.2), with the molar
concentrations of the molecules.

Kd ≡
[A]× [B]

[AB]
=
koff
kon

(1.2)

Here, kon and koff are the association (on)-rate and dissociation (off)-rate con-
stants. The binding on-rate and off-rate constants characterize the probability that
an antibody binds and dissociates its target respectively. Low off-rates indicate
stronger antibody binding and higher off-rates indicate weaker antibody binding.

Avidity can also be used to describe antibody-antigen interactions. It is a mea-
sure of the overall strength of the interaction between an antibody and an antigen
that depends on both the affinity and the number of interactions [1].

In the case of specific bonds, without any cross-reactivity, the forces needed to
separate the bonds has been measured using e.g. atomic force microscopy (AFM)
[4, 5]. The force measurements have been done by physically pulling AFM tip-
bound molecules from surface bound ones and achieving a force-distance curve.
The unbinding force is dependent on the off-rate and can be calculated as in Eq.
1.3.
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F =
kBT

x
ln

(
rx

koff (0)kBT

)
(1.3)

Here, r is the loading rate and is assumed to be the product of the AFM cantilever
force constant and its retraction speed. x is the separation distance, kB is Boltzmann
constant, T is the absolute temperature at 298K, and koff (0) the zero kinetic off-
rate.

For comparison, the applied forces to separate a few molecular pairs are given
in Table 1.1 along with their koff value. The unbinding force is further shown in
Figure 1.2 as a function of the separation distance from 0.28 nm to 1 nm for the for
the off-rate of streptavidin-biotin.

Table 1.1: Average separation force of a few molecular pairs [5].

Molecular pair Average force (pN) koff
(s−1)

Avidin/Biotin 160 -
Streptavidin/Biotin 200− 450 10−2

Human serum albumin
(HSA)/anti-HSA

244 6.7 · 10−4

Figure 1.2: Unbinding force of streptavidin-biotin for x = 0.28 to 1 nm.
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1.3 Paper based assays

1.3.1 Lateral flow assays

Diagnostic technologies available in high-income countries are usually not afford-
able or compatible with the needs in low-income countries [6]. Point-of-care assays
approach the need for rapid, user-friendly, low-cost, and portable diagnostics that
can benefit patients in the developing world. Lateral flow assays (LFA) meets these
needs [7] and have also shown a commercial value for home use. LFAs can use blood,
plasma, serum, urine, or saliva samples for testing. An example of a common lateral
flow test is the pregnancy test for clinic or home use. For clinic use, there are tests
for HIV, tuberculosis, malaria, and sexually transmitted infections (STIs) [7]. The
lateral flow tests are easy to use in the sense that the result can then be acquired
in a few minutes and are usually binary as positive or negative [8].

Lateral flow tests are often made up of a sample pad, a conjugate pad, a mem-
brane, and an absorbent pad as in Figure 1.3. The sample is applied and adsorbed
into the sample pad, which is connected to a conjugate pad including the detection
antibodies conjugated to gold nanoparticles (Ab-AuNPs). The conjugation pad de-
livers a consistent volume of detection particles and sample to the test membrane.
The test membrane shows the result and most commonly includes test and control
lines, or a microarray, with printed antibodies. The last part of the lateral flow
test is an absorbent pad that increases the total volume of sample that enters the
membrane by absorbing sample and maintaining the capillary flow [9].

There are two types of lateral flow assays, direct assays where a positive result
is determined by the presence of the analyte (Figure 1.3 A) and competitive assays
where a positive result is determined by the absence of the analyte [10]. The work
in this thesis is focused on direct assays.

Figure 1.3: A. Lateral flow membrane with the test line to the left and the control
line to the right. B. Lateral flow membrane with a microarray.

Multiplexed detection in an assay can for instance be achieved by having a
microarray designed to detect several biomarkers, where the spots can consist of
different capture antibodies (Figure 1.3 (B)).
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1.3.2 Vertical flow assays

Two limitations to multiplexing in lateral flow tests is firstly a potential down-
stream eclipsing effect of the spots and secondly a microarray size limitation. The
downstream eclipsing effect will in theory affect the intensity signals of spots in the
sample stream direction in larger arrays, which results in lower signals on the down-
stream spots due to sample depletion [11]. The generally small size of the lateral
flow membrane also limits the amount of spots in a microarray.

To circumvent the downstream eclipsing effect of the microarray spots in LFAs
and obtain an equal sample distribution over the entire microarray, methods include
the flow-through test and the vertical flow assay.

The flow-through test is made up of a rectangular plastic casing including the
membrane with e.g. a microarray on the top layer backed up with an absorbent
pad. The sample that is placed directly on the membrane flows through it and is
absorbed in the absorbent pad. With this setup, washing steps are required as well
as the addition of Ab-AuNPs for detection [10].

The vertical flow assay setup consists of a syringe filter holder where the mem-
brane is placed. The sample is applied vertically with a controlled flow using a
syringe pump [11] as in Figure 1.4. The method require, as with the flow-through,
sample and Ab-AuNPs to be applied separately including intermediate washing
steps.

The flow-through method is less costly and easier to perform as it requires less
equipment than the vertical flow method. The vertical flow method is however
run in a more controlled manner as the parameters, such as the flow velocity, are
adjustable.

The vertical flow assay has been utilized by our research group to run multiplexed
paper-based microarray assays with up to 1200-1400 spots and an assay time within
10 minutes [11, 12, 13].

Figure 1.4: Overview of the vertical flow setup.
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Chapter 2

Gold nanoparticles

2.1 Gold nanoparticles for colorimetric detection

Gold nanoparticles (AuNPs) are commonly used for colorimetric detection in biosens-
ing assays for their optical and electronic properties [14]. They are highly stable,
biologically compatible, has a controllable size distribution, and can be surface mod-
ified with biomolecules [15]. AuNPs can be functionalized with biomolecules such
as single- or double-stranded DNA or RNA, peptides, antibodies, polymers (PEG),
enzymes, and other proteins [16].

Ab-AuNPs are commonly used for colorimetric detection in LFAs and they are
often incorporated within the conjugation pad as with for instance the home preg-
nancy test. Silver nanoparticles (AgNPs) has also shown useful for multiplexed color
detection in LFAs as they have different colors for varying sizes [17].

2.1.1 Optical properties

The optical properties of spherical gold nanoparticles has given them various scien-
tific as well as aesthetic applications, dating their aesthetic use back to 8th century
BC [18].

Gold nanoparticles absorb and scatter light dependent on their size, shape, ag-
gregation state, and local dielectric constant. The interaction of incident light with
the electrons at the surface of the particle result in oscillations of the electrons.
These collective oscillations are defined as surface plasmon resonance (SPR). The
surface plasmon resonance of the AuNPs cause monodisperse AuNPs in the size
range of approximately 5−50 nm to adsorb blue-green light in the visible spectrum
and reflect red light, which gives them their color. For larger particles the SPR peak
wavelength shifts to longer wavelengths, i.e. in the red part of the spectrum, reflect-
ing a purple color. The shift in spectrum is also seen when particles agglomerate
or aggregate, where the solution changes color from red to purple as illustrated in
Figure 2.1.

The size of AuNPs can be determined by using transmission electron microscopy
(TEM) to obtain an image of the nanoparticles and measure the diameter. Dynamic
light scattering (DLS) measurements can also be used to measure the AuNPs size
distribution.

7
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Figure 2.1: Illustration of AuNP color difference of larger (A) or aggregated (B)
particles.

As a theoretical approach validated with experimental data, AuNP size calcu-
lations from the absorption spectra originate from Mie’s solution of the Maxwell
equations [19], which describe the scattering of colloidal particles. The concentra-
tion of AuNPs can further be calculated using Lambert-Beer Law for a standard
path length of 1 cm and the extinction coefficient for the particle size. As an ap-
proach to Mie’s theory, Haiss et al. [20], presents how to determine the size and
concentration of AuNPs from UV-Vis spectra.

2.1.2 Electrostatic interactions

The stability of colloidal gold solutions can be indicated by measurements of the
ζ-potential. The ζ-potential is a measure of the potential between two phases i.e.
between the AuNP surface and the surrounding solution [21]. If a colloidal solution
has a high positive or negative ζ-potential it will be stable via electrostatic repul-
sion between the AuNPs [22]. The electrostatic force between two AuNPs can be
calculated [23, 24] and plotted for 40 nm AuNPs as in Figure 2.2.

The difference between agglomeration and aggregation is that agglomerates are
particles that are held together by weak van der Waals forces and can be separated
by overcoming these forces with e.g. ultrasonication. Aggregated particles are on
the other hand held together by strong chemical bonds and can not be separated
[25].

The stability of colloidal gold is also affected by the pH and the salt concentration
of the solution, since they alter the ζ-potential on the particle surface.
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Figure 2.2: The electrostatic repulsion force between two 40 nm AuNPs.

2.1.3 Antibody functionalized gold nanoparticles

The functionalization of AuNPs with antibodies is useful for protein-sensing assays.
The conjugation of antibodies can however block the antigen-binding sites, which
makes the antibody orientation highly important.

There are different methods of which antibodies can be conjugated to AuNPs.
The simplest way is by adsorption of antibodies to the AuNPs surface. This method
yields antibodies with both active and blocked binding sites, as the antibody ori-
entation is random during the absorption [26]. There are also specific conjugation
methods that binds to the antibodies, orienting them with both antigen-binding
sites free. One common method consists of polyethylene glycol (PEG) conjugation
to the AuNPs, which reduces the nonspecific adsorption to the particle surface and
provides an increased colloidal stability [15].

The three common ways an antibody is expected to be oriented on an AuNP
is illustrated in Figure 2.3a; with the Fc-region conjugated to the AuNP freeing
both Fab-regions for antigen-binding, on the side only freeing one Fab-region, and
with both Fab-regions conjugated to the AuNP surface hindering them from binding
antigen [27].

The surface coverage of the antibodies on the AuNPs will also have an impact
on the antigen binding properties of the Ab-AuNPs. In general, only a fraction
of the immobilized antibodies are able to capture target protein [27]. Thus, at
low antibody surface coverage there will be a low number of active antibodies and
low immunoassay signal. When the antibody coverage reaches a monolayer, the
number of active antibodies increases as well as the immunoassay signal. However,
at high antibody coverage, above the value for a monolayer, there will be crowding
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of antibodies that may affect the antibody conformation and accessibility for protein
capture due to steric hindrance [27], this is illustrated in Figure 2.3b.

(a) Orientation of antibody on AuNP.

(b) Surface coverage of antibody on AuNP.

Figure 2.3: Cross-section of an AuNP with illustrations of different antibody cover-
age and orientation.

Calculations of the antibody surface coverage can indicate the maximum number
of antibodies that forms a monolayer on the AuNPs, assuming a spherical shape of
the AuNPs and antibody dimensions of 14.2× 8.5× 3.8 nm [28].



Chapter 3

Ultrasonic energy

The human ear is adapted to sound in the frequency range of 20 Hz to 20 kHz,
where the upper limit reduces by age. Ultrasound can not be perceived by humans
and is defined as the sound in the frequency range of 20 kHz up to about 1 GHz
[29] as represented in Figure 3.1. However, some animals such as bats and dolphins
use ultrasonic waves for navigation and communication respectively.

Figure 3.1: Ranges showing audible sound, ultrasound, and cavitations (section 3.3)
on the frequency axis.

Ultrasonic waves travel through solids and liquids with different sound velocity
and wavelengths. Sound waves originate from a vibrating source and is the transfer
of energy to the surrounding medium - solid, liquid or gas - causing it to vibrate as
well. The movement of the vibrations that originate from an external force is by time
damped by frictional forces. [29] The transfer of kinetic and potential energy in the
medium causes the particles to vibrate as the wave propagates. The vibrations will
develop stress in solid materials, and pressure in liquids and gases without causing
any net transport of mass [30].

In this chapter the focus will be on ultrasonic waves in liquids, which was used
in Paper I to separate agglomerated Ab-AuNPs.

3.1 Ultrasonic waves

Sound waves are represented as sinusoidal functions with amplitude, A, of the wave,
nodes at zero, and anti-nodes at the maximum displacement amplitude [30]. The
space and time dependent equation is shown in Eq. (3.1) with a graphical represen-
tation in Figure 3.2.

11
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s(x, t) = A · sin(ωt− kx− φ) (3.1)

Here, the angular frequency is ω = 2πf , the wave number is k = 2π/λ, and φ is
the initial phase value at time, t = 0.

Figure 3.2: A representation of a sound wave s(x,t) with amplitude, nodes and
anti-nodes shown.

As the ultrasonic frequency is increased, the wavelength decreases and the anti-
nodes increases in frequency [30]. However, their amplitude decreases and their
effective power reduces [29].

The sound velocity varies for different materials, and is dependent on the fre-
quency, f , and the wavelength, λ, of the wave (Eq. (3.2)). In liquids, the sound ve-
locity varies between different solutions [31], in for instance water it is approximately
1500 m/s [32]. In gas and solids, the sound velocity is in general approximately 300
m/s and 5000 m/s respectively [29].

v = fλ (3.2)

The total vibrational energy is equal to the maximum potential energy at the
greatest displacement or the maximum kinetic energy at the highest mass velocity
(Eq. (3.3)) [30].

U =
1

2
kA2 =

1

2
mv2m (3.3)

Here, m is the displaced mass and vm is the velocity of that mass.

3.2 Ultrasonic forces on nanoparticles

The total force acting on a nanoparticle in a liquid from an acoustic field is the
sum of the acoustic radiation force and the Stokes’ drag force [33]. The acoustic
radiation force (Eq. (3.4)) is dominant for particles with diameters in the µm-range
[33].

Frad = −πr3
[

2κs
3
Re[f∗0 p

∗
in∇pin]− ρ0Re[f∗1v∗

in · ∇vin]

]
(3.4)

Here, r is the particle radius, κs and ρ0 are the isentropic compressibility and
the mass density of the fluid, respectively. f∗0 and f∗1 are the monopole and dipole
scattering coefficients for the particle. pin and vin are the incident acoustic pressure-
and velocity fields at the particle position.
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The force on smaller particles is however dominated by the Stokes’ drag force as
shown in Eq. (3.5) [34]

Fd = 6πµrvp (3.5)

The force is dependent on the dynamic viscosity of the water, µ, the particle
radius, r, and the particle velocity, vp.

3.3 Cavitations

Cavitations are the formation and collapse of gas-filled bubbles under the influence
of an ultrasonic field in a liquid [35]. The collapse of a bubble is dependent on
bubble size, acoustic pressure, and frequency and gives rise to high temperatures
and pressures in its close surroundings. The difficulty in the characterization of
cavitations is due to the acoustical radiation that can yield bubbles of different sizes
and at different phases of collapse in inhomogeneous acoustical fields [29].

The gas in the bubble is a mixture of dissolved gas and liquid vapor. De-
gassed liquids need higher acoustic power levels to obtain cavitation. High thermal
conductivity reduces the bubble maximum temperature and high compressibility
increases it [29].

The oscillating gas-filled bubbles in liquid are a source of sound. At low acous-
tical power, the bubble motion is linear and acoustic emission occurs. However, at
high ultrasonic power the bubbles are highly non-linear and harmonics appear as
an audible white noise [29].

3.4 Ultrasonic probe simulation

To determine if the forces acting on nanoparticles in a sample during ultrasonication
are sufficient to separate them, the ultrasonication of the liquid was simulated in
COMSOL Multiphysics R©. A cross-section of half an Eppendorf R© tube and ultra-
sonic probe was designed (Figure 3.3) and rotated around the z-axis.

To simulate ultrasound on the fluid in the tube, the pressure acoustics module
in the frequency domain was used to apply a negative inward acceleration from the
probe tip on a viscous fluid. The inward acceleration is presented in Eq.(3.6) and is
given by the second derivative of the displacement in the frequency domain.

a =

∫
d0(iω)2eiωtdt = d0(iω)2 (3.6)

Here, d0 is the amplitude of the ultrasonic wave. The value of the complex an-
gular frequency is integrated in the simulation. Some essential values used in the
simulation are given in Table 3.1
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Figure 3.3: Geometry for simulations: A cross-section of half an Eppendorf R© tube
with a cutout for the ultrasonic probe.

Table 3.1: Parameters used for the acoustic simulation

Symbol Description Value

d0 Amplitude of acoustic wave 58.6 µm
rprobe Probe radius 0.75 mm
fprobe Probe frequency 30 kHz
c Sound velocity at RT 1494 m/s

The mesh was designed with a ratio of at least five mesh elements per wavelength.
The simulation was performed using a frequency domain study and the result is
presented in Chapter 4.



Chapter 4

Present investigation

The research presented in this thesis focused on improving singleplex and multiplex
rapid microarray assays using gold nanoparticles for colorimetric detection. In mul-
tiplex settings, the assay was improved by decreasing the cross-reactivity between
detection Ab-AuNPs by applying ultrasonic energy. In singleplex settings, the pa-
rameters that affects the assay sensitivity in a LFA with colorimetric detection were
investigated. Colorimetric signal enhancement was applied to increase the signal of
bound gold nanoparticles.

In Paper I we present a method for minimizing cross-reactivity between different
antibodies. Ultrasonication of the antibody conjugated gold nanoparticles yielded
a 10 000 fold increase in sensitivity in a 3-plex assay.

In Paper II we investigate different AuNP conjugation methods and colorimetric
signal enhancement in a lateral flow assay for rapid detection of cardiac troponin T.

Paper I: Minimizing antibody cross-reactivity in multi-
plex detection of biomarkers in paper-based point-of-care
assays

Multiplex detection in immunoassays is limited by cross-reactivity between different
detection antibodies and different biomarkers. The cross-reactivity in an assay in-
creases proportionally to the square of the number of targets and is mainly linked to
the number of detection antibodies. Different biomarkers are more or less inclined
to cross-react. Cross-reactivity in an assay can contribute to increased background
noise, which can decrease the LOD of the assay, or generate false positive signals
[2].

In Paper I, it was investigated how the ultrasonication of detection antibodies
conjugated to AuNPs altered the LOD in an 3-plex assay. The three sandwich
pairs used in the assay were for detection of epidermal growth factor (EGF), cardiac
troponin T (cTnT), and interkeukin 2 (IL2), where EGF is highly inclined to cross-
react. The assay was run in a vertical flow setup with capture antibodies printed in
a microarray on nitrocellulose membrane (Figure 4.1).

The applied ultrasonic intensity was optimized using different input powers of
ultrasonic energy in the range of 0.4 W to 6 W , which yielded variation of the signal

15
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Figure 4.1: Setup of experiments. Image from Paper I.

intensities of the spots in the arrays. The spot intensity did not increase above power
values of 2W , when applied for 20 seconds.

The assay was performed using a 10 times dilution of antigen, from 50 ng/ml
to 0.5 pg/ml, and 0 pg/ml. The detection antibodies; anti-EGF, anti-cTnT, and
anti-IL2-AuNPs, were mixed 24 h prior to being run in the assays. The assays were
run with the antigens in serum-free samples and serum spiked samples.

The LOD for the non-serum spiked samples was 5 pg/ml for each antigen with ul-
trasound, and 50 ng/ml without ultrasound. The LOD for the serum spiked samples
was 100 pg/ml with ultrasound, which could not be detected without ultrasound.

An acoustical simulation of the probe was made in COMSOL Multiphysics R© to
assess the local velocity of the fluid around the probe (Figure 4.2a). The obtained
fluid velocity was used to calculate the Stokes’ drag force on the Ab-AuNPs to
determine if the size and direction of the forces could separate the Ab-AuNPs. The
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direction of the forces are obtained from the velocity gradient field in Figure 4.2b.

(a) Local velocity in the solution. (b) The gradient field of the local velocity.

Figure 4.2: Cross-section an Eppendorf R© tube with the probe in the highlighted
area.

The drag forces acting on the nanoparticles from the fluid are not themselves
sufficient to separate agglomerated Ab-AuNPs, the gradients of the nanoparticle
velocity ought to be in different directions for de-agglomeration to occur. Compared
to de-agglomeration forces shown in AFM studies [5], the results from the simulation
showed that the differential drag forces were only large enough to separate the
agglomerated Ab-AuNPs in small area around the edge of the probe. However, the
separation of Ab-AuNPs is thus more likely to happen due to cavitational forces.

Paper II: A lateral flow cardiac Troponin-T microarray
assay with colorimetric signal enhancement

Cardiac troponin T is a biomarker for heart muscle damage such as in acute my-
ocardial infarction (AMI) [36]. Its rapid assessment along with symptoms, and
ECG-patterns is needed to detect changes in the cTnT levels in blood for a quicker
diagnosis of AMI. Cardiac Troponin-T is released into the blood stream as the heart
muscle is damaged when there is e.g. a lack of oxygen delivered. The sensitivity
limits required to detect elevated levels of cTnT is 10 pg/ml, where the levels are
0.5-10 pg/ml in the healthy population [37].

In paper II, it was studied if different AuNP conjugation methods and colori-
metric signal-enhancement of the gold nanoparticle conjugates could influence the
sensitivity of a paper-based lateral flow microarray assay targeting cTnT. The lat-
eral flow array consists of a nitrocellulose membrane with a printed microarray, an
adhesive pad applied to the membrane in order to create a sample application area,
and an absorbent pad to absorb the fluid flown through the membrane. The sample
and detection Ab-AuNPs was applied in the sample application area on the left end
of the membrane before the adhesive pad as seen in Figure 4.3.

The microarray consists of the capture anti-cTnT antibody printed in concen-
trations 1 mg/ml, 0.1 mg/ml, and 0.01 mg/ml, which showed an optimal print
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Figure 4.3: The lateral flow microarray assay setup, with the microarray printed
on the membrane, an adhesive pad applied to the left on the membrane to create a
sample application area, and an absorbent pad. Image from Paper II.

concentration of 1 mg/ml with higher intensity standard errors for the lower print
concentrations.

The detection anti-cTnT antibody was conjugated to AuNPs using two different
methods; via adsorption to 20 nm AuNPs and via aldehyde-hydrazide bonds to 40
nm AuNPs using a commercial kit.

The assay was run with a ten times dilution series of cTnT from 10 µg/ml to 1
pg/ml, and negatives with PBS (0 pg/ml) and IL2 at 10 µg/ml. The membranes
were let to dry and scanned with a tabletop scanner. Signal enhancement of the
AuNPs on the arrays was done by applying 1.207M H2O2 and 5mM HAuCl4 for
7 minutes. The membranes were again let to dry and scanned.

The assays run with the differently conjugated particles resulted in LODs of 1
µg/ml and 10 µg/ml for the 20 nm and 40 nm Ab-AuNPs respectively. The result
indicates a 10-fold difference in the sensitivity of the two detection Ab-AuNPs where
the steric hindrance of the larger particles [38] could explain the 10-fold lower LOD
in the assay. The explanation for the low sensitivity with the Ab-AuNP detection
could be that the antibody sandwich pair function decreases when conjugated to
AuNPs or that a sandwich pair developed for high-sensitivity assays has to be used
[39, 40].

The signal enhancement of the AuNPs on the paper array increased the intensity
signal of the cTnT-captured spots and resulted in a LOD of 1 µg/ml for both
types of Ab-AuNPs, which is in the same range as before enhancement. For the
arrays run with the 20 nm and 40 nm Ab-AuNPs, the signal-to-noise ratio increased
approximately 2-3 times in the first case and did in general not improve in the latter
case. The CV of the background after signal enhancement was 17.5% and 27.1%
respectively, compared to the CV before (4.6% and 2.7%) and indicate an increased
variability of the background after signal enhancement on the paper-arrays.

Future work would include adsorption coupling of antibodies to 40 nm AuNPs
and the conjugation of antibodies to 20 nm AuNPs covalently, as to provide further
data on the influence of size and conjugation method in the sensitivity of LFAs.
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