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f Department of Geriatric Medicine, University of Oslo, Oslo, Norway
g Department of Medical Biochemistry and Biophysics (MBB), Karolinska Institutet, Stockholm, Sweden
Accepted 9 January 2019

Abstract.
Background: Biomarkers are central to current research on molecular mechanisms underlying Alzheimer’s disease (AD).
Their further development is of paramount importance for understanding pathophysiological processes that eventually lead
to disease onset. Biomarkers are also crucial for early disease detection, before clinical manifestation, and for development
of new disease modifying therapies.
Objective: The overall aim of this work is to develop a minimally invasive method for fast, ultra-sensitive and cost-effective
detection of structurally modified peptide/protein self-assemblies in the peripheral blood and in other biological fluids.
Specifically, we focus here on using this method to detect structured amyloidogenic oligomeric aggregates in the blood serum
of apparently healthy individuals and patients in early AD stage, and measure their concentration and size.
Methods: Time-resolved detection of Thioflavin T (ThT) fluorescence intensity fluctuations in a sub-femtoliter observation
volume element was used to identify in blood serum ThT-active structured amyloidogenic oligomeric aggregates, hereafter
called nanoplaques, and measure with single-particle sensitivity their concentration and size.
Results: The concentration and size of structured amyloidogenic nanoplaques are significantly higher in the blood serum of
individuals diagnosed with AD than in control subjects.
Conclusion: A new method with the ultimate, single-particle sensitivity was successfully developed. The proposed approach
neither relies on the use of immune-based probes, nor on the use of radiotracers, signal-amplification or protein separation
techniques, and provides a minimally invasive test for fast and cost-effective early determination of structurally modified
peptides/proteins in the peripheral blood, as shown here, but also in other biological fluids.
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INTRODUCTION
Alzheimer’s disease (AD) is a devastating neurodegenerative ailment and the most common cause
of dementia worldwide [1, 2]. Unfortunately, despite
intensive research and a great societal need, biomarkers for reliable and cost-effective early diagnosis of
AD are still in their infancy. This also presents an
impediment for the development of new drugs, and
there is presently no cure for AD.
The main obstacle for further progress is the lack
of important basic knowledge about the complex
dynamic processes that lead to AD development.
While detailed molecular mechanisms are not yet
fully understood, it is well established that an imbalance in the production and clearance of amyloid-␤
(A␤) peptides, accompanied by their self-assembly
into structured aggregates and accumulation in socalled senile plaques in the central nervous system
(CNS) of affected individuals, is a characteristic of
AD. The Amyloid Cascade Hypothesis proposes that
misfolding, aggregation, and deposition of A␤ peptides is a major cause of AD [3]. A␤ peptides are
39–42 amino acids long peptides derived from the
amyloid-␤ protein precursor (A␤PP) via proteolytic
processing. The most common forms of A␤ peptides
are A␤40 and A␤42 (reviewed in [4]).
The aggregation mechanisms have been investigated using a variety of different analytical
techniques, including fluorescence spectroscopy and
fluorescence correlation spectroscopy ([5] and references therein). Early on a fluorescence assay with
the benzothiazole salt Thioflavin T (ThT) became a
standard method for amyloid detection by fluorescence spectroscopy and microscopy [6, 7]. As more
recent studies have shown, amyloidogenic aggregates
enriched with pleated ␤-sheet secondary structure
readily bind ThT and significantly alter its spectral
properties, shifting the absorption spectrum towards
longer wavelengths and significantly increasing the
fluorescence quantum yield (Fig. 1, inset) [8–12].
Diagnostic methods for early AD detection are still
under heavy discussion [13–16]. For diagnosis of prodromal patients, before mental decline is noticeable,
it is required that reliable biomarkers are available
[17]. Serum and cerebrospinal fluid (CSF) autoantibodies against A␤ have shown promise and warrant
further investigations [18, 19], but the predictive
power has not been particularly encouraging so far.
Brain imaging using positron emission tomography
(PET) and radiotracers will reliably reflect on fibrillar
deposits of amyloid in the brain that are >1 mm in

size [20–22]. Measuring the content of A␤ peptides
(and tau protein) in the CSF using immunochemical
techniques is also considered reliable [23–25]. However, PET is expensive and CSF sampling is invasive.
In topical reviews [13, 14], the authors list drawbacks of simply measuring A␤ in blood plasma as
a diagnostic method, and show that attempts to correlate blood studies and PET or CSF results are not
convincing so far. The heterogeneous and different
structural states of A␤ measured by the two technologies are one probable reason for the experimental
difficulties: the immunochemical methods measure
the soluble forms of the A␤ peptide(s), whereas the
PET method measures the precipitated insoluble peptide aggregates in the brain. There is no clear direct
connection between the two types of measurements,
even if both relate back to the presence and behavior of the A␤ peptide. There is obviously a strong
need for a novel, non-invasive, and reliable method
for early AD diagnostics. The lack of such methods
also presents an impediment for the development of
new therapies aiming to reduce the amyloid burden
in the brain, which critically depends on the possibility to routinely identify and characterize the levels
of structured amyloidogenic aggregates in the same
individual repeatedly over time.
Here we present a fluorescence-based assay on
blood serum labelled with the amyloid-sensitive dye
ThT. The method is based on observations using a
time-resolved and highly sensitive single-molecule
fluorescence technology called fluorescence correlation spectroscopy (FCS). We have earlier used
the ThT based FCS assay (ThT-FCS) to study the
heterogeneity and turnover of A␤ peptide aggregates during their fibril formation process in vitro
[5]. In the present study, we show that the passage
of ThT-active structured amyloidogenic oligomeric
aggregates, hereafter called nanoplaques, through an
extremely small (< femtoliter) focal volume can be
recorded in real time, the number of passages can
be counted and the passage time can be measured.
We show that the number of passages and the passage time are related to the concentration and size
of the nanoplaques, respectively, and that there is a
significant difference in the number and the size of
nanoplaques in the blood serum from diagnosed AD
patients and control individuals.
MATERIALS AND METHODS
Blood samples were obtained upon informed consent from apparently healthy blood donors (control
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group) and from individuals who were, after examination in primary care settings, referred to the Memory
Clinic, Karolinska University Hospital, Huddinge
(patient cohort). Collection and handling of blood
samples was approved by a regional ethics committee in Stockholm, permit nr. 2012/1019-31/1.
Detailed description of patient cohort and ethics,
blood collection, and blood sample preparation is
given in Supplementary Material 1 (Supplementary
Table 1).
Time-resolved ThT ﬂuorescence intensity
ﬂuctuation measurement on blood serum
Fluorescence intensity fluctuations in the blood
serum with ThT were recorded in a series of 300
measurements, each measurement lasting 10 s, yielding a total run time of 3000 s. All measurements
were performed at 20◦ C in an air-conditioned room
using a ConfoCor 2 system (Carl Zeiss, Jena, Germany), as described in Supplementary Material 2.
FCS measurements were validated using the individually modified ConfoCor3 system (Carl Zeiss,
Jena, Germany) available in our laboratory [26]. No
significant differences between measurements’ outcomes obtained using one or the other system were
observed.
Short background on ﬂuorescence correlation
spectroscopy
FCS is a quantitative analytical method with
the ultimate, single-molecule sensitivity for the
detection of bright fluorescent molecules in dilute
aqueous solutions [27–33]. FCS achieves singlemolecule sensitivity by observing with high temporal
resolution the time course of spontaneous fluorescence intensity fluctuations in a very small volume
that is in conventional instrumental setups about
(2 – 10) × 10−16 l. In such a tiny volume, the background noise originating from molecules present in
large excess, such as the solvent molecules, is significantly reduced by observing a small number of
molecules at a time. Hence, the passage of a bright
fluorescent molecule through the small observation
volume gives rise to a prominent change in fluorescence intensity that can be readily detected.
To generate the tiny observation volume, the instrumentation for FCS takes advantage of the specific
arrangement of optical elements in a confocal microscope. In particular, a high numerical aperture (NA)
objective is used to sharply focus the incident laser
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light into the sample. The volume from which fluorescence is being detected is further reduced by placing
a pinhole in the optically conjugate plane in front of
the detector to eliminate out-of-focus light (Fig. 1A).
In this way, a miniature observation volume element
(OVE) is generated in the sample (Fig. 1B) that is
sufficiently small to allow the observation of fluorescence intensity fluctuations that arise around a(n)
(non)equilibrium steady state due to spontaneous,
thermally driven microscopic fluctuations in the positions of molecules through the OVE (Fig. 1C). These
fluctuations are recorded over time and analyzed
to extract information about the average number of
molecules in the OVE, which is representative of the
sample concentration, and the average transition time,
i.e., the time needed for a molecule to pass through
the OVE, the so-called translation diffusion time (τ D ),
which is defined by the diffusion coefficient (D) of
the molecule of interest, i.e., by its size and shape in
a medium of given viscosity (Fig. 1D). Measurement
of fluorescence intensity fluctuations and instrument
calibration are described in detail in Supplementary
Material 2 and Supplementary Material 3 (Supplementary Figure 1).

FCS data analysis
Different methods can be used to analyze the
fluorescence intensity fluctuations recorded in an
FCS experiment [29, 31]. Typically, temporal autocorrelation analysis is applied to derive a temporal
autocorrelation curve (tACC) and to read out the
average number of molecules in the OVE from the
amplitude of the tACC and the diffusion time from
the characteristic decay time of the tACC [27, 28,
31]. Details of temporal autocorrelation analysis and
how to derive the average number of molecules in
the OVE and the translational diffusion coefficient of
the investigated particles is given in Supplementary
Material 3.
In this study, temporal autocorrelation analysis, as
described in Supplementary Material 3, was used for
instrument calibration (Supplementary Figure 1).
For the analysis of FCS data on blood samples,
the evaluation is performed by characterizing the frequency of single event occurrence as described in
Supplementary Material 4. This method is validated
using standard series of dilute aqueous suspension of
fluospheres (d = 100 nm), described in detail in Supplementary Material 4, as shown in Supplementary
Figures 2 and 3.
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Fig. 1. Schematic presentation of the instrumental setup for fluorescence correlation spectroscopy (FCS). A) Schematic drawing of the
optical arrangement in an inverted confocal microscope. Incident laser light (blue) is reflected by the main dichroic beam splitter and
sharply focused by the objective into the sample, generating a double-conus-like illumination volume. Molecules in the illumination volume
that can absorb the incident laser light become excited, but unbound ThT molecules (yellow) and small amyloidogenic oligomers and
peptide/protein monomers (grey) do not emit fluorescence, whereas the ThT-active structured amyloidogenic oligomers do (green). The
elastically scattered incident light (blue) and the spectrally distinct fluorescence (green) are collected back by the objective, and separated by
the main dichroic beam splitter that reflects the elastically scattered light and allows the fluorescence light, which is of a longer wavelength
than the incident/elastically scattered laser light, to pass through the pinhole to the detector. B) Magnified image of the double-cones-like
illumination volume generated in the sample by focusing the incident laser light with a microscope objective (blue) and the idealized
observation volume element (OVE) in the form of a prolate ellipsoid from which fluorescence is being detected (green). C) Photons emitted
by fluorescent molecules/particles passing through the OVE are detected by an avalanche photodiode (APD) detector, which responds with
an electrical pulse to each detected photon. The number of electrical pulses originating from photons detected during a specific time interval,
so-called binning time, corresponds to the measured light intensity at a given point of time. Exemplified here is a fluorescence intensity
fluctuations time series recorded in a diluted suspension of quantum dots in blood serum using the same optical setting as described above.
D) The electrical signal is transferred to a digital signal correlation unit and the corresponding normalized autocorrelation function G(τ)
is calculated on-line to yield an experimentally derived temporal autocorrelation curve (tACC). The tACC shown here is derived from the
time trace shown in C. Inset: Thioflavin T (ThT) chemical formula (top). Bottom: Fluorescence emission spectrum of ThT in water (dotted
blue line) and in an aqueous solution containing structured amyloidogenic oligomers of insulin (solid red line). Normalized ground state
absorption spectra of ThT in water (dotted blue line) and in an aqueous solution of insulin amyloid fibrils (dashed red line) are shown in the
small inset. Image reproduced from [10] with permission by the Royal Society of Chemistry.

Masking and statistical analysis
Double-blind (i.e., double-masking) was applied.
To this aim, researchers performing the FCS measurement and time-resolved ThT serum FIFA were
blinded as to the individual diagnoses until the data
analysis was completed. Likewise, the diagnosis was
established using standard clinical tests and results of
the time-resolved ThT serum FIFA were not known
by the clinicians until the study was completed and
the code was revealed.
In order to assess whether the mean fSEO values in
the control and the patient cohorts are significantly

different, unpaired t-test analysis was performed
using the online available GraphPad Software tool
(http://www.graphpad.com/quickcalcs/ttest1.cfm?
Format=SD).

RESULTS
Serum autoﬂuorescence and serum ThT
ﬂuorescence
Blood serum is a complex aqueous mixture of different classes of chemical compounds, of which lipids

A. Tiiman et al. / Blood Serum Amyloidogenic Nanoplaques in AD

575

Fig. 2. FCS analysis of serum autofluorescence and serum ThT fluorescence. A) Experimental tACC recorded in the blood serum without
ThT (black dots) and with ThT (red circles), and the corresponding best fit using a theoretical autocorrelation function (AFt ; solid lines). For
measurements in the serum without ThT, the simplest theoretical model that could fit the experimental data was AF for free 3D diffusion
without a triplet. The parameter values derived by fitting are: N = 300 and τ D = 55 m. The structure parameter was fixed at the value
determined in calibration experiments, Sp = 5. For measurements in the serum with ThT, the simplest theoretical model that could fit the
experimental data was AFt for free 3D diffusion of two components without triplet. The parameter values derived by fitting are: N = 750,
τ D1 = 40 s, τ D2 = 100 ms, y1 = 0.94 and y2 = 0.06. The structure parameter was fixed at the value determined in calibration experiments,
Sp = 5. B) Temporal autocorrelation curves shown in A. normalized to the same amplitude, G(τ) = 1 at τ = 10 s. Of note, the tACCs shown
here are average of 10 consecutive 10 s measurements during which passage of individual nanoplaques was not observed, i.e., single event
was not observed in any of the time series.

(in the form of triglycerides) and proteins (albumin
and immunoglobulins) are the most abundant. Many
of the compounds in blood serum are natively fluorescent and absorb light at 458 nm, such as flavin (FAD)
and pyridinic (NADH) coenzymes and lipopigments.
As a consequence, blood serum exhibits autofluorescence and also gives rise to a distinct tACC with an
amplitude Aserum = (0.003 ± 0.002) and a single characteristic decay time τ serum = (55 ± 15) s (Fig. 2A,
black). The simplest theoretical model that could
fit these experimental data was the autocorrelation
function for free 3D diffusion without a triplet (AF1
in [28]). Holding the structure parameter fixed to
its value determined by the instrument calibration,
Sp = 5, the parameter values derived by fitting are:
N = 300 and τ D = 55 s.
When ThT is added to blood serum, several important differences are observed. Most notably, the
amplitude of the tACC decreases markedly (AThT =
(0.0014 ± 0.0007)) and a small but discernible contribution of one or more components with long
characteristic decay time is observed (Fig. 2A, red).
Hence, the simplest theoretical model that could fit
these experimental data was an autocorrelation function for free 3D diffusion of two components without
a triplet (AF3 in [28]). The parameter values derived
from the best fitting autocorrelation function are:
N = 750, τ D1 = 40 s, τ D2 = 100 ms, y1 = 0.94, and
y2 = 0.06. The structure parameter was fixed at the
value determined in calibration experiments, Sp = 5.
The characteristic decay time of the first component,

τ D1 = 40 s, derived by fitting is very similar to the
characteristic decay time in the serum without ThT,
τ D = 55 s; in agreement with experimental findings
showing a close overlap of tACCs normalized to the
same amplitude, G(τ) = 1 at τ = 10 s (Fig. 2B).
Decrease in the amplitude of the tACC, which
indicates that the average number of observable
molecules increases in the OVE upon ThT addition, is consistent with making otherwise invisible
ThT-active entities visible. ThT fluorescence in blood
serum was in detail characterized by bulk fluorescence spectroscopy by Chauhan et al. [34] and Griffin
et al. [35]. Using flotation fractionation, Griffin et al.
were able to show that about 94 % of ThT reactivity in blood serum is associated with the non-apoB
containing fraction of blood serum and identified
water-soluble glycated and other chemical adducts
of serum albumin as the main contributors to the
baseline ThT serum fluorescence [35]. The observed
appearance of a second component with significantly
longer diffusion time is consistent with making visible large ThT-active entities that are present at very
low levels, hence the small relative amplitude.
As expected based on previously published results
[34, 35], the mean serum ThT fluorescence intensities
showed considerable variation between individuals (Supplementary Table 1). However, in contrast
to previous observations by bulk ThT fluorescence spectroscopy, the mean count rate values
between the patient, CRp = (202 ± 92) kHz, and
the control groups, CRc = (155 ± 43) kHz, differed
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R-squared value, R2adj = 0.032, which indicates that
this correlation is very weak (Supplementary Material 6; Supplementary Figure 5).
We therefore present the occurrence of fluorescence intensity bursts, i.e., the occurrence of single
events and the frequency of their appearance, termed
“frequency of single event occurrence” (fSEO ), as
our direct measure of the concentration of structured
amyloidogenic nanoplaques in the blood serum.

Fig. 3. Time-resolved fluorescence intensity fluctuations in serum
ThT recorded over time. The clearly visible peaks in fluorescence
intensity reflect the rare passage of bright ThT-active structured
amyloidogenic oligomers, i.e., nanoplaques.

significantly, as evident from the two-tailed p value,
p = 0.0126.
Time-resolved detection of ﬂuctuations in ThT
ﬂuorescence intensity reveals passage of
ThT-active amyloidogenic structured
nanoplaques through the OVE
Time-resolved detection of ThT serum fluorescence reveals the infrequent occurrence of very well
identifiable peaks in fluorescence intensity that differ
from the mean fluorescence intensity by a value that is
more than five times larger than the standard deviation
(SD) of the time series, (F (t) − F (t)) > 5 × SD
(Fig. 3). As already indicated, we call these peaks
“single events”.
In order to ascertain that these outbursts do not
reflect electrical disturbances or occasional passage
of small air bubbles or dust particles through the OVE,
but rather reflect the passage of ThT-active amyloidogenic structured nanoplaques, control measurements
were performed in the serum without ThT. As can
be seen (Supplementary Figure 4 in Supplementary
Material 5), while fluorescence intensity peaks are
occasionally detected in the serum before ThT is
added, the mean frequency of their occurrence is significantly lower than in the serum with ThT; there is
no difference in the frequency at which these peaks
occur in the control and the patient’s samples; and the
standard deviation is larger than the mean, suggesting that the mean value of random disturbances is not
significantly different from zero.
We have also verified that the effect of agerelated differences between the control and patient
cohorts are negligible, as established by the adjusted

The frequency of single event occurrence in the
blood serum of AD patients is higher than in the
blood serum of apparently healthy controls
The frequency of single event occurrence (fSEO ),
calculated as described in the Materials and Methods: Data analysis subsection, differs between the
patient group, fSEOp = (2.3 ± 1.7) × 10–3 s–1 , and the
control group, fSEOc = (1.5 ± 1.2) × 10–3 s–1 . A twotailed p value, p = 0.0418, determined by unpaired
t-test analysis suggests that the difference in the fSEO
between the patient group and the control group is
statistically significant (Fig. 4A). After revealing the
code and separating the patients into subgroups based
on the clinical diagnosis, the difference between
the AD patients, fAD SEOp = (2.5 ± 1.5) × 10–3 s–1 ,
and the control group, fSEOc = (1.5 ± 1.2) × 10–3 s–1 ,
remains statistically significant, p = 0.0420 (Fig. 4B).
The size of the ThT-active amyloidogenic
structured nanoplaques in the blood serum of AD
patients is larger than in the blood serum of
apparently healthy controls
Temporal autocorrelation analysis, performed as
described in Materials and Methods, shows an
obvious difference in the characteristic decay time
between the tACCs recorded for the two groups, with
a markedly longer decay time for the patient group
(Fig. 5). Evaluation of the normalized tACCs shows
that the analyzed system is complex and does not
contain particles that are uniform in size, but rather
contains a mixture of particles of very different sizes.
The average diffusion time for the ThT-active particles in the control group is about 5 ms, and the average
diffusion time for particles in the patient group is
about 15 ms. Assuming they are spherical molecules,
the molecular weight difference is about 27 times
between the two groups. Thus, in addition to the
larger number of nanoplaques the patient group carries also larger ThT-active structured amyloidogenic
oligomeric aggregates in the serum.
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Fig. 4. The frequency of ThT-active structured amyloidogenic oligomeric aggregates occurrence in the patient and in the control group. A)
Mean fSEO in the control group (black) and the patient group (wine). Error bars indicate standard deviations (± SD). B) Mean frequency of
single event occurrence in different diagnostic groups. N.B. For four patients the diagnosis was not established. Data for the patient that has
undergone a gastric bypass operation were not included in this analysis (see Supplementary Table 1). SCI - Subjective Cognitive Impairment.
MCI - Mild Cognitive Impairment. SCI – Subjective Cognitive Impairment. MCI – Mild Cognitive Impairment.

biochemical analysis (Fig. 6). The generally accepted
limit for an AD diagnosis based on A␤42 level in CSF
is < 550 ng l–1 [36]. Based on the data presented in
(Fig. 6), we suggest that a limit of fSEO > 1.5 × 10–3
s–1 in blood serum is indicative of AD.
DISCUSSION

Fig. 5. The translational diffusion time, i.e., the size of ThT-active
structured amyloidogenic oligomeric aggregates in the patient and
in the control group. Temporal autocorrelation curves (tACCs) for
the control (black) and the patient (wine) groups showing that the
characteristic decay time is longer for the patient group, indicating
that the structured aggregates observed in this group are larger.
Of note, only time series where single events were observed are
analyzed.

Clinical output in CSF versus time resolved ThT
ﬂuorescence intensity ﬂuctuation analysis in
blood serum
We have compared the results obtained by timeresolved ThT FIFA in blood serum with the results
obtained using established biochemical biomarkers in
the CSF, including CSF levels of the 42 amino acid
form of the amyloid-␤ peptide (A␤42 ) and the total
CSF levels of the tau protein (t-Tau). The comparison
shows that the results obtained by time-resolved ThT
blood serum FIFA match the results obtained by CSF

We present here a new quantitative method for
the detection of structured amyloidogenic aggregates in blood serum that is based on the analysis
of time-resolved ThT fluorescence intensity fluctuations. In the presence of amyloid fibrils and structured
amyloidogenic oligomers ThT acquires fluorescence
excitation and emission spectra that are markedly distinct from those of the free dye (Fig. 1, inset) [8–12].
This change in fluorescence is generally considered
to be specific for ThT interactions with amyloidogenic structures, and is not induced upon binding to
native protein monomers or amorphous aggregates
[6, 7]. Due to this property, ThT has been widely
used to visualize tissue amyloid deposits by fluorescence microscopy [37–39]; ThT congeners are also
the bases for in vivo imaging using PET and single
photon emission computed tomography [40–42]; and
ThT is indispensable in basic studies of protein aggregation by classical, bulk fluorescence spectroscopy to
monitor the time course of amyloid fibril formation
from purified proteins and peptides in vitro [5, 43,
44].
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Fig. 6. Correlation between clinical CSF parameters and the fSEO in blood serum. A) The ratio of the total Tau level over A␤42 level in the
CSF as a function of the A␤42 level in the CSF. Pink dots with a blue rim designate data from individuals diagnosed with AD. B) The fSEO
in the blood serum as a function of the A␤42 level in the CSF. Blue-lined wine dots designate data from individuals diagnosed with AD,
whereas wine dots indicate data from individuals in the patient cohort that were not diagnosed with AD. C) Comparison between CSF and
blood serum measurements. Pink axes and symbols relate to measurements in the CSF, showing the ratio of the total Tau level over A␤42
level in the CSF as a function of the A␤42 level in the CSF. Wine ordinate and symbols relate to measurements in the blood serum. Wine
symbols present the fSEO in the blood serum as a function of the A␤42 level in the CSF. Data from individuals diagnosed with AD based on
a multimodal clinical assessment are represented by the blue-lined wine dots. The green-lined point indicates the value from a patient with
gastric bypass. In all graphs, the vertical dashed line indicates the generally accepted limit for an AD diagnosis based on A␤42 level in CSF,
[A␤42 ] < 550 ng l–1 . The horizontal dashed line indicates the limit of fSEO > 1.5×10–3 s–1 in blood serum that is indicative of AD.

While classical bulk ThT fluorescence spectroscopy is very important for basic studies of
A␤ aggregation kinetics [43], this method also has
serious limitations. Most notably, bulk ThT fluorescence spectroscopy involves signal integration time
that is typically of the order of 1–10 s, averaging
ThT fluorescence over all A␤ aggregation states
that are present in the sample [43]. When such

measurements are performed in blood serum, fluorescence originates from autofluorescence and from
dim fluorescence arising from ThT-active compounds
present in a large excess, such as lipids, proteins
(disordered or acquiring other types of secondary
structure than ␤-pleated sheet), organic heterocyclic
molecules and their derivatives. The contribution
of rare and short-lasting (0.2–100 ms) fluorescence
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intensity peaks that arise when sparse, yet bright
ThT-active structured amyloidogenic aggregates pass
through the OVE, is averaged out over the long signal
integration time and the contribution from autofluorescent and ThT-active molecules, while dim in
comparison, prevails as the molecules that give raise
to it outnumber by far the bright ThT-active structured amyloidogenic nanoplaques. Hence, the mean
ThT fluorescence of blood serum depends on its specific biochemical composition, individual differences
in mean ThT serum fluorescence intensity are large
(Supplementary Table 1) and the usefulness of bulk
ThT fluorescence spectroscopy in biomedical diagnostics of amyloid-featuring diseases has been shown
to be limited [34, 35].
In contrast to bulk ThT fluorescence spectroscopy,
time-resolved detection of fluctuations in ThT fluorescence in a sub-femtoliter OVE does not involve
such averaging [5]. Here, the signal is recorded with
a sub-microsecond temporal resolution and the passage of bright ThT-active structured amyloidogenic
nanoplaques through the OVE can be readily discerned (Fig. 3). In our analysis, we are counting
the numbers of fluorescence intensity peaks that differ from the mean fluorescence intensity by a value
that is five times larger than the SD of the whole
time series. We are counting the number of fluorescence peaks, i.e., determine the frequency of
their encounter (fSEO ) to measure the concentration
of amyloidogenic aggregates, and we analyze the
average duration of fluorescence intensity peaks to
determine the diffusion time, i.e. the size of the
amyloidogenic aggregates. When the background is
low, the signal-to-background ratio is high, and the
peaks are easily discernible. However, even if the
background is high, our analysis is, within certain
limits, possible because of the following reason – the
more autofluorescent and ThT-active molecules in the
blood serum, the larger the mean fluorescence intensity, but the smaller the SD of the time series. Given
that the peaks are identified through an increase in fluorescence intensity that is five times larger than the
SD of the whole time series, the fluorescence peaks
are, within certain limits, discernible even though the
background signal is high.
In conclusion, we report here the detection of structured amyloidogenic aggregates in the blood serum
using time-resolved ThT serum fluorescence intensity fluctuations. Moreover, we demonstrate that there
is a positive correlation between AD diagnosis and
the mean frequency at which ThT-active structured
amyloidogenic aggregates occur in the blood serum
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of AD patients (Figs. 4 and 6); and that there is a pronounced difference in the translational diffusion of
ThT-active structured amyloidogenic nanoplaques in
the blood serum of AD patients (Fig. 5), which indicates that the ThT-active structured amyloidogenic
nanoplaques are significantly larger in AD patients.
While the capacity of this method for the early
identification of individuals at risk to develop AD
remains to be confirmed in large clinical trials, our
results clearly show that this new method with singleparticle sensitivity, which neither relies on the use of
immune-based probes, nor on the use of radiotracers,
signal-amplification or protein separation techniques,
may provide a minimally invasive test for a fast
and cost-effective early determination of structurally
modified proteins in the peripheral blood circulation,
CSF, but also in other, more easily accessible biological fluids, such as saliva and urine.
However, we also need to caution about the limitations of the current method. One problem associated
with ThT-based fluorescence assays for the detection
of structured amyloidogenic forms of A␤ in biological fluids is that only relatively large oligomeric
states (>40 monomers) appear to have attained structures which give rise to observable ThT fluorescence
[5]. The smaller oligomeric states, which are more
abundant at an early kinetic stage of the aggregation
process and which are considered to be among the
most cell toxic species, seem not to be made fluorescent by ThT binding [5, 45]. However, the presence
of ThT-fluorescence at later kinetic stages of peptide
aggregation is generally considered to indicate that
the toxic forms of oligomers are still present or have
been present earlier (“on pathway”). In addition, in
vitro studies show that the initial step in A␤ peptide
aggregation is slow, but once the reaction has commenced, the turnover of small oligomers is fast [5].
Thus, while our method cannot detect the smallest
oligomers, such as dimers, trimers, tetramers, etc.,
the smallest ThT-active structured amyloidogenic
oligomeric aggregates will form very quickly after the
inception of the aggregation process, enabling early
AD diagnosis.
In addition, the ThT assay is a structure-based
assay that efficiently identifies structurally modified
proteins enriched in ␤-pleated sheet secondary structure and does not discriminate between aggregated
protein targets of different chemical composition.
Moreover, the nanoplaques may be composed of several different amyloid-forming peptides/proteins that
cross-react with one another [46]. Hence, additional
methods, such as immune-based and/or proteomic
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assays are needed to determine the chemical composition of the small structured amyloidogenic
nanoplaques identified by ThT. This, however, is not
a trivial task. Immune-based assays, such as the most
frequently used enzyme-linked immunosorbent assay
(ELISA), digital ELISA [47, 48], sandwich ELISA
[49], and associated methods recently reviewed by
Andreasson et al. [50], immunoprecipitation–mass
spectrometry (IP–MS) [51] and immuno-infraredsensor [52–54] all have common inherent limitations
that are related to the specificity and the sensitivity of the antibody-antigen reaction [55–57]. In
the case of A␤ immune-based assays, the following difficulties, to name but a few, are typically
encountered: monomeric A␤ that is present in excess
can occupy binding sites on the antibody, thereby
interfering with the detection of A␤ oligomers [58];
interference from the p3 peptide and A␤-catabolic
peptides derived from the non-amyloidogenic pathway of A␤PP processing may introduce uncertainty
in the interpretation of results [59]; substrates
for signal amplification and detection are inherently unstable and may produce signal even in
the absence of enzyme [50]. Proteomic approaches
using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), 2D-PAGE, liquid chromatography, mass spectrometry, matrix assisted laser
desorption/ionization-time of flight (MALDI-TOF)
mass spectrometry, electrospray ionization mass
spectrometry, liquid chromatography-tandem mass
spectrometry, and related techniques, characterize
directly the molecule of interest with high sensitivity and specificity, thereby providing invaluable
information [60]. However, these techniques are constrained by the difficulty to detect low-abundance
proteins in complex mixtures such as biological fluids due to limitations in the dynamic range; inability
to measure intact larger proteins and involved sample
preparation procedures [61]. As a consequence, there
is to date no CSF biomarker discovered in proteomic
studies that has reached the clinic [62].
In summary, we would like to underline that currently available immune-based methods clinically
used for CSF and blood plasma biochemical analysis show that the concentration of A␤42 decreases
in the CSF and blood plasma of AD patients [23,
36, 63–65]. This is very likely due to the fact that
the antibodies largely recognize monomeric A␤ peptides, whereas aggregation renders A␤ peptides into
states that are not easily recognized by immunochemistry as discussed by Klaver et al. [58] and references
cited therein. In contrast, our method measures the

ThT reactive states in the blood serum that correspond
to the actual amyloid states present in the fibrils seen
in the brain. Obviously, the two types of observations
both correlate with the AD pathology in the patient,
as can be seen from the data presented in Fig. 6, but
our method relies on a simple blood test to derive the
information. The limit of quantification of the proposed method is unparalleled, reaching the ultimate
single-particle sensitivity for structured aggregates
comprising more than 40 A␤ monomers. Moreover,
the proposed method allows us also to determine the
distribution of structured aggregates size, which may
be a valuable indicator of disease stage (early vs late)
and a reliable predictor of disease progression [66,
67].
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