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SUMMARY

Alzheimer’s disease (AD) is a neurodegenerative disorder and the most common form of

dementia, with 100 mio. affected people predicted for 2050. Currently, neither a certain

pre mortem diagnosis nor an effective causative therapy are available. The establishment

of a reliable diagnostic assay for the early diagnosis of AD is of great importance for the

development of effective therapeutics.

Several approaches have been proposed for AD diagnosis with oligomeric Aβ concentra-

tion in body fluids as a potential biomarker for AD. Aβ oligomers are considered to play

a crucial role in the AD pathogenesis. However, these methods lack a reliable standard

for assay calibration and inter-/intra-assay comparability. Molecules such as synthetic

Aβ oligomers, Aβ dimers and multiple antigen peptides (MAPs) have been validated as

standards in various assays, but no consensus has yet been achieved on which standard

should be used for quantification of the pathologically relevant Aβ species.

In this study, the application of stabilized Aβ oligomers as standard molecules in the

sFIDA assay (surface-based fluorescence intensity distribution analysis) was demon-

strated. A correlation between the applied concentration of stabilized oligomers, diluted

in PBS, CSF or blood plasma samples and the sFIDA readout was shown for a concen-

tration range from 1 fM to 100 pM. The lower limits of detection for stabilized oligomers

in PBS, CSF and plasma were 32 fM, 24 fM and 22 fM, respectively.

Additionally, a novel size-defined standard with a known number of epitopes in form of

Aβ-coated silica nanoparticles (Aβ-SiNaP) was developed within the scope of this study.

Silica nanoparticles were synthesized according to the Stöber process and biofunction-

alized with Aβ via EDC/NHS coupling. The stability of this standard was shown by

application of Aβ-SiNaP, diluted in water and CSF, in the sFIDA assay for at least four

months at 4 ◦C.

Furthermore, Aβ-SiNaP were applied in order to assess the most suitable anti-coagulant

for Aβ oligomer detection in blood plasma. A correlation between Aβ-SiNaP concentra-

tion and the sFIDA readout was demonstrated for Aβ-SiNaP diluted in PBS or EDTA,

citrate and heparin plasma. Based on criteria such as reproducibility, linearity and

sensitivity of the sFIDA assay, EDTA proved to be the anti-coagulant of choice for

quantification of Aβ-SiNaP in blood plasma.
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ZUSAMMENFASSUNG

Die Alzheimersche Demenz (AD) ist eine neurodegenerative Erkrankung, die einer Schät-

zung zufolge im Jahr 2050 ca. 100 Mio. Personen betreffen wird. Zur Zeit gibt es weder

eine pre mortem Diagnose noch eine ursächliche Therapie. Die Etablierung eines zuver-

lässigen Assays ist von großer Bedeutung für die Entwicklung von wirksamen Therapeu-

tika.

Einige Methoden wurden für die AD-Diagnostik vorgeschlagen, in welchen die Aβ-

Oligomerkonzentration in Körperflüssigkeiten als Biomarker dienen, da diesen Molekülen

die entscheidende Rolle in der AD-Pathogenese zugeschrieben wird. Allerdings fehlt

diesen Methoden ein zuverlässiger Standard für die Assay-Kalibrierung und inter-/intra-

Assay Vergleichbarkeit. Moleküle wie synthetische Aβ-Oligomere, Aβ-Dimere und mul-

tiple Antigen-Peptide (MAPs) wurden in verschiedenen Assays validiert, jedoch ohne

Übereinstimmung darüber, welcher Standard den pathologisch relevanten Aβ-Oligomeren

am nächsten kommt.

In dieser Arbeit wurde die Verwendung von stabilisierten Aβ-Oligomeren als Stan-

dardmolekül im sFIDA-Assay (surface-based fluorescence intensity distribution analy-

sis) gezeigt. Die Konzentration von stabilisierten Oligomeren, die in PBS, CSF und

Blutplasma verdünnt wurden, korreliert mit dem sFIDA-readout in einem Konzentra-

tionsbereich zwischen 1 fM und 100 pM. Die untere Nachweisgrenze der Oligomere in

PBS, CSF und Blutplasma lag bei 32 fM, 24 fM und 22 fM.

Zusätzlich wurde ein neuer Standard mit definierter Größe und bekannter Zahl an Epi-

topen im Rahmen dieser Arbeit entwickelt: Silika-Nanopartikel, an die kovalent Aβ

gebunden ist (Aβ-SiNaP). Die Silika-Nanopartikel wurden nach dem Stöber-Prozess

hergestellt und anschließend mit Aβ-Molekülen über EDC/NHS-Kopplung biofunktion-

alisiert. Anhand von sFIDA-Messungen wurde für Aβ-SiNaP eine Stabilität von min-

destens vier Monaten nachgewiesen.

Des Weiteren wurde die erste Anwendung von Aβ-SiNaP an einer Studie zur Bestim-

mung der Eignung von verschiedenen Gerinnungshemmern für Aβ-Detektion in Blut-

plasma beschrieben. Es wurde gezeigt, dass der sFIDA-readout mit der Konzentration

von Aβ-SiNaP verdünnt in PBS oder EDTA-, Zitrat- und Heparin-Plasma korreliert.

Anhand von Kriterien wie die Reproduzierbarkeit, die Linearität und die Sensitivität des

sFIDA-Assays hat sich EDTA als Gerinnungshemmer der Wahl für die Quantifizierung

von Aβ-SiNaP in Plasma herausgestellt.
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1 Introduction

1.1 Alzheimer’s disease

1.1.1 Pathology of Alzheimer’s disease

Alzheimer’s disease (AD) was firstly described by the German psychiatrist Alois Alzheimer

in 1906. He observed behavioral changes of his 51-year old patient Auguste D. such as

cognitive decline, hallucinations, focal symptoms, delusions, disorientation and psychoso-

cial impairment. At autopsy he found senile plaques and neurofibrillary tangles in her

brain which today are considered the pathological hallmarks of the disease [1].

AD is a progressive neurodegenerative disorder and the most common form of dementia.

Since age is considered to be the major risk factor for the disease and due to increasing

aging of population the number of AD patients is predicted to reach 100 mio. people

worldwide in 2050. Although a lot of research in the field has been done in the last

century, important questions remain still unanswered. Neither a certain pre mortem

diagnosis is available nor a causative therapy has yet been developed [2, 3].

Clinically, AD is divided in familial AD (fAD) with only 5 % of all cases and sporadic

AD (sAD). The causes for familial AD are well established: mutations in amyloid pre-

cursor protein (APP), presenilin-1 (PSEN1) or presenilin-2 (PSEN2). In sporadic AD, a

combination of genetic risk factors, e. g. possession of ApoE4 allele, and environmental

risk factors as well as age have been linked to the onset of the disease. While fAD is

characterized by early onset in 4th to 5th life decade, sAD develops mostly later in 6th

to 7th decade [4, 5].

The pathology of sporadic AD starts 20 to 30 years before the clinical onset. According

to disease progression, three stages of AD have been described: preclinical AD, mild
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1.1. Alzheimer’s disease 1. INTRODUCTION

rophy has been used in brain imaging techniques for AD diagnostics. However, recently

the detection of molecular biomarkers in CSF has been shown to be a more reliable

diagnostic tool [6, 14,15].

Aβ plaque pathology is initiated with deposits in the neocortex, which spread gradu-

ally to hippocampus and finally to cerebellum [16]. These deposits consist of bundles

of insoluble fibrillar structures. Mass spectrometric characterization of neuritic plaques

by Portelius et al. showed that main components are Aβ1−42, Aβ4−42 and Aβ1−40 and

3-pyroglutamate derivate of Aβ3−42. Structural analysis revealed β-sheet rich content

of the plaques which is closely linked to insolubility and neurotoxicity. [17] The link

between amyloid plaques and disease progression remains not clear, since some studies

show the presence of senile plaques, but the absence of AD symptoms [18–20].

Major components of neurofibrillary tangles (NFTs) are abnormally phosphorylated tau

protein and ubiquitin. The main function of microtubule-associated protein τ is stabiliza-

tion of axonal microtubules. In healthy individuals an equilibrium between dephospho-

rylated and phosphorylated tau (p-tau) exists. Upon increased hyperphosphorylation,

p-tau dissociates from microtubules and forms aggregates. Bancher et al. describe three

stages of NFT formation. At stage one, pathological fibers within a neuronal soma are

formed which are called early tangles. At stage two, bundles of tightly packed paired

helical filaments in form of flame-shaped inclusions are observed. Growth of these ma-

ture tangles causes dislocation and/or shrinkage of the cell nucleus. At last stage large

filaments are found extracellularly, eventually causing the neuronal death [21]. Alonso

et al. suggested a nucleation mechanism for NFT formation with hyperphosphorylated

tau as seeds for tau aggregation [22].

1.1.2 Amyloid beta: production and neurotoxicity

The physiological role of Aβ is not fully understood. In its monomeric form it is present

in healthy individuals suggesting certain physiological functions. There is evidence that

Aβ is involved in modulation of synaptic activity by regulation of glutamate release.

Moreover, neuronal cell death in absence of Aβ indicates its role in neuronal survival

and implies its importance in cell processes of the central nervous system [23]. In animal

trials a decreased Aβ expression was shown to impair learning abilities, whereas slight

increase enhanced memory retention [24]. Also the role of Aβ as an anti-oxidant has
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1.1. Alzheimer’s disease 1. INTRODUCTION

been proposed in literature based on its ability to chelate such metals as Cu, Fe and Zn

which participate in redox cycles [25].

Aβ is 39 to 43 amino acids long protein with a molecular weight of approximately 4

kDa. It is derived from a 695 to 770 amino acid long amyloid precursor protein (APP),

a type I transmembrane glycoprotein, that is coded on a chromosome 21 [26,27].

APP is proteolytically processed either by α- and γ-secretase (non-amyloidogenic path-

way) or by β- and γ-secretase (amyloidogenic processing) as illustrated in fig. 1.2.

Figure 1.2 Processing pathways of amyloid precursor protein APP. Amy-
loidogenic and non-amyloidogenic pathways of APP cleavage are possible
depending on secretases involved in the processing. APP can be cleaved
by α secretase which leads to formation of a soluble APP domain APPsα
and a transmembrane fragment C83. C83 is subsequently cut by γ sec-
retase into P3 fragment and APP intracellular domain (AICD). Alterna-
tively, APP is first cleaved by β-secretase and then by γ-secretase leading
to release of a soluble APPsβ, AICD and amyloidogenic Aβ. Adapted
from [28].

In the non-amyloidogenic pathway, APP is cleaved by α-secretase into a soluble APPsα

fragment and transmembrane C83 fragment. The cleavage takes place within the Aβ

region, thus preventing the formation of Aβ. C83 is subsequently cleaved by γ-secretase,

which releases APP intracellular domain (AICD) and P3 fragment. In amyloidogenic

processing, APP is first cleaved by β-secretase, the so called beta-site APP-cleaving

enzyme (BACE), releasing a soluble APPsβ fragment. After that, γ-secretase cuts the
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1.1. Alzheimer’s disease 1. INTRODUCTION

remaining C99 fragment within the transmembrane region into AICD and various Aβ

isoforms between 17 and 42 amino acids as well as other truncated Aβ isoforms which

are pathologically less important [17,28].

The pathologically important Aβ isoforms with different COOH-termini are 40 and 42

amino acids long. The first 28 residues of Aβ are polar and the remaining 12 in Aβ1−40

or 14 in Aβ1−42 are non-polar. Due to the amphiphilic nature, Aβ peptide forms ag-

gregates with hydrophobic cores in vitro [29, 30]. Interestingly, the two Aβ isoforms

oligomerize through different pathways. Bitan et al. report formation of dimers, trimers

and tetramers for Aβ1−40 and pentamer/hexamer units for Aβ1−42. Moreover, the ki-

netics of the Aβ fibril formation showed significantly faster aggregation rates for Aβ1−42

compared to Aβ1−40 [31]. These differences may be caused by higher hydrophobicity of

the longer Aβ1−42 isoform [32,33].

A nucleation dependent mechanism for Aβ aggregation is demonstrated in fig. 1.3.

Figure 1.3 Aβ aggregation mechanism. Misfolding of native Aβ monomers leads
to formation of non-toxic off-pathway oligomers and toxic on-pathway
oligomers which form protofibrils. Protofibrils aggregate further to ma-
ture fibrils, which can dissociate to fibrillar oligomers which again end up
in protofibrils and mature fibrils. Mature fibrils are also supposed to act as
seeds for monomer association to secondary nucleated oligomers. Adapted
from [34].
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1.1. Alzheimer’s disease 1. INTRODUCTION

Misfolding of native Aβ causes conformational change from random coil to β-sheet struc-

ture. At a critical concentration of misfolded Aβ two types of oligomeric intermediates

are formed: off-pathway oligomers and amyloidogenic oligomers. Whereas off-pathway

oligomers do not develop to mature fibrils, amyloidogenic oligomers first form protofib-

rils which aggregate to mature fibrils. Oligomers are described as spherical or globular

structures with an estimated diameter of approximately 140 Å. Protofibrils are ordered

elongated aggregates with a diameter of approximately 200 to 700 Å. Fragmentation

of mature fibrils leads to formation of fibrillar oligomers which will aggregate further

and also end up in mature fibrils [35]. Recently Cohen et al. introduced a model for

secondary nucleation of fibril formation. It suggests that mature fibrils act as catalysts

for association of monomers [36].

Mature Aβ fibrils are ordered cross-β structures with diameters of approximately 2 to 20

nm and no defined length. For a long time Aβ fibrils were considered to cause neuronal

death, however, the evidence from research of the last years indicates that Aβ oligomers

are the most toxic species. Neurodegeneration caused by soluble Aβ was demostrated in

numerous studies [30, 37–39]. Higher toxicity of oligomers can be explained by smaller

size of oligomers which allows them to diffuse in tissues and interact with cellular targets

and by structural instability in comparison to well-organized fibril molecules.

Several mechanisms were proposed for Aβ cytotoxicity with membrane interaction and

perturbation of calcium homeostasis as most accepted. It is suggested that mature Aβ

fibrils and oligomers initiate neurotoxic cascade by interaction with monosialotetrahex-

osylganglioside (GM-1)-rich membrane domains. Alternatively, it is believed that Aβ

oligomers cause calcium homeostasis perturbance by ion channel formation in the cell

membrane such as oxidative stress and inflammation, thus inducing the influx of Ca2+

into the cytoplasm. Elevated Ca2+ levels lead to production of reactive oxygen species,

mitochondrial dysfunction, etc. which are closely associated with downstream events of

AD pathology [34].
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1.1.3 Amyloid cascade hypothesis

The most influential hypothesis of AD pathogenesis and pathology is the amyloid cascade

hypothesis (ACH) formulated by Hardy and Higgins in 1992. The original ACH proposes

that imbalance of Aβ production and clearance causes the formation of amyloid plaques

and neurofibrillary tangles, death of neuronal cells and finally dementia. In over 20 years

after its postulation ACH has been modified according to the stage of development in the

research field. Fig. 1.4 illustrates ACH as adapted by K. Blennow et al. in 2010 [7].

Figure 1.4 Amyloid cascade hypothesis (ACH). The ACH states that imbalance
in production and clearance of Aβ causes the formation of amyloid plaques
and neurofibrillary tangles, death of neuronal cells and finally cognitive im-
pairment. In familial AD, the increase in Aβ concentration is caused either
by life-long increase in Aβ or by increased tendency for Aβ misfolding. In
sporadic AD, Aβ oligomer concentration increases due to failure of Aβ

clearance, degradation or factors promoting correct Aβ folding. In both
cases, Aβ accumulation precedes a cascade of down-stream events such as
inflammatory response, oxidative stress, altered kinase and phosphotase
activity which result in cognitive dysfunction. Adapted from [7].

In case of familial AD caused by mutations in APP or presenilin genes, total Aβ in-

creases or Aβ has a higher tendency for misfolding, which leads to an increase in Aβ

oligomers. Sporadic AD, caused by aging, genetic and environmental risk factors, is
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1.1. Alzheimer’s disease 1. INTRODUCTION

characterized by failure of Aβ clearance or degradation or failure of factors promoting

correct Aβ folding. In both familial and sporadic AD, increase of Aβ concentration

and/or amyloidogenicity are according to ACH crucial events in disease formation and

progression which is followed by an increase of Aβ oligomer concentration and a gradual

deposition of Aβ aggregates and fibrils. The accumulation of insoluble Aβ causes inflam-

matory responses and oxidative stress and alters kinase and phosphatase activity which

leads to formation of neurofibrillary tangles. These events trigger neuronal and synaptic

dysfunction as well as neurotransmitter deficits leading finally to cognitive dysfunction.

Although there is a considerable evidence supporting the ACH, inconsistencies are dis-

cussed in literature.

Evidence supporting the ACH includes studies on AD pathology and genetics. Amyloid

beta being the main constituent of amyloid plaques seems closely linked to pathologic

events in the disease progression. Overexpression of APP in transgenic mice results in

amyloid deposits and neuronal loss which implies a pivotal role of amyloid beta in cell

death. Also the increase of Aβ in fAD caused by gene mutations indicates that accu-

mulation of this peptide causes a variety of downstream events which finally lead to

dementia. Presence of NFTs in amyloid plaques indicates a link between Aβ deposition

and NFTs formation.

However, following major objections question the increase of Aβ as the main cause of the

AD: first, amyloid plaques and NFTs may be the reactive processes of the neurodegen-

eration. An increased expression of APP was shown in persons who suffered from head

trauma as a protective mechanism to neuronal injury. Second, it is still not clear how

amyloid deposits cause the formation of NFTs. There is evidence, that amyloid deposits

may alter the phosphorylation state of tau, however, spatial and temporal separation of

the lesions imply independent mechanisms of formation. Third, plaque load does not

necessarily represent the degree of dementia. Some studies show presence of amyloid

plaques in the brain, but absence of symptoms for cognitive impairment .

The finding that soluble oligomeric Aβ species are more toxic than fibrils resolves the in-

consistencies regarding spatial distribution of Aβ deposits and NFTs. Small oligomeric

Aβ can diffuse throughout the brain and cause NFT formation independently of Aβ

plaques. Although insights in mechanism of formation and toxicity of oligomeric Aβ

species has been gained, it remains unclear if Aβ indeed plays a crucial role or is one of

the factors which contribute to AD pathogenesis [4, 40,41].
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1.2. AD diagnostics 1. INTRODUCTION

1.2 AD diagnostics

1.2.1 Brain imaging techniques

The urgency of AD diagnostics for use in clinical studies and drug development led to

development of various psychological, electrophysical and molecular approaches.

In 1975 mini-mental state examination (MMSE) was developed by M. F. Folstein to

investigate cognitive deficits of demented patients [42]. Such cognitive functions as time

and space orientation, memorizing and remembering abilities, concentration as well as

understanding, speaking, reading and writing abilities are tested using 11 tasks which

are afterwards scored with max. 30 points. The MMSE allows fast, simple and inex-

pensive prediction of cognitive impairment. However, it fails in differentiating AD from

other dementia or depression and MCI from normal aging.

Starting at 1970s, AD has been diagnosed by structural imaging where brain atrophy

is used as a marker for the degree of disease progression. In a non-invasive diagnostic

imaging procedure computed tomography (CT), scans are obtained using a combination

of X-rays and computer technology. However, this technique failed to produce consistent

results in correlation between brain damage and behavioral changes [43, 44].

A more reliable technique is high-resolution magnet resonance imaging (MRI). Here,

shrinkage of hippocampal region is the best established diagnostic marker for AD. This

technique currently allows to differentiate AD patients from non-demented controls with

80 to 85 % sensitivity and specificity [11,12].

Beginning at 1980s, positron emission tomography has been widely applied to measure

fluorodeoxyglucose metabolism in cerebral cortex (FDG-PET) in AD patients. This

technique considerably enhanced prediction of the disease by identifying brain regions

with impaired local cerebral metabolic rate of glucose which showed reduced FDG up-

take [45–47].

From 1990s onward, functional MRI (fMRI) has been applied to measure brain activities

during certain tasks. In this brain imaging technique an initial MR signal is compared

with MR signal during a task which involves certain thinking processes. For example, us-

ing episodic memory tasks, AD related decreased activity in hippocampus was reported.

However, this method requires additional validation studies, especially for differentiating

MCI from healthy controls [48,49].

Since 2000s, amyloid positron emission topography (PET) has been used to identify amy-
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1.2. AD diagnostics 1. INTRODUCTION

loid plaques in the brain of AD patients. Invention of Pittsburgh compound B (PiB)

allows detection of β-sheet rich structures within the brain pre mortem. This compound

is Thioflavin T (ThT) which is modified in such a way that it is no longer charged and

thus can pass the brain-blood-barrier. The binding of PiB is proportional to amyloid

load in brain [50, 51]. Disadvantages of amyloid PET are injection of radioactive sub-

stances and limited clinical application due to short half-life of 11C which was reported

to be expensive and impractical [52,53].

1.2.2 Molecular biomarkers in CSF and plasma

According to the Biomarkers Definitions Working Group of the US National Institutes

of Health, a biomarker is defined as “an objectively measured feature that is assessed as

an indicator of normal biological or pathogenic processes or pharmacological responses

to a therapeutic intervention” [53]. It should also fulfill such criteria as reliability and

non-invasive, simple and inexpensive procedure of sample collection.

Several molecular biomarkers were tested as candidates for AD diagnosis in body fluids.

Table 1.1 summarizes some of them categorized due to the pathological processes they

are associated with.

Table 1.1 Molecular biomarkers proposed for early AD diagnosis based on pathophys-
iological processes associated with disease progression

Pathology Biomarkers

APP and Aβ metabolism APP isoforms, truncated Aβ isoforms,
monomeric Aβ1−40 and Aβ1−42,
Aβ oligomers, Aβ autoantibodies
BACE1

NFT formation total and/or phosphorylated tau
axonal and synaptic failure VLP-1, RAB3A, GAP-43
cholesterol metabolism cholesterol, 24S-Hydroxycholesterol
oxidative stress antioxidant levels, F2-isoprostanes
inflammation CRP, cytokinases, chemokinases

Detection of three biomarkers in cerebrospinal fluid (CSF) proved to be a reliable tool for

diagnostics of early and incipient AD stages. A number of studies showed correlations

between total tau (t-tau), phosphorylated tau (p-tau) and Aβ1−42 in CSF with molecular

changes in brain. Levels of t-tau and p-tau which are used as biomarkers for neuronal
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degeneration and NFT formation, respectively, are reported to considerably increase

with AD progression, whereas Aβ1−42 levels as a biomarker for amyloid plaque formation,

decrease. The specificity and sensitivity of these biomarkers is quite high as can be seen

in table 1.2 [6].

Table 1.2 Specificity and sensitivity of molecular biomarkers t-tau, p-tau and Aβ1−42

for AD diagnosis at early and incipient stages.

biomarker specificity sensitivity

t-tau 90 % 80 %
p-tau 92 % 80 %
Aβ1−42 90 % 85 %

AD prediction from MCI can be realized by combination of all three above mentioned

biomarkers with additional tests and imaging techniques. At the preclinical stage of AD,

Aβ was shown to decrease, but no significant change in t- and p-tau was observed. These

findings suggest that Aβ1−42 concentration decline is the most promising biomarker at

early stages of disease development [15].

Despite these convincing results, lumbar puncture is an invasive technique for sam-

ple collection, which may be accompanied by complications and post lumbar puncture

headaches. Moreover, it is a time-consuming procedure which requires well-trained per-

sonal [7,14]. Hence, growing interest has been observed for blood-based biomarkers due

to less invasive sampling, less time-consuming and more cost-efficient sample handling

compared to CSF.

Using protein array technology Ray et al. measured concentrations of 120 cell-signaling

proteins in plasma of AD patients and healthy controls. Their study is considered one

of the most influential on proteome-based biomarkers for AD in plasma. The choice of

the proteins was based on association of immune and inflammatory pathways with AD

progression. They reported 90 % accuracy in differentiating AD from healthy individu-

als for 18 plasma proteins such as cytokines, chemokines and growth factors. Also, they

were able to predict AD in MCI specimens with 81 % accuracy [54].

Antioxidant levels, cholesterol and 24S-hydroxycholesterol and a variety of inflammatory

molecules have been used as biomarkers for oxidative stress, lipid metabolism and in-

flammation in plasma. However, less consistent results for AD diagnosis were obtained

in these studies [55,56].

Based on the ACH, Aβ is the most promising biomarker for CSF and Aβ in plasma,

since it plays a crucial role in AD pathogenesis and has been shown to be neurotoxic in
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its oligomeric state. Whereas for CSF samples a correlation between Aβ concentration

in brain and CSF has been shown, for plasma the results are inconsistent. Direct con-

nection between the brain interstitial fluid and CSF allows more accurate correlation of

Aβ levels in CSF with those in brain. Increase of senile plaques thus causes lowering of

total Aβ concentration in CSF.

However, measuring Aβ levels in plasma is more complex. Oh et al. summarizes fac-

tors which can explain difficulties of quantifying Aβ in plasma compared to CSF [57].

Firstly, the activity of BACE1, an enzyme responsible for APP cleavage leading to Aβ

formation, is observed not only in brain, but also in skeletal muscle, liver, kidney and

lung. Secondly, Aβ has been detected in skin, subcutaneous tissue, intestine and muscle.

Although this Aβ amount is smaller than Aβ originated from brain, it still may con-

tribute to Aβ pool in blood. Thirdly, age-correlated increase of Aβ levels in plasma may

interfere with accurate quantification of AD-related Aβ. Fourthly, the centrifugation of

blood platelets, which are considered to be a source of Aβ in blood plasma, may lower

Aβ amount [57]. Also, the interaction of Aβ with other proteins in plasma may confound

Aβ level detection. Aβ is reported to be transported on lipoproteins and albumin in

human plasma [58–60] and is sequestered by plasma proteins, e. g. α2-macroglobulin,

amyloid P component, apoferritin, ApoJ and transthyretin [61, 62].

To overcome the above mentioned challenges in measuring Aβ levels several strategies

for modulation of plasma Aβ levels have been proposed:

1. Aβ levels modulation in plasma by Aβ-specific antibodies. Elevation of Aβ

levels in plasma may be achieved by shifting of equilibrium between soluble and se-

questered Aβ. It was proposed that binding of plasma Aβ to an Aβ-specific antibody

would cause an efflux of soluble Aβ from the brain to the blood. First studies showed

that Aβ levels decreased in CSF and increased in serum upon infusion of intravenous

immunoglobulin (IVIG) in individuals with neurological disorders [63].

2. Aβ levels modulation in plasma by Aβ binding agents. To avoid immunoreac-

tivity towards injected antibodies, agents with high affinity for Aβ can be used instead.

In animal trials few different Aβ binding agents such as gelsolin, ganglioside GM1, Congo

red derivatives and LPR-1 have been explored. However, these studies yielded inconsis-

tent results.
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3. Aβ levels modulation in plasma by insulin infusion. A different approach for

modulation of Aβ levels in plasma is insulin infusion. It is based on in vitro data from

Qui et al. which suggest that insulin elevates levels of extracellular Aβ by activation of

insulin receptors in platelets [64]. Kulstad et al. showed encreased Aβ levels in plasma

samples from AD patients, whereas no change was observed in plasma from healthy

controls [65].

Finally, one of the major deficiencies of existing results for Aβ levels in plasma is the

absence of standardized protocols for plasma treatment prior to Aβ detection [66]. Anti-

coagulants such as EDTA and citrate, for example, inhibit blood coagulation by bind-

ing metal ions, thus inhibiting metal ion-dependent enzymes. Heparin, in contrary,

activates anti-thrombin III, thus revealing a completely different mechanism of anti-

coagulation [67], which may alter plasma composition and thus change the aggregation

of Aβ or binding abilities of Aβ to other proteins.

Since recent studies have reported higher neurotoxicity of Aβ oligomers compared to fib-

rils, small soluble Aβ species gain growing interest as potential biomarkers for preclinical

stages of AD. Several methods that have been introduced for Aβ oligomer detection in

CSF are presented in fig. 1.5.
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Figure 1.5 Methods used for the detection of soluble Aβ oligomers in CSF.
In oligomer specific sandwich-ELISAs either conformational antibodies
or the same monoclonal antibody for capture and detection are used.
Within a nanotechnology-based bio-barcode assay oligomers are bound
to magnetic beads and DNA labeled nanoparticles. The concentration of
oligomers is determined based on a number of DNA barcodes. A prin-
ciple of seeded polymerization is applied in combination with FCS for
single particle detection. Here, fluorescent labeled monomers are added
to the samples. If in a sample Aβ oligomers are present, they will act
as seeds for aggregation of labeled monomers and stronger fluorescence
signals compared to control are detected. Combination of fluorescence
resonance energy transfer (FRET) and flow cytometry also allows detec-
tion of single oligomers. An energy transfer from a donor molecule takes
place to an acceptor which emits energy that can be detected. In sFIDA,
Aβ oligomers are captured on the glass surface and detected by different
monoclonal Aβ specific antibodies and detected by total internal reflection
microscopy (TIRFM). Adapted from [68].

The simplicity of performance of ELISA studies made this method most commonly used

for Aβ oligomer detection. Using Aβ specific antibodies oligomers are captured on the

surface and detected either by oligomer specific antibodies or by application of the same
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antibody for capturing and detection. This approach allows to exclude signals from

monomeric Aβ, which is present in the samples in much higher concentrations com-

pared to oligomeric Aβ [69–72].

In a nanotechnology-based assay designated bio-barcode assay, oligomers are bound by a

specific antibody to magnetic beads. The signal is amplified by binding of DNA labeled

nanoparticles through a second Aβ specific antibody. Using a magnet Aβ oligomers are

extracted from the sample. The concentration is estimated based on number of DNA

barcodes [73].

Another method for detection of Aβ oligomers in CSF is based on the process of seeded

polymerization. Fluorescence labeled Aβ monomers were added to the CSF of AD pa-

tients and control donors. In AD patients, oligomeric Aβ species acted as seeds for

polymerization of the labeled monomeric Aβ. Fluctuations of the fluorescence intensi-

ties due to Brownian motion were measured by FCS [74].

A completely different method for counting of single particles is based on the combi-

nation of fluorescence resonance energy transfer (FRET) and flow cytometry for signal

detection. Two fluorescence labeled Aβ specific antibodies are added to CSF sample.

Only if both antibodies bind to the same oligomer, energy is transferred from an excited

donor to an acceptor and emission of the acceptor molecule is detected by flow cytome-

try [75].

Surface-based fluorescence intensity distribution analysis (sFIDA) is a highly sensitive

and specific method for Aβ oligomer quantification in body fluids in early AD diagnosis.

In its setup, it basically mirrors sandwich-ELISA, however, in sFIDA different mono-

clonal N-terminal antibodies are used for Aβ capture and detection which makes this

technique more specific. Furthermore, single-counting of Aβ oligomers is implemented

by TIRFM which results in high sensitivity.

1.2.3 Surface-based fluorescence intensity distribution analysis

(sFIDA)

In 2006, a method for the detection of single particles in a suspension of prion aggregates,

obtained from BSE- and scrapie-infected animals, with two fluorescence labeled prion

specific antibodies was published by Birkmann et al. [76]. The signal was measured by

dual-color fluorescence correlation spectroscopy (FCS) and analyzed by plotting fluores-
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cence intensities against their frequencies. At this stage of method development, the

counting of single aggregates by fluorescence intensity distribution analysis designated

2D-FIDA was impeded by superposition of particle diffusion and the scanning of the

sample.

In 2007, the sensitivity of the assay was considerably enhanced by immobilization of prion

particles on the glass surface. Although the setup basically mirrors ELISA for protein

detection, its major advantage is the counting of single particles on the scanned surface

instead of measuring the overall integrated signal from the sample. The method was re-

named to surface-FIDA implying the capturing of the target and measuring of the signal

on the surface. Samples from scrapie-infected hamster and BSE-infected cattle could be

identified considerably sensitiver compared to samples measured in solution [77].

Funke et al. adapted the method for the detection of Aβ aggregates. Synthetically

prepared Aβ aggregates could successfully be detected both in solution via 2D-FIDA

as well as on the glass surface applying surface-FIDA. Moreover, the authors detected

synthetically prepared Aβ spiked in CSF and were able to differentiate CSF samples of

AD patients from CSF of non-demented controls [78].

In 2010, the sensitivity of the method was further enhanced by scanning the immobi-

lized target with laser scanning microscope (LSM). The amount of detected Aβ was

derived from the number of colocalized pixels obtained in two channels and not from

fluorescence intensity values over time. In comparison to 0.3 ng Aβ amount which could

be differentiated from background signal using the FCS imaging setup, lowest amounts

down to 0.36 pg Aβ were detected using LSM [79].

Lei Wang-Dietrich et al. optimized the assay in 2012 by coating the surface with CMD

to reduce background noise caused by unspecific binding of detection antibodies to the

glass. In this study, sFIDA readout revealed significantly higher values for 14 AD pa-

tients compared to 12 age-matched healthy controls [80].

Currently, the glass surface of multititer plates is covalently covered with PEG and an

Aβ specific capture antibody is covalently bound to activated PEG binding sites. The

sample is applied to the pretreated surface and after blocking step with BSA-free block-

ing solution, Aβ oligomers are detected by two fluorescence labeled antibodies. The

images are obtained by total internal reflection fluorescence microscope (TIRFM) which

enables exclusive excitation of fluorophores immobilized on the surface, thus consider-

ably reducing the signals of the adjuscent molecules from the solution. The number

of colocalized pixels is counted above the background. Cutoffs for the background are

values for signal intensities which exceed a certain percentage of total analyzed pixels in
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each channel in (unspiked) control samples. The setup of the sFIDA assay is illustrated

in fig. 1.6

Figure 1.6 Surface-based fluorescence intensity distribution analysis
(sFIDA). A monoclonal Aβ specific capture antibody (illustrated in
dark grey) is covalently bound to PEG-coated surface of a glass chip.
Oligomeric and monomeric Aβ species (illustrated in purple) from the
sample bind to the capture antibody, but only oligomers are detected by
two different fluorescence labeled anti-Aβ-antibodies (illustrated in light
grey with red and green labels), which recognize the same or overlapping
epitope at the N-terminus of Aβ molecules. Single Aβ oligomers are
detected by total internal reflection microscopy (TIRFM).

1.2.4 Standards for validation and calibration of Aβ oligomer

specific assays

A developed and optimized assay needs to be validated by experiments which evalu-

ate its performance based on such criteria as specificity, accuracy, sensitivity, precision,

detection limit, range and linearity, intra- and inter-assay ruggedness and robustness.

Validation ensures that the assay is reliable under conditions of routine use for analysis

of a defined target within a specified range [81].

For monitoring of assay performance over time, assay calibration and standardization
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of different methods which detect the same analyte, standard molecules need to be

developed, which represent an analyte in a defined range from low to high concentra-

tions. Often, standards are prepared by spiking of molecules with known concentrations

and characteristics similar to the analyte into the matrix in which the analyte is de-

tected. Ideally, standards should fulfill certain requirements such as stability and inter-

and intra-assay reproducibility. Furthermore, they should resemble the physicochemical

properties of the analyte and the matrix-analyte interactions [82].

Development of standard molecules for Aβ oligomer specific assays is challenging due

the nature of the analyte. First, the exact morphology and composition of soluble Aβ

is not known. Aβ1−42 is more prone to aggregation compared to Aβ1−40, however, small

amounts of Aβ1−40 are also found in amyloid plaques. Second, the permanent dynamic

equilibrium between various Aβ species in an oligomeric mixture does not allow a precise

determination of Aβ oligomer size and composition. Third, the size range of potential

neurotoxic oligomers varies from dimers to HMW oligomers composed of hundreds of

molecules. It is a difficult task to cover the whole range with a certain standard of a

defined oligomeric composition.

Several standard molecules have been developed for standardization and calibration of

above mentioned Aβ oligomer specific methods. Most commonly used are Aβ oligomers

also referred to as Aβ derived diffusible ligands (ADDLs). A number of protocols has

been proposed for Aβ oligomer preparation, however, major defficiencies are the hetero-

geneous size distribution and instability of these Aβ species [83–85]. A mixture of Aβ

oligomers often contains monomers and fibrils due to the dynamic equilibrium between

these species.

Few studies use cross-linked Aβ dimers for assay calibration [69, 86], which are well-

defined in size and morphology, however, do not exactly resemble the majority of Aβ

oligomers in body fluids which were reported to be predominantly in the size range of

3- to 24-mers. Thus, this standard is most suitable for very small Aβ oligomers.

Also, multiple antigen peptides (MAPs) have been reported as a potential reference

standard [71]. Stability and defined size of the molecules make them a reliable standard

for Aβ oligomer quantification.

The detailed overview and critical review of currently used standards as well as a com-

parison with stabilized oligomers and Aβ-SiNaP, two molecules which are applied as

standards in this study, can be found in the discussion.
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1.3 Aims

Alzheimer’s disease (AD) is a neurodegenerative disorder and the most common form

of dementia. The number of AD patients is estimated to reach 100 mio. people in 2050

due to an increasing life expectancy of population and the fact that age is considered

the major risk factor for the disease. Currently, neither certain pre mortem diagnostics

nor a causative therapy is available.

Pathological hallmarks of AD are senile plaques composed of amyloid β (Aβ) protein

and neurofibrillary tangles (NFTs) which mainly consist of protein tau. According to the

amyloid cascade hypothesis, Aβ is suggested to play a crucial role in AD pathogenesis.

Downstream events such as NFT formation, oxidative stress, inflammatory processes,

neuronal loss and finally cognitive impairment are believed to be caused by increased

concentration of Aβ. Since recent studies have shown, that small soluble oligomeric

Aβ species are more toxic than Aβ monomers and fibrils, Aβ oligomers have gained

increased interest as potential biomarkers. Several studies have already demonstrated

significant differences in Aβ oligomer concentrations between CSF samples from AD

patients and control donors.

Different methods have been developed for oligomeric Aβ detection in CSF: sandwich-

ELISAs, nanotechnology-based methods, fluorescence correlation spectroscopy (FCS)

combined with the process of seeded polymerization, flow cytometry applied for detec-

tion of fluorescence resonance energy transfer (FRET) signals and surface-based fluores-

cence intensity distribution analysis (sFIDA). The results obtained for Aβ detection in

CSF and plasma by different technologies are inconsistent.

Among other challenges for the quantification of Aβ oligomers, the absence of a reliable

standard makes the direct comparability of the obtained results hardly possible. Most

commonly used standard molecules are Aβ oligomers, the so called Aβ-derived diffusible

ligands (ADDLs). ADDLs were shown to exist in a dynamic equilibrium of numerous

Aβ species ranging from monomers to low and high molecular weight oligomers. The

stability of these standard molecules is often limited to 24 h and their characteristics

vary strongly depending on preparation protocol and/or experimenter. Cross-linked Aβ

dimers are used by some groups for quantification of low molecular weight (LMW) Aβ

oligomers. Although Aβ dimers are stable and have a defined size, their usage as a stan-

dard is limited because they do not resemble high molecular weight (HMW) oligomers

and, if composed of Aβ1−40 as reported, they differ in their hydrophobicity from Aβ1−42,
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which is the main constituent of Aβ plaques. Lately, multiple antigen peptides consist-

ing of a lysine core and 16 Aβ epitopes have been presented as a promising standard

due to their stability, defined size and flexibility in number and choice of epitopes.

In this study, the performance of stabilized Aβ oligomers and Aβ-coated silica nanopar-

ticles as standards in the sFIDA assay are presented. Three following tasks are the aim

of this study. First, the performance of stabilized oligomers obtained from Crossbeta

Bioscience will be validated as a standard in the sFIDA assay. Second, the development,

characterization and validation of a stable and reliable standard for the detection of

Aβ oligomers in body fluids in the sFIDA assay, Aβ1−42-coated silica nanoparticles (Aβ-

SiNaP), will be presented. Thirdly, the application of Aβ-SiNaP in the sFIDA assay will

be demonstrated in a study for determination of the most appropriate anti-coagulant

for detection of Aβ oligomers in blood plasma.
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Still, there is need for significant improvements in reliable and accurate diagnosis for

Alzheimer’s disease (AD) at early stages. It is widely accepted that changes in the

concentration and conformation of amyloid-β (Aβ) appear several years before the onset

of first symptoms of cognitive impairment in AD patients. Because Aβ oligomers are

possibly the major toxic species in AD, they are a promising biomarker candidate for the

early diagnosis of the disease. To date, a variety of oligomer-specific assays have been

developed, many of them ELISAs. Here, we demonstrate the sFIDA assay, a technology

highly specific for Aβ oligomers developed toward single particle sensitivity. By spiking

stabilized Aβ oligomers to buffer and to body fluids from control donors, we show that the

sFIDA readout correlates with the applied concentration of stabilized oligomers diluted

in buffer, cerebrospinal fluid (CSF), and blood plasma over several orders of magnitude.

The lower limit of detection was calculated to be 22 fM of stabilized oligomers diluted in

PBS, 18 fM in CSF, and 14 fM in blood plasma.

Keywords: Alzheimer’s disease, amyloid-β peptide, diagnostic biomarker, early diagnosis, sFIDA, surface-based

fluorescence intensity distribution analysis, stabilized oligomers, standard molecule

INTRODUCTION

Worldwide 5–7% of people older than 60 years are affected by dementia, with Alzheimer’s disease
(AD) being the most common type. Due to the aging population, the total number of demented
people is predicted to increase even further (Prince et al., 2013). There is neither a cure nor
a sufficiently reliable laboratory diagnostic test available for this fatal neurodegenerative disease
(Lansdall, 2014). Early diagnosis of AD, however, is of great importance for the development of
therapeutics and their future application at an early stage of the disease. It is believed that AD
can be treated most effectively in preclinical stages, before cognitive functions become impaired
and neurons and synapses are damaged irreversibly (Golde et al., 2011). Hitherto, the definitive
diagnosis can only be made after the patients’ death based on neuropathological hallmarks, like
amyloid plaques, neurodegeneration and neurofibrillary tangles (Ballard et al., 2011).

The main component of amyloid plaques is amyloid β peptide (Aβ), which is formed from the
amyloid precursor protein (APP) by β- and γ-secretases (Haass et al., 2012). Once released from
the precursor, the Aβ peptide is prone to aggregation and can assemble into oligomeric structures
and amyloid fibrils. It is widely accepted that soluble Aβ oligomers but not monomers are highly
neurotoxic and that the pathological process in AD starts already years before the onset of clinical
manifestation (Braak and Braak, 1991; McLean et al., 1999; Cleary et al., 2004; Lesné et al., 2006).
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Currently, the total concentration of Aβ42 in cerebrospinal fluid
(CSF), which is lower in AD patients compared to healthy
persons (Sunderland et al., 2003; Shaw et al., 2009), is used as
a biomarker in clinical trials or academic settings to increase
the accuracy of AD diagnosis. At the current stage of biomarker
development, however, the total concentration of Aβ42 in CSF,
even in combination with other biomarkers such as tau protein,
does not allow a clear distinction of AD patients from healthy
controls or patients with other dementias (Humpel, 2011).
Therefore, the development of more accurate biomarkers is of
utmost importance.

Since Aβ oligomeric species are known to be directly involved
in AD pathology or even to trigger the disease (Haass and Selkoe,
2007), Aβ oligomers are considered as promising biomarker for
AD (Blennow et al., 2010). The main challenges for Aβ oligomer-
based diagnostics in body fluids are the presumably very low
concentrations of Aβ oligomers and the high background of
monomeric Aβ (Rosén et al., 2013). To meet those requirements,
we have previously developed an assay called sFIDA (surface-
based fluorescence intensity distribution analysis; Birkmann
et al., 2007; Funke et al., 2007, 2010; Bannach et al., 2012). The
principle of sFIDA is illustrated in Figure 1. The biochemical
setup of sFIDA resembles a conventional sandwich ELISA. All Aβ

species are immobilized on a functionalized glass surface via Aβ-
specific capture antibodies. After immobilization, Aβ aggregates
are multiply loaded by at least two detection antibodies, each
of them labeled with a different fluorochrome. Because capture
and detection antibodies recognize the same or an overlapping
epitope on Aβ, Aβ monomers cannot bind any detection
antibodies while bound to the capture antibody. In contrast to
a classical ELISA, the result of the measurement is not a single
readout for the whole sample. Instead, the surface is imaged by
high-resolution fluorescencemicroscopy, such as dual-color total
internal reflection fluorescence microscopy (TIRFM). Only those

FIGURE 1 | Scheme of the sFIDA assay. Aβ-specific capture antibodies

(dark gray Y symbols) are immobilized on a functionalized glass surface. Aβ

oligomers (brown rods) present in the sample bind to the capture antibodies

and are detected by fluorescence labeled (colored stars) anti-Aβ-antibodies

(light gray Y symbols). The surface is then imaged by dual-color microscopy. In

this version of the assay, all three of the applied antibodies (one capture and

two different detection antibodies labeled with two different fluorochromes)

bind to overlapping epitopes at the N-terminus of Aβ, which corresponds to

the spiky ends of the brown rods in the scheme above. Thereby, only

oligomers with multiple epitopes, but not monomers, are able to bind detection

antibodies while bound to the capture and thus yield detectable signals.

pixels that show signal intensities above the background noise
in both channels are counted. Thus, the number of colocalized
pixels above the background noise is expected to correlate with
the concentration of Aβ oligomers in the sample.

Results showing increased sFIDA readouts for AD patients
compared to non-demented controls have been reported
previously (Wang-Dietrich et al., 2013). However, in this study no
reliable Aβ oligomer standard was available to determine absolute
concentrations from the assay readout. Due to both the dynamic
aggregation and dissociation of Aβ, non-stabilized oligomers are
not suited as standard in oligomer-based diagnostic assays.

Here, we demonstrate application of stabilized Aβ oligomers
as standard molecules in the sFIDA assay. The sFIDA readout
correlates with the applied oligomer concentration over five
magnitudes down to a femtomolar range, which will allow the
quantification of natural Aβ oligomer concentrations in body
fluids.

MATERIALS AND METHODS

Biological Samples and PBS Spiked with
Stabilized Oligomers
Four individual human EDTA-anticoagulated plasma samples
(Zen-Bio, Research Triangle Park, USA) and one pooled human
EDTA-anticoagulated plasma sample from three healthy donors
were centrifuged for 15min at 15,000 × g. The supernatant was
collected and equal volumes from each sample were combined to
obtain one large pool from several donors (from here on referred
to as “plasma fraction”). Human cerebrospinal fluid sample
(CSF; pooled from healthy donors/mixed gender) was purchased
from Biochemed (Winchester, USA). Stabilized Aβ oligomers
(Crossbeta Biosciences B.V., Utrecht, the Netherlands), from
here on called “oligomers”, were serially diluted from the stock
solution (10 nM) to concentrations of 1 nM, 100 pM, 10 pM,
1 pM, 100 fM, 10 fM, and 1 fM in PBS (GE Healthcare, Chalfont
St. Giles, UK), CSF or the plasma fraction as described above.
All concentrations of Aβ oligomers in this publication refer
to oligomer particle concentrations, if not stated otherwise.
The oligomers consist of approximately 220 Aβ1–42 monomers
(manufacturer’s data); further characterization of the stabilized
oligomers, including data on the size homogeneity and stability,
are available on the manufacturer’s homepage (Crossbeta
Biosciences, 2015).

sFIDA
Plate Preparation

384-well plates (SensoPlate Plus with 175µm glass bottom;
Greiner Bio-One, Kremsmünster, Austria) were used for sFIDA.
Functionalization of the glass surface was performed as
previously described in Janissen et al. (2009). The surface was
treated with 5M NaOH (AppliChem, Darmstadt, Germany)
for 15min, washed three times with water, neutralized with
1M HCl (AppliChem, Darmstadt, Germany; 15min), washed
again three times with water and then twice with 70% ethanol
(VWR International, Langenfeld, Germany). After drying the
plate at room temperature, the wells were incubated in

Frontiers in Neuroscience | www.frontiersin.org 2 January 2016 | Volume 10 | Article 8
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10M ethanolamine in DMSO (Sigma-Aldrich, St. Louis, USA)
overnight. Afterwards, the wells were washed three times with
DMSO, twice with 70% ethanol and the plate was dried again
at room temperature. A solution of 50mM SC-PEG-CM (MW
5000 Da, Laysan Bio, Arab, USA) in DMSO was heated shortly to
70◦C until the PEG dissolved. After the solution cooled down, 2%
(v/v) triethylamin (Fluka, Buchs, Switzerland) were added, the
solution was quickly vortexed and 15µl were applied per well.
After an incubation time of 1 h the wells were washed five times
with water.

The carboxymethyl groups of SC-PEG-CM on the glass
surface were then activated by addition of 30µl of 100mM EDC
(Fluka, Buchs, Switzerland)/100mM NHS (Aldrich, Milwaukee,
USA) in 0.1M MES buffer, pH 3.5 (AppliChem) per well for
30min. After flushing the wells three times quickly with MES
buffer, 15µl of 10 ng/µl capture antibody Nab228 in PBS (the
supernatant after centrifuging 10min at 18,000 g) was added to
the surface. After incubating for 90min, unbound antibody was
removed and wells were washed three times with PBST (PBS
+ 0.05% Tween20, AppliChem Panreac, Darmstadt, Germany)
and three times with PBS. Then 50µl of blocking solution
(SmartBlock, CANDOR Biosciences, Wangen, Germany) per
well were incubated for 1 h. After washing the wells three times
with PBST and three times with PBS, 15µl sample was applied to
each well and incubated overnight. The wells were washed once
with PBST and twice with PBS. The detection antibodies 6E10
labeled with Alexa Fluor 488 (Covance, Princeton, USA) and
Nab228 labeled with Alexa Fluor 647 (Santa Cruz, Dallas, USA)
were combined to each 1.25µg/ml in PBS and centrifuged for 1 h
(100,000 g, 4◦C). The supernatant was mixed and added to the
wells (15µl/well, 1 h). Finally, the wells were washed once with
PBST and twice with PBS. The buffer was removed and 100µl of
water were applied to each well for image acquisition on TIRFM
(AM TIRF MC, Leica microsystems, Wetzlar, Germany).

Image Data Acquisition

Using TIRF microscopy, 25 positions per well were imaged in
two different channels (14 bit gray scale; channel 0: excitation
at 635 nm, emission filter 705/72 nm; channel 1: excitation at
488 nm, emission filter 525/36 nm). Each image contains 1000 ×
1000 pixels and represents an area of 116 × 116µm. In total,
3.15% of the well surface was imaged.

Image Data Analysis

Prior to data analysis, images showing inhomogeneous surfaces,
e.g., due to mechanical damage of the surface or impurities,
were excluded from the analysis by automated artifact detection,
which is briefly described in the following: Each original image
was converted to a binary image by replacing all pixels having
intensities above or equal the mean pixel intensity of the
regarding image plus one standard deviation with the number
one, all others with the number zero. In the next step, erosion was
applied to these binary images by using a rectangular structuring
element with a size of 31 × 31 pixels. After erosion, the binary
image was dilated using the same structuring element as for
erosion. Each cluster that consisted of connected pixels with
the intensity one in the binary image after dilatation was then

analyzed in the original image. Clusters showing either a mean
pixel intensity of above 4000, a standard deviation of pixel
intensities above 2800, or a skewness of <0 in the original images
were defined as artificial and the whole image was excluded from
the analysis. Images that had amean pixel intensity of 16,383 over
the whole image in at least one channel were included for image
analysis although they were excluded by the artifact detection,
because those images are estimated as being saturated, but not
artificial.

To account for inhomogeneous illumination, only the central
“region of interest” containing 500 × 500 pixels of each image
were used for further analysis.

The remaining images were analyzed for colocalization: For
both channels, intensity cutoffs for exclusion of background
signal were determined. As the background signal might differ
from one matrix (i.e., PBS, CSF, and plasma fraction) to
another, the cutoff values were determined for each matrix
individually, but—in order to compare sFIDA readouts achieved
by diluting oligomers in the different matrices—in a reliable
and unbiased way. The cutoff for each channel and each matrix
was determined from the unspiked control sample to be the
value, which is exceeded by only 0.01% of total image pixels.
This value represents a reasonable compromise between efficient
background removal and retention of assay sensitivity. For
cutoffs used in this study, see Table 1.

Colocalized pixels with intensity values above the cutoffs
in both channels were counted for each image. The number
of colocalized pixels was determined for each picture and the
average pixel count from all pictures from the same sample
was referred to as “sFIDA readout”. Please note that the sFIDA
readout cannot exceed 250,000, which corresponds to the total
number of pixels per analyzed image section.

Calculation of Calibration Curves
For the calibration of assay readout (number of colocalized
pixels) to molecule concentration a weighted linear regression
analysis was performed with Matlab (The MathWorks, Natick,
USA) from experimental data points within the linear detection
range (CSF: 100 pM to 10 fM; PBS: 10 pM to 10 fM; plasma
fraction: 10 pM to 10 fM) with respective weights calculated as
1/readout. In cases of readout= 0 the weight was determined as 1.

Statistics
In order to statistically assess differences between sFIDA
readouts of different concentrations of oligomers diluted in
the same matrix, two-way omnibus Kruskal-Wallis test was
used for comparison of more than two groups. Post-hoc

TABLE 1 | Cutoffs for the different body fluids.

Matrix Cutoff channel 635nm Cutoff channel 488nm

CSF 3268 2339

PBS 4082 2773

Plasma fraction 4259 2028

Cutoffs were obtained for each channel and matrix by allowing only 0.01% of all pixels to

be above background signal for negative controls.
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analysis was performed by using two-tailed Mann-Whitney-
U test and p-value adjustment according to Benjamini and
Hochberg (1995) in order to account for multiple testing. By
Mann-Whitney-U test, sFIDA readouts from each concentration
were compared to the next lower one. Additionally, sFIDA
readouts from blank samples were compared to readouts from
10 to 100 fM. The false discovery rate controlling procedure
after Benjamini and Hochberg was calculated for 0.05 (for
significant results, indicated with ∗) and 0.01 (for very significant
results, indicated with ∗∗). Kruskal-Wallis and Mann-Whitney-
U test were calculated using the statistical software Origin
(OriginLab Corporation, Northampton, USA), false discovery
rate controlling procedure after Benjamini and Hochberg was
calculated in Microsoft Excel (Microsoft Corporation, Redmond,
USA).

RESULTS

Detection of Stabilized Oligomers by sFIDA
In a first set of experiments we sought to find out if the
stabilized oligomers can be sensitively detected by the sFIDA
assay. Therefore, a log10 dilution series of oligomers in PBS
with concentrations ranging from 1 nM to 1 fM was subjected
to sFIDA analysis in quadruplicate determination. As can be seen
in Figure 2, the sFIDA readout correlated well with the applied
concentration of stabilized oligomers in the range of 100 pM
down to 1 fM. The readouts from 1 nM to 100 pM oligomers in
PBS reached saturation, which means that all pixels were above
cutoff in both channels. At the lower end of the dilution series, the
sFIDA readout of the lowest oligomer concentration (1 fM) did
not differ significantly from the readouts from 10 fM oligomers
and the blank control. However, there was a significant difference
in the sFIDA readouts from 10 fM oligomers and the blank
control.

Spiking of CSF, PBS, and EDTA Plasma
Fraction with Stabilized Oligomers
After demonstrating the ability to detect even femtomolar
concentrations of stabilized oligomers diluted in buffer, we
investigated if different body fluid environments affect the
sensitivity of oligomer detection by sFIDA. To check for matrix
effects that possibly attenuate the specific signal of Aβ oligomers,
the oligomers were spiked into CSF and blood plasma from
healthy, non-demented control subjects. All samples containing
oligomers were determined fourfold by sFIDA analysis, while
each blank sample was measured 21-fold. Figure 3 shows the
mean sFIDA readouts for all samples.

The sFIDA readout correlated well with the oligomer
concentration down to 1 fM. However, there was no significant
difference in the readouts of 10 fM as compared to 1 fM, as well
as in the readouts from the blank sample compared to 1 and 10
fM oligomers spiked into CSF. sFIDA readouts from 100 fM and
the blank sample differed significantly.

For plasma samples, there was even a very significant
difference between the sFIDA readouts of 10 fM and blank
sample.

FIGURE 2 | sFIDA readout of stabilized oligomers diluted in PBS.

Columns and error bars represent the mean values and standard deviations

calculated from a fourfold determination of samples containing oligomers. The

blank was determined 21-fold. Cutoffs for each channel were set to discard

virtually all background from control samples except for 25 pixels, which are

0.01% of all pixels. This led to the following cutoff values (channel

635 nm/channel 488 nm): 4082/2773. Please note that the number of

colocalized pixels (sFIDA readout) is lower than the number of pixels above

background in the single channels. n.s., not significant; *p ≤ 0.05; **p ≤ 0.01.

FIGURE 3 | sFIDA readout of stabilized oligomers diluted in CSF, PBS,

and a plasma fraction. Shown are mean values and standard deviations

from fourfold (samples containing stabilized oligomers) or 21-fold (all blanks)

determinations. Cutoffs for channel 635 nm/channel 488 nm: CSF, 3268/2339;

PBS, 4082/2773; plasma fraction, 4259/2028.

Lower Limits of Detection and Lower
Limits of Quantification for Stabilized
Oligomers Diluted in PBS, CSF, and the
Plasma Fraction
As the concentration of Aβ oligomers in body fluids like CSF and
blood is presumably very low (Bruggink et al., 2013; Hölttä et al.,
2013; Savage et al., 2014), the lower limit of detection (LLOD) is
an important characteristic of every assay for the determination
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of Aβ oligomer concentration. To identify the LLOD for each
matrix used in this report, each blank sample was determined
21-fold. The LLOD was calculated as the mean sFIDA readout
from all blank samples plus three times the standard deviation. By
establishing a calibration curve from the dilution series, the Aβ

oligomer concentration corresponding to the calculated sFIDA
readout was then determined. The resulting LLODs were 22 fM
for stabilized oligomers diluted in PBS, 18 fM in CSF, and 14 fM
in the plasma fraction.

The lower limits of quantification (LLOQ) were calculated as
the mean sFIDA readout from all blank samples plus ten times
the standard deviation. The same calibration curves as used for
determination of LLOD were applied, leading to the following
concentrations: 32 fM for stabilized oligomers diluted in PBS,
24 fM for dilution in CSF, and 22 fM for dilution in the plasma
fraction.

DISCUSSION

In the present work we applied stabilized Aβ oligomers as
standard in the sFIDA assay. For dilutions in PBS, CSF from
control donors, and blood plasma from control donors, the
sFIDA readout correlated with the oligomer concentration
over five to six orders of magnitude. Although oligomer
concentrations in the upper picomolar range are presumably
not physiologically relevant, the observed linearity over several
orders of magnitude is useful to check assay functionality
and to facilitate assay calibration. The calculated LLODs for
oligomers diluted in PBS, CSF, and a plasma fraction were in
the range of 14–22 fM particle concentration. We can exclude
that endogenous Aβ oligomers, which are possibly present also
in healthy subjects, contribute significantly to the assay readout,
since the intensity cutoff was determined based on the non-
spiked control samples.

For the lower concentrations from 1 pM down to 1 fM, a
linear relation between the sFIDA readout and concentrations
of Aβ oligomers was observed. We expect that to be the
relevant concentration range for analysis of biological samples,
as published concentrations of oligomers in CSF are in the
femtomolar to low picomolar range (stated as monomeric
concentrations of Aβ; oligomeric concentrations are even lower;
Bruggink et al., 2013; Hölttä et al., 2013; Savage et al., 2014).

LLODs often refer to the concentration or mass of the total
applied peptide, although the actual portion of oligomerized
Aβ and the size of Aβ oligomers in the preparations is mostly
unknown (Santos et al., 2007; Sancesario et al., 2012). The
concentration of 14 fM of the stabilized oligomers used in this
study corresponds to 3.1 pM (13.9 ng/L) monomeric Aβ1–42. The
LLOD given in mass per volume is roughly in the same range
or above the limits of detection published for some Aβ oligomer
specific ELISA (Fukumoto et al., 2010; Bruggink et al., 2013;
Hölttä et al., 2013; Savage et al., 2014). In principle, sFIDA allows
detection and quantification of single particles of oligomers
consisting of approximately 220 Aβ monomers.

Although the stabilized oligomers used in this study might
not accurately reflect the properties of native Aβ oligomers in
terms of composition, mass, and structural heterogeneity, they

are nevertheless a valuable tool for assay development, assay
calibration, and determination of inter- and intra-assay variation
due to their stability and homogenous size. While heterogeneous
Aβ oligomer standards would resemble endogenous conditions
more closely, it is hardly possible to reliably produce such
standards with minimal batch-to-batch-variations thus limiting
their use in assay validation.

The stabilized oligomers are advantageous with regard to long
term stability and they can easily be distributed to compare
inter-laboratory results. This enables to thoroughly validate and
calibrate an assay, which is a very important feature in assay
development. However, the applicability of this standard for
biological samples will have to be addressed in future studies.
Quantification of very small oligomers in body fluids might
emphasize the need for even smaller standard oligomers than the
ones used in this study.

We have previously shown that monomers of synthetic Aβ

give not rise to significant signals in the sFIDA assay by using
overlapping epitopes in the capture and detection system (Wang-
Dietrich et al., 2013). When analyzing native CSF samples in
diagnostic setups, however, experimental conditions (i.e., pH,
incubation times, freeze/thaw cycles) have to be carefully adjusted
to avoid false-positive signals due to artificial aggregation of
endogenous Aβ monomers.

In the present version of the assay, two N-terminal antibodies
were used for capturing and detection of Aβ, i.e., Nab228 (epitope
Aβ1-11) and 6E10 (epitope Aβ3-8). By using alternative capture
and probe antibodies, it is not only possible to detect oligomers
composed of different Aβ isoforms, but also to detect hybrid
aggregates composed of different peptides or proteins. Therefore,
sFIDA assay can in future be applied for scientific purpose in
order to investigate the presence and pathological relevance of
different oligomeric species in body fluids or brain homogenates
of patients with different neurodegenerative diseases, such as AD.
Additionally, after thorough investigation and validation of the
assay and the measured targets, sFIDA might either give extra
information useful for diagnostics or even measure oligomeric
biomarkers that allow a reliable diagnosis, and might be useful
for disease monitoring in clinical trials during treatment.
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Abstract. Amyloid-� (A�) oligomers represent a promising biomarker for the early diagnosis of Alzheimer’s disease (AD).

However, state-of-the-art methods for immunodetection of A� oligomers in body fluids show a large variability and lack

a reliable and stable standard that enables the reproducible quantitation of A� oligomers. At present, the only available

standard applied in these assays is based on a random aggregation process of synthetic A� and has neither a defined size

nor a known number of epitopes. In this report, we generated a highly stable standard in the size range of native A�

oligomers that exposes a defined number of epitopes. The standard consists of a silica nanoparticle (SiNaP), which is

functionalized with A� peptides on its surface (A�-SiNaP). The different steps of A�-SiNaP synthesis were followed by

microscopic, spectroscopic and biochemical analyses. To investigate the performance of A�-SiNaPs as an appropriate standard

in A� oligomer immunodetection, A�-SiNaPs were diluted in cerebrospinal fluid and quantified down to a concentration

of 10 fM in the sFIDA (surface-based fluorescence intensity distribution analysis) assay. This detection limit corresponds

to an A� concentration of 1.9 ng l–1 and lies in the sensitivity range of currently applied diagnostic tools based on A�

oligomer quantitation. Thus, we developed a highly stable and well-characterized standard for the application in A� oligomer

immunodetection assays that finally allows the reproducible quantitation of A� oligomers down to single molecule level and

provides a fundamental improvement for the worldwide standardization process of diagnostic methods in AD research.

Keywords: Alzheimer’s disease diagnosis, A� oligomer standards, assay standardization, biofunctionalized nanoparticles

INTRODUCTION

Alzheimer’s disease (AD) is the most common

form of dementia, affecting more than 33 million
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people worldwide and the case number is expected to

triple over the next four decades [1, 2]. AD represents

a multifactorial disorder with a yet poorly understood

pathogenesis, which makes its early and accurate

diagnosis a difficult challenge [3]. Currently, there

is no causal therapy available and a reliable diagno-

sis can only be achieved by post mortem analysis of

brain samples.

The ‘amyloid cascade’ hypothesis is widely

accepted to explain development and progression

of AD. It mainly postulates an imbalance between

ISSN 1387-2877/16/$35.00 © 2016 – IOS Press and the authors. All rights reserved
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expression and clearance of amyloid-� (A�) peptides

in the brain. The A� overload favors A� aggregation,

ultimately inducing neuronal and synaptic degenera-

tion and leading to dementia [4]. More recent data

suggest that soluble oligomers of A�, in particu-

lar, directly correlate with disease severity [5, 6].

Thus, A� oligomers represent a popular target in drug

development as well as a promising biomarker can-

didate for both early diagnosis of AD and therapy

monitoring, respectively. A broad range of diagnos-

tic methods for detection and quantitation of A�

oligomers is currently applied or under evaluation.

The concentration of A� oligomers in human body

fluids is commonly assayed by ELISA methods, using

capture antibodies and detection antibodies that bind

to the same or overlapping epitopes, or by application

of oligomer-specific antibodies [7–14].

We previously described the surface-based flu-

orescence intensity distribution analysis (sFIDA)

technology as a highly oligomer-specific detection

and quantitation method for the early diagnosis of

AD [15, 16].

In sFIDA, a glass surface is covalently coated

with anti-A� capture antibodies (Nab228, Epitope

A�1–11) which immobilize A� species from the sam-

ple. In the next step, A� oligomers are labeled by at

least two different fluorophore-coupled anti-A� anti-

bodies. Since all three applied antibodies recognize

overlapping epitopes in the N-terminal part of A�,

only oligomeric structures can be immobilized and

bound by both detection antibodies at the same time,

which makes the sFIDA technique insensitive against

A� monomers. The use of different antibodies with

affinities to a pan-epitope (6E10-488, Epitope A�3–8

and IC16-633, Epitope A�1–8) enhances the speci-

ficity of the assay, since only co-localized signals are

counted but not signals caused by cross-reactivity

of the individual antibodies. Finally, the chip sur-

face is imaged by dual-color TIRF microscopy. After

application of an intensity threshold the number of

colocalized pixels from both channels is counted and

correlates with the number of oligomers in the sam-

ples and is referred to as sFIDA readout.

While assays quantitating total A� can readily be

calibrated with synthetic A� monomers, it is very

difficult to establish standards for oligomer-based

diagnostic tests. Furthermore, there are large vari-

ations in A� oligomer measurements among and

within laboratories [17].

Therefore the development of a reliable oligomer

standard is highly needed, since the readouts of these

quantitation tests are dependent on calibration curves

of standard molecules. The use of oligomers or aggre-

gates from synthetic A� is limited, as these structures

are metastable, heterogeneous and in dynamic equi-

librium with other assembly states, and hence do not

have defined sizes or consistent molecular weights.

Additionally, oligomers from synthetic A� are prone

to further aggregation and susceptible to freeze/thaw

cycles, making long-term storage and constant per-

formance, as pre-requirements for any standard,

impossible.

In this work we present a novel concept for the

synthesis of A� oligomer standards, suitable for

the application in A� oligomer-specific quantitation

assays. The core and size-determining component of

the standard is a SiNaP, which can be adjusted to

any size required with nearly a monodisperse size

distribution [18, 19]. SiNaPs are chemically inert,

non-toxic, easy to modify and stable over months.

These features make SiNaPs a highly favored sub-

structure in the design of the standard. To simulate

characteristics of a native oligomer, the size of the

SiNaPs was tuned to the described size range of

native oligomers of 3 to 20 nm [20–22]. The sur-

face of the SiNaPs was functionalized, activated and

finally coated with A�42 peptides. These biofunction-

alized A�-SiNaPs exhibit a defined number of A�

epitopes on the surface and allow their application in

quantitative oligomer-based detection assays.

To our knowledge no other available A� oligomer

standard presents as defined characteristics as our

standard, which will therefore have a major impact

on the accurate and reproducible quantitation of

A� oligomers in human samples. A�-SiNaPs are

a helpful accomplishment for the urgently needed

standardization process between different operators,

laboratories, and clinical studies in AD research

worldwide [17].

MATERIAL AND METHODS

Synthesis of SiNaPs according to the Stöber

process

200 ml absolute ethanol (VWR, Darmstadt, Ger-

many), 2.7 ml water, and 4.49 ml ammonia solution

(25%, Carl Roth, Karlsruhe, Germany) were vig-

orously stirred in a round bottom flask. After

5 min 4.43 ml TEOS (tetraethylorthosilicate, Aldrich

Chemistry, St. Louis, USA) were added and the

solution was stirred further for 2 days at room temper-

ature. The resulting SiNaPs were dialyzed (MWCO
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3,500, Tubing Spectral Por7 Dialysis Membrane,

Spektrum Laboratories, Rancho Dominguez, CA,

USA) against fivefold the volume of ethanol for 2

days to remove non-reacted chemicals and the cata-

lysts. The SiNaPs reached a concentration of about

10 g l–1 and were stored at 4◦C in ethanol until further

usage.

Particle characterization by TEM, XPS, and

FTIR

The morphology of the SiNaPs was determined

by transmission electron microscopy (TEM). TEM

images were recorded using a Zeiss Libra 120 Trans-

mission Electron Microscope (Carl Zeiss AG, Jena,

Germany). The copper grids (S160, Plano GmbH,

Wetzlar, Germany) were prepared without staining

by placing a 5 �l drop of SiNaPs (1 to 0.1 mg ml–1)

in ethanol on the carbon film of the grid and let-

ting it dry at room temperature for at least 3 h before

measurement.

The different SiNaP functionalization steps

were monitored by Fourier transformed Infrared

Spectroscopy (FTIR) and X-ray photoelectron spec-

troscopy (XPS). FTIR spectra were obtained by

a Bruker Tensor 27 (Bruker Optik GmbH, Ettlin-

gen, Germany) equipped with an attenuated total

reflection (ATR) unit (Golden Gate, diamond crystal,

Specac Ltd, UK). A film of the particles was prepared

by drop casting dispersion in ethanol onto the dia-

mond crystal. The spectra were collected with 128

scans at resolution of 4 cm–1 after the solvent sig-

nals in the IR spectrum vanished. The beam path was

purged with argon during the measurements.

XPS spectra were obtained by a PHI 5000 Ver-

saProbe II emitting monochromatic Al-k� radiation

at an angle of 46◦. A film of particles was drop

casted on glass slides and the solvent was evapo-

rated over night before measurement. Spectra were

obtained from three individual positions on the glass

slides.

Calculations and assumptions

After size determination of the SiNaPs by TEM

micrographs, the particle surface was calculated,

assuming a spherical surface. The molecular weight

of the SiNaP was calculated assuming an average

density of 1.85 g cm–3 [23]. The concentration of

the SiNaP solution was determined gravimetrically

in triplicate and the mean concentration of the SiNaP

was calculated after every functionalization step,

so that chemicals for further functionalization steps

were added accordingly.

The number of potential binding sites on the SiNaP

surface was determined under the assumption that one

APTES molecule occupies a surface of 0.6 nm2 [24].

Synthesis of amino-functionalized SiNaPs

Amino-functionalized SiNaP were prepared via

silanization with APTES ((3-aminopropyl) tri-

ethoxysilane, Sigma-Aldrich, St. Louis, USA). A

5-fold molar excess of APTES in relation to the num-

ber of potential binding sites on the particle surface

was added to the SiNaPs in ethanol. The dispersion

was sonicated for 10 min and incubated overnight on

a shaker at ambient temperature. The resulting amino-

functionalized SiNaPs were centrifuged (5,000 × g,

2 h) and the resulting pellet was dispersed in ethanol

by sonication for 15 min. This washing step was

repeated three times.

Synthesis of carboxylated SiNaPs

A pellet containing amino-functionalized SiNaP

was re-dispersed in 0.1 M succinic anhydride

(Aldrich Chemistry, St. Louis, USA) in DMF

(AppliChem, Darmstadt, Germany) under argon

atmosphere and stirred overnight. The resulting car-

boxylated SiNaPs were alternately washed with

water and ethanol for three times by centrifugation

(5,000 × g, 2 h) and pellet resuspension.

Peptide coupling to the SiNaP surface

The carboxylated SiNaPs (cSiNaP) were re-

dispersed in 10 mM MES buffer, pH 5.7 (Sigma

Aldrich, St. Louis, USA) and were activated by

EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodi-

imide, Fluka, Sigma Aldrich, St. Louis, USA) and

NHS (N-hydroxysuccinimide, Aldrich Chemistry, St.

Louis, USA). The chemicals were added to the par-

ticle solution in a 16-fold and 4-fold molar excess

respectively, compared to the potentially bound

APTES molecules, and the mixture was sonicated

for 10 min. The dispersion was centrifuged for 1 h at

10,000 × g and the pellet was re-dissolved in 10 mM

MES buffer (pH 5.7) again. The washing procedure

was repeated once before the NHS-ester activated

SiNaPs were added to the peptides.

The concentration of the pre-activated SiNaPs was

gravimetrically determined and the theoretical num-

ber of NHS ester groups on the SiNaP surface was
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calculated. The pre-activated SiNaPs were added to

the peptide resulting in a 1 : 1 ratio of potential bind-

ing sites (i.e., NHS ester groups) versus peptides,

whereas a complete binding of all peptides to the

particle surface cannot be expected due to the size

of the peptide. The A� monomer has a hydrody-

namic radius of 0.9 nm ± 0.1 nm [25] which would

allow a maximum surface coverage of 645 peptides

per SiNaP.

The dispersion of SiNaPs and peptide was

sonicated for 20 min and incubated under shak-

ing overnight. On the next day the A�-coated

SiNaPs were centrifuged again and the pellet was

re-dispersed in aqueous 50% HFIP solution (hex-

afluoroisopropanol, Merck, Darmstadt, Germany) to

remove non-covalently bound protein. The SiNaPs

were sonicated in HFIP for 5 min, followed by cen-

trifugation (5,000 × g, 1 h). The last washing step was

performed in water and the peptide-coated SiNaPs

were stored in water at 4◦C until further usage.

Peptide preparation

1 mg A�42 lyophilisates (Bachem, Bubendorf,

Switzerland) were dissolved in 500 �l HFIP and incu-

bated overnight. On the next day another 500 �l HFIP

were added to the peptide solution and 200–500 �l

(1 �g �l–1) Aliquots were prepared and the sol-

vent was evaporated. The dry aliquots were frozen

at –20◦C until further usage.

Determination of the peptide concentration by

BCA assay

The Kit Extra Sense BCA Assay Protein Assay

Kit (BioVision Incorporated, Catolog number K814-

2500, Microplate Procedure) was used to determine

the peptide load on the SiNaPs surface. Therefore

150 �l of A�42 SiNaP were mixed with 150 �l 6 M

Urea (Urea crystalline, AppliChem, Darmstadt, Ger-

many) and the solution was incubated at 60◦C for

30 min. 150 �l of working solution was added and

the mixture was heated at 60◦C for 1 h, before the

absorption at 562 nm was measured by UV/VIS spec-

trometry. The protein concentration was calculated

according to Beer-Lambert equation.

sFIDA protocol

Custom-made 96 well plates were manufactured

by gluing a 170 �m thick glass bottom (Menzel

Gläser, Thermo Fisher Scientific, MS, USA) to a

0.5 cm glass plate which was perforated with 96

holes. Prior to use, plates were cleaned with ethanol

and water. For further purification and hydroxyla-

tion of the glass surface the wells were treated with

5 M NaOH (Karl Roth, Karlsruhe, Germany) for

3 h. Further washing with water and drying of the

plate at 90◦C was followed by H2O-Plasma treatment

(Diener electronics GmbH, Ebhausen, Germany).

Afterwards a desiccator was flushed with argon gas

and two trays containing 1 ml of APTES and 200 �l of

TEA (triethylamine, Sigma Aldrich, St. Louis, USA),

respectively, were added to the chamber. The 96 well

full glass plate was placed into the desiccator with the

wells facing the filled trays. The chamber was flushed

with argon again and vapor deposition of APTES on

the glass surface was performed overnight. Next day

the chemicals were removed and the desiccator was

again flushed with argon and the plate got cured inside

for at least 4 h (storage possible up to one week).

Carboxyl groups of 20 mg ml–1 carboxymethy-

ldextrane (CMD, Sigma Aldrich, St. Louis, USA) in

water were activated by 200 mM EDC and 50 mM

NHS for 0.5 h under shaking. Afterwards the mixture

was added to the amino-functionalized glass plates

to establish amide bonds between the CMD network

and the glass surface. After 1.5 h the CMD solution

was removed and the wells were washed with water

three times.

The remaining carboxyl groups of the bound CMD

were activated by 200 mM EDC and 50 mM NHS in

water again for 0.5 h. After removing EDC/NHS and

performing two washing steps with water, 1 mg l–1

anti-A� capture antibody (Nab 228, epitope A� 1–11,

Sigma Aldrich, St. Louis, USA) in PBS was added to

the wells. The incubation for 1.5 h led to the covalent

binding of the capture antibody to the surface.

After removing the antibody solution the remain-

ing active NHS-ester groups on the functionalized

surface were quenched by 0.1 M ethanolamine

hydrochloride (Sigma Aldrich, St. Louis, USA) in

Tris-buffered saline, pH 7.4 (TBS). The solution was

removed after 30 min and the wells were washed with

TBS three times. Until sample application the plates

were stored in TBS.

15 �l of samples were applied to the plate in

triplicates and incubated overnight on the capture-

antibody coated glass surface. Afterwards the wells

were washed once with TBS-T (TBS supplemented

with 0.05% Tween-20) and twice with TBS. In the

next step, 1.25 mg/l of two fluorescence-labeled anti-

A� antibodies IC16-Alexa 633 and 6E10-ATTO 488

(6E10: epitope A�3–8, Covance, Princeton, USA;
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dye: ATTO-Tec, Siegen, Germany) were added to

the wells and incubated for 2 h. mAB IC16 (epi-

tope A�1–8) was kindly provided by the groups of

Prof. Carsten Korth and Prof. Sascha Weggen, Hein-

rich Heine University Düsseldorf Medical School

and labeled with Alexa 633 dye according to the

manufactures instructions (Life Technologies, Carls-

bad, USA). Finally, the wells were washed twice

with TBS-T and twice with TBS. Prior to TIRF

microscopy the wells were filled with water and

sealed with a plastic foil.

Application of Aβ-SiNaPs in sFIDA

A�-SiNaPs were stored in water at 4◦C until use.

For sFIDA analysis, A�-SiNaPs were serially diluted

in water and human AD-negative CSF (biochemed,

Winchester, USA) to concentrations ranging from

100 pM down to 10 fM and analyzed by sFIDA in

threefold determination.

Data acquisition

The surface of the sFIDA well plates was imaged

by total internal reflection fluorescence (TIRF)

microscopy (AM TIRF MC Leica TIRF micro-

scope, Leica Microsystems, Wetzlar, Germany). The

measurement was performed by the Leica Matrix

screener software using a 100 × objective lens (1.47

oil CORR TIRF Leica), which enabled the detec-

tion of surface-near fluorescence. For each well, 25

images (112 × 112 �m, 1000 × 1000 pixels, 200 nm

distance between the scan areas, 14 bit) were taken

in channel 0 (Ex/Em 635/705 nm), and channel 1

(Ex/Em 488/525 nm), detecting IC16-Alexa 633 and

6E10-ATTO 488 respectively. Microscope settings of

gain, laser power and exposure time were adjusted

in a way that the intensity histogram still showed

a detectable fluorescence signal for the lowest stan-

dard concentration. The microscope settings included

a gain between 800 and 1000, a laser power of 100%

and an exposure time between 1 and 1.8 s.

Data analysis

After data acquisition at the TIRF microscope the

images were exported as tiff files and analyzed with

a self-developed software designated sFIDAta. The

performed image analysis was applied only to the

central 700 × 700 pixels of each image. By this pro-

cedure, the border regions of all images, which are

not uniformly illuminated, were excluded from the

analysis. The software performed a separated his-

togram analysis for each channel and each SiNaP

concentration. To exclude the background signal,

intensity cutoffs were determined for each chan-

nel. Since the background signal can differ between

different matrices (water or CSF), cutoffs were cal-

culated individually for each matrix. The cutoff is

defined as an intensity threshold that leaves 0.1% of

the total pixel number in the images from the blank

control measurement (i.e., 1,000 pixels out of a mil-

lion pixels). Finally, images from both channels were

merged and the number of colocalized pixels above

the determined cutoffs was counted for each well. The

mean number of colocalized pixels from the images

of each concentration is referred to as ‘sFIDA read-

out’.

RESULTS

Synthesis of SiNaPs

SiNaPs were produced as the core component of

the standard. Synthesis of the SiNaPs was performed

via the Stöber process, which describes a conden-

sation reaction of tetraethylorthosilicate (TEOS) to

a siloxane polymer network in the presence of

water and ammonia, resulting in nearly monodis-

perse SiNaPs [18]. Since the diameter of a native

oligomer is in the range of 3 to 20 nm, we aimed

to synthesize the SiNaP core in an according size

range. To determine the size and morphology of the

obtained SiNaPs, transmission electron micrographs

were recorded. Figure 1 shows SiNaPs with a mean

diameter of 24 ± 4.6 nm exhibiting a rather polyhe-

dral shape. It has been previously reported that the

shape of very small SiNaPs (<50 nm) is not spherical

due to the mechanism of particle formation [18, 23].

Synthesis strategy of biofunctionalized SiNaPs

For biofunctionalization of SiNaPs, three func-

tionalization steps were performed as described in

Fig. 2a-e. After synthesis of SiNaPs via the Stöber

process (Fig. 2a) a primary amine group was intro-

duced to the SiNaP surface by silanization with

APTES (3-(aminopropyl)triethoxysilane) (Fig. 2b,

aminated SiNaP = aSiNaP). In the next step aSiNaPs

were transferred to a solution of succinic anhydride

in DMF (dimethylformamide) under dry conditions.

The amine group on the SiNaP surface attacked the

succinic anhydride which led to a ring-opening of

the anhydride, the formation of an amide bond and
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Fig. 1. Transmission electron micrographs of bare SiNaPs. A mean

Feret diameter of 24 ± 4.6 nm was calculated from at least 250

SiNaPs.

the exposure of free carboxyl groups on the SiNaP

surface (Fig. 2c, carboxylated SiNaP = cSiNaP) [26].

The activation of the exposed carboxyl groups by

EDC/NHS (1-ethyl-3-(3-dimethylaminopropyl) car-

bodiimide / N-hydroxysuccinimide) resulted in the

formation of NHS ester groups (Fig. 2d, activated

SiNaP) which could react with primary amine groups

of chosen biomolecules (Fig. 2e) and led to their

covalent binding on the SiNaP surface.

The successful modifications of the SiNaP sur-

face was monitored by XPS and attenuated total

reflection Fourier transform infrared spectroscopy

(ATR-FTIR). Figure 3a shows the atomic composi-

tion of SiNaP and aSiNaP obtained from XPS spectra.

Both nanoparticles exhibited high levels of oxygen

and silicon atoms which originated from the dense sil-

ica core of the materials. Elevated levels of carbon and

nitrogen in aSiNaP spectra suggest the surface mod-

ification with APTES as these signals were absent in

the case of unmodified SiNaP.

Figure 3b shows full range FTIR spectra of differ-

ent modification steps of SiNaP and a predominant

band ranging from 1300 and 1000 cm–1 which cor-

responds to the Si-O and Si-OH bonds of amorphous

silicate material. Another common feature of the

spectra is a broad band between 3800 and 2700 cm–1

(Fig. 3c) which represents the O-H vibrations within

the SiNaP core.

Unmodified SiNaP show two characteristic bands,

one at 3650 cm–1 (free -O-H strech) and in Fig. 3d

Fig. 2. Synthesis strategy of biofunctionalized SiNaPs. a) Stoe-

ber synthesis of SiNaPs was followed by (b) silanization of the

SiNaP surface with APTES (aSiNaP). c) Primary amines reacted

with succinic anhydride via a nucleophilic addition and led to the

introduction of carboxy functions on the SiNaP surface (cSiNaP).

d) Carboxy groups became activated to reactive NHS esters by

EDC/NHS (activated SiNaP) which (e) reacted with amine groups

of biomolecules, such as A� peptides and led to their covalent

binding on the SiNaP surface.

at 1650 cm–1 (-O-H bend) that represent the -O-H

surface functionalities. Furthermore, the spectrum

consisted of a broad band at 1450 cm–1 which could

be assigned to carbonate anions as an insertion prod-

uct of CO2 into the silanol group of the silica surface.

After exposing SiNaP to APTES CH2 scissor-

ing bands at 1395 and 1445 cm–1 were observed

together with C-H stretching bands between 2900 and

2980 cm–1. In addition a weak band at 1620 cm–1
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Fig. 3. a) XPS data analysis of SiNaP (grey) and aSiNaP (striped). b) ATR-FTIR spectra of different SiNaP functionalization steps. SiNaP:

unmodified SiNaP, aSiNaP: aminated SiNaP functionalized with APTES, cSiNaP: carboxylated SiNaP functionalized with succinic anhy-

dride; A�-SiNaP: SiNaP coated with A�. c) Expanded spectra from (b) in the range of 2700 – 3800 cm–1. d) Expanded spectra from (b) in

the range of 1300 – 1800 cm–1.

represents the -N-H surface functionality which was

also observed by XPS (Fig. 3a).

The modification of the SiNaPs by succinic acid

was confirmed in the FTIR spectra by the appear-

ance of two new bands at 1655 and 1723 cm–1

(COOH and COO− vibrations respectively). The

band at 1655 cm–1 overlaps with an additional one at

1630 cm–1, which is typical for the amide I vibration.

Bioconjugation of SiNaPs with synthetic Aβ

The bioconjugation of SiNaPs with chosen

biomolecules was enabled by previous functional-

ization and activation of the surfaces of SiNaPs by

EDC/NHS treatment and the formation of NHS ester

groups as reactive intermediates (Fig. 2d, e). The

NHS esters on the surfaces of SiNaPs formed amide

bonds with the exposed lysine residues of A�42 at

position 16 and/or 28 and led to coating of SiNaPs

with A� peptides. An additional binding site is the

N-terminus of the peptide, which we consider less

reactive for the coupling reaction due to its vicin-

ity to acidic amino acids and steric restraints. The

successful attachment of A�42 to the particles was

demonstrated by FTIR (Fig. 3). Not only the bands

assigned to CH2 stretching vibrations (2925 cm–1

and 2855 cm–1) showed an increased intensity for the

peptide coated SiNaPs, but also the signals between

1580 and 1750 cm–1. The increase of the band at

1720 cm–1 (COOH) appeared due to the presence

of additional carboxyl groups by the amino acids of

A�42. Whereas the amide I vibration of the COOH-

terminated SiNaPs was only visible as a shoulder

which was increased to a maximum for the A�42

functionalized SiNaPs. A new band positioned at

1542 cm–1 could be assigned to the amide II vibration

of the peptide as well. Peptide quantitation by BCA

assay revealed an A�42 concentration of 24 �g ml–1

in a 1 mg ml–1 SiNaPs solution. This corresponds

to an average load of 44 peptides per 24 nm SiNaP,
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which is only 7% of the theoretical maximal load of

645 peptides, probably as a consequence of repulsive

interactions on the nanoparticle surface.

Aβ-SiNaP quantitation in water and

cerebrospinal fluid by sFIDA

The sFIDA assay is designed to specifically deter-

mine the A� oligomer concentration in body fluids,

such as cerebrospinal fluid (CSF). Apart from quan-

tifying A�-SiNaPs in aqueous environment, we

also analyzed possible matrix effects on the sFIDA

readout by spiking A�-SiNaPs into CSF from AD-

negative donors (Fig. 4).

A�-SiNaP concentrations ranging from 100 pM to

10 fM were subjected to sFIDA analysis, and the

respective non-spiked fluids served as controls. All

samples including blank controls were determined

three-fold by sFIDA analysis. A�-SiNaPs diluted in

water as well as in CSF revealed a correlation between

the sFIDA readout and the A�-SiNaP concentration

down to 10 fM. A concentration of 10 fM A�-SiNaPs

in water and 100 fM in CSF could still be differenti-

ated from the control demonstrating that A�-SiNaPs

are a suitable standard in CSF-based AD diagnostics.

Considering a load of 44 A�42 peptides per A�-

SiNaP, 10 fM A�-SiNaP corresponded to an A�42

peptide concentration of 1.9 ng l–1. This limit of

detection of A�42 peptides is in the same range

or one order of magnitude higher as reported for

oligomer-specific ELISA-based assays [13, 14, 27].

By repetition of the experiment with the same A�-

SiNaP batch stored at 4◦C over a period of four

months, we demonstrated constantly stable sFIDA

readouts from the A�-SiNaP dilution series and

therefore confirmed long-term stability of the stan-

dard (Fig. 5).

DISCUSSION

In this work we presented the synthesis and

application of A�-SiNaPs as standard in sFIDA

diagnostics. The successful synthesis and biofunc-

tionalization of SiNaPs was shown by TEM, XPS

micrographs and ATR-FTIR spectra. By sFIDA anal-

ysis we quantified A�-SiNaPs diluted in water and

CSF over several orders of magnitude down to

the femtomolar concentration range. A SiNaP stan-

dard of tunable, defined size and with an adjustable

number of epitopes on the SiNaP surface might

significantly contribute to the development, opti-

mization and calibration of immuno-based diagnostic

a

b

Fig. 4. sFIDA analysis of A�-SiNaPs. a) Schematic illustration of

the experimental procedure of detecting A�-SiNaPs in the sFIDA

assay. b) sFIDA analysis of A�-SiNaPs diluted in water and CSF

sFIDA readout of A�-SiNaPs diluted in water and human CSF to

concentrations of 100 pM to 10 fM. The respective diluent lacking

A�-SiNaPs served as negative control. Shown are mean values and

standard deviations from threefold determination.

Fig. 5. sFIDA analysis of A�-SiNaPs diluted in water. sFIDA

readout of A�-SiNaPs diluted in water to concentrations of 10 pM

and 1 pM. Shown are two measurements of the same SiNaP batch

at different time points, 2 and 4 months after synthesis. Plotted

are mean values and standard deviations from threefold

determination.
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assays for protein misfolding diseases based on

single-molecule detection.

In contrast to any other standard of A� aggre-

gates, A�-SiNaPs exhibit a measurable number of

accessible A� peptides on the SiNaP surface. These

defined characteristics render A�-SiNaPs superior to

the more heterogeneous oligomer standards prepared

from a stochastic aggregation reaction of synthetic

A�, as they have been used so far. In the presented

case we bound 44 peptides per SiNaP.

In addition, A�-SiNaPs prepared by this method

showed no observable aggregation after the excessive

and non-covalently bound monomer was removed.

This observation suggests that A� bound to the par-

ticle surface is not able to transmit to a conformation

that is prone to form aggregates. Since the mid and

C-terminal sections of the A� sequence are involved

in the aggregation mechanism it appears very likely

that the coupling of Lys16 and/or Lys28 is responsible

for the inhibition of the aggregation of A�-SiNaP.

The chemically activated SiNaPs can be easily

coated with any peptide of choice to serve also

as standard in oligomer-based assays of other pro-

tein misfolding diseases, such as prion diseases or

Parkinson’s disease [28–31]. Additionally, hybrid

aggregates consisting of different peptides, such as

tau and A�, could be mimicked by a SiNaP standard

to support explorative studies on hybrid oligomers as

biomarkers, which might reflect the clinical diversity

of many neurodegenerative disorders [32, 33]. For the

described synthesis of biofunctionalized SiNaPs the

chosen peptide needs to have a free primary amine

group for the covalent coupling to the SiNaP outside

the epitope, to enable detection of the peptide on the

SiNaP. Alternatively other coupling methods, such as

Biotin/Streptavidin could link peptides to the SiNaP

platform.

Different approaches are developed for the

oligomer-specific diagnosis of Alzheimer’s disease

based on immunodetection in liquid, such as ELISA-

like methods as described above or flow cytometry

combined with FRET [34]. However, these meth-

ods lack an appropriate standard molecule to enable

the accurate and reproducible quantitation of A�

oligomers in human samples. A calibration curve of

a serial dilution of A�-SiNaPs in the respective body

fluid should allow the quantitation of the analyte and

also the number of detected epitopes by comparing

the obtained fluorescence signals of the clinical sam-

ple and the standard.

We envisage the A�-SiNaP standard as an essential

tool to cross-validate A� oligomers as AD biomarker

on different platform technologies. It will allow the

accurate determination of inter-assay variability and

thereby be a valuable tool in the standardization

process of various A� oligomer immunodetection

assays.
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Abstract 

Early diagnostics at the preclinical stage of Alzheimer’s disease is of utmost importance for 

drug development in clinical trials and prognostic guidance. Since soluble Aβ oligomers are 

considered to play a crucial role in the disease pathogenesis, several methods aim to quantify 

Aβ oligomers in body fluids such as cerebrospinal fluid (CSF) and blood plasma. The highly 

specific and sensitive method surface-based fluorescence intensity distribution analysis 

(sFIDA) has successfully been established for oligomer quantitation in CSF samples. In our 

study, we explored the sFIDA method for quantitative measurements of synthetic Aβ particles 

in blood plasma. For this purpose, EDTA, citrate and heparin treated blood plasma samples 

from five individual donors were spiked with Aβ coated silica nanoparticles (Aβ-SiNaPs) and 

were applied to the sFIDA assay. Based on the assay parameters linearity, coefficient of 

variation and limit of detection, we found that EDTA plasma yields the most suitable 

parameter values for quantitation of Aβ oligomers in sFIDA assay with a limit of detection of 

16 fM. 

Keywords: Alzheimer’s disease diagnostic biomarkers; Amyloid beta oligomers; 

neurodegenerative diseases; blood plasma; sFIDA, silica nanoparticles. 
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Introduction 

Alzheimer’s disease (AD) is the most frequent form of dementia which affects more than 

35 million people worldwide (Wimo et al., 2013). Since age is considered to be the major risk 

factor for AD, the case number is expected to dramatically increase in the next decades as a 

consequence of the aging society. The clinical onset of AD is preceded by pathophysiological 

changes years before outbreak of the disease (Blennow, 2004). Early diagnostics at the 

preclinical stage of the disease is highly desired for drug development in clinical trials and 

prognostic guidance. 

Major pathological hallmarks of AD are extracellular amyloid plaques consisting mainly of 

amyloid beta (Aβ) peptide as well as intracellular neurofibrillary tangles composed of tau 

protein (Selkoe, 1991). More recent data indicate that oligomeric Aβ is the most toxic species 

and is therefore of interest both as drug target and candidate biomarker (Haass and Selkoe, 

2007; Blennow et al., 2015). 

On that account, we developed a highly sensitive oligomer-specific diagnostic assay 

designated surface-based fluorescence intensity distribution analysis (sFIDA) (Birkmann  

et al., 2006; Birkmann et al., 2007; Funke et al., 2007; Funke et al., 2010; Bannach et al., 

2012; Wang-Dietrich et al., 2013; Kühbach et al., 2016). In sFIDA, Aβ is captured to a 

functionalized glass surface by Aβ specific antibodies which recognize the N-terminus of the 

molecule. Subsequently, Aβ is decorated by two fluorescently labeled antibodies. Since the 

same or overlapping epitopes are recognized by both capture and detection antibodies, the 

assay is insensitive for monomeric Aβ which is omnipresent also in healthy subjects. Images 

from the surface are obtained using dual-color total internal reflection fluorescence 

microscopy (TIRFM). The number of colocalized pixels with signal intensities above 

background is referred to as sFIDA readout, which correlates with the number of Aβ 

oligomers in the sample. As a calibration standard in the sFIDA assay, 30 nm silica 

nanoparticles coated with Aβ1-42 peptides (Aβ-SiNaPs) are used. Aβ-SiNaPs have been shown 

to be a suitable standard in Aβ oligomer quantitation due to their uniform size and defined 

number of accessible epitopes. Moreover, the particles are not prone to aggregation and are 

stable over several months (Hülsemann et al., 2016). 

sFIDA has been proven as a capable tool for the quantitation of Aβ oligomers from 

cerebrospinal fluid with a large sensitive range of detection. However, lumbar puncture, 
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though generally considered as safe, goes along with risks and is often experienced as 

uncomfortable for patients. Hence, the diagnosis from blood preparations after venipuncture is 

a worthwhile aim. 

Blood can be processed either as serum or as plasma, which is the noncoagulated liquid 

component of blood after centrifugation. Coagulation is prevented by addition of 

anticoagulants of which EDTA, citrate, and heparin are the most commonly used in clinical 

practice (Jambunathan and Galande, 2014). EDTA and citrate prevent the formation of 

thrombin by chelating calcium required for the blood clotting cascade (Davie and Ratnoff, 

1964), whereas heparin functions by activating antithrombin (Olson and Chuang, 2002). 

The choice of anticoagulant for blood plasma preparation is an important factor in the 

preanalytical phase of assay development and can have a considerable effect on the 

identification of biomarkers as shown for a variety of assays concerning the detection of e.g. 

cytokines (Riches et al., 1992), miRNA (Leidinger et al., 2015), proteins (Banks et al., 2005; 

Hsieh et al., 2006), enzymes (Gerlach et al., 2005), amino acid analysis (Parvy et al., 1983; 

Hubbard et al., 1988; Chuang et al., 1998) and other analytes (Fendl et al., 2016; Ribeiro  

et al., 2016). 

The goal of the present study was to compare the effect of different anticoagulants on the 

sFIDA assay and identify the most suitable anticoagulant regarding assay standardization. 

Therefore, a dilution series of Aβ-SiNaPs was spiked in blood plasma supplemented with 

different anticoagulants (EDTA, citrate and heparin, respectively) and were subsequently 

applied to the sFIDA assay. Based on the assay parameters linearity, coefficient of variance 

and limit of detection, the effect of the anticoagulants on the assay outcome was investigated. 

Results 

Aβ-SiNaPs were spiked in a log 10 dilution series to EDTA, citrate and heparin plasma, each 

of five individual healthy donors and subjected to sFIDA assay. As a preprocessing procedure 

all images underwent artifact detection. For Aβ-SiNaPs spiked in EDTA plasma, citrate 

plasma, heparin plasma and PBS 81.4%, 87.9%, 88.0% and 89.2% of the total number of 

images passed quality control, respectively. 
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Inspection of the images for sFIDA analysis revealed differences for the different 

anticoagulants (Figures 1 and 2). For channel 0 (em. 635 nm / exc. 705 nm) the major peak in 

intensity distribution for EDTA was approximately at 2400, for citrate at 1700 and for heparin 

at 900 on a 14-bit grayscale, and for channel 1 (em. 488 nm / exc. 525 nm) at approximately 

1300, 1300 and 1000, respectively (Figure 2), as shown for blood plasma samples spiked in 

1 pM Aβ-SiNaPs. This indicates that the overall intensity of images obtained from heparin 

treated blood plasma are considerably lower compared to EDTA and citrate, as can also be 

seen in representative images (Figure 1, left hand column). Furthermore, the variation in 

intensity distribution between the images is higher for heparin compared to EDTA and citrate 

plasma (Figure 1, middle and right hand column). 

For deeper analysis, sFIDA readout was calculated which is the number of colocalized pixels 

above background. A correlation between Aβ-SiNaP concentration and sFIDA readout was 

observed from 100 pM down to the lowest concentration of 10 fM for all plasma samples 

(Figure 3). In order to further characterize the effect of different anticoagulants on the sFIDA 

readout of Aβ-SiNaP spiked plasma samples, the linearity of the data was assessed as well as 

the coefficient of variation (CV) as a criterion for intra-assay precision and limit of detection 

(LOD) as a criterion for assay sensitivity were calculated. 

Linearity 

The sFIDA assay is known to have a wide sensitive detection range for Aβ oligomers. 

However, the linearity of the assay’s readout is influenced by a variety of factors. To 

investigate the impact of anticoagulants in blood plasma samples on the linearity of the 

sFIDA readout, the Pearson’s correlation coefficient, Mandel’s fitting test as well as  

Lack-of-fit test were calculated (Table 1). 

Nearly ideal linear relationship in terms of Pearson’s correlation of ρ = 0.94 was found for 

EDTA blood plasma and PBS diluents, whereas considerably lower values of ρ = 0.37 and  

ρ = 0.64 were obtained for dilutions in citrate and heparin blood plasma, respectively (table 

2). Since Pearson’s correlation coefficient ρ has very limited significance as a criterion for 

linearity, Mandel’s fitting test as well as Lack-of-fit test for the first and second order 

calibration curve was performed which are recommended and well established methods for 

testing linearity (Van Loco et al., 2002; Sanagi et al., 2010). Likewise, Mandel’s fitting test 

and Lack-of-fit test,respectively, indicate good linearity for EDTA plasma and PBS control, 
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whereas for citrate and heparin a second order calibration curve is the function preferred 

(Table 1). 

Coefficient of variation 

Coefficient of variation (CV) was calculated to assess intra-assay precision, which differs 

between the anticoagulants (Figure 4). The lowest mean CV of 28% was obtained for EDTA 

plasma followed by 39% for citrate plasma and 67% for heparin plasma. For PBS a CV of 

51% was obtained. 

Limit of detection 

Limit of detection (LOD) was calculated to investigate the effect of different anticoagulants 

on assay sensitivity as the mean for five donors. As each donor was measured in six 

replicates, the mean LOD calculation is based on 30 negative controls. Significant differences 

in mean LOD for Aβ-SiNaP dilution series in EDTA, citrate and heparin plasma as well as in 

PBS were observed (Figure 5). The lowest mean LOD of 16 fM was obtained for Aβ-SiNaPs 

spiked in EDTA plasma followed by 19 fM (incl. outlier: 34 fM) for citrate, 27 fM for PBS 

and 34 fM (incl. outlier: 280 fM) for heparin. Additionally, the median LOD was calculated 

being more robust towards outliers as observed for citrate and heparin. In agreement with 

mean LOD the lowest median LOD of 16 fM was obtained for Aβ-SiNaP spiked in EDTA 

plasma followed by 22 fM for citrate plasma, 23 fM for PBS and 31 fM for heparin plasma 

(data not shown). 

Summary 

Mean Pearson’s correlation coefficient between spiked Aβ-SiNaPs and sFIDA readout, mean 

CV [%] and mean LOD for all three anticoagulants and PBS are summarized in Table 2. 

Highest linearity, highest intra-assay precision and highest sensitivity of the sFIDA assay was 

obtained for Aβ-SiNaP-spiked EDTA plasma. 

Discussion 

The choice of anticoagulants for blood plasma preparation can have a significant impact on 

the detection of biomarkers. The aim of the present study was to compare the effect of 

different anticoagulants on the sFIDA readout and identify the most suitable anticoagulant 
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regarding assay standardization. For this purpose, a dilution series of Aβ-SiNaPs was spiked 

in human blood plasma samples supplemented with different anticoagulants (EDTA, citrate 

and heparine, respectively) and was subsequently applied to the sFIDA assay. The assay 

outcome was evaluated by means of three parameters: the linearity of the sFIDA readout as a 

function of applied Aβ-SiNaP concentration, the coefficient of variation as well as the limit of 

detection. 

The highest linearity for mean Pearson's correlation coefficient ρ of 0.94 was calculated for 

Aβ-SiNaPs spiked in EDTA plasma followed by heparin (ρ=0.94) and citrate (ρ=0.37) 

plasma. The lowest mean CV of 28% was obtained for EDTA followed by citrate (CV=39%) 

and heparin plasma (CV=67%). The lowest LOD of 16 fM was obtained for quantitation of 

Aβ-SiNaPs spiked in EDTA plasma followed by LOD of 19 fM and 34 fM for citrate and 

heparin plasma, respectively. 

EDTA, citrate and heparin are the most common anticoagulants for blood plasma treatment in 

clinical practice. Whereas the anticoagulative effect of EDTA and citrate is attributed to the 

prevention of thrombin formation by chelating calcium required for the blood clotting cascade 

(Davie and Ratnoff, 1964), heparin functions by activating antithrombin (Olson and Chuang, 

2002). Apart from this, heparin is known to bind to a variety of proteins including proteases, 

growth factors, chemokines, lipid binding proteins and adhesion proteins as summarized in 

Capila and Linhardt (2002) and thus might modulate matrix effects significantly by affecting 

the biochemical constitution of blood plasma. Moreover, it has been shown in several studies 

that heparin binds directly to Aβ species (Watson et al., 1997; Madine et al., 2012; Nguyen 

and Rabenstein, 2016) possibly interfering with Aβ oligomer quantitation and accounting for 

the attenuating effects in sFIDA assay presented here. 

Altogether, this is in line with studies on quantitation of total Aβ levels from blood plasma. 

Vanderstichele et al. (2002) reported that plasma collected in citrate and heparin tubes did not 

result in any measurable Aβ levels, whereas Aβ levels in EDTA plasma could be readily 

detected (Vanderstichele et al., 2000). Lachno et al. (2009) determined total Aβ levels in 

serum, EDTA, citrate, heparin and fluoride plasma with highest Aβ levels in EDTA treated 

plasma (Lachno et al., 2009). 

The well-described binding of Aβ to various plasma proteins (Koudinov et al., 1994; Biere  

et al., 1996; Koudinov et al., 1998) might lead to a masking of epitopes and ultimately result 
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in signal attenuation due to impaired capturing and probe detection. Previously, an interaction 

between prion protein aggregates and low density lipoproteins has been reported, making 

pretreatment with lipases and detergents necessary to counteract signal loss in sFIDA 

measurements (Safar et al., 2006; Bannach et al., 2012). In the present study, however, the 

presence of EDTA plasma did not have any adverse effect on detection and quantitation of 

Aβ-SiNaP down to the low femtomolar range. 

The achieved coefficient of variation of 28% is a severe issue for further improvement. Also, 

more validation parameters as suggested by Andreasson et al. (2015) (Andreasson et al., 

2015) need to be addressed in future. 

We conclude that EDTA is the most suitable anticoagulant for Aβ-SiNaP quantitation in 

blood plasma using the sFIDA assay. We therefore suggest that plasma samples for AD 

diagnosis in the sFIDA assay should be collected in EDTA tubes to ensure most accurate 

determination of Aβ oligomer levels in human blood plasma. Future investigations, however, 

will reveal, whether humans do contain detectable amounts of Aβ oligomers and whether they 

correlate with disease progression or prognosis. Thus, further work will focus on sFIDA 

measurements of clinical EDTA plasma samples from AD patients and controls in order to 

assess if Aβ oligomers can be exploited as a blood-based biomarker for AD. 

Materials and methods 

Plasma samples 

A total of 15 blood plasma samples from 5 healthy donors were purchased from ZenBio, Inc. 

(BioCat GmbH, Heidelberg, Germany). Plasma samples were collected in BD Vacutainer 

tubes containing 12.15 mg K2EDTA per 7.0 ml sample, 158 USP Units Heparin per 10.0 ml 

sample or 1 ml acid-citrate-dextrose solution B (4.8 g/l citric acid; 13.2 g/l Na3Citrate; 14.7 

g/l dextrose) per 6 ml sample, respectively. To avoid repeated freeze/thaw cycles, plasma 

samples were directly aliquoted and stored at -80°C until usage. Prior to aliquoting, plasma 

samples were centrifuged for 10 min at 20 000 g and the supernatant was preserved. 
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Silica nanoparticles coated with Aβ1-42 (Aβ-SiNaPs) 

Aβ-SiNaPs were prepared as described previously (Hülsemann et al., 2016). Briefly, bare 

silica nanoparticles (SiNaPs) were synthesized via Stöber process and silanized with APTES 

to cover the surface with primary amino groups. Subsequent reaction with succinic anhydrid 

resulted in carboxylated SiNaPs, which were activated by EDC/NHS for covalent coupling of 

Aβ1-42. The same batch of Aβ-SiNaPs was used for all spiking experiments to ensure equal 

size (diameter of approx. 30 nm) of the particles and Aβ distribution on the surface. 1 nM  

Aβ-SiNaP stock solution was serially diluted to 100 pM, 10 pM, 1 pM, 100 fM and 10 fM in 

plasma samples and PBS. 

sFIDA protocol 

For sFIDA assay a 384-well multititer plate (SensoPlate plus, Greiner Bio-One International, 

Frickenhausen, Germany) was used. All of the protocol steps were carried out under the clean 

bench to avoid dust and microbial contamination. Prior to functionalization of the glass 

surface, wells were cleaned with sodium hydroxide and hydrochloric acid. 5 M NaOH  

(Carl Roth, Karlsruhe, Germany) was applied for 15 min to the wells (95 µl/well) followed by 

three washing steps with the same volume of water. Immediately, 1 M HCl (32%, AnalaR 

NORMAPUR, VWR Chemicals, France) was incubated for 15 min in the wells (95 µl/well) 

followed by three washing steps with water and two washing steps with 70% ethanol (AnalaR 

NORMAPUR, VWR Chemicals, France). Shortly after wells dried at room temperature (RT), 

45 µl of a DMSO (Sigma-Aldrich, Steinheim, Germany) ethanolamine mixture (Sigma-

Aldrich, Steinheim, Germany) (v/v 2:3) was added to the wells and incubated overnight at 

RT. Afterwards, the wells were washed twice with DMSO and twice with 95 µl/well 70% 

ethanol and let dry. In the meantime, NHS-PEG-COOH (MW 5000, Laysan Bio, USA) was 

solved at 70°C in DMSO and cooled down to RT. 15 µl of 2 mM PEG solution were applied 

per well for 1 h followed by three washing steps with water. Activation of the PEG carboxyl 

groups was then performed by applying 30 µl/well of 100 mM EDC (Fluka, Buchs, 

Switzerland) and 100 mM NHS (Aldrich, Milwaukee, USA) mixture (v/v 1:1) in 0.1 M MES 

(Carl ROTH, Karlsruhe, Germany) buffer (pH 3.5) for 30 min. After washing the wells three 

times quickly with MES buffer, 15 µl/well capture antibody was added immediately for 1 h to 

the wells. As capture antibody, monoclonal anti-β-amyloid antibody NAB228 (Sigma-

Aldrich, Steinheim, Germany) was diluted in PBS (Dulbecco’s phosphate buffered saline  

10×, Sigma-Aldrich, Steinheim, Germany) to a final concentration of 10 ng/µl and 
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centrifuged at 15 000 g for 10 min to remove the unsoluble components. Hereafter, the wells 

were washed twice with PBS-T (PBS + 0.05% Tween-20, Sigma-Aldrich, Steinheim, 

Germany) and twice with PBS. Next the surface was blocked with 50 µl/well Smart Block 

solution (Candor Bioscience, Wangen, Germany) followed by two washing steps with PBS-T 

and two steps with PBS. 15 µl/well sample was then applied to the surface and incubated 

overnight. Unbound sample components were removed by two washing steps with PBS-T and 

two washing steps with PBS. Finally, fluorescently labeled detection antibodies 6E10 Alexa 

Fluor 488 (Covance, Princeton, USA) and NAB228 Alexa Fluor 647 (Santa Cruz, Dallas, 

USA) were combined to the final concentration of 1.25 ng/µl each, centrifuged at 100 000 g 

for 1 h and applied to the wells (15 µl/well). After final washing twice with PBS-T and twice 

with PBS, wells were filled with 95 µl PBS. 

Data acquisition 

Acquisition of 14-bit grayscale images was performed using total internal reflection 

microscopy (AM TIRF MC, Leica Microsystems, Wetzlar, Germany). A total of 50 images 

per well (25 positions per channel) containing 1000 × 1000 pixels each were obtained for 

channel 0 (excitation at 635 nm, emission filter 705/72 nm) and channel 1 (excitation at 488 

nm, emission filter 525/36 nm). The image size represents an area of 116 µm × 116 µm, thus 

in total 3.15% of the well surface (approx. 10 nm
2
) were scanned. Laser intensity of 100%, 

exposure time between 1 s and 1.5 s and gain between 900 and 1000 were applied for image 

acquisition. 

Artifact detection 

Prior to data analysis, artificial images were removed from raw data pool applying two 

algorithms based on histogram analysis and cluster detection, respectively. 

First, images were subjected to histogram artifact detection. This method is based on 

calculating the histogram for each image and counting the peaks by determination of local 

maxima in the histogram. Images with multimodal histograms (histograms containing more 

than one histogram maximum) were considered artificial and were excluded from further 

analysis. The image histogram was smoothed using 800 values for binning to eliminate 

background noise and thus avoid detection of local maxima. Via numerical differentiation the 

derivative of the smoothed histogram was calculated, which was then smoothed in the same 

way as the original histogram. After smoothing procedures, some rest noise can still cause 
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local maxima especially at points where function overlaps with x-axis. In order to determine 

the parameters for exclusion of images based on their histogram, a threshold was defined 

which includes two components: α and β. α is the number of pixels which form a maximum, β 

is a number of pixels which form a minimum. Only if α and β of adjacent maximum and 

minimum are high enough to meet α and β limits, a maximum was treated as a maximum. α 

limit of 400 and β limit of 300 were chosen as parameters for maxima determination. 

Second, images with unimodal histograms (histograms with a single maximum) can still 

contain artifacts in form of large and/or bright spots. To detect these spots a cluster detection 

algorithm was applied to the images. This method is based on finding of agglomerations of 

pixels with intensities above a certain threshold. Depending on such parameters as cluster 

size, mean pixel intensity and standard deviation within a cluster, bright spots are identified as 

artifacts. Obtained grayscale images were transformed into binary images. The grayscale 

values with intensities ≤ mean grayscale value plus one standard deviation were set to 0, all 

others to 1. Using a rectangular structuring element with the size of 15 pixels × 15 pixels the 

images were eroded to identify large clusters and eliminate the small ones which represent 

Aβ-SiNaPs. To compensate pixel loss caused by erosion, dilation was applied to eroded 

images using the same structuring element. 

An image was considered artificial and was excluded from further analysis, if at least one 

cluster fulfilled one of the following criteria: mean pixel intensity of more than 3000, a 

standard deviation of pixel intensity of more then 2800 or skewness of less than 0. 

Data analysis 

sFIDA readout 

For data analysis of non-artificial images only a region of interest (ROI) consisting of the 

central 700 pixels × 700 pixels (corresponding to 490 000 pixels per image in total) was 

chosen in order to minimize the effects of inhomogeneous illumination of edge regions in 

TIRF microscopy images. 

To reduce background noise, cutoffs were determined individually for each plasma sample 

based on the non-spiked control. This approach accounts for donor-specific background or 

signal by native Aβ oligomers which may influence the readout. For Aβ-SiNaPs diluted in 

PBS, the cutoff was determined from PBS control. The cutoff values for each channel were 
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determined as the intensity, which was exceeded by 1% of total pixels. Number of colocalized 

pixels from both channels above the respective cutoff is in following referred to as sFIDA 

readout. 

The effects of different anticoagulants in plasma on sFIDA readouts were studied according to 

the criteria described below. 

Linearity of the sFIDA readout 

Pearson’s correlation coefficient 

Pearson’s correlation coefficient (ρ) was calculated with MATLAB software as a criterion for 

linearity of the correlation between applied concentrations of Aβ-SiNaPs and obtained sFIDA 

readouts according to the formula: 

 

Where x is concentration of Aβ-SiNaPs, γ is the sFIDA readout and N is the number of x,γ 

pairs. Prior to mean value calculation, Olkin & Pratt correction was performed on Pearson’s 

correlation coefficients (Olkin and Pratt, 1958; Eid et al., 2013). Briefly, ρ was transformed to 

Gi according to the formula: 

 

where n is the number of samples in study i. Next, the weighted mean of Gi values was 

calculated for studies from i = 1, ..., k according to the formula: 

 

Thus,  is an estimator for mean correlation. 
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Test for linearity according to Mandel (Mandel’s test) 

The linearity of the sFIDA readout was further investigated using Mandel’s fitting test 

(Mandel, 1964). This method provides evidence on linearity under consideration of the 

residual standard deviation for the first (linear) and second order (quadratic) calibration 

function. The H0 hypothesis assumes no significant difference between the residual variances 

of the linear and quadratic calibration function. The Mandel’s test was performed as follows 

(Funk et al., 2005; Bruggemann et al., 2006): The first and second order calibration functions 

are calculated including the residual standard deviations  and : 

, where  

, where  

with: 

: observed sFIDA readout at each concentration level i 

: estimation obtained from the respective regression analysis at i 

N: total number of measurements 

Next, the difference of the variances  is calculated based on the residual standard 

deviation  and : 

 

Finally, the test value PW is calculated: 
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For the F-test, PW is compared with the corresponding value of the F-distribution 

, with  and  degrees of freedom at the significance level 

. 

For  H0 is accepted. The second order calibration function will not provide a 

significantly better fit; the calibration function of choice is linear. 

For  H0 is retained, which indicates non-linearity (Bruggemann et al., 2006). 

Lack-of-fit test 

The Lack-of-fit test (Massart, 1997) is performed by comparing the ratio of the error due to 

lack of fit of the respective calibration function and the error due to pure error obtained from 

replicative measurements with  at (k-2) and (n-k) degrees of freedom at the 

significance level . The H0 hypothesis assumes no lack of fit. 

The Lack-of-fit test is calculated as follows: first, the sum of squares due to pure error and 

due to lack of fit are calculated, respectively: 

 

 

with: 

i: concentration level, k: number of all concentration levels, n: number of replicates, : 

arithmetic mean of all observed values at i, : estimation obtained from the respective 

regression analysis at i. Next, the mean squares are calculated by dividing the sum of squares 

by the corresponding degrees of freedom (Massart, 1997). 
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For the F-test, the test value LOF is calculated as the arithmetic mean of both mean squares: 

 

For  H0 is accepted. There is no lack of fit. For  H0 is 

rejected. Saturated images for which sFIDA readout reached the maximum value of 490 000 

(100 pM and 10 pM Aβ-SiNaPs in EDTA plasma as well as 100 pM Aβ-SiNaPs in PBS) were 

excluded from this analysis. 

Coefficient of variation 

Coefficient of variation (CV) was calculated as a criterion for intra-assay precision using 

Excel software. CV was calculated for each three replicate measurements for each standard 

concentration and negative control. The mean for each donor and each diluent was plotted 

using MATLAB software. Saturated images for 100 pM and 10 pM Aβ-SiNaPs in EDTA 

plasma as well as 100 pM Aβ-SiNaPs in PBS were excluded from this analysis. 

Limit of detection 

Limit of detection (LOD) was used as a criterion for sensitivity of the sFIDA assay. LOD was 

calculated as the mean from sFIDA readout for 6-fold replicate measurements of negative 

control (neg. control) from 5 individual donors (30 negative controls in total) and respective 

standard deviation (σ) according to the formula: 

LOD = sFIDA readout(neg. control) +3σ 

Linear calibration curves for the correlation between concentrations of Aβ-SiNaPs and sFIDA 

readout for LOD determination were calculated with MATLAB software. Only values within 

the linear range of the obtained data were included for calculating the linear calibration curves 

(concentrations of 10 fM, 100 fM and 1 pM for all donors and anticoagulants). Using these 

calibration curves, the sFIDA readouts were correlated to their respective concentration. 
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Tables and figures 

Table 1 Analysis on linearity of sFIDA readout from Aβ-SiNaP dilution series. 

  Pearson  Mandel's test 
Lack-of-fit test 

(LRM) 

Lack-of-fit test 

(QRM) 

  ρ  PW F LOF F LOF F 

EDTA 1  0.97  0.88 9.33 3.94 7.21 0.17 7.21 

EDTA 2  0.98  1.16 10.04 6.35 8.02 0.12 8.02 

EDTA 3  0.99  1.71 9.33 3.94 7.21 0.08 7.21 

EDTA 4  0.78  0.13 9.33 3.17 7.21 2.33 7.21 

EDTA 5  0.97  1.12 9.33 5.04 7.21 0.15 7.21 

          

Citrate 1  0.1  138.29 8.28 52.22 4.89 1.88 4.89 

Citrate 2  0.64  127.13 8.28 36.96 4.89 0.63 4.89 

Citrate 3  0.19  204.31 8.28 56.76 4.89 0.34 4.89 

Citrate 4  0.5  131.22 8.28 33.64 4.89 0.58 4.89 

Citrate 5  0.42  69.77 8.28 21.01 4.89 0.86 4.89 

          

Heparin 1  0.16  10.36 8.28 4.62 4.89 1.86 4.89 

Heparin 2  0.87  46.14 8.28 11.79 4.89 5.80 4.89 

Heparin 3  0.77  6.45 8.28 2.90 4.89 1.24 4.89 

Heparin 4  0.70  3.92 8.28 2.36 4.89 1.58 4.89 

Heparin 5  0.69  12.04 8.28 5.27 4.89 2.09 4.89 

          

PBS 1  0.92  0.14 9.33 1.74 7.21 0.47 7.21 

PBS 2  0.98  0.12 9.33 0.18 7.21 0.16 7.21 

PBS 3  0.94  0.66 8.68 3.89 5.74 0.46 5.74 

Pearson’s correlation coefficient ρ, Mandel’s test as well as Lack-of-fit test was calculated to 

analyze the linearity of sFIDA readout from SiNaP dilution series at a significance level of 

99%. For the Mandel-test H0 assumes no significant difference between the residual 

variances. For PW < F H0 is accepted, the calibration function of choice is linear. For the 
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Lack-of-fit test H0 assumes that the applied model is appropriate, lack of fit occurs at LOF > 

Fcrit,99%. 

Table 2 Summary of analysis on the effect of different anitcoagulants on assay 

outcome parameters. 

Anticoagulant ρ CV [%] LOD [fM] 

EDTA 0.94 28 16 

citrate 0.37 39 19 

heparin 0.64 67 34 

PBS 0.94 51 27 

The assay outcome was evaluated by means of three parameters: the linearity of the sFIDA 

readout as a function of applied Aβ-SiNaP concentration (mean Pearson’s correlation 

coefficient ρ), the mean coefficient of variation (CV) as well as the mean limit of detection 

(LOD). 
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Figure 1 Representative images and cumulative histograms for 1 pM Aβ-SiNaP spiked 

in EDTA, citrate and heparin plasma. 

1 pM Aβ-SiNaP was spiked in blood plasma treated with different anticoagulants from a 

single donor and subsequently applied to sFIDA assay. A representative image as a 

composition of channel 0 (exc.: 635 nm, em.: 705 nm) and channel 1 (exc.: 488 nm, em.: 525 

nm) is given for (a) EDTA, (b) citrate and (c) heparin-treated plasma, respectively (left hand), 

as well as cumulative intensity histograms for channel 0 (middle) and channel 1 (right hand). 

Cumulative histograms for single images are depicted in light color whereas the mean 

cumulative histogram is depicted in dark color. The variation in intensity distribution between 

the images is higher for heparin compared to EDTA and citrate. 
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Figure 2 Intensity distribution for images obtained from 1 pM Aβ-SiNaPs spiked in 

EDTA, citrate and heparin plasma following sFIDA assay. 

For channel 0 (exc.: 635 nm, em.: 705 nm) the major peak in intensity distribution for EDTA 

is approximately at 2400, for citrate at 1700 and for heparin plasma at 900 on a 14-bit 

grayscale, and for channel 1 (exc.: 488 nm, em.: 525 nm) at approximately 1300, 1300 and 

1000, respectively. For channel 0 the major peak is approximately at 2400, for citrate at 1700 

and for heparin plasma at 900 on a 14-bit grayscale, and for channel 1 at approximately 1300, 

1300 and 1000, respectively. 
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Figure 3 sFIDA readout for Aβ-SiNaPs spiked in EDTA, citrate and heparin plasma 

from five individual donors as well as in PBS. 

Aβ-SiNaPs were serially diluted to 100 pM, 10 pM, 1 pM, 100 fM and 10 fM. As negative 

controls, non-spiked plasma samples were used (respective 0 M Aβ-SiNaP data points). Black 

rectangular symbols represent the sFIDA readout for donor 1, red circular symbols for donor 

2, blue up-top triangular symbols for donor 3, magenta down-top triangular symbols for donor 

4, green rhombical symbol for donor 5 and dark blue left-top triangular symbols for PBS 

control. 

Bereitgestellt von | Heinrich Heine Universität Düsseldorf

Angemeldet

Heruntergeladen am | 13.11.16 13:58



Anticoagulants for sFIDA-based Aβ oligomer quantitation 

25 / 25 

 

Figure 4 Coefficient of variation (CV) of sFIDA measurements for Aβ-SiNaPs diluted 

in EDTA, citrate and heparin plasma from five individual human donors. 

The mean coefficient of variation (CV[%]) for the sFIDA readout was obtained for Aβ 

dilution series spiked in plasma samples from five different donors. The CV[%] was 

calculated as the standard deviation weighted by the mean sFIDA readout. The lowest and 

highest mean LOD is gained from EDTA and heparin treated blood plasma, respectively. 

 

Figure 5 Limit of detection (LOD) from sFIDA measurements of Aβ-SiNaPs spiked in 

EDTA, citrate and heparin plasma from five donors as well as in PBS. 

The mean limit of detection (LOD) for Aβ-SiNaPs spiked in blood plasma was obtained for 

six replicate measurements of each dilution series in samples from five different donors. The 

LOD was calculated from the sFIDA readout from the respective negative control plus three 

times the standard deviation. The lowest mean LOD of 16 fM was obtained for Aβ-SiNaPs 

spiked in EDTA plasma followed by 19 fM (incl. outlier: 34 fM) for citrate, 27 fM for PBS 

and 34 fM (incl. outlier: 280 fM) for heparin. 

Bereitgestellt von | Heinrich Heine Universität Düsseldorf

Angemeldet

Heruntergeladen am | 13.11.16 13:58



3 Discussion

Amyloid plaques are considered one of the major pathological hallmarks of Alzheimer’s

disease. The role of Aβ in AD pathology is well described in the amyloid cascade

hypothesis, which states that Aβ plays a crucial role in the disease development and

progression. For a long time, Aβ fibrils were believed to cause neuronal death and thus

cognitive deficits. However, several studies have shown a poor correlation between dis-

ease progression and amount of aggregated Aβ. Moreover, amyloid plaques were found

in brains of older individuals without any symptoms. These findings triggered the for-

mulation of the theory for neurotoxicity of small soluble Aβ species rather than fibrils.

Starting in the nineties, a large number of studies showed increased neurotoxicity of

oligomers compared to fibrils and the evidence continues to grow. The size of toxic Aβ

assemblies consisting of 3 to 24 monomers was estimated by AFM, however, neurotox-

icity of dimers and higher molecular weight (HMW) oligomers has also been reported.

Further insights on morphology and certain size of pathologic Aβ species remain to be

elucidated [87].

Based on these findings, oligomeric Aβ has become a target molecule as a potential

biomarker. Several approaches have been developed for the detection of oligomeric Aβ

including method of seeded polymerization combined with FCS, oligomer specific ELISA

which use either conformational antibodies or the same Aβ specific antibody for captur-

ing and detection, nanotechnologies and FRET combined with flow cytometry as well

as the sFIDA assay used in this study. The results on Aβ detection and quantification

attained by these methods are inconsistent. Several reasons can be discussed regarding

this issue. Firstly, different Aβ species are detected by different methods such protofib-

rils or HMW oligomer specific ELISAs [88, 89]. Secondly, BSA which is used in some

studies as a blocking buffer may interfere with Aβ detection, since it has been shown

that BSA binds Aβ [60]. Thirdly, an issue that has been discussed for ELISAs is human

anti-mouse antibodies (HAMAs) which may be present in 10 to 40 % of human sam-
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ples. These heterophilic antibodies may cross-link capture and detection antibodies and

thus produce a false positive signal [90, 91]. Fourthly, the collection and pretreatment

of CSF or plasma samples may play a crucial role for Aβ detection. Aβ is known to

bind to plastic, thus the choice of tube material for samples collection needs to be stan-

dardized in respect to possible Aβ loss due to Aβ interactions with the material [92].

Fifthly, several studies report higher Aβ levels in EDTA plasma compared to citrate

and heparin [93,94]. These findings emphasize the importance to establish standardized

protocols for sample handling and treatment prior to Aβ oligomer detection.

Furthermore, one major deficiency of research on Aβ oligomer concentration in body flu-

ids is the absence of a reliable calibration standard, which would allow inter- and intra-

assay comparability and calibration of the assays. In following, currently used standards

and their characteristics are reviewed and compared with stabilized CB oligomers and

Aβ-SiNaP presented in this study.

3.1 Literature review of published standards

3.1.1 Aβ derived diffusible ligands (ADDLs)

In 1998, Lambert et al. have presented a study on neurotoxicity of oligomeric Aβ species

referred to as Aβ-derived diffusible ligands (ADDLs) [83]. They reported that ADDLs

are a soluble and highly toxic Aβ species. Three protocols were proposed for preparation

of soluble and fibril-free ADDLs. Aβ1−42 was incubated 1. with clusterin which acted

as chaperone for Aβ misfolding, 2. in cold F12 medium and 3. in 37 ◦C brain slice

culture medium. ADDLs prepared in F12 medium were used as standard reference in

several studies for Aβ oligomer quantification in body fluids. Their characterization by

atomic force microscopy (AFM) revealed globular structures of approximately 4.8 to 5.7

nm along the z-axis. Nondenaturating electrophoresis showed oligomeric species with

predominant size of 27 kDa and a weaker band at 17 kDa. Similar sizes of 22 kDa and

17 kDa were obtained by Western blot. The authors stated the stability of ADDLs for

at least 24 h.

In the following three completely different methods for Aβ oligomer quantification are

described, where the ADDLs prepared in F12 medium were used for assay calibration.
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In 2004, Georganopoulu et al. measured 30 CSF samples from AD patients and healthy

individuals using an ultrasensitive bio-barcode assay [73]. They were able to distinguish

AD samples from age-matched non-demented controls. Here, magnetic microparticles

(MMP) coated with ADDL specific monoclonal antibody bind to ADDLs, which are

then added to gold nanoparticles (AuNP) modified with DNA and an ADDL specific

polyclonal antibody. Using a magnet the sandwich complexes of MMP-ADDL-AuNP

are separated from the sample and the DNA is released from the complex. The barcode

DNA is then quantified by scanometric detection method. The authors reported a cor-

relation of the assay results with the concentration of applied ADDLs with a limit of

detection of approximately 100 aM. At concentrations above 500 fM the linearity of the

assay shifted to a plateau.

In 2007, Santos et al. reported a high reliability and reproducibility of a method for Aβ

oligomer quantification in 174 CSF samples of non-demented individuals based on flu-

orescence resonance energy transfer (FRET) combined with flow cytometry [75]. Here,

Aβ samples are incubated with Aβ specific antibodies labeled with two different fluores-

cent dyes: a donor and an acceptor. Only if the two detection antibodies are closer than

10 nm to each other (bind to the same oligomer) the energy transfer from a donor to

an acceptor molecule can take place upon excitation of the donor molecule and emission

of acceptor molecule is detected by flow cytometry. For assay calibration with ADDLs,

they reported a poor reproducibility of the measurements due to instability of the pre-

pared oligomers and used fibrils instead as reference standard. The detection limit of

the assay was in the femtomolar range of monomer concentration. The determination

was based on approximation of an average fibril size from several hundreds to thousands

of monomers.

In 2014, Savage et al. reported 80 % sensitivity and 88 % specificity for differentiating

63 AD patients from 54 healthy controls by their CSF samples in an oligomer specific

two-site ELISA using Erenna platform [72]. In this flow-based detection method, para-

magnetic particles coated with monoclonal oligomer specific antibody (MP) bind to Aβ.

Upon a magnetic bed MPs are retained while unbound material is removed. After ad-

dition of detection antibody, MP-Aβ-antibody complexes are detected on the Erenna

instrument. Characteristics of synthetic oligomers used for the calibration revealed a

HMW species enriched mixture with sizes ranging from 310 to 7700 kDa. The limit of

detection for Aβ oligomers in human CSF was 0.09 pg/ml. The authors evaluated the

used standard as a “dynamic mixture of oligomers and monomers” which, however, did

not show any “significant change after prolonged storage at -80 ◦C”.
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In 2002, Dahlgren et al. demonstrated that oligomers are 10-fold more toxic than fibrils

and 40-fold more toxic than monomeric Aβ [85]. For this study, Aβ oligomers were

prepared according to the following protocol: solving of Aβ in HFIP, vacuum drying

and resuspension in DMSO preceded the dilution in F12 medium. AFM measurements

revealed globular structures with a size of approximately 2 to 5 nm in z-height indicating

a molecular mass range from 10 to 100 kDa. The authors report heterogeneous oligomer

size distribution by AFM but absence of fibrils and large aggregates.

The same protocol was used for standard preparation by Fukumoto et al. to calibrate a

HMW oligomer specific ELISA [89]. Significant higher Aβ levels were detected in 25 AD

or MCI CSF samples compared to 25 age-matched controls. Here, the same Aβ specific

monoclonal antibody was used as capture and detection antibody. Characterization of

the standard reference by immunoblotting revealed an average mass of majority of Aβ

oligomer species of 50 kDa, ranging from 40 to 70 kDa. Taking into consideration that

the solution may contain not only oligomers, but also protofibrils, the authors refer to

the prepared oligomers as “parent” oligomer mixture.

In the same year of 2002, in his article W. Klein discussed the neurotoxicity mechanism

of ADDLs and presented a slightly different protocol for preparation of ADDLs in com-

parison to Dahlgreen et al. [84]. Aβ oligomer characteristics by AFM and SDS-PAGE

revealed heterogeneity of the prepared Aβ species, indicating presence of trimers to 24-

mers with an average molecular weight of 108 kDa. Oligomer stability for 24 h at 1

µM and 37 ◦C and absence of protofibrils were reported for the obtained Aβ species.

However, the authors emphasize an eventual shift from tetramers to 12-24-mers.

Zhou et al. prepared oligomers according to the procol proposed by W. Klein to calibrate

a sandwich-ELISA for the detection of amyloid-β oligomers in plasma. In their study,

they investigated 44 plasma samples from AD patients and 22 from control donors. They

were able to differentiate between samples from AD patients and non-demented controls

using an oligomer specific detection antibody which binds LMW oligomers between 10

to 18 kDa and HMW species ranging from 50 kDa to >150 kDa. Western blot analysis

of synthetic Aβ species used as standard revealed oligomers with approximately 10, 16

and 20 kDa indicating presence of predominantly dimers and pentamers.
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3.1.2 Multimers and oligomer enriched samples

Two different groups used similar oligomer preparation to calibrate two distinct methods

for Aβ oligomer detection in CSF [70, 74]. In both studies, synthetic Aβ was dissolved

in DMSO prior to dilution and incubation in PBS. None of the groups presented char-

acteristics of the obtained Aβ species.

However, Pietschke et al. refer to the prepared Aβ as multimers, thus indicating un-

known oligomer composition or/and inhomogeneous size distribution of the Aβ species

[74]. They presented the detection of single amyloid β aggregates in CSF of AD patients

using the process of seeded polymerization in combination with FCS. Based on stronger

signals obtained for Aβ aggregates in CSF from AD patients, 15 AD samples could be

differentiated from 19 age-matched controls.

In 2013, Bruggink et al. could not detect any differences between CSF samples of AD

and healthy individuals [70]. Aβ oligomers were quantified using an ELISA with the

same capture and detection antibody. These findings were explained by LMW oligomer

(10 to 25 kDa) specificity of the method. The limit of detection was 2.2 pg/mL, calcu-

lated for synthetic oligomers prepared as described above to which the authors refer as

“oligomer-enriched” samples.

3.1.3 Aβ dimers

A different approach for preparation of standard molecules is the coupling of two antigen

molecules via a disulfide bond. Two studies presented their results on Aβ oligomer

detection in body fluids using these particular molecules.

In 2009, W. Xia et al. reported the detection of Aβ oligomers and the correlation of Aβ

monomer with oligomer concentrations in plasma of 36 AD patients and 10 control donors

using a sandwich-ELISA, where the same N-terminal antibody was used for capturing

and detection of the target [86]. Also a decrease in Aβ monomer and oligomer levels

in plasma was shown over a 1- to 2-year period in AD patients. For assay calibration,

synthetic Aβ1−40Ser26Cys was cross-linked via disulfide bridges by atmospheric oxidation

in ammonium bicarbonate for four days followed by a disassembly of aggregates by

incubation of the cross-linked dimer in guanidine hydrochloride and TRIS hydrochlorid.

Homogeneous size distribution was achieved by SEC separation of dimers from monomers
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and other Aβ species.

The same standard molecules were used by Esparza et al. for the development of a

single molecule counting ELISA for Aβ oligomer detection in aqueous cortical lysates

and CSF, where the same N-terminal antibody was used for capturing and detection

of Aβ [69]. After washing to remove unbound antibodies, the detection antibody is

eluted and measured on the Erenna instrument by spot illumination and single photon

count. With this assay, the authors demonstrated a correlation between Aβ oligomer

concentration and plaque deposits in frontal cortex samples from AD patients, but could

not detect Aβ oligomers in CSF samples. The concentration of detected Aβ oligomers

was calculated in units of dimer equivalents using the calibration curve. An LOD of 1.56

pg/ml was reported for the assay.

3.1.4 Multiple antigen peptides (MAPs)

Another approach for preparing reference standards is the construction of multiple anti-

gen peptides (MAPs). Using this technique, desired epitopes are linked to a core branch-

ing molecule. In 2012, T. Kasai et al. published the development of a calibration stan-

dard for the oligomer specific single antibody sandwich-ELISA (SAS-ELISA described

by Fukumoto et al. [89]) [95]. The amine groups of a lysine core were maleimide-linked

to the N-terminus of the monomeric epitope. As epitope, a linear peptide was chosen,

consiting of Aβ1−10 at C-terminus and an N-terminal ’linker sequence’ CGGGSG. An 8-

MAP and a 16-MAP were tested for their usability as a standard. The calibration curve

obtained from the measurements with 16-MAP was reported to cover the concentration

range of Aβ oligomers detected in CSF, serum and plasma. Stability of 16-MAPS was

reported for at least two freeze-thaw cycles. Intra- and inter-assay variability of 10 %,

determined by the coefficient of variation, indicates usability of 16-MAP as a stadard

for longitudinal studies.

In 2013, T. Kasai et al. detected HMW Aβ oligomers in CSF and serum samples from

healthy individuals using SAS-ELISA [71]. They reported a correlation of Aβ oligomer

levels in CSF and serum samples in non-demented matched individuals, but no correla-

tion of total Aβ1−42 and Aβ1−40 between CSF and serum. The newly developed standard

16-MAP for was used for inter- and intra-assay calibration.
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3.2 Standards presented in this study

3.2.1 Application of stabilized Aβ oligomers in the sFIDA

Stabilized Aβ oligomers obtained from Crossbeta (CB oligomers) were serially diluted

in PBS, CSF and EDTA plasma fraction and measured in the sFIDA assay. According

to the manufacturer, CB oligos exhibit following characteristics: homogeneous popula-

tion with a hydrodynamic radius of 12 nm as determined by dynamic light scattering

(DLS), >85 % β-sheet content as measured by circular dichroism (CD), predominantly

monomer-free oligomer mixture as determined by AFM. One oligomer consists of ap-

proximately 220 Aβ1−42 monomers. The stability of CB oligomers was demonstrated in

PBS for 56 days, in F12 medium and in HEPES buffer for 7 days at 4 ◦C, and in F12

medium and HEPES buffer for 24 h at 37 ◦C [96]. Correlation of the sFIDA readout

with CB oligomer concentration was observed for all matrices down to femtomolar range.

LODs obtained for CB oligomers were 22 fM in PBS, 18 fM in CSF and 14 fM in plasma

fraction.

3.2.2 Synthesis and characterization of Aβ-SiNaP

Furthermore, this study presents the synthesis, characterization and performance of

Aβ-coated silica nanoparticles (Aβ-SiNaP) in sFIDA assay. Aβ-SiNaP were prepared

by biofunctionalization of SiNaP synthesized according to the Stöber process. The di-

ameter of bare SiNaP of approximately 24 nm was determined by transmission electron

microscopy (TEM). SiNaP were silanized with APTES to coat the surface with primary

amine groups. Subsequent reaction with succinic anhydrid resulted in carboxylated

SiNaP, which were activated by EDC/NHS for the final covalent coupling of Aβ1−42 to

the particle surface. The successful coupling was demonstrated by Fourier transform

infrared spectroscopy (FTIR). The concentration of Aβ1−42 on the surface of SiNaP was

determined by BCA assay as 24 µg/ml in 1 mg/ml SiNaP solution. This concentration

corresponds to 44 peptides per 24 nm SiNaP.

Aβ-SiNaP were firstly tested in water and CSF. Correlation between SiNaP concentra-

tion and sFIDA readout was shown down to femtomolar range. sFIDA measurements
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on stability of Aβ-SiNaP revealed stability over a period of four months when Aβ-SiNaP

were stored in water at 4 ◦C.

3.2.3 Application of Aβ-SiNaP in the sFIDA assay

Additionally, Aβ-SiNaP were used to determine the most suitable anti-coagulant for Aβ

oligomer detection in plasma. The batch of Aβ-SiNaP used in this study had following

characteristics: 30 nm of SiNaP core (as determined by TEM) and 36 Aβ molecules per

nanoparticle (as determined by BCA assay). A correlation of Aβ-SiNaP concentration

with sFIDA readout was shown in PBS, EDTA-, citrate- and heparin-plasma. Based on

calculated linearity of the correlation between applied concentrations of SiNaP and the

determined sFIDA readouts, coefficient of variation and limit of detection, the results

showed that EDTA is the anti-coagulant of choice for quantification of Aβ oligomer

levels in human plasma using the sFIDA assay. LOD obtained for Aβ-SiNaP spiked in

EDTA plasma was 2.6 pg/ml based on Aβ monomer concentration coated to SiNaP.

3.3 Comparison of presented Aβ species as reference

standards

In order to attain more consistency in results for Aβ oligomer quantification and to allow

comparability of different quantification methods, a reliable standard is required which

resembles characteristics of Aβ oligomers. Furthermore, this standard should be stable

for a certain period of time to ensure assay reproducibility in longitudinal intra- and

inter-assay studies.

The reviewed methods for Aβ oligomer preparation offer several standards for assay

calibration such as ADDLs, multimers and oligomer-enriched samples, Aβ dimers and

16-MAPs. In our study, stabilized CB oligomers and Aβ1−42-coated SiNaP were pro-

posed as suitable standards for the Aβ oligomer detection in the sFIDA assay.

ADDLs are the most commonly used standard for assay calibration. However, discussed

studies present different characteristics of prepared Aβ oligomers. The size of oligomeric
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Aβ species prepared accordingly to different protocols varies from 10 to 7700 kDa. Even

if the same protocol for oligomer preparation was used, significant differences in oligomer

characteristics have been reported by different groups. For example, ADDLs prepared

according to the protocol proposed by Lambert et al. have sizes between 17 and 27 kDa

according to Lambert et al., whereas Savage et al. report a size distribution in the range

between 310 to 7700 kDa. The stability of at least 24 h reported by Lambert et al. was

not achieved by Santos et al.. Instead, Santos et al. pointed out poor reproducibility

obtained with prepared oligomers, which were therefore replaced by fibrils. Aβ fibrils

exhibit higher stability compared to oligomers, but they are significantly larger. In con-

trast, although Savage et al. refer to prepared Aβ oligomers as ’dynamic mixture’, they

report stability after prolonged storage at -80 ◦C.

Also, for ADDLs prepared according to the same protocol, Dahlgreen et al. report

oligomer size distribution between 10 and 100 kDa, whereas Fukumoto et al. published

the size range from 40 to 70 kDa.

Similarly, the oligomer preparation proposed by Klein, revealed a heterogeneous mixture

of trimers to 24-mers in his study, whereas Zhou et al. reported predominantly dimers

and pentamers in their oligomer mixture prepared by the same protocol. Often, infor-

mation on standards and especially their stability is insufficient. Studies by Pietschke

et al. and Bruggink et al. lack any oligomer characterization. However, their descrip-

tion of prepared Aβ mixtures as multimers and oligomer-enriched samples, respectively,

indicates heterogeneous size distribution.

On the one hand, the heterogeneity of Aβ oligomer mixtures may be interpreted as

advantage for quantification of oligomeric Aβ species in body fluids, since the size dis-

tribution of endogenous Aβ oligomers is not exactly known, but supposed to vary over

a wide range. However, the dynamic equilibrium between the different Aβ species of-

ten results in poor reproducibility over time. Moreover, if the composition of oligomer

mixture differs for each preparation according to the same protocol, a standard is re-

quired, which is simple and reproducible in preparation. This evidence indicates that

Aβ oligomers do not represent a reliable standard for assay calibration.

In contrast to ADDLs, Aβ1−40 dimers separated by SEC have a defined size and mor-

phology. The stability of these molecules is guaranteed by cross-linking and by use of

Aβ1−40 which is less prone to aggregation compared to Aβ1−42. Due to the very small

size, these Aβ species are suitable standards only for quantitation of LMW oligomers.
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Another issue is that the dimers consist of Aβ1−40, whereas the main component of

endogenous Aβ oligomers is Aβ1−42 with eventually a small amount of Aβ1−40, since

Aβ1−40 was found in amyloid plaques. Thus, the dimers do not fulfill the requirements

of a universally applicable standard, either.

Finally, the 16-MAPs presented by T. Kasai et al. seem to be the most promising can-

didates among the discussed standards. 16-MAPs provide a defined size and a known

number of epitopes. The authors report stability against freeze/thaw cycles as well as

inter- and intra-assay variability of less than 10 %. These characteristics make them a

reliable standard.

The stabilized CB oligomers consisting of 220 Aβ monomers measured in the sFIDA as-

say in this study are a suitable standard for detection of HMW oligomers. CB oligomers

do not contain Aβ monomers and are stable for 56 days in PBS and 1 week in F12

medium or HEPES at 4 ◦C and 24 h in F12 medium or HEPES buffer at 37 ◦C, thus

providing much higher stability than the discussed ADDLs. However, these standards

do not resemble LMW oligomers such as trimers to 24-mers which are considered the

most toxic species in AD pathology.

Aβ-SiNaP which were synthesized, characterized and validated in the sFIDA assay

within the scope of this study, revealed pronounced advantages compared to Aβ oligomers

and dimers and share some similarities with 16-MAPs. Both Aβ-SiNaP and 16-MAPs

are particles with defined sizes. Most prominent difference between them and other

standards is flexibility in number and choice of epitopes. Thus, a synthesis of hybrid

standards consisting of, for example Aβ1−42 and tau, which can be used in studies for the

exploration of hybrid aggregates as biomarkers, is possible for both standards. The re-

ported stability of four months for Aβ-SiNaP in water at 4 ◦C and stability of 16-MAPs

against freeze/thaw cycles make both standards excellent candidates for long-term stud-

ies.

Moreover, it is possible for Aβ-SiNaP to vary the size of the silica cores by adjusting the

reaction conditions in the Stöber synthesis from nano- to micrometer range. The spher-

ical geometry of Aβ-SiNaP allows an even distribution of Aβ epitopes compared to the
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branched Aβ epitopes in MAPs. Thus, the introduction of higher dimension hierarchies

minimizes sterical effects which might decrease the accessibility of Aβ epitopes on the

sphere surface. The shortcomings of Aβ-SiNaP presented in this study is the fact that

the size of silica cores and number of Aβ epitopes might slightly vary batch-to-batch.

In contrast, size and number of epitopes in 16-MAPs produced by custom peptide syn-

thesis is always exactly defined. Also, Aβ-SiNaP with approximately 40 epitopes do

not resemble LMW oligomers, and are more suitable for the detection of larger soluble

Aβ species. However, further validation experiments for both standards are required to

ensure inter- and intra-assay comparability.

Standards reviewed and described in this study differ strongly in their characteristics

such as size distribution, composition, morphology and stability. Taking into consider-

ation that a reliable standard ideally represents the analyte in its size, properties and

interaction with the matrix where it is measured, it can be concluded, that ADDLs re-

semble the dynamic nature of Aβ oligomers best, cross-linked Aβ1−40-dimers are suitable

for detection of very small Aβ oligomers, but do not represent the interaction of Aβ1−42

with the matrix, 16-MAPs are in the size range with toxic 3 to 24-mers, stabilized CB

oligomers and Aβ-SiNaP resemble HMW oligomers. The characteristics of the standard

molecules should be taken into account for prospective applications which depend on

the technique used for AD diagnosis.
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