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Background
Alzheimer’s disease (AD) is the most prevalent age-
related cause of dementia, characterized by neurodegen-
erative processes ultimately leading to neuronal loss in 
the hippocampus and cerebral cortex. Due to neurode-
generation, a progressive decline of cognitive functions, 
especially learning and memory, is observed [1]. AD is 
neuropathologically characterized by the progressive 
accumulation of extracellular senile plaques composed of 
fibrillar amyloid β (Aβ) peptides and of intracellular neu-
rofibrillary tangles composed of tau proteins [2, 3]. Fur-
thermore, recent evidence indicates that smaller soluble 
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Abstract
Background Misfolding and aggregation of amyloid β (Aβ), along with neurofibrillary tangles consisting of 
aggregated Tau species, are pathological hallmarks of Alzheimer’s disease (AD) onset and progression. In this study, 
we hypothesized the clearance of Aβ aggregates from the brain and body into the gut.

Methods To investigate this, we used surface-based fluorescence intensity distribution analysis (sFIDA) to determine 
the Aβ aggregate concentrations in feces from 26 AD patients and 31 healthy controls (HC).

Results Aβ aggregates were detectable in human feces and their concentrations were elevated in AD patients 
compared to HC (specificity 90.3%, sensitivity 53.8%).

Conclusion Thus, fecal Aβ aggregates constitute a non-invasive biomarker candidate for diagnosing AD. Whether 
digestion-resistant Aβ aggregates in feces are secreted via the liver and bile or directly from the enteric neuronal 
system remains to be elucidated.
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Aβ protein and tau aggregates like oligomers cause and 
promote pathological processes due to neurotoxicity [3, 
4].

There is a growing body of experimental and clinical 
data confirming a link between the gut, gut microbiota, 
and neurodegeneration in various neurodegenerative dis-
eases such as AD. In particular, the gut microbiota as a 
source of a large amount of bacterial amyloids, lipopoly-
saccharides, short fatty acids and secondary bile acids 
may promote system inflammation and increase the per-
meability of physiological barriers. There is even evidence 
that the gut microbiota is altered both taxonomically and 
functionally in AD, even before the onset of amyloid 
pathology in the CNS [5–8]. However, knowledge about 
changes of intestinal/fecal Aβ is limited. Considering 
additional factors like disturbances along the brain-gut-
microbiota axis [5, 6, 9–11], liver-mediated Aβ clearance 
and elimination by bile [12–14], and the consequences of 
a disturbed blood-brain barrier and a permeable intesti-
nal barrier [5, 10, 15, 16], the presence of Aβ aggregates 
in feces can be assumed. Initial studies have confirmed 
an association between AD and increased intestinal or 
fecal Aβ concentrations, irrespectively of conformational 
structure [17–20]. Protein aggregation occurs in various 
neurodegenerative disorders, and it often precedes the 
appearance of clinical symptoms for several years or even 
decades [21]. Therefore, we hypothesized that clearance 
mechanisms must exist that reduce the aggregate load in 
the brain and body by disposing Aβ aggregates via gut. 

Consequently, fecal Aβ aggregates may also serve as a 
biomarker candidate for non-invasive AD diagnosis.

We previously developed surface-based fluorescence 
intensity distribution analysis (sFIDA), a platform tech-
nology for quantitating single protein aggregates [22]. 
While the biochemical setup of the sFIDA assay is simi-
lar to a sandwich ELISA (Fig. 1), the readout is micros-
copy-based featuring sub-femtomolar sensitivity [22, 
23]. To avoid monomer interference, sFIDA uses cap-
ture and detection antibodies directed against the same 
or overlapping epitopes. After probing, the glass sur-
face is imaged by total internal reflection fluorescence 
microscopy (TIRFM), illuminating fluorescence-labeled 
detection antibodies bound to the captured aggregates. 
Individual particles are counted by image-data analysis 
of pixels with fluorescence intensities above background 
noise. Our previous work established the technical con-
cept of sFIDA [23–25] and demonstrated that sFIDA is 
useful for diagnosing neurodegenerative diseases [26–28] 
and drug development [29].

This study did not intend to investigate the gut micro-
biome, but to investigate, whether Aβ aggregates are 
found in human feces and whether their levels are dif-
ferent in AD diseased donors versus healthy controls 
(HC). Therefore, we developed and analytically validated 
the sFIDA assay to detect and quantify Aβ aggregates in 
human fecal samples. We also assessed its applicability as 
an explorative biomarker for non-invasive AD diagnosis 
in a small proof-of-concept study including samples from 
26 AD patients and 31 HC.

Fig. 1 Scheme of sFIDA principle. In sFIDA, capture antibodies directed against a linear epitope on Aβ (Nab228, directed against epitope amino acids 
1 − 11) are immobilized on a glass surface, and unoccupied surface area is blocked with bovine serum albumin to reduce unspecific binding events. 
During sample incubation, monomeric and aggregated Aβ species are bound to the capture antibody. (A) Because sFIDA uses the same or overlapping 
epitopes for capture and detection, only Aβ aggregates are subsequently detected with fluorescence-labeled antibodies IC16-CF633, which is overlap-
ping with the epitope of the capture antibody (directed against epitope amino acids 2 − 8). (B) For monomeric Aβ, this epitope is already masked by the 
capture antibody and cannot be bound by the detection antibody. Afterward, the assay surface is imaged by fluorescence microscopy, and pixels above a 
defined cutoff threshold are counted by image-data analysis (called pixel count). Finally, pixel-based readouts are calibrated into molar particle concentra-
tions using silica nanoparticles (SiNaPs) coated with Aβ as calibration standards. Created with BioRender.com
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Methods
Human fecal samples
Fecal samples of study participants were collected 
between October 2019 and June 2022. The Ethics Com-
mission of the Faculty of Medicine of the University 
of Cologne approved patient recruitment (19-1644). 
Informed consent was obtained from each participant. A 
schematic illustration of the sample collection process is 
shown in Fig. 2.

HC had no known neurological disease, were not sub-
jectively cognitively impaired, and showed complete 
functional abilities in daily living (ADL). The participants 
showing cognitive decline were diagnosed by an inter-
disciplinary team of clinicians with extensive experience 
in dementia care and research. The neuropsychological 
classification of the patients involved the following test 
procedures: DemTect [30], used as a screening tool to 
identify patients with mild cognitive impairment (MCI) 
and early-stage dementia; the Beck Depression Inventory 

II (BDI-II) [31] to evaluate the presence and severity of 
depression; the Memory Assessment Clinic-Question-
naire (MAC-Q) [32], a brief questionnaire for assessing 
age-related memory decline; and the Functional Activi-
ties Questionnaire (FAQ) to evaluate the ability to per-
form ADL [33]. The results of the neuropsychological 
tests for each cognitively impaired participant are listed 
in Supplementary Table S1. Cognitive impaired partici-
pants had to show the typical clinical syndrome accord-
ing to the National Institute on Aging and Alzheimer’s 
Association (NIA-AA) guidelines [34]. These guidelines 
specify that patients should have a subtle onset and slow 
progression of cognitive impairment (either self-reported 
or reported by a third party) and memory deficits greater 
than 1.5 standard deviations below the average in any 
neuropsychological testing results, adjusted for age, sex, 
and education. In this study, the cognitively impaired 
participants with preserved functional ADL, as assessed 
by the FAQ [33] or, in the absence of the FAQ, based on 

Fig. 2 Schematic illustration of the sample collection process. Study participants were divided into two groups (normal cognition, impaired cognition) 
based in their clinical symptoms. CSF analyses or imaging were performed for the participants with impaired cognition, to confirm AD related pathology. 
In total, 31 HC and 26 participants with impaired cognition due to amyloid pathology were included into this study. Created with BioRender.com
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the medical history and interview of the caregiver by an 
experienced clinician, were classified as having MCI. 
If there were indications of impaired ADL, cognitively 
impaired participants were classified as having dementia. 
In order to check whether MCI and dementia are due to 
AD, biomarker-based diagnostics were carried out.

As described in the research framework of the NIA-
AA, AD can be uniformly defined biologically, capable 
of identifying early pathological changes and biomarker 
interactions associated with the disease. Therefore, indi-
viduals can now be placed in the AD continuum as soon 
as pathological Aβ aggregation occurs, regardless of their 
cognitive status [1]. Reduced levels of Aβ42, a reduced 
ratio between Aβ42 and Aβ40 as well as the image-based 
detection of senile plaques using amyloid PET serve as 
evidence for the presence of Aβ aggregation. In the pres-
ent study, positive amyloid PET (by visual read) and/or 
CSF levels of Aβ42 less than 630 pg/mL (ELISA kit of 
Euroimmun AG, Lübeck, Germany, product ID EQ 6511-
9601-L, grey zone 570 − 630 pg/mL) and/or a CSF ration 
between Aβ42 and Aβ40 less than 0.095 (ELISA kit of 
Euroimmun AG, product ID EQ 6521-9601-L) confirmed 
amyloid positivity of cognitively impaired participants 
and classified them as clinical diagnosed AD patients. 
To confirm tauopathy, we determined levels of pTau 
(Fujirebio Europe N.V., Gent, Belgium, product ID 81574, 
cut-off > 61 pg/mL) and tTau (Euroimmun AG, prod-
uct ID EQ 6531-9601-L, cut-off > 452 pg/mL, grey zone 
290 − 452 pg/mL) in CSF as well as tau positivity via PET 
scan (by visual read).

Based on amyloid positivity, 26 patients (48 − 84 years 
of age at sample collection, 42.3% females) were enrolled 
as clinically defined Alzheimer’s disease patients with 
varying degrees of cognitive impairment (n = 22 patients 
with mild cognitive impairment (MCI), n = 4 patients 
with dementia). In total, 31 samples from HC were col-
lected (26 − 78 years of age at sample collection, 64.5% 
females) and were transferred to sFIDA laboratory with-
out disclosing the names of the donors.

Sample collection
Fecal samples were collected using polypropylene sample 
tubes with a screwcap-integrated spoon (megro, Wesel, 
Germany) and a paper-based collection aid (Med Auxil 
analysis aids, Seesen, Germany) to avoid contamination. 
In order not to endanger sample stability, samples were 
stored and transported on ice. After receiving the fecal 
samples, samples were classified according to their con-
sistency and shape using the Bristol scale [35] and were 
aliquoted into polypropylene protein low-binding tubes 
(Sarstedt, Nümbrecht, Germany). Samples were stored at 
− 80 °C until further use.

Homogenization of fecal samples for sFIDA analysis
For sample homogenization, we have developed a sample 
homogenization buffer and established a suitable homog-
enization method. A detailed description can be found in 
the Supplementary method section and Supplementary 
Figure S1. Fecal homogenates were stored at − 80 °C until 
further use.

sFIDA Assay
Synthesis of Aβ1 − 15 coated silica nanoparticles
For assay calibration, we have previously introduced sil-
ica nanoparticle (SiNaP) standards coated with multiple 
Aβ-derived epitopes to mimic Aβ aggregates [24]. To this 
end, bare SiNaPs were synthesized via the Stöber process, 
functionalized, and activated as described previously 
by Blömeke et al. [26]. Briefly, synthesized SiNaPs were 
silanized with 3aminopropyl(triethoxysilane) (APTES, 
Sigma-Aldrich, St. Louis, MO, USA) to functionalize the 
surface with primary amino groups. Afterward, cross-
linking of Aβ1 − 15 peptides to aminated SiNaPs surface 
was enabled using maleimido hexanoic acid (MIHA, 
abcr GmbH, Karlsruhe, Germany), preactivated with 
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 
Sigma-Aldrich) and N-hydroxysuccinimid (NHS, Sigma-
Aldrich). Using C-terminal functionalized Aβ1 − 15 
peptides with cysteamine, crosslinking between Aβ and 
maleimide groups was enabled. Finally, molar concen-
tration of Aβ-coated SiNaPs was calculated based on 
silicon concentration determined by inductively coupled 
plasma-mass spectrometry, density of SiNaPs and size 
and shape of the particles, as determined by transmission 
electron microscopy.

Aβ1 − 42 oligomer-based IQC sample
We have previously introduced synthetic Aβ1 − 42 oligo-
mers as internal quality control (IQC) sample [25]. To 
this end, 5  µg of monomeric Aβ1 − 42 (Bachem, Buben-
dorf, Switzerland) was dissolved in 1,1,1,3,3,3-hexaflu-
oro-2-propanol (HFIP, Sigma-Aldrich) and evaporated. 
Afterward, the Aβ pellet was resolved with 5 µL dimethyl 
sulfoxide (DMSO, Sigma-Aldrich), agitated for 10 min at 
650 rpm at RT and diluted with 1× PBS containing 0.04% 
NaN3 to a final stock concentration of 10 µM. Following 
an overnight incubation on a shaker at 650 rpm and RT, 
the IQC sample was sonicated for 20 min in an ultrasonic 
bath before dilution and use in sFIDA assay.

Labeling of antibody
For detection of captured Aβ aggregates, fluorescence-
labeled anti-Aβ antibody IC16 (directed against epitope 
amino acid 2 − 8, kindly provided by Carsten Korth, Uni-
versitätsklinikum Düsseldorf, Germany) [36] was applied 
on the assay surface. To this end, the antibody was 
labeled according to the manufacturer’s protocol using 
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CF633 dye (Biotium, Freemont, CA, USA). In carbonate 
buffer, the succinimidyl ester groups of the preactivated 
dye bind covalently to the amines of the IC16 antibody. 
Purification was performed using a polyacrylamide bead 
suspension (Bio-Gel P-30 Gel, Bio-Rad Laboratories 
Inc, Hercules, CA, USA), and afterward, concentration 
and degree of labeling of the probe were calculated as 
described in manufacturer’s protocol. Finally, the detec-
tion probe was stored at 4 °C, diluted, and centrifuged for 
1 h at 4 °C and 100,000× g just before usage.

Assay protocol
The biochemical principle of sFIDA was reported previ-
ously [23, 24, 26]. In this study, 384-well-plates (Senso-
Plate plus, Greiner Bio-One, Frickenhausen, Germany) 
were functionalized with 40 µL of Nab228 monoclo-
nal anti-Aβ antibody (Sigma-Aldrich) at 2.5  µg/mL in 
0.1 M NaHCO3. After overnight incubation at 4  °C, the 
wells were washed five times with TBST (1× Tris-buff-
ered saline, TBS (Serva, Duisburg, Germany), 0.05% 
Tween20 (AppliChem, Darmstadt, Germany)) and five 
times with TBS. Non-coated glass area was blocked with 
0.5% bovine serum albumin (BSA, AppliChem) in TBS-
ProClin (TBS with 0.03% ProClin (Sigma-Aldrich)) for 
1.5 h at RT. After washing five times with TBST and TBS, 
20 µL samples were applied in 4-fold determination and 
incubated for 2  h at RT. For this, Aβ-coated SiNaPs as 
calibration standard and synthetic Aβ1 − 42 oligomers as 
IQC were diluted in sample buffer (1× phosphate-buff-
ered saline (PBS, Sigma-Aldrich), 0.05% Tween, 0.095% 
NaN3 (AppliChem) and 0.5% BSA). For fecal samples, 
an assay-specific 1:5 dilution in sample buffer was per-
formed. After washing five times with TBS, 20 µL of 
IC16-CF633 (0.625  µg/mL in TBST + 0.1% BSA) were 
applied and incubated for 1  h at RT. Finally, wells were 
washed five times with TBS, and buffer was changed 
against TBS-ProClin.

Image data acquisition
Using TIRFM (Leica DMI6000B, Leica microsystems, 
Wetzlar, Germany), 3.15% of the well surface were 
imaged at 25 different positions (14-bit grayscale, excita-
tion: 635 nm, emission filter: 705/72 nm, exposure time: 
1000 ms, gain: 1000). Imaging of 3.15% of the complete 
surface area accounts for avoiding edge regions and has 
been shown to be representative for the well [23, 25, 26]. 
Each image consists of 1000 × 1000 pixels and represents 
an area of 113.76 × 113.76 μm.

Quantification and statistical analysis
Analysis of image data
Image data analysis was performed using the in-house 
developed software sFIDAta [23, 26]. All images con-
taining artifacts or images that were out of focus were 

excluded from analysis. For the exclusion of background 
signal, an intensity cutoff was determined at which 
0.001% of all pixels remain positive in the blank control 
(unspiked sample buffer, BC). The number of pixels above 
the respective cutoff is referred to as pixel count. sFIDAta 
calculated the mean value, standard deviation, and coef-
ficient of variation (CV%) for each sample based on the 
four replicates. Statistical analyses were performed using 
OriginPro (OriginLab Corporation, Northampton, MA, 
USA) and matlab2019b (The MathWorks, Natick, MA, 
USA) were used for calculations and graphs.

Calibration
To convert pixel counts into femtomolar particle con-
centration, we used readouts of Aβ-coated SiNaPs to 
calculate the calibration curve. To this end, only those 
Aβ-coated SiNaPs concentrations which significantly 
differed from BC and were within linear range were 
included in the calculation. A one-sided Mann − Whitney 
U test with a confidence interval of 5% was performed to 
investigate significant differences. Linear regression was 
executed with matlab2019b software, where pixel counts 
were weighted with 1/readout.

Preanalytics
As it was the first time that we analyzed stool samples 
to quantify Aβ  aggregates using sFIDA, we performed 
several studies to confirm reproducibility of the preana-
lytical processes,  including fecal sample homogeniza-
tion and sample dilution. We also investigated the effect 
of different transport conditions as well as the effect 
of repeated freeze-thaw cycles on sample stability. A 
detailed description of these preanalytical study designs 
is listed in the Supplementary Methods.

Analytical validation
Assay selectivity To evaluate the selectivity of the sFIDA 
assay in detecting Aβ-coated SiNaPs (molar particle con-
centration of 10.26 pM), IQC samples (100 nM, Aβ mono-
mer subunit concentration), and three fecal samples with 
intermediate to high readouts, we measured the percent 
signal reduction of capture, autofluorescence, and cross-
reactivity control, and compared it to a standard assay 
setup. In addition, we also performed immunodepletion 
experiments to determine if the observed pixel counts 
were specifically attributed to Aβ aggregates and not to 
interfering fecal matrix components. A detailed descrip-
tion of the experiments is listed in the Supplementary 
Method section.

Influence of Bristol scale Recent studies have demon-
strated that microbiome composition and species rich-
ness change during AD progression and might impact 
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cognition [6, 7, 37, 38]. Microbiome composition and 
species richness also affect feces consistency. Therefore, 
changes in both water content and pH value are directly 
reflected in the Bristol scale [35, 39]. The latter may also 
act as a non-analyte-specific interfering factor [40], alter-
ing the quantification of the analyte through dilution 
or pH-dependent changes in assay kinetics. At sample 
receipt, all samples were assessed according to their con-
sistency and shape using the Bristol scale. We performed a 
Mann − Whitney U test and a Spearman correlation anal-
ysis to determine whether the Bristol scale influences the 
fecal Aβ aggregate concentration or whether a cognition-
based influence is present.

Influence of matrix components The presence of inter-
fering endogenous substances in fecal samples may falsely 
alter assay results, either falsely positive or falsely negative 
[41, 42]. Because disturbances of the brain-gut-microbi-
ota axis, including gut inflammation and increased per-
meability of the intestinal barrier, may contribute to AD 
pathology [5], levels of fecal biomarkers indicating patho-
logical processes of the gut, i.e., fecal albumin, hemoglo-
bin, α-1-antitrypsin, calprotectin, IgA, lipids, and bile 
acid were determined for a set of 15 fecal samples (AD 
n = 7, HC n = 8). Biomarker analyses were performed by 
the Medizinisches Versorgungszentrum Limbach (Hei-
delberg, Germany). Afterward, Spearman correlation was 
conducted to investigate possible interfering effects of 
those biomarkers on fecal Aβ aggregate concentrations. 
In addition, Mann − Whitney U tests were used to deter-
mine whether levels of all seven biomarkers differ in AD 
patients and HC.

Intra- and inter-assay variability The precision of an 
analytical method refers to the consistency of the mea-
sured values of several replicates of the same sample. This 
precision can be categorized as intra-assay variability 
when considering measurements within a single assay, 
or inter-assay variability when comparing measurements 
across different assays [43]. In this study, each sample 
was analyzed in fourfold determination. For each sample, 
mean and standard deviation were calculated based on 
the pixel counts of the four replicates. The intra-assay 
variation is reflected by CV% value, while for synthetic Aβ 
species such as Aβ-coated SiNaPs and IQC sample values 
below 20% were accepted. In case of human fecal samples, 
CV% below 25% were accepted. Normally, inter-assay 
variance is determined through a comprehensive valida-
tion study. However, due to the limited sample volume 
available in the present study, we were unable to conduct 
such an extensive validation. Instead, we assessed the 
comparability of two independent measurements using 
Spearman correlation analysis, with Spearman’s ρ above 
0.9 indicating low inter-assay variability.

Calculation of LoD In order to describe the smallest 
concentration of Aβ aggregates that can be measured reli-
ably with the sFIDA assay, the limit of detection (LoD) was 
estimated for each experiment by measuring 24 replicates 
of BC. First, LoD was calculated according to Armbruster 
et al. using Eq. 1 [44] and then calibrated into femtomolar 
concentrations using the determined calibration line.

 Limit of detection (LoD) =pixel countBC+2σ  (1)

Proof-of-concept study
For the proof-of-concept, the whole set of 57 fecal sam-
ples was subjected to sFIDA. At the time of measure-
ments, all patient-related data was anonymized and 
researchers were aware of the clinical data at the time of 
the sFIDA measurements since HC samples were trans-
ferred to the sFIDA laboratory without the names of the 
donors. Pixel counts were generated and calibrated. Data 
of fecal samples were subsequently tested for normal dis-
tribution using Shapiro − Wilk, Lilliefors, Kolmogorov 
Smirnov, and Anderson − Darling tests. In the case of 
non-normally distributed data, non-parametric tests, 
e.g., the Mann − Whitney U test or Spearman correlation, 
were conducted for further analyses. A receiver operating 
characteristic (ROC) analysis was performed to evalu-
ate the effectiveness of fecal Aβ aggregates as diagnostic 
biomarker to differentiate between AD patients and HC. 
Using maximized Youden’s index, the optimal combina-
tion of sensitivity and specificity and the area under the 
curve (AUC) were calculated.

Results
Homogenization and sample dilution of fecal samples are 
reproducible
Because fecal samples must be homogenized before 
they are subjected to sFIDA, we first established a suit-
able homogenization buffer and protocol. Due to the 
complex and individually varying composition of feces, 
we tested the reproducibility of homogenization and 
sample dilution (1:5 in sample buffer) using normalized 
pixel counts of three fecal samples (initial low, interme-
diate, high readout) to calculate percentage reproducibil-
ity. Figure S2 demonstrates that the homogenization and 
sample dilution resulted in a high degree of reproduc-
ibility, as most of the normalized pixel counts fell within 
the predefined tolerance range of ± 25%. Only two of the 
observed values have exceeded the tolerance range with a 
slight deviation of ± 0.8% (Figure S2A).

sFIDA features dilution linearity of Aβ-coated SiNaPs, IQC 
Samples, and fecal samples
Next, we analyzed dilution linearity by subjecting an 
Aβ-coated SiNaPs and IQC dilution series to sFIDA 
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analysis, ranging from 0.32 fM − 10 pM (molar particle 
concentration) and 3.2 pM − 31 nM (total Aβ concen-
tration), respectively. The percent dilution linearity was 
determined using blank-corrected pixel counts and was 
accepted within a tolerance range of 80 − 120%. The 
results showed high dilution linearity for both targets, 
with an average linearity of 107% for Aβ-coated SiNaPs 
and 97.6% for IQC samples. Furthermore, for two fecal 
samples possessing high endogenous Aβ aggregate con-
centrations, high parallelism of 99.9% and 85.2%, respec-
tively, was determined as depicted in Figure S3.

Repeated freeze-thaw cycles do not affect stability of 
homogenized fecal samples
In order not to compromise the sample stability during 
transport or assay preparation, we first performed a ther-
mostability study. The results indicated that a tempera-
ture of 4 °C or lower did not compromise sample stability 
for up to 18 h, as depicted in Figure S4. In addition, we 
investigated the influence of freeze/thawing on crude 
and homogenized fecal samples since repeated freezing 
and thawing of clinical samples is known to compromise 
sample stability [43, 45, 46]. To this end, we subjected 
three fecal samples to repeated freeze-thaw cycles and 
determined the level of Aβ aggregates. As shown in Fig-
ure S5, the stability of the crude fecal samples was indeed 
affected by multiple thawing and freezing but remained 
intact in the homogenized fecal samples.

sFIDA is selective for aggregated Aβ species
To evaluate the selectivity of the sFIDA assay, we mea-
sured the percent signal reduction of capture, autofluo-
rescence, and cross-reactivity control, and compared it 
to a standard assay setup (Fig.  3A). In this analysis, the 
sFIDA assay showed a selectivity of about 100% for both 
Aβ-coated SiNaPs and IQC samples. Thus, unspecific 
interference with the used blocking agent, autofluores-
cent components, and cross-reactivity can be excluded 
for both targets. In contrast, a selectivity of about 77% 
was determined for fecal Aβ aggregates. Both capture and 
cross-reactivity control showed about 19.2% and 24.8% 
remaining pixel counts, respectively. However, since the 
absence of the detection probe from the fecal samples 
also led to a comparable result (24.3% of remaining pix-
els), higher background intensities of the matrix and no 
interference with assay surface or cross-reactivity with 
α-synuclein directed antibodies can be assumed. Despite 
this increased background noise, the signal reduction 
down to 25% remaining pixels in the fecal samples was 
still sufficient.

Assay readouts are specifically attributed to Aβ
Immunodepletion was performed to demonstrate that 
the observed pixel counts by sFIDA can be specifically 
attributed to Aβ aggregates. Following Aβ immunodeple-
tion, supernatants were subjected to sFIDA analysis, and 
depletion effectivity was calculated by the percent sig-
nal reduction compared to non-depleted sample (refer-
ence sample). Nab228-depleted Aβ-coated SiNaPs and 

Fig. 3 Percent signal reduction of different assay controls for the assessment of assay selectivity. A) Aβ-coated SiNaPs, IQC, and Aβ aggregates in three 
fecal samples were analyzed by sFIDA. Based on the observed pixel counts, the percent signal reduction of each assay control (no capture antibody: 
capture control, dark red; no detection probe: autofluorescence control, light red; detection probe against α-synuclein: cross-reactivity control, rose) in 
comparison to reference (standard assay setup) were calculated. (B) All samples were subjected to immunodepletion using magnetic beads linked to 
Aβ-specific antibody (Nab228) and control beads linked to α-synuclein-specific antibody (211). Based on the observed pixel counts of non-depleted (dark 
gray), 211-depleted (light gray), and Nab228-depleted (red) samples, percent signal reduction was calculated
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IQC showed depletion-dependent signal reduction close 
to 100% (Fig.  3B), whereas, for Nab228-depleted fecal 
samples, a mean signal reduction of 72.6% was deter-
mined. As a control, α-synuclein immunodepletion with 
211-coated magnetic beads was performed, resulting in 
only negligible signal reduction of IQC (0%) and fecal 
samples (6.5%). However, for Aβ-coated SiNaPs a signal 
reduction of 28.9% was observed, suggesting some non-
specific adherence of Aβ-coated SiNaPs to bead surface 
since cross-reactivity between 211 and Aβ-coated SiNaPs 
was previously excluded (Fig.  3A). To qualitatively con-
firm the presence of Aβ in human fecal samples, we 
detected Aβ species in two fecal samples (HC and AD) 
using a commercial ELISA kit (Figure S6). However, dif-
ferentiation of fecal Aβ levels between the two subjects 
was only achievable after complex and sample-consum-
ing pretreatment including homogenization, immuno-
precipitation, and spiking. In the spike and recovery 
experiments, the percentage recovery of monomeric 100 
pg/mL Aβ1 − 42 spiked in human fecal samples was also 
increased by eliminating the sample matrix using immu-
noprecipitation. However, the mean percentage recover-
ies of the ELISA were only 8.8% (homogenized samples: 
HC = 3.5%, AD = 14.1%) for homogenized samples and 
13.1% (HC = 10.0%, AD = 16.2%) for precipitated samples, 
indicating substantial assay interference of matrix com-
ponents that cannot be removed by immunoprecipi-
tation. It is also important to note that the commercial 
ELISA used in this study was not validated for the analy-
sis of Aβ in fecal samples, which also might explain the 
rather low recovery rate. In contrast, the sFIDA assay 
shown here was optimized for the use of stool as sample 
matrix (cf. homogenization procedure, homogenization 
buffer and assay-specific sample dilution), so that even 
at a lower concentration of aggregated Aβ1 − 42 (45 pg/
mL spiked in stool sample) a mean percentage recovery 
of 82.3% was obtained.

Independent measurements yield comparable results
We investigated the inter-assay variability of Aβ-coated 
SiNaPs, IQC samples, and 13 fecal samples in two dif-
ferent assays (Fig.  4). All three targets showed high 
comparability, indicated by Spearman’s coefficient of cor-
relations (ρ: 1.0 for Aβ-coated SiNaPs and IQC samples 
and ρ: 0.929 (p-value: 8.63 × 10− 4) for fecal samples).

Aβ aggregates are present in fecal samples and are 
elevated in AD patients
After completion of preanalytical and selectivity stud-
ies, a proof-of-concept study was performed using dilu-
tion series of Aβ-coated SiNaPs for calibration and LoD 
calculation, a dilution series of IQC samples and 57 fecal 
samples comprising two diagnostic groups (Table  1). In 
detail, we quantified fecal Aβ aggregate concentrations 

of HC subjects having no subjective cognitive decline 
(n = 31) and patients diagnosed with clinical AD (n = 26). 
Because the data mainly did not show normal distribu-
tion (Table S2), we performed statistical analysis using 
non-parametric tests like the Mann − Whitney U test or 
Spearman correlation.

Due to the high number of assay points, the measure-
ments were performed on two 384-well microtiter plates 
(experiment 1: 48 samples, experiment 2: 9 samples), each 
carrying both a dilution series of Aβ-coated SiNaPs for 
calibration and LoD calculation and a dilution series of 
IQC samples, respectively. We determined a femtomolar 
mean LoD of 1.68 fM for Aβ-coated SiNaPs, indicating 
high analytical sensitivity. The mean CV% for Aβ-coated 
SiNaPs was 13.4% and 11.1% for IQC samples. A mean 
intra-assay variability of 18.7% was observed for fecal 
samples (for individual results of each experiment see 
Table S3). Representative TIRFM images of Aβ-coated 
SiNaPs, IQC sample, patient sample and the sample buf-
fer control are shown in Fig. 5A.

Using Aβ-coated SiNaPs standards, pixel counts of 
fecal samples were calibrated into molar particle concen-
trations (Table S4). We determined Aβ aggregate concen-
trations ranging from 1.3 fM − 3.4 pM (Fig. 5B). Despite 
a substantial overlap between both groups, Aβ aggregate 
levels of AD patients were significantly elevated (p-value: 
0.009). ROC curve were determined to evaluate the use 
of fecal Aβ aggregates as a diagnostic biomarker (Fig. 5C). 
Discrimination of AD patients versus HC showed a spec-
ificity of 90.3% and a sensitivity of 53.8% with an AUC of 
0.703.

Since HC samples were collected anonymously, we 
could not match the sample with the demographic infor-
mation of the respective donor. Thus, only the mean 
age and proportion of female donors was calculated. 
Therefore, a direct correlation to the determined fecal 
Aβ aggregate concentration could only be established 
for the AD cohort. Since we are aware that the samples 
used from HC do not match with samples of AD patients 
(Table  1), we investigated for the AD cohort whether 
fecal Aβ aggregate concentrations might be influenced by 
age or sex. However, no correlation between AD patients’ 
age and Aβ aggregate concentration was found using 
Spearman correlation (ρ: 0.163, p-value: 0.426). In addi-
tion, no difference was found in Aβ aggregate concentra-
tions in fecal samples from male and female AD patients 
using a two-sided Mann − Whitney U test with a confi-
dence interval of 5% (p-value: 0.959).

Aβ aggregate quantification is not affected by sample 
consistency or endogenous substances
To investigate whether the feces consistency, indicated 
by Bristol scale, affects the measured fecal Aβ aggregate 
concentrations, we performed a Spearman correlation 
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for all 57 samples. Here, we did not find a significant 
correlation, indicating that the quantification was not 
affected by feces consistency (ρ: −0.176, p-value: 0.191). 
Since we found significant differences in feces consis-
tency between AD patients and HC (p-value: 0.003, 
Table 1), we performed additional Spearman correlation 

for HC and AD patient groups separately. Here, we also 
did not find any correlation between the Bristol scale and 
the signals of fecal Aβ-aggregate (AD patients: ρ: −0.087, 
p-value: 0.672; HC: ρ: 0.073, p-value: 0.696). Spearman 
correlation between fecal albumin, hemoglobin, calpro-
tectin, IgA, bile acid, α-1-antitrypsin, lipids, and fecal 
Aβ aggregate concentrations were investigated to assess 
interfering effects. As shown in Table S5, Spearman 
correlation coefficients between − 0.38 and + 0.36 were 
observed. However, since they were not significant, only 
minute interfering effects of endogenous substances on 
quantification can be assumed. In addition, we investi-
gated whether the levels of all seven biomarkers were dif-
ferent between AD patients and HC. As shown in Table 
S6, no significant differences between both cohorts were 
observed.

Table 1 Demographic and clinical information on AD patients 
and HC that donated fecal samples
Characteristics AD HC
Number 26 31
Female 42.3% 64.5%
Age [years ± SD] 71.1 ± 8.6 49.2 ± 16.4
Bristol scale [score ± SD] 4.4 ± 0.9 5.1 ± 0.8
aAbbreviations: AD, Alzheimer’s disease; HC, healthy controls; SD, standard 
deviation

Fig. 4 Independent measurements of aggregated Aβ yield high comparability. For Aβ-coated SiNaPs (dark grey), IQC sample (light gray), and 13 fecal 
samples (red), pixel counts of the second measurement were plotted against pixel counts of the first measurement. Because the second measurement 
was carried out months later, there were minor changes in used reagent lots, e.g., manufacturing date of washing buffers, and the used homogenized 
fecal samples were subjected to an additional freeze-thaw cycle. Please note the logarithmic scaling
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Discussion
AD is the most common age-related cause of demen-
tia and among the most critical public health problems 
in industrialized countries due to increasing life expec-
tancy [47]. In AD pathology, small soluble Aβ oligomers 
are the most toxic Aβ species that damage neurons and 
compromise synaptic function. Aβ oligomers form prob-
ably decades before clinical symptoms of AD manifest in 
humans. We hypothesized that clearance mechanisms are 
likely to exist to protect the brain from toxic effects. The 
deposition of Aβ oligomers into amyloid plaques is likely 
just one clearance mechanism, while the sequestration of 
Aβ oligomers out of the brain could be another mecha-
nism [12, 13, 16]. Given that the liver plays a crucial role 
in detoxifying the blood, it is reasonable to assume that 

Aβ oligomers are sequestered from the bloodstream by 
the liver and then transported to the gut via bile. We and 
others have provided compelling evidence indicating that 
disturbances along the brain-gut-microbiota axis may 
substantially contribute to the pathogenesis of neuro-
degenerative diseases such as AD because gastrointesti-
nal metabolic, endocrine, neuronal, and immunological 
pathways are critical for the maintenance of brain homeo-
stasis [5, 6, 9–11]. Although the bidirectional communi-
cation between the brain and gut and its microbiome is 
not yet fully understood, it is clear that changes in the gut 
microbiome can induce an immune activation resulting 
in a systematic inflammation, which in turn may compro-
mise the intestinal barrier (leaky gut) and the blood-brain 
barrier [5, 6, 10, 11, 15]. Combined with a dysregulated 

Fig. 5 Representative TIRFM images, molar particle concentration of fecal Aβ aggregates and receiver operating characteristic. (A) Representative TIRFM 
images for the red channel (IC16-CF633, excitation 635 nm, emission 705 nm, exposure time 1000 ms, gain 1000) of 1 pM Aβ-coated SiNaPs, 100 pM syn-
thetic Aβ1 − 42 oligomers (based on total Aβ concentration), fecal sample (AD patient) and sample buffer control. For better illustration of 14-bit images, 
color and contrast were adjusted using ImageJ software (colormap: red hot, contrast: maximum grayscale value 8000). Scale bar: 20 μm. (B) Concentra-
tions of fecal Aβ aggregates of AD patients were significantly elevated with a p-value of 0.009 compared to HC. Significant differences between both 
cohorts were calculated with a Mann − Whitney U test (**p: ≤ 0.01). Please note the logarithmic scaling (line = median, square = mean). (C) In receiver op-
erating characteristic (ROC) analysis, discrimination of AD patients versus HC showed a specificity of 90.3% and a sensitivity of 53.8% with an AUC of 0.703
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Aβ homeostasis, brain-derived Aβ aggregates could thus 
directly enter the enteric nervous system by crossing the 
blood-brain barrier or by neuron-to-neuron, distal neu-
ron spreading, or other cells like astrocytes, fibroblasts, 
microglia and immune system cells [5]. Conversely, Aβ 
species produced by enteric neurons [18] may also enter 
the brain. Moreover, due to the permeability of the intes-
tinal barrier caused by systematic inflammation, it can 
be assumed that Aβ aggregates in blood or originating 
in enteric neurons enter the intestinal lumen and are 
excreted with feces, as we have observed for α-synuclein 
aggregates in patients with isolated rapid eye movement 
sleep behavior disorder, a prodromal form of parkinson-
ism [28]. Besides, circulating Aβ is predominantly cleared 
by degradation in hepatocytes and secreted into the gut 
in bile [12–14, 16], which in turn could increase intes-
tinal and fecal Aβ concentrations. Initial studies have 
confirmed this association between AD and increased 
intestinal or fecal Aβ concentrations, irrespective of Aβ 
conformation [17–20]. One may assume, however, that 
only Aβ species that are resistant to proteases in the gut 
may become observable in feces.

The clinical assessment of AD is supported by neuro-
logical evaluation, imaging, and biomarkers in patients’ 
CSF [1, 4]. Due to the invasiveness and burden of a lum-
bar puncture on patients, CSF is not routinely collected 
[48, 49]. Identifying non-invasive biomarkers that can be 
used for sensitive detection of AD years or even decades 
before clinical onset is of utmost importance [22, 50]. 
Therefore, we used sFIDA technology to verify whether 
Aβ aggregates exist in feces and, more importantly, 
whether Aβ aggregate concentrations in fecal samples of 
HC and AD differ.

As this was a pilot project to use sFIDA for the quanti-
fication of fecal Aβ aggregates, we first had to overcome 
several preanalytical hurdles due to a complex sample 
matrix in addition to already existing challenges of oligo-
mer-based diagnostics. Because the fecal samples must 
be processed before they are subjected to sFIDA, we 
first established a reproducible homogenization proce-
dure. Various homogenization methods for fecal samples 
are described in the literature, with the required sample 
quantity being determined either by weighing or using 
tubes with an integral dosing system [51–55]. For our 
study, we opted to use Simplix tubes, which facilitated 
simple, clean, and efficient sample handling, and accurate 
dosing, as confirmed by our results.

The easiest way to overcome matrix effects in immu-
noassays is to dilute samples in a dilution buffer that 
ensures high discrimination between negative and posi-
tive samples [56]. In this study, a 1:5 dilution of the fecal 
homogenates was found optimal (data not shown) and 
reproducible in sFIDA assay development. Furthermore, 
as dilution linearity or parallelism, respectively, were 

observed for Aβ-coated SiNaPs, IQC sample, and fecal 
samples, we can exclude strong interferences due to, e.g., 
heterophilic antibodies as these are typically reflected 
in insufficient dilution linearity [42]. Therefore, sam-
ples containing high levels of endogenous fecal Aβ can 
be diluted within a linear range, and still yield reliable 
outcomes.

Chemical, microbial, and physical factors influence 
an analyte’s stability and measurable concentration in 
a complex sample and can significantly falsify a mea-
surement [43, 45]. Because our thermostability study 
showed that incubation at temperatures above 4  °C did 
affect sample stability, we adjusted the sFIDA procedure 
for fecal analysis accordingly. In addition, we have devel-
oped a homogenization buffer, which combined with the 
homogenization process, leads to stable Aβ aggregates in 
feces, even when they are exposed to several freeze-thaw 
cycles. In contrast, crude samples reacted to freeze-thaw 
cycles with a signal reduction. These results are similar 
to those reported for CSF, where the stability of Aβ42 
was analyzed, and a signal loss of 20% was observed after 
three freeze-thaw cycles [46, 57]. Especially, the signal of 
Aβ aggregates was further reduced with increasing cycle 
numbers, which is in accordance with our study in the 
case of crude fecal samples.

Despite complex matrix, using a suitable homogeni-
zation and sample dilution buffer ensured a high con-
sistency within the sample replicates implicated by low 
intra-assay variability. Furthermore, Aβ-coated SiNaPs, 
IQC sample and fecal samples demonstrated low inter-
assay variability, indicating a highly precise assay. In par-
ticular, the comparability of both sample measurements 
of the inter-assay study should be emphasized since the 
homogenates used for the second measurement were 
stored at − 80 °C for nine months. Thus, besides sufficient 
stability against freeze-thaw cycles, the homogenization 
buffer also allows aggregate stability over an extended 
period. Additionally, the sFIDA assay displayed a high 
level of selectivity for fecal Aβ aggregates.

After preanalytical and analytical validation, we deter-
mined the Aβ aggregate concentrations in the feces of 
AD patients and HC. All feces contained Aβ aggregates 
in the femtomolar range, a few samples even above. 
Although it is not clear whether the Aβ aggregates found 
in feces have been secreted by the liver/bile system or 
have been directly secreted into the gut, e.g., from neu-
rons of the enteric system, this study supports the pres-
ence of clearance mechanisms that reduce Aβ oligomer 
concentration in the body. Here, we demonstrated that 
sFIDA is suitable to measure low femtomolar (1.3 fM) to 
low picomolar (3.4 pM) concentrations of Aβ aggregates 
in fecal samples, which is slightly higher than the previ-
ously reported concentration range of Aβ aggregates in 
CSF (aM-fM) [58, 59]. We also demonstrated that fecal 
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samples of AD patients with proven amyloid-positivity 
in the CSF or brain showed significantly elevated levels 
of Aβ aggregates compared to HC, which has been pre-
viously shown for Aβ aggregate concentrations in CSF 
[27, 58–62]. Due to a high specificity for aggregated Aβ 
species, the sFIDA assay developed in the present study 
could discriminate between fecal samples from HC and 
AD patients with a specificity of 90.3%. Because potential 
clearance mechanisms can be expected to yield increased 
Aβ aggregate concentrations also in (still) HC, not sur-
prisingly, we observed an overlap between both cohorts, 
resulting in an assay sensitivity of only 54%, which limits 

the clinical use at the current stage of development. In 
this context, longitudinal samples may help to determine 
possible changes in the fecal Aβ aggregate concentration 
before and during disease. The correlation between fecal 
Aβ aggregate concentration and clinical symptoms within 
the AD cohort could not be thoroughly evaluated in this 
study, as it only involved four patients with dementia and 
22 with MCI. However, if future studies indeed confirm 
a correlation between fecal Aβ aggregate concentra-
tions and cognitive abilities, it will represent a significant 
advancement toward non-invasive early detection of AD.

Fig. 6 Association of fecal Aβ aggregates with additional biomarkers affecting AD pathology. The combination of fecal Aβ aggregates with further bio-
markers may provide new insights into mechanism of brain-gut-microbiota axis and AD pathogenesis. Therefore, in addition to CSF biomarkers (Aβ40, 
Aβ42, phosphorylated and total Tau) and Bristol scale, 16 S rRNA profiles, fecal calprotectin, short-chain fatty acids, secondary bile acids, liver biomarkers, 
and lipopolysaccharides should be determined in the future. Because amyloids produced by gut microbiome share similarities in tertiary structure with 
CNS amyloids, they may act in a prion-like manner and induce misfolding, aggregation, and deposition of Aβ and may cross-seed with neuronal amyloids 
once they have entered the brain due to increased permeability of the blood-brain barrier. Created with BioRender.com
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Since this is a proof-of-concept study, there are certain 
limitations to our findings, primarily due to the restricted 
availability of samples, resulting in small sample sizes. 
While we could demonstrate statistically significant 
(p < 0.01) elevation of fecal Aβ aggregates in AD vs. HC, it 
is crucial to replicate this result in larger validation stud-
ies employing independent cohorts. While in this study 
we did not observe any correlation between the age and 
Aβ aggregate concentration, we acknowledge that the 
samples obtained from HC were not matched in age 
with those from AD patients, which should be addressed 
in future work. Additionally, it would be intriguing to 
explore the link of fecal Aβ aggregates with additional 
biomarkers related to AD pathology, gut microbiota, 
and liver function (Fig. 6). Additional data on these bio-
markers in combination with a larger cohort of patients 
across the AD continuum have the potential to enhance 
our comprehension of the fundamental disease pathol-
ogy and enable early diagnosis at a stage when clearance 
mechanisms may be starting to malfunction.

Conclusion
In conclusion, we developed a sFIDA assay for the quan-
titation of fecal Aβ aggregates, showing high repro-
ducibility of preanalytical procedures, high analytical 
sensitivity, and specificity. In this work we delivered a 
proof-of-concept study, that Aβ aggregate are present in 
human feces and that AD patients exhibited elevated lev-
els of fecal Aβ aggregates compared to HC. Future stud-
ies will need to confirm our results with more extensive 
cohort of participants, encompassing various AD stages, 
along with longitudinal samples and more comprehen-
sive biomarker analysis. Finally, this work underscores 
the promising potential of fecal Aβ aggregates as a non-
invasive biomarker for AD from which clinical routine 
and the development of therapeutic interventions might 
benefit in the future.
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