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Abstract

Amyloid beta (Aβ) proteins are a group of proteins able to form fibrillar aggregates
that are linked to the adverse neurological effects seen in Alzheimer’s disease [11]. The
molecular mechanisms that lead to the Aβ aggregation are complex processes, and
efforts to understand them are being made by investigating the kinetics and thermo-
dynamic properties of the protein. The solubility of the protein is a central thermo-
dynamic property governing the equilibrium between the non-aggregated forms and
the aggregated forms [10]. To study the solubility, it is necessary to be able to study
both aggregated and non-aggregated states. One method to study the non-aggregated
state is with an enzyme-linked immunosorbent assay (ELISA).

The aim of this project was to develop an ELISA for the monomeric form of the Aβ42
peptide. The method was based on a previous ELISA described in Hellstrand et al.
(2009) [8]. The goals of the method development was for the ELISA to be sensitive
and to be selective for the Aβ42 monomer. With the method, an Aβ42 aggregation
kinetics experiment described in Hellstrand et al. (2009) was reproduced. The method
was developed for Aβ42 in a buffer environment, but the assay was also tested with
Aβ42 in an environment of cerebrospinal fluid (CSF).

The method development was successful and the method showed satisfactory sensitiv-
ity and selectivity. Standard curves with linear regions between 1 and ∼30 nM Aβ42
were obtained. The limit of detection and limit of quantification of the method were
shown to be in the low single-digit nanomolar range. The results from the aggregation
kinetics experiment and the experiment described in the Hellstrand et al. (2009) paper
varied slightly, possibly because of the ELISA being saturated or because of different
fibril formations being achieved. The CSF experiments showed that unprocessed CSF
has an interfering effect on the assay.
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1 Introduction

Neurodegenerative diseases such as Alzheimer’s disease (AD) have a serious negative
effect on the health and the quality of life of those who suffer from them. It is estimated
that 50 million people are affected by AD world wide, and the prevalence is expected
to rise with an aging population [13]. While the exact cause behind the disease is
unknown, years of research has given significant insights and there are currently a
number of hypotheses that aim to explain the molecular mechanisms behind the disease
[5]. One such hypothesis is the amyloid hypothesis. It suggests that the biological
cause behind Alzheimer’s disease is the misfolding and accumulation of a group of
proteins referred to as amyloid β (Aβ) proteins [5]. It was proposed in the 1990’s
and is still the leading hypothesis [13]. Since the hypothesis was proposed, efforts
have been made to develop methods that can be used to study the behaviour and
characteristics of the Aβ proteins. The objective is that these methods can be applied
in ways that improve clinical diagnosis, as well as enable research that will bring to
light new understanding of the disease. This project aims to develop an enzyme-linked
immunosorbent assay (ELISA) method for monomers of the Aβ42 protein, a type of
Aβ protein. The method is intended to be a tool used used in research about Aβ42
solubility, and how the solubility is affected by different conditions and environments.

1.1 The Aβ peptide
Aβ proteins are products from the cleavage of the amyloid precursor protein (APP)
[5]. APP is a transmembrane protein found in the central nervous system, and plays
a role in several processes central for neurodevelopment, such as neuronal develop-
ment, signaling, and intracellular transport, [4][5]. It undergoes cleavage with one of
two pathways; the non-amyloidogenic, which happens in the majority of cases under
physiological conditions, or the amyloidogenic pathway [4] . In the amyloidogenic
pathway, APP gets cleaved into Aβ, a peptide chain with allomers ranging from 37 to
49 amino acids long [5]. The peptides have an N-terminus, ( aa 1-16) and a hydrophibic
C-terminus (aa 30 - to the end) [15]. A defining characteristic of amyloid proteins,
including Aβ , is their ability to form insoluble aggregates [14]. These insoluble aggreg-
ates are referred to as fibrils and consist of a multimeric assembly of peptide in β-sheet
formations [11], see Figure 1.1. Aβ is also able to form lower order assemblies, such
as oligomers, which consist only of a few peptide molecules, and protofibrils [5]. The
different assemblies are shown in Figure 1.2. It has previously been thought that it
is the insoluble fibrils that cause the neurotoxicity of Aβ. However, now the belief
has shifted towards soluble oligomeric forms being mainly responsible for the adverse
affects of the peptide [5][13] .

The most readily produced Aβ variants are Aβ42 and Aβ40, peptides with 42 and
40 residues respectively [1]. In AD patients, the level of Aβ42 in cerebrospinal fluid
(CSF) has been observed to decrease by 50% compared to normal levels [13]. The
decrease in Aβ42 can be explained by the deposition of the peptide into insoluble
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Figure 1.1: Structure of Aβ42 fibril. Retrieved from PDB file 2BEG.

Figure 1.2: Schematic showing monomeric Aβ and its assemblies, in increasing order of
complexity.

plaques in the brain [13]. Plaques are extracellular deposits of fibril bundles that have
become entangled, and their presence in the brain has become a hallmark of AD [11]
[5]. Another hallmark is the decrease in Aβ42, however the ratio of CSF Aβ42/Aβ40
is considered a better indicator of pathology [13].

1.2 Aggregation kinetics and solubility of the Aβ pep-
tide

A central part of understanding Aβ peptides is understanding the mechanism by which
they aggregate into fibrillar forms. Aggregation can be divided into three phases; lag
phase, growth phase and a growth plateau, see Figure 1.3. The lag phase denotes the
time period where aggregates are yet to be detected. The growth phase is the period
where the rate of peptides assembling into aggregates is the greatest. The process by
which peptides assemble into aggregates is made up of several microscopic processes
that will not be discussed here, but it should be noted that their rate is dependent on
the initial monomer concentration. Finally, the plateau is reached when the aggregate
concentration, in a system of monomers and aggregates, has reached a stable value.
In other words, the plateau is reached when monomer has reached its equilibrium
concentration [2].

2



Figure 1.3: Schematic showing the different phases of aggregation expected, including the
lag phase, growth phase and plateau.

The equilibrium concentration of monomer is a direct measure of the solubility of the
peptide. The solubility can be described by a difference in standard chemical potential,
see Equation 1.1. µ0

m denotes the standard chemical potential of the peptide as
monomer in solution, and µ0

f the standard chemical potential of the peptide in fibrils.
[10]

[m] = exp((µ0
f − µ0

m)/RT ) (1.1)

In a paper by Hellstrand et al. (2009), Aβ fibril formation was investigated with kinetic
aggregation experiments complemented by using ELISA to measure the monomer con-
centration [8]. For the kinetic aggregation experiments, thioflavin T (ThT) was used
as a probe of the aggregation concentration [8]. ThT is a dye that binds only to the
aggregated forms of Aβ, and not the monomer [10]. Thus, measured ThT fluorescence
intensity is relative to the amount of aggregated Aβ [10]. Figure 1.4 a) shows the
kinetic traces of the aggregation of three solutions of different intial Aβ42 monomer
concentrations, published in Hellstrand et al. (2009). This graph illustrates how the
rate of aggregation is concentration dependent. Figure 1.4 b) shows two graphs taken
from the same paper. Here, they have taken Aβ42 samples that have been allowed
to aggregate, isolated the monomer fraction of these samples (post-aggregation), and
analysed the monomer fraction in an ELISA. This enabled them to plot the initial
monomer concentration (total Aβ concentration) against the monomer concentration
of the monomers that were left after aggregation (free Aβ concentration). The inital
linear relationship between free and total Aβ, seen in b), can be explained by the
monomer concentration being below its solubility, so no monomers enter the fibrillar
phase. This is called the stable range. The plateau seen to the very right is when the
monomer concentration has reached its solubility, meaning that an increase in total
Aβ concentration does not lead to an increase in monomer concentration. Instead,
the increase is means an increase in fibril concentration. The region in between, seen
as a peak between the linear/stable range and the solubility, is the metastable range.
Here, the concentration is above the solubility but there has not yet been time for the
excess monomer to go into the fibrillar phase. This is the lag phase seen in Figure
1.3. The longer the Aβ is allowed to aggregate, the smaller the metastable range is.
The different ranges are shown schematically in Figure 1.5.
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(a) (b)

Figure 1.4: a) Aggregation kinetic traces of three different Aβ concentrations, taken from
Hellstrand et al. (2009) [8]. b) Plot showing total Aβ/free Aβ concentration.
From Hellstrand et al. (2009) [8]

Figure 1.5: Schematic showing the stable, metastable, and unstable ranges of Aβ
aggregation.

1.3 ELISA
ELISA stands for enzyme-linked immunosorbent assay, and is a widely used qualitative
and/or quantitative detection method that is employed in various fields and research
areas. In the context of AD research and diagnostics, ELISA has been a key meth-
odology for the detection of different biomarkers, such as Aβ [13]. There are several
subtypes of ELISA. One such subtype is the sandwich ELISA, which is considered
the most sensitive [3]. In this subtype, the wells of the ELISA plate first get coated
with a capture antibody that binds the antigen of interest. Then, another "layer" of
antibody is added, that also binds to the antigen. This is the detection antibody. A
way to describe it is that the antigen gets sandwiched between capture and detection
antibody. There are several ways that the detection antibody can generate a signal.
A common way is to conjugate the detection antibody with horseradish peroxidase
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(HRP). Then, after the conjugated detection antibody has bound to the antigen, a
chromogenic substrate is added. This substrate, often 3,3’,5,5’-Tetramethylbenzidine
(TMB), gets oxidised by the HRP and turns the reaction mixture blue [6]. A mo-
ment after, a stop solution is added which turns the reaction mixture yellow, which
has a maximum absorbance peak at 450 nm [6]. The measured absorbance will be
proportional to the amount of antigen. A schematic illustrating the principal behind
a sandwich ELISA using a HRP-conjugated detection antibody and TMB can be seen
in Figure 1.6.

Figure 1.6: Schematic showing the principle behind a sandwich ELISA using a
HRP-conjugated detection antibody with TMB as substrate.

The suitability of the ELISA for its intended use is tried with method validation.
In ELISA validation, there are a few parameters that are often tried. Three such
parameters are sensitivity, specificity, and linearity [12]. Sensitivity can be measured
in terms of the limit of detection (LOD) and lower limit of quantification (LLOQ) [12].
LOD is lowest concentration of analyte that can be reliably detected with the ELISA.
LLOQ is lowest concentration of analyte that in addition to being able to be detected,
can be reliably quantified. There are several ways to calculate these values. Specificity
is the assays ability to differentiate between the analyte of interest and all matrix
molecules, as well as any related compounds [12]. In the case of an ELISA specific
for a type of Aβ, a related compound could be a different type of Aβ. Linearity is
when the signal given by a sample is directly proportional to the amount of antigen
in the sample [12]. This relation can be described by the equation for a straight
line. Linearity is dependent on analyte concentration, and there is a lower and upper
concentration value where the relationship is no longer linear. When doing an ELISA,
a standard curve is typically made with standards containing known amounts of the
analyte of interest. As the aim of this project is to develop an ELISA for monomeric
Aβ42, a standard curve will be made with monomeric Aβ42.

1.4 SEC
To obtain monomeric Aβ42, it must be separated from other species such as oligomers
and fibrils. One method of doing so is to put purified Aβ42 through size exclusion chro-
matography (SEC). SEC is a method which separates biomolecules based on molecular
size differences [7]. The separation can be monitored with a chromatogram, where dif-
ferent peaks represent the elution of species with different molecular weight. Knowing
which peak represents the monomer fraction, it is possible to collect the monomers
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once the peak is seen on the chromatogram. Figure 1.7 shows two examples of such
chromatograms, published by Linse (2020) [9].

Figure 1.7: Typical chromatograms for SEC purification of Aβ. a) shows the
chromatogram from a column with increased performance compared to b).
The vertical dashed lines indicate the monomer peak. [9]

1.5 Project goals and research questions
As stated in the beginning of the introduction, this project aims to develop an ELISA
for monomeric Aβ42 that can be used in experiments investigating the solubility of
Aβ42, and how the solubility is affected by different conditions and environments.
The ELISA will be based on a sandwich ELISA method described in Hellstrand et al.
(2009). The protocol will be followed and the same buffers and solutions will be used
to the extent that it is possible. However, the capture and detection antibody will
not be the ones used in Hellstrand et al. (2009). Instead, appropriate candidates will
be ordered and their suitability tested. The ELISA should be satisfactory in terms of
sensitivity and specificity. During the planning phase of the project, it was decided that
a linear range of down to 10 nM (or lower) would be desirable. The assay will be tried
with monomeric Aβ40 and Aβ42 fibrils to test the specificity. Ideally, there should be
no cross-reaction with monomeric Aβ40 or Aβ42 fibrils. The aggregation experiments
described in Hellstrand et al. (2009) should be repeated to see if the same results
are achieved. Finally, the assay should be tested with a CSF-environment instead of
buffer, to see if it has an effect on the measurement.
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2 Methods

2.1 Method overview
To achieve the project goal and answer the research questions, a number of ELISAs
were done. The protocol was based on a method previously described in Hellstrand
et al. (2009). Firstly, assays were done to determine the suitability of the antibody
candidates, solutions, buffers and other materials. The method was also validated by
testing the sensitivity, specificity and other method validation characteristics. Once
the method was validated, the assay was used for different applications. This included
measuring Aβ42 concentration in CSF, and an attempt to recreate the the results
obtained in the Hellstrand paper. All experiments followed the same general protocol,
which is described in section 2.2. Information about how the specific experiments
were done that is not found in the general protocol, can be found under their specific
sections. If there are any deviations from the general protocol it will also be described
under the sections for the specific experiments.

2.2 General Protocol
2.2.1 Protein Processing and Protein Standards
For every ELISA, a series of protein standards with known Aβ42 concentrations were
made to create a standard curve. The protein standards were created from purified
Aβ42 protein, produced as previously described [9]. Firstly, the protein was allowed
to dissolve in Gu6 (Gu6: 6 M guanidinium hydrochloride (GuHCl), 20 mM sodium
phosphate, pH 8.5) for 15-30 min. The protein was then put through SEC on an (Su-
perdex 75 Increase column, 20mM sodium phosphate buffer (pH 8.5), 200uM EDTA,
0.02% NaN3). The monomer fraction was collected from the center of the monomer
peak and put on ice. The collected protein was aliquoted into appropriate amounts
and frozen at -80°C. The concentration of the protein was calculated by taking the
average absorbance of the peak and using Beer Lambert’s law; Equation 2.1. The
molar absorption coefficient of Aβ is 1440M−1cm−1, and l is the path length specific
to the instrument used.

A = ϵ · c · l (2.1)

Having calculated the protein concentration, a series of protein standards were made
by diluting the aliquotes of the purified protein in sodium phosphate buffer with 0.2%
BSA. BSA is a blocking agent that prevents non-specific binding.
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2.2.2 ELISA Protocol
Firstly, 100 µL of capture antibody(BioLegend®Purified anti-β-Amyloid 1-42 Anti-
body, clone 12F4, 2.5µg/ml in 30 mM NaHCO3, pH 9.6, 0.05% NaN3 bicarbonate buf-
fer) was added to the wells of a 96-well plate (invitrogen, Nunc MaxiSorp™Flat-Bottom
Plate). The plate was covered and allowed to incubate overnight at 4◦C with rocking.
Then, the plate was washed twice with PBS*(6 mM sodium phosphate, 137 mM NaCl,
3 mM KCl, pH 7.4 ), before adding 200 µL of gelatin blocking buffer(SIGMA®Gelatin
blocking buffer) to each well. The plate was then allowed to incubate for 4-7** hours at
room temperature and with rocking. Following the incubation, the blocking solution
was dumped and 50 µL of sodium phosphate buffer immediately added, to prevent the
wells from drying out. 100 µL of blank(sodium phosphate buffer), standard or sample
was added to each well. Each standard/sample/blank was added in triplicates. Then,
the plate was incubated overnight at 4◦C with rocking. After, the plate was washed
twice with PBST(PBS with 0.05% Tween 20 ) and once with PBS. 100 µL of detection
antibody(BioLegend®HRP anti-β-Amyloid 1-16 Antibody, clone 6E10, 1:4000 dilu-
tion in 5% BSA sodium phosphate buffer)*** was added and allowed to incubate for
four hours at room temperature and rocking. The plate was then washed again twice
with PBST and once with PBS. After that, 100 µL substrate(Thermo Scientific™, 1-
Step™TMB ELISA Substrate Solutions) was added to each well and allowed to react
for two minutes. The reaction was then stopped with 100 µL of stop solution(5.8%
o-phosphoric acid) in each well. The absorbance was read at 450 nm. A schematic
describing the workflow is presented in Figure 2.1.

*Note about PBS: Different brands of PBS tablets were used to make PBS. This means
that there might be slight differences in the concentrations of the components of the PBS

**Note about blocking incubation time: The aim was to have a incubation time of 4
hours, but that was sometimes exceeded. The longest was around 7 hours.

***Note about detection antibody: The aim was to add 5% BSA to the detection anti-
body. However, for some experiments the concentration was 0.2% and for some there
was no BSA.
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Figure 2.1: A schematic of the ELISA workflow. The tasks are divided by which day they
are performed.

2.2.3 Data Analysis
The absorbance data was imported into MATLAB. There, the mean of all triplicates
were averaged and error was calculated using the standard deviations. The mean
value of the blanks was subtracted from the mean of the standards/samples. Then,
the blank corrected mean absorbance values of the protein standards were plotted
against their known concentration to create a standard curve. It was found that taking
the natural logarithm of the concentration and plotting that against the absorbance
values produced the best curves. A linear regression was made of the linear part
of the standard curve. The resulting linear equation could be used to calculate the
concentration of samples with unknown amounts of Aβ42.
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2.3 Method Validation Experiments
For the method validation experiments, there were no samples tested with the ELISA,
only protein standards to create standard curves. The protein standards were prepared
as described in section 2.2.1. With the data from the standard curves, the sensitivity
and linearity of the method could be determined. LOD and LLOQ were calculated
according to Equation 2.2 and Equation 2.3. cblank signal denotes the concentration
at which the signal is equal to the mean signal of the blank. σblank is the standard
deviation of the blank.

LOD = cblank signal + 3σblank (2.2)

LLOQ = cblank signal + 10σblank (2.3)

The Aβ-42 specificity of the capture antibody was tested by doing two protein standard
curves, one with Aβ42 and one with Aβ40. The Aβ40 was purified and the monomer
isolated as previously described [9]. For comparison, the same concentrations of protein
standards were used.

Additionally, the specificity for Aβ42 monomer versus Aβ42 fibrils was also investig-
ated. The fibrils were made at 37◦C in 20 mM NaP, pH 8.0, 0.2 mM EDTA, 0.02%
NaN3 and in Maxymum recovery tubes (Axygen, ref. MCT-150-L-C) . Before adding
them to the plate, they were first centrifuged twice; for 20 minutes, at 18000g and
37◦C. The supernatant was discarded after each centrifugation. After that, they were
sonicated for 2 minutes. The fibrils were then diluted with sodium phosphate buf-
fer with 0.2% BSA to desired concentrations. To test if there were any clumps of
fibrils, the ThT-fluorescence was measured for a few concentrations. If there was a
linear relationship between fibril concentration and ThT-fluorescence, it meant that
the sonication had removed any potential clumps. The ThT-fluorescence was meas-
ured by adding the chosen fibril concentrations to a clear bottom plate (CORNING
Costar®Assay Plate, 96 Well, 3631 ) along with a few µL of ThT. The fluorescence
was read at 280 nm.

A comparison was made between the capture antibody mentioned in the protocol
(BioLegend®Purified anti-β-Amyloid 1-42 Antibody, clone 12F4, 2.5mg/ml in bicar-
bonate buffer) and a second antibody (Sigma-Aldrich®Anti-Amyloid β42 Antibody,
clone G2-11, 2.5mg/ml in bicarbonate buffer). To compare the two, two standard
curves were made using the respective capture antibody.

2.4 CSF experiments
Two spike-experiments with CSF were done. They consisted of taking CSF and adding
a known amount of Aβ42. The resulting absorbance value could then be compared to
that of a protein standard with the same concentration. The two experiments were
done the same way, except that the first experiment had three spiked CSF concen-
trations, and the other only had one. The CSF was provided as part of an ethically
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approved study, see the ethical statement in section 5. The CSF was pooled from pa-
tients with excessive volumes of CSF, and their status in regards to neurodegenerative
diseases is unknown. The CSF was used unprocessed for the two spike-experiments,
save for a 30 second vortex for the first experiment. In the second experiment, this
step was forgotten.

2.5 Kinetic experiment
To attempt to recreate the results in the Hellstrand paper, which the method was
based on, an aggregation kinetics experiment was set up. For this experiment, a new
batch of Aβ42 was purified using SEC. The Aβ42 was diluted to 11 concentrations
of monomer between 5 and 0.005 µM, with a dilution factor of 2. The 11 protein
solutions were added to a clear bottom plate, in triplicates. For the three highest
concentrations (5, 2.5 and 1.25 µM), two sets of triplicates were made. There were
also two sets of blank-triplicates. For each of the three concentrations, and blank,
ThT was added to one set of triplicates. The plate was placed in a plate reader and
the protein was allowed to aggregate for roughly 21 hours. This is different to the
Hellstrand method, were the aggregation was allowed to proceed for 84 - 96 hours.
The concentrations with added ThT were used to track the aggregation, meaning
that the ThT-fluorescence was measured during the aggregation. After 21 hours, the
protein solutions were collected from the wells and centrifuged for for 20 minutes,
at 18000g and 37◦C. The supernatants were collected and added to an ELISA as
samples. The ELISA was done as described in the ELISA protocol. A standard curve
was made. Using the standard curve, the concentration of monomer that was left in
the supernatant after aggregation could be calculated. This concentration was then
compared to the total Aβ42 concentration, meaning the concentration of the protein
solution before aggregation. The fluorescence values generated by the ThT where
imported into MATLAB, so that a kinetic trace graph could be done.
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3 Results

3.1 Method Development and Validation
3.1.1 Linearity and Sensitivity
Firstly, an assay testing the chosen components of the ELISA was done to see if they
would give a satisfactory standard curve. As can be seen in Figure 3.1 a), the protein
standards, ranging from 0.24 to 1000 nM Aβ42, gave rise to a negative exponential
curve after absorbance was measured. To more easily see a potential linear range, the
natural logarithm of the concentration was plotted instead of the real concentration.
This is shown in Figure 3.1 b). The fourth lowest concentration, 15.6 nM, appears
to be an outlier since it does not fit in with the general trend created by the other
concentrations. This made it so a linear range could not be easily determined.

(a) (b)

Figure 3.1: The measured absorbance intensity [a.u] of six Aβ42 protein standards.The
Aβ42 concentrations are as follows: 1000, 250, 62.5, 15.6, 3.9, 0.98, 0.24 nM.
a) Concentration plotted as real concentration. b) Concentration plotted at
natural logarithm of real concentration

The results from the initial test showed that an extended concentration range would be
necessary to accurately determine the linear range. It was found that a concentration
range between 0.01 to 100 nM Aβ42 produced satisfactory curves; the linear range
was seen, and had "tails", meaning the curve was flattened before and after the linear
range. The first experiment to yield such a curve is presented in Figure 3.2 a).
However, as time went on and more experiments were made, the overall intensity of
the assay decreased and the shape of the standard curve changed. The graphs in
Figure 3.2 a), b), and c) show this decline. Note that in a) and c) the full range of
0.01 to 100 nM concentration range was used, while in b) the range was 0.3 to 31.6 nM.
From a) to c) the highest intensity measured goes from 0.35 to under 0.06, and the
standard curve has lost its shape with the linear region and tails, between a) and c).
These graphs are the results of equivalent experiments and were done approximately 2
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weeks apart from each other. After some experimenting, the graph in d) was obtained
by making all fresh new buffers and solutions. Previously, the same sodium phosphate
buffer had been used every week. After making fresh buffers, the appearance of the
standard curve was back to what was observed in a).

(a) (b)

(c) (d)

Figure 3.2: Standard curves for four different experiments. From a) to b) a decline in
standard curve quality can be seen, due to the buffers used getting old. d)
shows a standard curve made with fresh buffer.

Now with two satisfactory standard curves, the linearity, range and limits of quan-
tification were determined. Looking at the curves, the linear range appeared to be
between 1 and 31.6 nM. In Figure 3.3 a) and c) the two standard curves are shown
again with these concentrations marked in red. To the right of the standard curves,
in Figure 3.3 b) and d), are linear regressions made of the visually estimated linear
ranges. Both regressions show good linearity, in particular the one in d) has a R2

value of very close to 1.

From these two experiments the LOD and LLOQ were determined. They are presented
in Table 3.1. The values differ slightly, but it can be seen that both the LOD and
LLOQ fall somewhere in the low single digit nM range.
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(a) (b)

(c) (d)

Figure 3.3: a) Standard curve obtained with the following concentrations: 100 nM, 31.6
nM, 10 nM, 3.2 nM, 1 nM, 0.3 nM, 0.1 nM, 0.03 nM, 0.01 nM. Points marked
in red indicate the start and end of the linear region. b) A linear regression
made from the range of concentrations indicated in a); 31.6 nM, 10 nM, 3.2
nM, 1 nM. c) Another standard curve obtained with the same concentrations
presented in a). The red points indicate the linear range. d) A linear
regression made from the linear range in c). The goodness-of-fit, R2, of the
linear regressions are presented in b) and d).

Table 3.1: The linear range and the calculated LOD and LLOQ for the standard curves
shown in Figure 3.2 a) and d), here called experiment A and B respectively.

Experiment Linear range LOD LLOQ
A 1 - 31.6 nM 1.4 nM 3.9 nM
B 1 - 31.6 nM 3.0 nM 5.5 nM

3.1.2 Specificity
The specificity of the capture antibody between Aβ42 and Aβ40 as well as the spe-
cificity between Aβ42 monomer and Aβ42 fibril was investigated. Comparing the
Aβ42 and Aβ40 standard curves in Figure 3.4, it can be seen that all concentrations
of Aβ40 resulted in an absorbance intensity very close to zero, indicating that the
capture antibody does not cross-react with Aβ40.
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Figure 3.4: Comparison between a standard curve made with Aβ42 (blue), and a
standard curve made with Aβ40 (orange). Both standard curves have the
same concentrations; 100, 31.6, 10, 3.2, 1, 0.3, 0.1, 0.03, and 0.01 nM.

The results from the experiments comparing monomer and fibril are a bit more unclear.
In Figure 3.5 two such experiments are shown. In Figure 3.5 a) an experiment
with the standard curve with 100, 31.6, 10, 3.2, 1, 0.3, 0.1, 0.03, and 0.01 nM protein
standards is shown with three different fibril concentrations; 1000, 600, 200 nM. It can
be seen that the fibrils did give signal, however their signal is a bit lower than what
would be expected of monomer of the same concentration. In Figure 3.5 b) another
experiment is shown with the standard curve with 31.6, 9.9, 3.1, 1, and 0.3 nM. The
three fibril concentrations are 150, 75, and 37.5 nM. In this experiment, the fibril also
gave signal, but in this case the difference in signal between the fibrils and signal for
equivalent monomer concentration is bigger. Note that these experiments were done
before the issue with the freshness of buffers was discovered, which is why the shapes
of the standard curves, especially the one in b), look different to the ones previously
shown.
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(a) (b)

Figure 3.5: Experiments testing the cross-reactivity of the capture antibody with Aβ42
fibrils. In a), the standard curve (shown in blue) is made up of protein
standards with the following concentrations: 100, 31.6, 10, 3.2, 1, 0.3, 0.1,
0.03, and 0.01 nM. The three fibril concentrations used (in orange) were 1000,
600, 200 nM. In b), the standard curve included 31.6, 9.9, 3.1, 1, and 0.3 nM
and the fibril concentrations 150, 75, and 37.5 nM.

3.1.3 Choice of capture antibody
As mentioned in the method section, two different capture antibodies were tested;
(BioLegend®Purified anti-β-Amyloid 1-42 Antibody, clone 12F4 ) and (Sigma-Aldrich®Anti-
Amyloid β42 Antibody, clone G2-11 ). The standard curve made with each antibody
is shown in Figure 3.6. The G2-11 clone did not produce significant signal for any
concentration in the standard curve. The G2-11 clone was not used in any other
experiments.

Figure 3.6: ELISA standard curves done with two different clones of capture antibody;
Clone 12F4 (blue) and clone G2-11 (orange). Both standard curves include
the standard concentrations 31.6, 9.9, 3.1, 1, and 0.3 nM.
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3.2 CSF experiments
There were two CSF experiments done. In the first one, CSF was spiked with Aβ42 into
three different concentrations; 100, 17.9, and 3.2 nM. The result from this experiment
is shown in Figure 3.7 a). It can be seen that the spiked CSF gave a lower signal as
compared with equivalent concentrations of Aβ42 in the standard curve. In Figure
3.7 b) the result of the second experiment which included one concentration, 10
nM, of spiked CSF is shown. The same concentration of protein standard, which is
represented by the blue point above the orange point for CSF, gives a higher signal.
Both experiments thus showed a lower signal of Aβ42 in CSF as compared to the same
concentration in sodium phosphate buffer.

(a) (b)

Figure 3.7: Results from two experiments comparing standard curves of Aβ42 in buffer
with Aβ42 in CSF. The standard curves are shown in blue while the spiked
CSF is shown in orange. a) Concentrations in standard curve: 100, 31.6, 10,
3.2, 1, 0.3, 0.1 nM. CSF with spiked concentrations: 100, 17.9, and 3.2 nM
Aβ42. b) Concentrations in standard curve: 100, 31.6, 10, 3.2, 1, 0.3, 0.1,
0.03, and 0.01 nM. The spiked CSF concentration is 10 nM.

3.3 Kinetic Experiment
The results from the kinetic experiment include the kinetic traces produced by the
ThT fluorescence during the aggregation, and ELISA measurements of monomer con-
centration after aggregation. The kinetic traces produced are shown in Figure 3.8.
The Aβ42 was allowed to aggregate for roughly 21 hours, however at around 10 hours
there was an issue with the instrument tracking the ThT fluorescence. For some un-
known reason an error was produced that stopped the instrument from tracking the
fluorescence between hour 10 until it was manually started again at hour 17. This is
seen as the gap in Figure 3.8 b). Figure 3.8 a) shows the experiment cut out at 10
hours. It can be seen that the 5µM aggregation reached the plateau at around 3 hours,
while the 2.5µM reached the plateau at around 6 hours. The 1.25µM concentration
seems to have entered the exponential phase somewhere between 15 and 20 hours, seen
be the slight upwards curve in Figure 3.8 b).
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(a) (b)

Figure 3.8: Kinetic traces for aggregation of 5µM, 2.5µM, and 1.25µM Aβ42, during a),
the first 10 hours and, b), the whole roughly 21 hours of the experiment.

For the monomer collected after aggregation, an ELISA was made. The standard curve
of this ELISA is seen in Figure 3.9. The standard concentration of 0.4 nM seems to
not fit in with the rest of the points. This makes it difficult to do a linear regression,
which is needed to be able to calculate the concentration of the collected monomer.
The previous ELISAs done had shown high similarity in how the standard curves
looked, therefore it seemed reasonable to treat the 0.4 nM concentration as an outlier
and remove it, in order to get the familiar shape of the standard curve. The standard
curved with the 0.4 nM concentration removed is shown in Figure 3.9 b). Then, the
concentrations of monomer (free Aβ) could be calculated. These concentrations are
plotted against total Aβ and presented in Figure 3.10. Figure 3.10 a) shows the
un-averaged result from the triplicates while Figure 3.10 b) shows the average of the
triplicates. Figure 3.11 shows the averaged results overlaid with data points from
the same experiment conducted by Hellstrand et al. (2009), which was presented in
the introduction. It can be seen that they have similar linear/stable ranges, however
it seems that the slope of the linear range from this experiment is a little less than 1.
The metastable region seen in the Hellstrand et al. (2009) experiment is not seen in
this experiment. The solubility, meaning the plateau seen to the right, is found to be
at a higher monomer concentration compared to Hellstrand et al. (2009).
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(a) (b)

Figure 3.9: The standard curve created for monomer in the kinetic experiment. a) shows
the curve with all concentrations present; 100, 25.1, 6.3, 1.6, 0.4, and 0.1 nM.
b) shows the standard curve with the 0.4 nM concentration removed.

(a) (b)

Figure 3.10: Total vs free Aβ42 plots produced from the aggregation kinetics experiment.
a) shows the result from all triplicates while b) shows the averaged result.

Figure 3.11: Total Aβ42/free Aβ42 plot, overlaid with data points from the same plot in
the Hellstrand et al. paper (2009) [8].
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4 Discussion

4.1 Development of Method
The goals of the method development was to develop an ELISA method based on a
previous method described in Hellstrand et al. (2009), that a linearity of the standard
curve down to at least 10 nM should be achieved, and that the method should be
specific for Aβ42 monomer.

The goal of the linearity was achieved since the linearity was shown to go down to
single digit nM. Of course, the linear range differs slightly between each experiment,
since the standard curve is sensitive to things such as buffer freshness. Nonetheless,
achieving linear ranges below 10 nM using this method was shown to be possible.
For quantification, the LLOQ landed somewhere around 5 nM, which is a satisfactory
limit. The upper limit of detection, linearity, or quantification is not as important
since samples can always be diluted to a lower concentration.

The specificity for Aβ42 over Aβ40 was good. That makes this a good method for
determining the Aβ42 concentration in samples where both Aβ42 and Aβ40 could
be present, for example in some biological samples. The method showed some cross-
reactivity with Aβ42 fibrils, which was not desirable. However, there was still a pref-
erence for the monomer species, and it seems like the preference is stronger when
the fibril concentration is low. Additionally, for many experiments there is a sample
preparation step where the fibrils and monomers are separated, which makes the cross-
reactivity less of an issue. It should be noted that there is some uncertainty with the
results from the fibril experiments. As there is an overnight incubation at 4◦C, there
is a possibility that some fibrills have reversed into the monomer phase, meaning that
what appeared to be fibrils being detected, was in actuality monomers.

In the methods section, there were some notes about inconsistencies in PBS composi-
tion, blocking incubation time, and the BSA concentration mixed with the detection
antibody. The PBS composition should not have a significant effect on the experi-
ments, since it is only used for washing and the compositions were very similar. The
blocking incubation time might have an effect on the sensitivity of the ELISA, since
blocking prevents non-specific binding, but it is unclear if a few extra hours of blocking
time has any effect. The different BSA concentrations with the detection antibody, 5%
or 0.2%, have a potential effect on the sensitivity, since BSA is an blocking agent, but
to what degree is not clear. Experiments using both concentrations had satisfactory
sensitivity, but 5% is probably the better concentration since it theoretically should
give a higher sensitivity. What can be said about the sensitivity for certain, is that
it is important to use fresh buffers and solutions, as not doing so was seen to have a
clear negative effect on the sensitivity and the linearity of the standard curve.
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4.2 CSF environment instead of buffer environment
From the results of the CSF experiments, it seems that the CSF environment is in-
terfering with the ELISAs ability to measure the Aβ42 monomer concentration. It is
likely something in the CSF that is interfering with the ability of the capture antibody
to bind with Aβ42. It is not something in the CSF that is affecting the absorbance
readout since the CSF matrix is washed away before the absorbance is read. Possible
future experiments could involve investigating if there is some processing step of the
CSF that removes this interfering effect. It could also be interesting to see how diluting
the CSF to different dilutions affects the interference.

4.3 Kinetics experiment
The aggregation experiments described in Hellstrand et al. (2009) were repeated in
a similar experiment. The kinetic traces showed less aggregation compared to ag-
gregation of similar concentrations in the Hellstrand paper. However, this might be
explained by the fact that the aggregation time for this experiment was shorter. The
total Aβ42/ free Aβ42 plot looked different compared to the Hellstrand plot. The
stable range did not produce a slope that was equal to 1, it was somewhat lower,
which indicates that some monomer has been lost in the process. This might because
of adsorption of monomer to surfaces, for example. There was no metastable region,
and the solubility (the plateau) was reached at a higher monomer concentration com-
pared to Hellstrand. It should be noted that the six highest concentrations, being
the concentrations in the plateau, had calculated monomer concentrations that were
above the highest concentration of the standard curve. This makes the result uncer-
tain. Since the ELISA is known to become saturated above the linear range (seen by
a "tail" nearing a constant absorbance intensity above the linear range), it means that
differences in concentration at high concentrations can not be seen. Therefore, the
plateau seen might not be because of an equilibrium being reached, but rather that
the ELISA is saturated. To avoid this uncertainty, a future repeat of this experiment
could be made with more dilutions of the samples, to ensure that the concentrations
fall within the linear range.

There is a possibility that the shape of the Aβ42/free Aβ42 plot is not due to the
ELISA being saturated. In that case, the absence of metastable range, and higher
solubility compared to Hellstrand could be because the formation of fibril reached in
this experiment is of a different type, that is easier and faster to reach (no metastable
region) with higher solubility.

4.4 Conclusions
It can be concluded that the method development was a success. This is motivated by
the method having a satisfactory sensitivity, and specificity, since the cross-reactivity
with fibrils can be worked around. An important takeaway from the method devel-
opment is that it is very important to use fresh buffers. As desired, the aggregation
experiments described in the Hellstrand paper were able to be replicated, however with
some differing results. The effect of the CSF environment was able to be studied, and
it was concluded that CSF probably has some inhibitory effect on the assay.
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5 Ethical Statement

The CSF used in this project was received by the department as part of the BioFINDER
2 study (www.biofinder.se). The study was done according to the Helsinki Declara-
tion and all patients gave written consent prior to donating the CSF. The study was
approved by the ethics committee at Lund University (Dnr 2016/1053).
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