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Abstract. Amyloid-f3 (AB) oligomers represent a promising biomarker for the early diagnosis of Alzheimer’s disease (AD).
However, state-of-the-art methods for immunodetection of A oligomers in body fluids show a large variability and lack
a reliable and stable standard that enables the reproducible quantitation of A oligomers. At present, the only available
standard applied in these assays is based on a random aggregation process of synthetic A and has neither a defined size
nor a known number of epitopes. In this report, we generated a highly stable standard in the size range of native AP
oligomers that exposes a defined number of epitopes. The standard consists of a silica nanoparticle (SiNaP), which is
functionalized with AP peptides on its surface (AB-SiNaP). The different steps of AB-SiNaP synthesis were followed by
microscopic, spectroscopic and biochemical analyses. To investigate the performance of Af3-SiNaPs as an appropriate standard
in AB oligomer immunodetection, AB-SiNaPs were diluted in cerebrospinal fluid and quantified down to a concentration
of 10fM in the SFIDA (surface-based fluorescence intensity distribution analysis) assay. This detection limit corresponds
to an AB concentration of 1.9ng 17! and lies in the sensitivity range of currently applied diagnostic tools based on AR
oligomer quantitation. Thus, we developed a highly stable and well-characterized standard for the application in A3 oligomer
immunodetection assays that finally allows the reproducible quantitation of A3 oligomers down to single molecule level and
provides a fundamental improvement for the worldwide standardization process of diagnostic methods in AD research.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common
form of dementia, affecting more than 33 million
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people worldwide and the case number is expected to
triple over the next four decades [1, 2]. AD represents
amultifactorial disorder with a yet poorly understood
pathogenesis, which makes its early and accurate
diagnosis a difficult challenge [3]. Currently, there
is no causal therapy available and a reliable diagno-
sis can only be achieved by post mortem analysis of
brain samples.

The ‘amyloid cascade’ hypothesis is widely
accepted to explain development and progression
of AD. It mainly postulates an imbalance between
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expression and clearance of amyloid-3 (AP) peptides
in the brain. The A overload favors A aggregation,
ultimately inducing neuronal and synaptic degenera-
tion and leading to dementia [4]. More recent data
suggest that soluble oligomers of AP, in particu-
lar, directly correlate with disease severity [5, 6].
Thus, AP oligomers represent a popular target in drug
development as well as a promising biomarker can-
didate for both early diagnosis of AD and therapy
monitoring, respectively. A broad range of diagnos-
tic methods for detection and quantitation of Af3
oligomers is currently applied or under evaluation.
The concentration of AP oligomers in human body
fluids is commonly assayed by ELISA methods, using
capture antibodies and detection antibodies that bind
to the same or overlapping epitopes, or by application
of oligomer-specific antibodies [7-14].

We previously described the surface-based flu-
orescence intensity distribution analysis (SFIDA)
technology as a highly oligomer-specific detection
and quantitation method for the early diagnosis of
AD [15, 16].

In sFIDA, a glass surface is covalently coated
with anti-AP capture antibodies (Nab228, Epitope
AB1—11) which immobilize A species from the sam-
ple. In the next step, AR oligomers are labeled by at
least two different fluorophore-coupled anti-A{ anti-
bodies. Since all three applied antibodies recognize
overlapping epitopes in the N-terminal part of A,
only oligomeric structures can be immobilized and
bound by both detection antibodies at the same time,
which makes the SFIDA technique insensitive against
AP monomers. The use of different antibodies with
affinities to a pan-epitope (6E10-488, Epitope AB3—3
and IC16-633, Epitope APB1—g) enhances the speci-
ficity of the assay, since only co-localized signals are
counted but not signals caused by cross-reactivity
of the individual antibodies. Finally, the chip sur-
face is imaged by dual-color TIRF microscopy. After
application of an intensity threshold the number of
colocalized pixels from both channels is counted and
correlates with the number of oligomers in the sam-
ples and is referred to as sFIDA readout.

While assays quantitating total Af can readily be
calibrated with synthetic A monomers, it is very
difficult to establish standards for oligomer-based
diagnostic tests. Furthermore, there are large vari-
ations in AP oligomer measurements among and
within laboratories [17].

Therefore the development of a reliable oligomer
standard is highly needed, since the readouts of these
quantitation tests are dependent on calibration curves

of standard molecules. The use of oligomers or aggre-
gates from synthetic A is limited, as these structures
are metastable, heterogeneous and in dynamic equi-
librium with other assembly states, and hence do not
have defined sizes or consistent molecular weights.
Additionally, oligomers from synthetic Af3 are prone
to further aggregation and susceptible to freeze/thaw
cycles, making long-term storage and constant per-
formance, as pre-requirements for any standard,
impossible.

In this work we present a novel concept for the
synthesis of AP oligomer standards, suitable for
the application in AR oligomer-specific quantitation
assays. The core and size-determining component of
the standard is a SiNaP, which can be adjusted to
any size required with nearly a monodisperse size
distribution [18, 19]. SiNaPs are chemically inert,
non-toxic, easy to modify and stable over months.
These features make SiNaPs a highly favored sub-
structure in the design of the standard. To simulate
characteristics of a native oligomer, the size of the
SiNaPs was tuned to the described size range of
native oligomers of 3 to 20nm [20-22]. The sur-
face of the SiNaPs was functionalized, activated and
finally coated with A 4> peptides. These biofunction-
alized ARB-SiNaPs exhibit a defined number of A
epitopes on the surface and allow their application in
quantitative oligomer-based detection assays.

To our knowledge no other available A3 oligomer
standard presents as defined characteristics as our
standard, which will therefore have a major impact
on the accurate and reproducible quantitation of
AP oligomers in human samples. AB-SiNaPs are
a helpful accomplishment for the urgently needed
standardization process between different operators,
laboratories, and clinical studies in AD research
worldwide [17].

MATERIAL AND METHODS

Synthesis of SiNaPs according to the Stober
process

200 ml absolute ethanol (VWR, Darmstadt, Ger-
many), 2.7 ml water, and 4.49 ml ammonia solution
(25%, Carl Roth, Karlsruhe, Germany) were vig-
orously stirred in a round bottom flask. After
5 min 4.43 ml TEOS (tetraethylorthosilicate, Aldrich
Chemistry, St. Louis, USA) were added and the
solution was stirred further for 2 days at room temper-
ature. The resulting SiNaPs were dialyzed (MWCO
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3,500, Tubing Spectral Por7 Dialysis Membrane,
Spektrum Laboratories, Rancho Dominguez, CA,
USA) against fivefold the volume of ethanol for 2
days to remove non-reacted chemicals and the cata-
lysts. The SiNaPs reached a concentration of about
10 gI"! and were stored at 4°C in ethanol until further
usage.

Farticle characterization by TEM, XPS, and
FTIR

The morphology of the SiNaPs was determined
by transmission electron microscopy (TEM). TEM
images were recorded using a Zeiss Libra 120 Trans-
mission Electron Microscope (Carl Zeiss AG, Jena,
Germany). The copper grids (S160, Plano GmbH,
Wetzlar, Germany) were prepared without staining
by placing a 5 pl drop of SiNaPs (1 to 0.1 mg ml™!)
in ethanol on the carbon film of the grid and let-
ting it dry at room temperature for at least 3 h before
measurement.

The different SiNaP functionalization steps
were monitored by Fourier transformed Infrared
Spectroscopy (FTIR) and X-ray photoelectron spec-
troscopy (XPS). FTIR spectra were obtained by
a Bruker Tensor 27 (Bruker Optik GmbH, Ettlin-
gen, Germany) equipped with an attenuated total
reflection (ATR) unit (Golden Gate, diamond crystal,
Specac Ltd, UK). A film of the particles was prepared
by drop casting dispersion in ethanol onto the dia-
mond crystal. The spectra were collected with 128
scans at resolution of 4cm™! after the solvent sig-
nals in the IR spectrum vanished. The beam path was
purged with argon during the measurements.

XPS spectra were obtained by a PHI 5000 Ver-
saProbe II emitting monochromatic Al-ka radiation
at an angle of 46°. A film of particles was drop
casted on glass slides and the solvent was evapo-
rated over night before measurement. Spectra were
obtained from three individual positions on the glass
slides.

Calculations and assumptions

After size determination of the SiNaPs by TEM
micrographs, the particle surface was calculated,
assuming a spherical surface. The molecular weight
of the SiNaP was calculated assuming an average
density of 1.85g cm™ [23]. The concentration of
the SiNaP solution was determined gravimetrically
in triplicate and the mean concentration of the SiNaP
was calculated after every functionalization step,

so that chemicals for further functionalization steps
were added accordingly.

The number of potential binding sites on the SiNaP
surface was determined under the assumption that one
APTES molecule occupies a surface of 0.6 nm? [24].

Synthesis of amino-functionalized SiNaPs

Amino-functionalized SiNaP were prepared via
silanization with APTES ((3-aminopropyl) tri-
ethoxysilane, Sigma-Aldrich, St. Louis, USA). A
5-fold molar excess of APTES in relation to the num-
ber of potential binding sites on the particle surface
was added to the SiNaPs in ethanol. The dispersion
was sonicated for 10 min and incubated overnight on
ashaker atambient temperature. The resulting amino-
functionalized SiNaPs were centrifuged (5,000 x g,
2 h) and the resulting pellet was dispersed in ethanol
by sonication for 15min. This washing step was
repeated three times.

Synthesis of carboxylated SiNaPs

A pellet containing amino-functionalized SiNaP
was re-dispersed in 0.1 M succinic anhydride
(Aldrich Chemistry, St. Louis, USA) in DMF
(AppliChem, Darmstadt, Germany) under argon
atmosphere and stirred overnight. The resulting car-
boxylated SiNaPs were alternately washed with
water and ethanol for three times by centrifugation
(5,000 x g, 2 h) and pellet resuspension.

Peptide coupling to the SiNaP surface

The carboxylated SiNaPs (cSiNaP) were re-
dispersed in 10mM MES buffer, pH 5.7 (Sigma
Aldrich, St. Louis, USA) and were activated by
EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide, Fluka, Sigma Aldrich, St. Louis, USA) and
NHS (N-hydroxysuccinimide, Aldrich Chemistry, St.
Louis, USA). The chemicals were added to the par-
ticle solution in a 16-fold and 4-fold molar excess
respectively, compared to the potentially bound
APTES molecules, and the mixture was sonicated
for 10 min. The dispersion was centrifuged for 1 h at
10,000 x g and the pellet was re-dissolved in 10 mM
MES buffer (pH 5.7) again. The washing procedure
was repeated once before the NHS-ester activated
SiNaPs were added to the peptides.

The concentration of the pre-activated SiNaPs was
gravimetrically determined and the theoretical num-
ber of NHS ester groups on the SiNaP surface was
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calculated. The pre-activated SiNaPs were added to
the peptide resulting in a 1 : 1 ratio of potential bind-
ing sites (i.e., NHS ester groups) versus peptides,
whereas a complete binding of all peptides to the
particle surface cannot be expected due to the size
of the peptide. The A monomer has a hydrody-
namic radius of 0.9 nm + 0.1 nm [25] which would
allow a maximum surface coverage of 645 peptides
per SiNaP.

The dispersion of SiNaPs and peptide was
sonicated for 20min and incubated under shak-
ing overnight. On the next day the Ap-coated
SiNaPs were centrifuged again and the pellet was
re-dispersed in aqueous 50% HFIP solution (hex-
afluoroisopropanol, Merck, Darmstadt, Germany) to
remove non-covalently bound protein. The SiNaPs
were sonicated in HFIP for 5 min, followed by cen-
trifugation (5,000 x g, 1 h). The last washing step was
performed in water and the peptide-coated SiNaPs
were stored in water at 4°C until further usage.

Peptide preparation

1 mg A4y lyophilisates (Bachem, Bubendorf,
Switzerland) were dissolved in 500 .l HFIP and incu-
bated overnight. On the next day another 500 1 HFIP
were added to the peptide solution and 200-500 .l
(1 pg wl™!) Aliquots were prepared and the sol-
vent was evaporated. The dry aliquots were frozen
at —20°C until further usage.

Determination of the peptide concentration by
BCA assay

The Kit Extra Sense BCA Assay Protein Assay
Kit (BioVision Incorporated, Catolog number K814-
2500, Microplate Procedure) was used to determine
the peptide load on the SiNaPs surface. Therefore
150 1 of AB4 SiNaP were mixed with 150 w1l 6 M
Urea (Urea crystalline, AppliChem, Darmstadt, Ger-
many) and the solution was incubated at 60°C for
30min. 150 pl of working solution was added and
the mixture was heated at 60°C for 1h, before the
absorption at 562 nm was measured by UV/VIS spec-
trometry. The protein concentration was calculated
according to Beer-Lambert equation.

sFIDA protocol

Custom-made 96 well plates were manufactured
by gluing a 170 wm thick glass bottom (Menzel
Gléser, Thermo Fisher Scientific, MS, USA) to a

0.5cm glass plate which was perforated with 96
holes. Prior to use, plates were cleaned with ethanol
and water. For further purification and hydroxyla-
tion of the glass surface the wells were treated with
5M NaOH (Karl Roth, Karlsruhe, Germany) for
3 h. Further washing with water and drying of the
plate at 90°C was followed by H»O-Plasma treatment
(Diener electronics GmbH, Ebhausen, Germany).
Afterwards a desiccator was flushed with argon gas
and two trays containing 1 ml of APTES and 200 .l of
TEA (triethylamine, Sigma Aldrich, St. Louis, USA),
respectively, were added to the chamber. The 96 well
full glass plate was placed into the desiccator with the
wells facing the filled trays. The chamber was flushed
with argon again and vapor deposition of APTES on
the glass surface was performed overnight. Next day
the chemicals were removed and the desiccator was
again flushed with argon and the plate got cured inside
for at least 4 h (storage possible up to one week).

Carboxyl groups of 20mgml~! carboxymethy-
Idextrane (CMD, Sigma Aldrich, St. Louis, USA) in
water were activated by 200 mM EDC and 50 mM
NHS for 0.5 h under shaking. Afterwards the mixture
was added to the amino-functionalized glass plates
to establish amide bonds between the CMD network
and the glass surface. After 1.5h the CMD solution
was removed and the wells were washed with water
three times.

The remaining carboxyl groups of the bound CMD
were activated by 200 mM EDC and 50 mM NHS in
water again for 0.5 h. After removing EDC/NHS and
performing two washing steps with water, 1 mg 17!
anti-Af3 capture antibody (Nab 228, epitope AB 1—11,
Sigma Aldrich, St. Louis, USA) in PBS was added to
the wells. The incubation for 1.5 h led to the covalent
binding of the capture antibody to the surface.

After removing the antibody solution the remain-
ing active NHS-ester groups on the functionalized
surface were quenched by 0.1M ethanolamine
hydrochloride (Sigma Aldrich, St. Louis, USA) in
Tris-buffered saline, pH 7.4 (TBS). The solution was
removed after 30 min and the wells were washed with
TBS three times. Until sample application the plates
were stored in TBS.

15 pl of samples were applied to the plate in
triplicates and incubated overnight on the capture-
antibody coated glass surface. Afterwards the wells
were washed once with TBS-T (TBS supplemented
with 0.05% Tween-20) and twice with TBS. In the
next step, 1.25 mg/1 of two fluorescence-labeled anti-
A antibodies IC16-Alexa 633 and 6E10-ATTO 488
(6E10: epitope AP3—s, Covance, Princeton, USA;
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dye: ATTO-Tec, Siegen, Germany) were added to
the wells and incubated for 2h. mAB IC16 (epi-
tope APB1—g) was kindly provided by the groups of
Prof. Carsten Korth and Prof. Sascha Weggen, Hein-
rich Heine University Diisseldorf Medical School
and labeled with Alexa 633 dye according to the
manufactures instructions (Life Technologies, Carls-
bad, USA). Finally, the wells were washed twice
with TBS-T and twice with TBS. Prior to TIRF
microscopy the wells were filled with water and
sealed with a plastic foil.

Application of AB-SiNaPs in sFIDA

AB-SiNaPs were stored in water at 4°C until use.
For sFIDA analysis, AB-SiNaPs were serially diluted
in water and human AD-negative CSF (biochemed,
Winchester, USA) to concentrations ranging from
100 pM down to 10fM and analyzed by sFIDA in
threefold determination.

Data acquisition

The surface of the sFIDA well plates was imaged
by total internal reflection fluorescence (TIRF)
microscopy (AM TIRF MC Leica TIRF micro-
scope, Leica Microsystems, Wetzlar, Germany). The
measurement was performed by the Leica Matrix
screener software using a 100 x objective lens (1.47
oil CORR TIRF Leica), which enabled the detec-
tion of surface-near fluorescence. For each well, 25
images (112 x 112 pm, 1000 x 1000 pixels, 200 nm
distance between the scan areas, 14 bit) were taken
in channel 0 (Ex/Em 635/705nm), and channel 1
(Ex/Em 488/525 nm), detecting IC16-Alexa 633 and
6E10-ATTO 488 respectively. Microscope settings of
gain, laser power and exposure time were adjusted
in a way that the intensity histogram still showed
a detectable fluorescence signal for the lowest stan-
dard concentration. The microscope settings included
a gain between 800 and 1000, a laser power of 100%
and an exposure time between 1 and 1.8 s.

Data analysis

After data acquisition at the TIRF microscope the
images were exported as tiff files and analyzed with
a self-developed software designated sFIDAta. The
performed image analysis was applied only to the
central 700 x 700 pixels of each image. By this pro-
cedure, the border regions of all images, which are
not uniformly illuminated, were excluded from the

analysis. The software performed a separated his-
togram analysis for each channel and each SiNaP
concentration. To exclude the background signal,
intensity cutoffs were determined for each chan-
nel. Since the background signal can differ between
different matrices (water or CSF), cutoffs were cal-
culated individually for each matrix. The cutoff is
defined as an intensity threshold that leaves 0.1% of
the total pixel number in the images from the blank
control measurement (i.e., 1,000 pixels out of a mil-
lion pixels). Finally, images from both channels were
merged and the number of colocalized pixels above
the determined cutoffs was counted for each well. The
mean number of colocalized pixels from the images
of each concentration is referred to as ‘sFIDA read-
out’.

RESULTS

Synthesis of SiNaPs

SiNaPs were produced as the core component of
the standard. Synthesis of the SiNaPs was performed
via the Stober process, which describes a conden-
sation reaction of tetraethylorthosilicate (TEOS) to
a siloxane polymer network in the presence of
water and ammonia, resulting in nearly monodis-
perse SiNaPs [18]. Since the diameter of a native
oligomer is in the range of 3 to 20nm, we aimed
to synthesize the SiNaP core in an according size
range. To determine the size and morphology of the
obtained SiNaPs, transmission electron micrographs
were recorded. Figure 1 shows SiNaPs with a mean
diameter of 24 £ 4.6 nm exhibiting a rather polyhe-
dral shape. It has been previously reported that the
shape of very small SiNaPs (<50 nm) is not spherical
due to the mechanism of particle formation [18, 23].

Synthesis strategy of biofunctionalized SiNaPs

For biofunctionalization of SiNaPs, three func-
tionalization steps were performed as described in
Fig. 2a-e. After synthesis of SiNaPs via the Stober
process (Fig. 2a) a primary amine group was intro-
duced to the SiNaP surface by silanization with
APTES (3-(aminopropyl)triethoxysilane) (Fig. 2b,
aminated SiNaP = aSiNaP). In the next step aSiNaPs
were transferred to a solution of succinic anhydride
in DMF (dimethylformamide) under dry conditions.
The amine group on the SiNaP surface attacked the
succinic anhydride which led to a ring-opening of
the anhydride, the formation of an amide bond and
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Fig. 1. Transmission electron micrographs of bare SiNaPs. A mean
Feret diameter of 24 & 4.6 nm was calculated from at least 250
SiNaPs.

the exposure of free carboxyl groups on the SiNaP
surface (Fig. 2c, carboxylated SiNaP = cSiNaP) [26].

The activation of the exposed carboxyl groups by
EDC/NHS (1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide / N-hydroxysuccinimide) resulted in the
formation of NHS ester groups (Fig. 2d, activated
SiNaP) which could react with primary amine groups
of chosen biomolecules (Fig. 2e) and led to their
covalent binding on the SiNaP surface.

The successful modifications of the SiNaP sur-
face was monitored by XPS and attenuated total
reflection Fourier transform infrared spectroscopy
(ATR-FTIR). Figure 3a shows the atomic composi-
tion of SiNaP and aSiNaP obtained from XPS spectra.
Both nanoparticles exhibited high levels of oxygen
and silicon atoms which originated from the dense sil-
icacore of the materials. Elevated levels of carbon and
nitrogen in aSiNaP spectra suggest the surface mod-
ification with APTES as these signals were absent in
the case of unmodified SiNaP.

Figure 3b shows full range FTIR spectra of differ-
ent modification steps of SiNaP and a predominant
band ranging from 1300 and 1000 cm™" which cor-
responds to the Si-O and Si-OH bonds of amorphous
silicate material. Another common feature of the
spectra is a broad band between 3800 and 2700 cm™!
(Fig. 3c) which represents the O-H vibrations within
the SiNaP core.

Unmodified SiNaP show two characteristic bands,
one at 3650 cm™! (free -O-H strech) and in Fig. 3d
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Fig. 2. Synthesis strategy of biofunctionalized SiNaPs. a) Stoe-
ber synthesis of SiNaPs was followed by (b) silanization of the
SiNaP surface with APTES (aSiNaP). c¢) Primary amines reacted
with succinic anhydride via a nucleophilic addition and led to the
introduction of carboxy functions on the SiNaP surface (cSiNaP).
d) Carboxy groups became activated to reactive NHS esters by
EDC/NHS (activated SiNaP) which (e) reacted with amine groups
of biomolecules, such as AR peptides and led to their covalent
binding on the SiNaP surface.

at 1650 cm™! (-O-H bend) that represent the -O-H
surface functionalities. Furthermore, the spectrum
consisted of a broad band at 1450 cm™" which could
be assigned to carbonate anions as an insertion prod-
uct of CO» into the silanol group of the silica surface.

After exposing SiNaP to APTES CH; scissor-
ing bands at 1395 and 1445cm™' were observed
together with C-H stretching bands between 2900 and
2980cm™!. In addition a weak band at 1620 cm™!
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Fig. 3. a) XPS data analysis of SiNaP (grey) and aSiNaP (striped). b) ATR-FTIR spectra of different SiNaP functionalization steps. SiNaP:

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

dride; AB-SiNaP: SiNaP coated with AB. c) Expanded spectra from (b) in the range of 2700 — 3800 cm™". d) Expanded spectra from (b) in

the range of 1300 — 1800 cm™!.

represents the -N-H surface functionality which was
also observed by XPS (Fig. 3a).

The modification of the SiNaPs by succinic acid
was confirmed in the FTIR spectra by the appear-
ance of two new bands at 1655 and 1723 cm™!
(COOH and COO™ vibrations respectively). The
band at 1655 cm™! overlaps with an additional one at
1630 cm™!, which is typical for the amide I vibration.

Bioconjugation of SiNaPs with synthetic AB

The bioconjugation of SiNaPs with chosen
biomolecules was enabled by previous functional-
ization and activation of the surfaces of SiNaPs by
EDC/NHS treatment and the formation of NHS ester
groups as reactive intermediates (Fig. 2d, e). The
NHS esters on the surfaces of SiNaPs formed amide
bonds with the exposed lysine residues of AB4, at
position 16 and/or 28 and led to coating of SiNaPs
with AR peptides. An additional binding site is the

N-terminus of the peptide, which we consider less
reactive for the coupling reaction due to its vicin-
ity to acidic amino acids and steric restraints. The
successful attachment of A4y to the particles was
demonstrated by FTIR (Fig. 3). Not only the bands
assigned to CH, stretching vibrations (2925 cm™!
and 2855 cm™!) showed an increased intensity for the
peptide coated SiNaPs, but also the signals between
1580 and 1750cm™!. The increase of the band at
1720cm™! (COOH) appeared due to the presence
of additional carboxyl groups by the amino acids of
AB42. Whereas the amide I vibration of the COOH-
terminated SiNaPs was only visible as a shoulder
which was increased to a maximum for the AB4;
functionalized SiNaPs. A new band positioned at
1542 cm™! could be assigned to the amide IT vibration
of the peptide as well. Peptide quantitation by BCA
assay revealed an ARy, concentration of 24 g ml™!
in a 1 mg mlI~' SiNaPs solution. This corresponds
to an average load of 44 peptides per 24 nm SiNaP,
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which is only 7% of the theoretical maximal load of
645 peptides, probably as a consequence of repulsive
interactions on the nanoparticle surface.

AB-SiNaP quantitation in water and
cerebrospinal fluid by sFIDA

The sFIDA assay is designed to specifically deter-
mine the A3 oligomer concentration in body fluids,
such as cerebrospinal fluid (CSF). Apart from quan-
tifying A-SiNaPs in aqueous environment, we
also analyzed possible matrix effects on the sFIDA
readout by spiking AB-SiNaPs into CSF from AD-
negative donors (Fig. 4).

AB-SiNaP concentrations ranging from 100 pM to
10fM were subjected to sFIDA analysis, and the
respective non-spiked fluids served as controls. All
samples including blank controls were determined
three-fold by sFIDA analysis. AB-SiNaPs diluted in
water as well as in CSFrevealed a correlation between
the sFIDA readout and the AB-SiNaP concentration
down to 10 fM. A concentration of 10 fM AB-SiNaPs
in water and 100 fM in CSF could still be differenti-
ated from the control demonstrating that A3-SiNaPs
are a suitable standard in CSF-based AD diagnostics.

Considering a load of 44 A4, peptides per AB-
SiNaP, 10fM AB-SiNaP corresponded to an AB43
peptide concentration of 1.9ng 17!. This limit of
detection of AP4y peptides is in the same range
or one order of magnitude higher as reported for
oligomer-specific ELISA-based assays [13, 14, 27].
By repetition of the experiment with the same Af3-
SiNaP batch stored at 4°C over a period of four
months, we demonstrated constantly stable sFIDA
readouts from the AP-SiNaP dilution series and
therefore confirmed long-term stability of the stan-
dard (Fig. 5).

DISCUSSION

In this work we presented the synthesis and
application of AB-SiNaPs as standard in sFIDA
diagnostics. The successful synthesis and biofunc-
tionalization of SiNaPs was shown by TEM, XPS
micrographs and ATR-FTIR spectra. By sFIDA anal-
ysis we quantified AB-SiNaPs diluted in water and
CSF over several orders of magnitude down to
the femtomolar concentration range. A SiNaP stan-
dard of tunable, defined size and with an adjustable
number of epitopes on the SiNaP surface might
significantly contribute to the development, opti-
mization and calibration of immuno-based diagnostic

a in CSF/water detection
i
®
22 %
e e o e
e, s 2k
i
S———
capturing dual-color TIRF

microscopy

number of colocalized pixels
sFIDA readout

6
10 | |water
/A CSF

o
N

1P

\;

sFIDA readout
Slﬂ

T T 1
control 10fM 100fM 1pM  10pM 100 pM

concentration of AB-SiNaPs

Fig. 4. sFIDA analysis of AB-SiNaPs. a) Schematic illustration of
the experimental procedure of detecting AB-SiNaPs in the SFIDA
assay. b) SFIDA analysis of AB-SiNaPs diluted in water and CSF
sFIDA readout of AB-SiNaPs diluted in water and human CSF to
concentrations of 100 pM to 10 fM. The respective diluent lacking
AB-SiNaPs served as negative control. Shown are mean values and
standard deviations from threefold determination.
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Fig. 5. sFIDA analysis of AB-SiNaPs diluted in water. SFIDA
readout of AB-SiNaPs diluted in water to concentrations of 10 pM
and 1 pM. Shown are two measurements of the same SiNaP batch
at different time points, 2 and 4 months after synthesis. Plotted
are mean values and standard deviations from threefold
determination.
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assays for protein misfolding diseases based on
single-molecule detection.

In contrast to any other standard of AR aggre-
gates, AB-SiNaPs exhibit a measurable number of
accessible A3 peptides on the SiNaP surface. These
defined characteristics render A-SiNaPs superior to
the more heterogeneous oligomer standards prepared
from a stochastic aggregation reaction of synthetic
AP, as they have been used so far. In the presented
case we bound 44 peptides per SiNaP.

In addition, AB-SiNaPs prepared by this method
showed no observable aggregation after the excessive
and non-covalently bound monomer was removed.
This observation suggests that A3 bound to the par-
ticle surface is not able to transmit to a conformation
that is prone to form aggregates. Since the mid and
C-terminal sections of the A3 sequence are involved
in the aggregation mechanism it appears very likely
that the coupling of Lys 16 and/or Lys28 is responsible
for the inhibition of the aggregation of AB-SiNaP.

The chemically activated SiNaPs can be easily
coated with any peptide of choice to serve also
as standard in oligomer-based assays of other pro-
tein misfolding diseases, such as prion diseases or
Parkinson’s disease [28-31]. Additionally, hybrid
aggregates consisting of different peptides, such as
tau and A3, could be mimicked by a SiNaP standard
to support explorative studies on hybrid oligomers as
biomarkers, which might reflect the clinical diversity
of many neurodegenerative disorders [32, 33]. For the
described synthesis of biofunctionalized SiNaPs the
chosen peptide needs to have a free primary amine
group for the covalent coupling to the SiNaP outside
the epitope, to enable detection of the peptide on the
SiNaP. Alternatively other coupling methods, such as
Biotin/Streptavidin could link peptides to the SiNaP
platform.

Different approaches are developed for the
oligomer-specific diagnosis of Alzheimer’s disease
based on immunodetection in liquid, such as ELISA-
like methods as described above or flow cytometry
combined with FRET [34]. However, these meth-
ods lack an appropriate standard molecule to enable
the accurate and reproducible quantitation of A3
oligomers in human samples. A calibration curve of
a serial dilution of AB3-SiNaPs in the respective body
fluid should allow the quantitation of the analyte and
also the number of detected epitopes by comparing
the obtained fluorescence signals of the clinical sam-
ple and the standard.

We envisage the A3-SiNaP standard as an essential
tool to cross-validate A3 oligomers as AD biomarker

on different platform technologies. It will allow the
accurate determination of inter-assay variability and
thereby be a valuable tool in the standardization
process of various A oligomer immunodetection
assays.
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