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Abstract. Protein misfolding and aggregation are fundamental features of the majority of neurodegenerative diseases, like
Alzheimer’s disease (AD), Parkinson’s disease, frontotemporal dementia, and prion diseases. Proteinaceous deposits in the
brain of the patient, e.g., amyloid plaques consisting of the amyloid-3 (A3) peptide and tangles composed of tau protein, are
the hallmarks of AD. Soluble oligomers of A3 and tau play a fundamental role in disease progression, and specific detection
and quantification of the respective oligomeric proteins in cerebrospinal fluid may provide presymptomatically detectable
biomarkers, paving the way for early diagnosis or even prognosis. Several studies on the development of techniques for the
specific detection of A3 oligomers were published, but some of the existing tools do not yet seem to be satisfactory, and the
study results are contradicting. The detection of oligomers is challenging due to their polymorphous and unstable nature, their
low concentration, and the presence of competing proteins and A monomers in body fluids. Here, we present an overview
of the current state of the development of methods for A3 oligomer specific detection and quantitation. The methods are
divided in the three subgroups: (i) enzyme linked immunosorbent assays (ELISA), (ii) methods for single oligomer detection,
and (iii) others, which are mainly biosensor based methods.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common
cause for dementia and a major global cause of dis-
ability and dependency, raising significant personal
and economic issues. In 2013, an estimated 44.4 mil-
lion people worldwide suffered from dementia, and
this number is expected to increase to 135.5 million
in 2050 (http://www.alz.co.uk/research).

*Correspondence to: Susanne Aileen Funke, Hochschule fiir
angewandte Wissenschaften Coburg, Friedrich-Streib-Str. 2,
96450 Coburg, Germany. Tel.: +49 9561 317 327; Fax: +49 9561
317 311; E-mail: aileen.funke @hs-coburg.de.

Still, definite diagnosis of AD requires postmortem
examination of the brain, where amyloid plaques,
consisting of the amyloid- (Ap) peptide, and tan-
gles, composed of tau protein, are detected. Diagnosis
of probable AD during lifetime is based on clinical
criteria, including medical history, physical exami-
nation, neuropsychological tests, and is supported by
ancillary examinations like in vivo imaging methods
and laboratory tests, reaching a confidence level of
approximately 80% [1].

Early symptoms of the disease are shared by a
variety of dementia disorders and the specificity of
early diagnosis is less accurate; furthermore, diag-
nosis based on clinical symptoms will never reveal
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presymptomatic AD cases. Initial studies on familial
AD as well as presymptomatic sporadic AD patients
indicated that humans who will develop AD have
detectable pathological abnormalities two decades or
more before the first clinical symptoms can be per-
ceived [2-5].

At present, the disease can only be treated symp-
tomatically, but we move in the direction of disease
modification and secondary prevention. Therefore,
objective measures of core pathologic processes,
which reflect the status of AD, are essential for early
and definite diagnosis, prognosis, or for the moni-
toring of drug effects. A biomarker is defined as a
“characteristic that is objectively measured and eval-
uated as an indicator of normal biological processes,
pathogenic processes, or pharmacological responses
to a therapeutic intervention” [6].

One biomarker probably suited to fulfill the
requirements is the A3 peptide, as it is one of the earli-
est and most prominent players in AD, accumulating
as fibers in amyloid plaques. AP is generated from
the amyloid-f3 protein precursor (ABPP) by subse-
quent enzymatic cleavage of the B- and y-secretase,
respectively [7-9]. Several AP isoforms of various
chain length are formed, but A4 has the highest
propensity for aggregation and undergoes forma-
tion of oligomers and larger intermediate forms like
protofibrils, insoluble fibrils, and plaques. A range
of conformational subtypes, varying in number of
monomers, secondary and tertiary structure, shape,
size, and compactness has already been described in
vitro and in vivo [10, 11].

It was suggested in the amyloid cascade hypoth-
esis that fibrillar forms of A, deposited in amyloid
plaques, were responsible for neuronal dysfunction
[12]. Today, soluble and diffusible AP oligomers
are known to be the main synaptotoxic and pro-
apoptotic species, inducing learning deficits and
neuronal loss as well as inhibition of long-term poten-
tiation [13-16].

Across a large number of studies, A342 monomer
concentrations in cerebrospinal fluid (CSF) samples,
determined by ELISA or similar methods, are consis-
tently and significantly reduced by 50% in patients
with AD compared to healthy controls. Sensitivity
and specificity exceeded 80% in most of the studies,
making CSF A4, one of the best established bio-
chemical markers. It is shown that patients with mild
cognitive impairment (MCI) and later conversion to
AD have reduced CSF AB4, levels as well. These
reduced CSF A4, levels allowed an accurate pre-
diction of development of AD in tested MCI subjects

(sensitivity of 90%, specificity of 71%) [3, 17-20].
According to Jack and coworkers, the first biomarker
change detectable with state-to-the-art methods is the
decrease of CSF Af42, which might reflect the for-
mation of AP plaques, as suggested by the “sink
hypothesis” [21]. Neuritic plaque formation can be
visualized using PIB-PET [22].

Recent biomarker studies often include measure-
ments of other core biomarkers of AD other than
AB42 (AB4o, tau, phospho-tau), and the combination
of results increased the current average sensitivity of
AD biomarker detection slightly [17, 20]. However,
these assays did not significantly improve the predic-
tive value over present clinical tests and therefore,
other biomarkers are needed to monitor funda-
mental disease features. Additionally, even if CSF
AP4> monomer is the best established neurochemi-
cal biomarker for AD, the usefulness in differential
diagnosis is not well established, as decreased CSF
AB4> concentrations are also found, for example, in
patients with Lewy body dementia, amyotrophic lat-
eral sclerosis, and Creutzfeld-Jacob disease [23-25].

A3 monomers are a physiological metabolic prod-
uct, also abundant in healthy humans and a natural
component of serum and plasma. They might even
have a neuroprotective function and are not thought
to be responsible for pathologic effects in AD [26].
As already described above, soluble A oligomers
were found to be fundamental for AD pathology, and
in several preliminary studies, it was demonstrated
that the concentration of AP oligomers is increased
in AD patients. However, a few conflicting studies
were published (reviewed in [27]). To verify whether
A oligomers are an appropriate biomarker for AD,
a representatively large number of AD patient sam-
ples and controls have to be tested for their AP
oligomer content. The detection of AR oligomers is
technically challenging due to their polymorphous
and metastable nature, their low concentration, the
presence of competing proteins, and the respective
protein monomers in body fluids.

Here, we review the current state of A3 oligomer
detection and focus on method development to reli-
ably and routinely detect A oligomers in CSF
Methods, which were developed and tested on brain
extracts, but not applied to human CSF yet, as well as
methods for the detection of AP oligomers in blood
samples, are not discussed here. We have published
reviews on the topic of oligomer detection earlier, but
growing interest in oligomer detection has led to an
substantial increase in the number of publications,
evoking the need for an update [27-29].
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METHODS FOR DETECTION OF A3
OLIGOMERS IN CSF: ELISA

In recent years, a variety of ELISA-based tools
were published. All studies reviewed in this chap-
ter are summarized in Table 1. ELISA studies are
comparably simple to perform, are well suited for
high-throughput, and offer adequate sensitivity. In the
ELISA-based techniques described up to date, A
oligomer specificity was provided either by usage of
oligomer specific antibodies or by double usage of
the same sequence specific antibody twice in the sys-
tem, for capturing A3 as well as for detection. This
ensures that no monomers (here, the binding epitope
would already be blocked by the capture antibody)
are detected.

In 2010, Fukumoto et al. reported on one of the first
ELISAs, specific for high molecular weight (HMW)
A oligomers between 40 to 200 kDa. Monomers and
lower molecular weight oligomer species were not
detected, the latter probably not because of steric hin-
drance. The antibody BANS50 binds to a N-terminal
sequential epitope of AP and was used for A cap-
turing, as well as for detection. The sensitivity of the
assay was estimated by the authors to be at 0.1 pM
(or 0.45pg/ml). The authors detected significantly
higher amounts of HMW AR oligomers in CSF sam-
ples from AD and MCI patients (at the mean level)
compared to age matched controls. Additionally, the
authors could demonstrate a negative correlation with
Mini-Mental-State Examination (MMSE) scores in
the AD/MCI group [30].

Later, Herskovits and coworkers adapted the
ELISA described above to a Luminex platform.
Luminex platforms have the advantages of simul-
taneous analyses of several biomarkers in one run,
reduction of human error, potential of reduced reagent
costs, and a modest reduction of sample volume when
compared to classical ELISA [31]. The authors found
that the BANSO antibody based assay detected A3
oligomers, but demonstrated also sABPPa fragment
sensitivity, probably due to the N-terminal epitope
of BAN50. The authors tested CSF samples of 20
AD patients and found elevated A3 oligomer levels
in comparison to the 19 CSF control samples (with
substantial overlap for single samples). The respec-
tive biomarker profiles for AB4> monomers (tau and
phospho-tau, as determined by the Alzbio3 assay)
were consistent with prior studies for the AD group. A
correlation between MMSE and A oligomer content
was less clear. However, the ratio of Af oligomers
and APB4> monomers was elevated. The ratio corre-

sponded to a sensitivity of 90% and a specificity of
94.7%, but the values were mainly driven by AB42,
leading the authors to question the added value of the
oligomer measurement, as judged by the diagnostic
standpoint [32].

In 2010, Gao and coworkers used peptides specif-
ically binding A3 aggregates as a bait to capture A3
aggregates in CSF to perform the so-called “mis-
folded protein assay” (MPA). After binding to beads,
the immobilized A3 was denatured and the concen-
tration determined by ELISA specific for AB49 and
A4, monomers, respectively. In CSF samples of 26
AD patients an elevated concentration of A4 aggre-
gates could be detected in comparison to the samples
of 10 controls. Interestingly, similar results were not
found for AB42 aggregates [33].

In 2013, Tai et al. planned to address the hypoth-
esis that reduced levels of soluble apolipoprotein
E (apoE)/AB complexes and an increase of solu-
ble oligomeric AR are associated with APOE4 and
AD. They developed two ELISA to measure soluble
apoE/A and oligomeric A (modified protocol by
Xia et al. [34]). Here, we only focus on the results of
soluble oligomeric AB. About ten CSF samples each,
obtained at autopsy, were tested for the control AD-
APOE3, and the AD-APOE4 group, respectively. A3
oligomer levels were significantly increased in AD
patients compared to controls, and A3 oligomer levels
were increased in the AD-APOE4 group compared to
the AD-APOE3 group, however, with a great overlap
between single results of the different groups [35].

Holtta et al. evaluated AR oligomers in the CSF by
investigation of four different patient material collec-
tions from different clinical centers (199 AD patients,
148 cognitively healthy controls, 165 followed-up
MCI patients). They developed a highly sensitive
ELISA with a lower limit of quantification of 2 pg/ml
(using synthetic AR dimers for the standard curve),
which detected synthetic A oligomers with a molec-
ular weight above 10kDa using the N-terminal
monoclonal antibody 82E1 for capture and detection.
The influence of heterophilic antibodies was evalu-
ated and excluded. A oligomer levels were increased
in three AD/control comparisons, but with a substan-
tial overlap between the single patients of different
groups. No correlation between A3 oligomers and
AB42 was found. MCI patients who later converted
to AD had increased levels of AR oligomers com-
pared to controls, while patients with stable MCI did
not differ. Interestingly, patients with different sever-
ity of dementia, based on MMSE examination results,
were tested. It was found that AD patients with mild
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and moderate dementia had higher A oligomer lev-
els compared to controls, while patients with severe
dementia did not [36].

However, some ELISA studies were published in
which A oligomers either could not be detected
in CSF or no difference was found in oligomer
concentration of AD patient samples and control
groups. One assay, published by the group of Selkoe,
employed a highly sensitive electroluminescence
system [37]. This was either based on an AP
aggregate specific capturing antibody combined with
an antibody for detection binding to an N-terminal
epitope of AR, or the A specific antibody was used
for both. The system detected sensitively synthetic
AR oligomers (with detection limits of approxi-
mately 10pg/ml) and AP oligomers in extracts of
AD brains, but no oligomers could be detected in 89
human CSF samples [37].

Esparza et al. developed a plate-based immunoas-
say for AP oligomers. Measurements of eluted
antibody conjugates were performed on the Erenna
platform. In typical applications, the Erenna platform
uses spot illumination and single photon counting
to detect paramagnetic microparticle based anti-
body fluorescence emission events. The system
allows a 20- to 100-fold increase in sensitivity
compared to classical detection systems. Micropar-
ticle/capture antibody/antigen/fluorescent detection
antibody complexes are passed through a capil-
lary, where a laser induces light emission, which
is detected after passing through a confocal micro-
scope lens. In the assay described by Esparza et al.,
no microparticles were used, but after a conventional
ELISA, the antibody-antigen-antibody sandwich was
eluted and the fluorescent-labeled antibody was
counted on the Erenna system. The same N-terminal
antibody HJ3.4 was used as capture and for detection,
achieving a limit of detection of 1.56 pg/ml, deter-
mined using AB1—40Ser26Cys dimer as standard.
The specificity for AP oligomers was demonstrated,
the assay did not detect oligomers formed by other
peptides. Additionally, truncated and modified A3
oligomers were not detected. AR oligomers could be
detected in brain tissue samples, but not in 20 CSF
samples of patients with mild AD [38].

Bruggink and coworkers developed an oligomer
specific ELISA which used the same N-terminal epi-
tope binding antibody as capture and for detection.
The assay predominantly recognized relatively small
AP oligomers between 10 and 25 kDa with a calcu-
lated limit of detection of 2.2 ng/l or 2.2 pg/ml. For
measurements in human samples, depletion of human

anti-mouse antibodies (HAMAS) was necessary. A3
oligomers could be detected, but no difference in
concentration was detected between each 25 samples
of AD patients and controls, whereas a significantly
higher concentration of A monomers was found in
hippocampal extracts of AD patients compared to
controls. The authors hypothesized that the levels of
small oligomers might not be suitable as a biomarker
[39].

Savage et al. also employed the Erenna platform
already used by Esparza et al. (see above) for spe-
cific detection of AP in CSF, but a different antibody
combination was used. Antibody 19.3 with selec-
tivity for AP oligomers was used as capture, while
antibody 82El, specific for an N-terminal epitope
of AP, was used for detection. The authors demon-
strated a limit of detection (synthetic ADDL standard,
ADDL: “A derived diffusible ligands”, in the origi-
nal paper defined as small soluble A3 oligomers with
molecular weights between 17 and 42kDa [40] in
CSF samples) of 0.09 pg/ml, 2500-fold selectivity
for AB oligomers over AB4y monomers and ade-
quate inter- and intra-assay precision, spike recovery
and dilution linearity. In this study, AD patients
could be distinguished from controls in three com-
mercially available cohorts (in total 63 AD and 54
controls). AD CSF samples contained significantly
higher monomer and lower AB4; concentrations as
controls and other diagnostic groups. A oligomer
levels did not strongly correlate with age and gen-
der, but had an inverse correlation with MMSE
score [41].

In 2015 Yang et al. tried to confirm and extend
the study by Savage et al. Novel antibody pairs were
tested for usage in combination with the Erenna
platform and a combination of 1C22 (aggregate spe-
cific, also detects fibrils and plaques) for capture and
3D6B (N-terminal specific) for detection yielded a
quantification limit of 0.15 pg/ml, similar to the one
reported by Savage et al. [42]. The assay detected
oligomers of sizes spanning 40kDa to 600kDa,
preferentially large versus small AP oligomers, as
tested with three different standards: ADDLs versus
S26C-dimer versus DiY, an Af4¢ dimer formed by
covalent coupling of the two tyrosine-10 residues.
DiY does not further aggregate under the conditions
that were used, whereas the S26C-dimer does. The
authors tested CSF samples of three cohorts (together
20 AD, 37 controls, 33 MCI samples) and found
detectable A3 oligomer values, but AD and con-
trols did overlap. MCI had modest elevation by mean
value. The established biomarkers for AD (ABa4z,
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tau, and phospho-tau) distinguished control and AD
patients better [42].

In 2015, a paper reported on a longitudinal study of
CSF Ap oligomer levels. CSF of 24 non-demented,
61 MCI, and 64 AD patients was tested as base-
line and after follow up (on average 45 months,
on minimum 6 months) using an ELISA based on
VU-17 antibody with N-terminal epitope for cap-
ture and detection. The ELISA detected middle range
oligomers. The oligomer concentrations did not differ
between groups, but MCI and AD patients showed a
decrease of oligomer levels, strongly associated with
severe cognitive decline [43].

METHODS FOR DETECTION OF SINGLE
A OLIGOMERS IN CSF

ELISA methods, as described above, offer ade-
quate sensitivity for detection of Af3 oligomers, and
quantification is possible using standard A3 oligomer
preparations. Nevertheless, only one signal for all
oligomers in the sample is provided and the oligomers
cannot be characterized in more detail (aggregate
size distribution, real number). In recent years, some
methods were described which claim single molecule
sensitivity. These methods are based on fluorescence
correlation spectroscopy (FCS), flow cytometry, and
confocal laser scanning microscopy (LSM). In the-
ory, these methods should be even more sensitive than
the methods described in the previous chapter. All
methods reviewed in this chapter are summarized in
Table 2.

In 1998, Pitschke et al. came up with the first
method for single AP aggregate detection. Labeled
AB monomers were added to pre-existing Af3
oligomers in the CSF sample. Based on the princi-
ple of seeded polymerization, the labeled monomers
rapidly bound to the pre-existing seeds, while
under the given conditions monomer aggregation
was delayed in time. Detection of the labeled AP
oligomers was based on FCS, a method in which par-
ticles can be detected in concentrations of less than
100 nM, due to confocal laser optics and extremely
sensitive detectors. The method was originally devel-
oped for high-resolution spatial and temporal analysis
of extremely low concentrated biomolecules. The
assay was linear between 20ng and 1000ng AP
aggregates (prepared from synthetic AP, solubilized
in DMSO and diluted and incubated in phosphate
buffer). CSF samples of 19 non-AD controls resulted
in a relatively low and fluctuating fluorescence sig-

nal, whereby fluctuations represented the number of
fluorophores in the confocal volume. In contrast sam-
ples from 15 AD patients produced fluctuating signals
with high-intensity fluorescence bursts, probably due
to the addition of fluorescence labeled A3 monomers
to seeds in the sample [44].

In 2007, Henkel et al. used a related method
with improved sensitivity combined with molecular
imaging to investigate CSF samples of AD patients
(n=14), patients with other dementias (n=13), and
non-demented controls (n=6) for large AB-peptide
binding particles (LAPs) and their diagnostic poten-
tial. In contrast to the study described above, large
individual differences could be detected between the
patients, but no significant differences in LAP fre-
quency were detected between the groups. The LAPs
could be classified into four subtypes depending on
their area, brightness, shape, and texture. So called
LAP-4 particles consisted of AR and IgGs and could
not be detected in any of the AD patients, but they
were virtually present in 42% of all non-AD cases,
pointing at the role of the immune system in regulat-
ing AP homeostasis [45].

Santos et al. reported on an approach for the
detection of single ADDLs in CSF by combining
fluorescence resonance energy transfer (FRET) and
flow cytometry. The ADDLs in the CSF sample
were labeled by two AP antibodies (4G8 and 6E10,
6E10 with N-terminal sequence specific epitope,
4G8 binds a central region of Af3 (amino acids 17 to
24)), coupled to Alexa-Fluor 488 and Alexa-Fluor
594, respectively. Binding of both antibodies to one
ADDL brought the fluorescence dyes in close spatial
distance (less than 10nm), and excitation of Alexa
488 and subsequent emission of fluorescent light led
to excitation of the other dye, enabling the detection
of FRET events by a fluorescence-activated cell sorter
(FACS). Monomers were not detected, as binding of
one antibody hinders the other one from binding the
same monomer. The assay was linear over a range
of 10pM to 2.5nM (or 45.14 pg/ml to 11.28 ng/ml),
referring to the A3 monomer concentration of ADDL
preparations. For the beginning, 174 CSF samples of
non-demented individuals were analyzed, revealing
a large variation in the concentration of the detected
oligomers and a weak correlation between the age
of the individuals and the ADDL concentration [46].

In 2007, Funke et al. reported on a method,
denominated sFIDA (surface fluorescence intensity
distribution analysis), for the detection of AP
aggregates in CSF samples, based on FCS [47, 48].
The aggregates were immobilized on the surface of
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a glass chip using the N-terminal sequence specific
AR antibody 6E10. Subsequently, the aggregates
were labeled by two different, fluorescence dye
coupled antibodies (6E10-Alexa 488 and Nab-Alexa
633, specific for a similar epitope at the N-terminal).
Then, the surface of the glass chip was scanned
by the laser focus of a FCS system. Similar to the
method of Pitschke et al., labeled aggregates led to
comparably high bursts in fluorescence intensity.
In addition, monomer detection was excluded by
application of the same antibody for capturing and
detection. Later, the biochemical steps of the assay
were improved and LSM devices were used for the
measurements instead of FCS methods, leading to
further improvement of sensitivity and the option
for virtual characterization of single aggregates [49].
In 2013, the AP aggregate content in CSF samples
of 14 AD patients and 12 age-matched controls
was determined. The AD group had a significantly
higher level of AP aggregates and the SFIDA readout
correlated negatively to the MMSE score [50].

METHODS FOR DETECTION OF OTHER
Ap OLIGOMERS IN CSF

Despite the progress already achieved in the
method development described above, drawbacks
may occur in some of the methods in terms of
daily handling, critical steps in the procedure which
could influence A3 oligomerization status, and time-
consuming washing and incubation steps. Some
alternative assay procedures were already developed,
but especially biosensors techniques may provide an
elegant and sensitive alternative to ELISA and sin-
gle molecule detection techniques, and were already
applied in a small number of studies for the detec-
tion of AP or a-synuclein oligomers. Methods like
surface plasmon resonance (SPR) or electrochemical
impedance spectroscopy (EIS) sensors were already
combined with oligomer specific recognition sys-
tems like antibodies or peptides. Biosensors have the
potential to provide rapid, real-time, and accurate
results, have been used for a variety of diagnostic
applications and have already been considered as
“point of care testing =POCT"” devices [51]. Double
antibody binding as well as antibody labeling can be
avoided, reducing costs and time demand.

By now, none of the methods described in this
chapter was tested in longitudinal studies or on
large cohorts, but studies are ongoing. All meth-
ods reviewed in this subchapter are summarized in

Table 3, with exception for the methods which were
not tested with real CSF samples yet.

Georganopoulou et al. developed an ultrasensitive
barcode assay for the nanoparticle-based detection
of ADDLs. Oligonucleotide (=“barcode’”)-modified
gold nanoparticles as well as magnetic microparticles
were functionalized with anti-ADDL antibodies to
form DNA-ADDL-magnet complexes, which could
be extracted after incubation with the samples by a
magnet. The number of barcodes, representing the
number of ADDLs, could be determined after signal-
amplifying hybridization by scanometric detection
methods. As stated by the authors, the detection limit
of the semi-quantitative assay was determined to
be 100aM (or 0.45 fg/ml); the assay was linear up
to concentrations of 500 fM (or 2.25 pg/ml). ADDL
concentrations of the CSF samples of 15 AD cases
were tested to be significantly higher than CSF sam-
ples of age matched controls [52].

In 2014, Salvadores et al. reported on the protein
misfolding cyclic amplification assay (ApB-PMCA).
The assay is based on the seeding nucleation mecha-
nism, see above [53]. A oligomers, already abundant
in the sample, act as seed for monomeric ARB4, in
an experimental environment where spontaneous Af3
oligomerization is excluded. About 3 fmol A3 syn-
thetic oligomers could be detected in a sample by
thioflavin T fluorescence. In the CSF of 50 AD
patients, 39 controls and 37 patients with non-AD
dementia, the assay reached an overall sensitivity of
90% and specificity of 92% [54].

The first biosensor method was developed by
Haes et al. in 2005, who established a nanoscale
optical biosensor based on localized surface plas-
mon resonance (LSPR). The signal transduction
mechanism of this technique is based on the sen-
sitivity of the plasmon frequency to changes in
local index of refraction at the surface of nanopar-
ticles [55]. ADDL-specific polyclonal antibodies
M71 were immobilized on surface-confined silver
nanoparticles. After incubation with the sample, the
nanoparticle-antibody-ADDL complexes were again
incubated with ADDL antibodies. This sandwich
principle resulted in signal amplification. Transmis-
sion UV-vis spectroscopy was applied to investigate
the optical properties of the loaded nanoparticles. The
extinction spectra of the nanoparticles shifted in cor-
respondence to small changes in the refractive index
within the electromagnetic field which surrounds the
nanoparticles. In a very preliminary study, the CSF of
one AD patient had a higher concentration of ADDLs
than the CSF of one control sample.
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Sierks et al. used the EIS based NanoMonitor
assay, capable of ultrasensitive biomarker detection
of the low ng/ml down to the pg/ml level, in combina-
tion with selective morphology specific nanobodies
toinvestigate if different aggregate species of A@ (and
a-synuclein, implicated in Parkinson’s disease) have
the potential to be recruited as biomarkers in CSF
to study and diagnose AD and other neurodegenera-
tive diseases. EIS measures the dielectric properties
of a medium as a function of frequency. Impedance
changes to the electrical double layer at the solid-
liquid interface, induced, e.g., by protein-protein
interactions, can be measured and provide detailed
information about the amount of bound proteins,
linear correlating to the concentration of respective
protein. The authors could demonstrate that detec-
tion of certain A3 oligomers using the A4 nanobody
[56] distinguished postmortem CSF samples of three
AD patients, three PD-like patients, and three age-
matched controls. Using an additional a-synuclein
specific nanobody, AD, PD, and control samples
could be distinguished specifically [57].

In recent years, at least three further novel
biosensor methods for the specific detection of A3
oligomers were developed. So far, none of them was
tested with real CSF samples, but real samples are
under investigation. Li et al. developed an electro-
chemical biosensor which made use of the oligomer-
binding induced change of surface electron transfer
and square wave voltammetry frequency. Oligomers
were captured on a gold disk electrode using a
linear peptide probe 110 (11-mercaptoundecanoic
acid MUA-RGTWEGKWK-Ferrocene) which rec-
ognizes a linear motif on the surface of A oligomers
[58]. The critical point might be the target incuba-
tion time of 20 h, but oligomer concentrations as low
as 240 pM (or 1.08 pg/ml) produced detectable sig-
nal response [59]. Stravalaci et al. described a novel
SPR based immunoassay, in which the antibody 4G8
served as biorecognition element. 4G8 recognizes a
central region of A3 (amino acids 17-21, amino acids
LVFFA) and a specific signal was evoked by transient
oligomers, which were proven to disturb the integrity
of artificial lipid bilayers and inhibit the physiological
pharyngeal contractions in a Caenorhabditis elegans
model. 4G8 bound A oligomers in which the epitope
might be exposed in a pseudo-irreversible manner,
whereas A3 monomers where bound with faster dis-
sociation rates [60]. Rushworth at al. developed an
EIS gold electrode biosensor, which employed a
synthetic peptide, a part of the cellular prion pro-
tein (PrPC, residues 95 to 110) as a biorecognition

element. PrPC is a natural receptor expressed in the
brain. It is implicated in AD pathology and binds
AR oligomers with residues 95 to 110, located in
the unstructured N-terminal region of the receptor
[61, 62]. AP oligomers down to a concentration of
0.5pM (or 2.25pg/ml) could be detected and the
biosensor was validated using cell-culture derived A3
oligomers [63].

DISCUSSION AND OUTLOOK

Very recently, the interest of the AD research
community to detect Af oligomers in CSF grew
substantially. AP oligomer species might have the
potential to be a biomarker for disease severity and
progression, probably even more than the currently
examined monomeric CSF AB42. Due to the close
proximity to the brain, CSF is a valuable surrogate
for detection of neuropathological changes occurring
during AD progression [64]. However, the develop-
ment of techniques for detection and quantitation
of A oligomers in CSF is hampered, e.g., due to
the heterogeneity of the oligomers and their unsta-
ble nature. Additionally, monomeric A3 competes
for the binding spaces in immunoassays where no
oligomer specific biorecognition elements are used.
Furthermore, A oligomers are expected to be low in
abundance. Whereas A3 monomers can be detected
in concentrations of less than 500 pg/ml [65], the con-
centration of A3 oligomers in CSF was reported to
be between 0.1 and 10 pg/ml [36, 41], as quantified
by ELISA.

To date, a variety of methods to detect AP
oligomers were published, but still, challenges with
regard to reproducibility, reliability, and real quan-
tification occur, and will be discussed in more detail
below. To provide the reader with details about
assay fitness and reliability, information like standard
preparation, detection limit, assay read-out, the avail-
ability of assay validation data, and pre-analytical
sample handling procedures are listed in Tables 1-3
and are additionally discussed here.

The studies reviewed here investigated the con-
centrations of A oligomers in CSF employing a
diverse range of techniques to detect different or
uncharacterized A oligomer species. The results are
variable or even contradicting, probably due to sev-
eral reasons: i) in most studies only a small number
of clinical samples was tested; ii) variable diagnostic
platforms with variable reactions and incubation con-
ditions were applied; iii) usage of different antibodies
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or AP oligomer binding substances as biorecognition
elements, therefore; iv) detection of different species
and conformers; v) different readouts (only in ELISA
studies real quantities were given, most authors only
give relations) and vi) different oligomer standards
for validation and quantification.

In most of the studies, detection limits are given
in pg/ml. However, some of the authors calculate
molarities (often expressed via monomer equiva-
lents). This might not be feasible, as most of the
oligomer preparations will span a range of molec-
ular weights, monomers and insoluble conformers
might be included. In addition, a part of total A3
in the preparation will be removed by centrifuga-
tion, chromatography, or similar methods, leading
to wrong estimation of the oligomer concentration
in the standard preparation. Oligomers for standard-
ization and determination of detection limit were
often prepared from synthetic monomeric A after
hexafluoro-2-propanol (HFIP) treatment, dissolution
in dimethyl sulfoxide (DMSO), and further dilution in
phenol red free F12 culture medium [30, 32], HFIP
pretreatment and incubation, or HFIP pretreatment
and size exclusion chromatography [50]. For direct
comparison of standard generation procedures, see
Tables 1-3. Some groups used A3 dimers as stan-
dards [38]. In the study of Yang et al., three different
standards were used to determine the assay char-
acteristics: ADDLs (containing comparably large
oligomers) versus AP49S26C-dimer (aggregates fur-
ther into smaller oligomers) versus DiY (does not
aggregate further under the reaction conditions). A
clear dependency of the detection limit on the aggre-
gated size was shown, as expected [42]. In future
studies, the standard should be carefully chosen for
the respective assay to be validated. Kasai et al.
recently reported on synthetic peptide standards in
which a branching lysine core connected multiple
BANS5O epitopes [66]. Similar standards might help
to allow reliable standard curves and therefore quan-
tification in future assays.

Preanalytical factors might also influence assay
performance. It is already known that different test
tube materials, specific buffers, heat incubation,
freeze and thaw cycles, and others can confound
A4y values [67]. Salvadores et al. reported that the
AB-PMCA assay did not work on samples coming
from another location than the samples that did per-
form well. Here, AP did not aggregate as expected,
even after spiking the samples with synthetic A3
oligomers. This was discussed to be due to preanalyt-
ical factors [54]. Holtta et al. reported that some of the

AD patient samples had undetectable Af3 oligomer
levels, whereas control samples had a relatively high
oligomer concentration. It could not be excluded that
sample storage conditions and collection materials
could affect A oligomer concentration. Freeze/thaw
cycles did not affect assay results, as tested in five
cycles [36]. As can be clearly seen in Tables 1-3, CSF
sample generation is far away from being standard-
ized, which leads to further reduced comparability of
the single assay formats.

Further research to develop sensitive and reliable
analytical methods and standards for the respective
oligomers need to be established before evalua-
tion of AP oligomer concentrations can become a
routine diagnostic method. A much larger samples
size will need to be analyzed before AR oligomers
can be established as a biomarker for AD. The
biorecognition element has to be carefully chosen.
Not each antibody for AP oligomers is specific for
AP oligomers, some also detect other oligomeric pro-
teins, i.e., a-synuclein, polyglutamate, or heat shock
proteins [68, 69]. N-terminally binding antibodies
will not allow differentiation between oligomers
formed by AB4> or A4 or any other. Another impor-
tant aspect is the size/form of the oligomers, which
are detected by the respective assay. As can be seen
in Tables 1-3, different methods detected different
oligomers with heterogeneous molecular weights.
The question will be how the same amount of input
AR in ng/ml will be detected by the different assays
in dependence of oligomer size. At the moment, it
is not clear which A conformer is best suitable as a
biomarker. In addition, the size of the conformer to be
found in CSF might be dependent of the time course
of the disease. Oligomer-specific assays might help
to evaluate the time dependence of the occurrence of
certain oligomer species. As an example, Holta et al.
evaluated if AP oligomers were elevated especially
in the early phases of AD and investigated MCI to
AD converters in comparison to stable MCI patients.
In contrast to the stable MCI group, the MCI-AD
group was shown to have increased A3 oligomer lev-
els in comparison to the control group, but with a
substantial overlap leading to a specificity of 85%
[36]. Interestingly, patients with severe dementia did
not differ from the control group while patients with
mild and moderate AD did [36]. The reverse hypoth-
esis about the potential release of A oligomers in the
last stages of the disease because the plaques act as a
reservoir for AP oligomers could not be supported.

Most of the studies reviewed here state an increase
of AP oligomer concentration in CSF of the AD
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patient group, but in a number of studies with a
substantial overlap between individuals. The results
of AR oligomer detection should be compared to
A4z, tau, and phospho-tau outcome as well as the
results of PET with any amyloid specific ligand.
This will lead to the elucidation of correlations
between plaque load, A3 monomer concentration
reduction, and probably increased concentration of
AP oligomers. All assay parameters, which could
influence AP oligomerization like pH, temperature,
incubation times, and so on should be carefully
controlled. Antibodies used in the assay should be
tested for any cross reactivity toward A3 monomers
or other protein oligomers. Full validation of the
assays, including inter- and intraassay variability,
spike recovery, dilution linearity, and limits for detec-
tion and quantification should be given.
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