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BIOPHYSICS

Spatial organization of protein aggregates
onred blood cells as physical biomarkers
of Alzheimer’s disease pathology

Peter Niraj Nirmalraj'*, Thomas Schneider?, Ansgar Felbecker**

Quantifying physical differences of protein aggregates implicated in Alzheimer’s disease (AD), in blood, could
provide crucial information on disease stages. Here, red blood cells (RBCs) from 50 patients with neurocognitive
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complaints and 16 healthy individuals were profiled using an atomic force microscope (AFM). AFM measurements
revealed patient age- and stage of neurocognitive disorder-dependent differences in size, shape, morphology,
assembly, and prevalence of protein aggregates on RBCs, referred to as physical biomarkers. Crystals composed
of fibrils were exclusively detected on RBCs for AD patients aged above 80 years. Fibril prevalence was negatively
correlated with the cerebrospinal fluid (CSF) g-amyloid (Ap) 42/40 ratio and was observed to be higher in the
AB-positive patient category. Using a cutoff of >40% fibril prevalence, the CSF Ap status was classified with 88%
accuracy (sensitivity 100%, specificity 73%). The merits and challenges in integrating physical biomarkers in AD

diagnosis are discussed.

INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative dis-
order in which the pathophysiological processes can be triggered
nearly 20 years (1) before the decline in memory and cognitive
abilities becomes noticeable. Early signs of AD range from difficul-
ties in finishing usual tasks, struggling with vocabulary, losing
things more often, increased anxiety, loss of insight, withdrawal
from social life, to confusion in time and place. Currently, 40 million
people suffer from AD globally, and numbers are estimated to
triple by 2050 (2), which could be an underestimate as they do not
include individuals at the very early stages of the disease. The mis-
folding and abnormal aggregation of B-amyloid (Ap) and tau pro-
teins in the brain is considered to be the pathological hallmarks
(3, 4) of AD. The early identification of individuals with this pathol-
ogy is crucial for a successful treatment that can slow AD progres-
sion using existing behavioral and lifestyle changes as well as future
chemo- and immunotherapies. At present, measurements of Ap
(isoforms AB40 and AB42 and the AB42/40 ratio) and tau protein (total
tau and phospho-tau 181 and 217) levels in the cerebrospinal fluid
(CSF) (5) and amyloid-positron emission tomography (PET) scans
(6) are the gold standards in the clinical detection of AD pathology
(7, 8). Recently developed immunoassays can also detect amyloid
(9, 10) and tau (11-13) isoforms in blood serum, and risk prediction
models (14) have been shown to achieve a patient-specific progno-
sis of cognitive decline in patients with mild cognitive impairment
using plasma biomarkers of A and tau proteins. A recent review on
using AP and tau as fluid biomarkers in the diagnosis of AD by
Lee et al. (15) summarizes the advantages and limitations of protein
analytics in CSF. Merits range from the fact that CSF extraction does
not involve radioactivity and is lower in cost compared to brain
scans. Nonetheless, challenges, such as the requirement of lumbar
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puncture decreased levels of AB42 in CSF due to their deposition in
the brain as plaques and the increased CSF t-tau levels due to other
acute disorders (16), remain. In contrast, screening blood plasma
(17-19) for AP is less invasive compared to CSF analytics, but this
medium also hosts numerous other pathological and nonpatholog-
ical proteins in plasma (15). Hence, precise quantification is chal-
lenging, but their diagnostic accuracy is under evaluation as they
hold the promise to allow for an inexpensive and minimally in-
vasive method of testing. In general, biomarker-guided methods
can quantify the total AB40, AB42, p-tau, and t-tau in CSF, blood
plasma, and serum. However, elemental information on the mor-
phological and size differences of the pathological protein aggre-
gates present within body fluids, which could also shed light on the
disease stage, remains largely unavailable to the clinicians.
Conversely, the research topic of Ap and tau isoforms to bind
to red blood cells (RBCs) (20, 21) has received much lesser atten-
tion compared to efforts in quantifying CSF, plasma-AR, and tau
in CSF and blood plasma. With ~500 ml of CSF being cleared daily
into the bloodstream and taken together with emerging evidence
that AP and tau levels increase in blood after crossing the blood-
brain barrier (22, 23), there is a higher propensity for these patho-
logical protein aggregates to interface and adhere on RBCs. If this
hypothesis can be verified with high spatial clarity and evidence that
pathological proteins adsorb on RBCs, then the surface of RBCs
could be considered as an additional source for screening proteins
implicated in AD pathology. Atomic force microscopy (AFM) is
one such analytical technique that has been demonstrated to be a
promising tool in biomedical research ranging from cancer diagno-
sis (24) to early detection of osteoarthritis (25). The advantages of
the high-resolution imaging capability of the AFM has also been
exploited toward resolving transient protein nanostructures oc-
curring along the aggregation pathway of AB40 (26, 27), Ap42
(26, 28, 29), and tau proteins (30, 31) prepared in solutions at phys-
iological concentrations (26-28, 30, 32) and deposited on solid sur-
faces for imaging. Furthermore, AFM has also been used to assess
the health of RBCs (33-35) and hematopathology (33, 34, 36) by
monitoring nanoscopic changes in RBC topology. More recently,
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it has been reported that soluble Ap protein aggregates de-
posited on smooth solid surfaces could be characterized using
AFM in CSF extracted from patients with AD (37, 38). The viscosity
of the whole blood in a wet state, variations in surface corru-
gations of an air-dried blood smear, and topological obstacles
stemming from ambient contaminants present on the RBC sur-
face are the main factors that could limit the capability of an AFM
to resolve nanometer-sized protein aggregates on RBCs under stan-
dard laboratory conditions.

In the present work, we demonstrate that a thin air-dried blood
smear sample (prepared by depositing ~50 ul of blood from memory
clinic patients and healthy donors on glass slides), is well suited for
conducting stable AFM measurements. The size, shape, mor-
phology, assembly patterns, and prevalence of protein aggregates,
which we term as physical biomarkers on RBCs from all patients,
were quantified through analysis of height and phase-contrast
AFM data. In general, the size of protein aggregates ranging from
spherical/annular oligomers, protofibrils, to fibrils was observed to
depend on the age of the patient, and the prevalence of fibrils in-
creased with the severity of neurocognitive disorder of the patient.
Furthermore, we present the correlative analysis of quantitative
AFM measurements of fibrillar aggregates with the AB42/40 ratio
in CSF, which might represent a promising screening biomarker of
AD pathology.

RESULTS
For the RBC analysis, we recruited 50 patients from the memory
clinic presenting cognitive complaints (26 female and 24 male sub-
jects, of whom only 33 underwent a lumbar puncture). In addition,
we examined identically prepared RBCs from 16 healthy donors
using AFM as controls (see section S1 and figs. S1 and S2). Details
on the diagnostic classification are provided in Materials and Methods.
First, we present detailed AFM results based on surface analysis of
RBCs from four patients (patient identification labels: KSSG-15:
male, 53 years; KSSG-11: female, 69 years; KSSG-18: male, 76 years;
and KSSG-38: male, 89 years). All four patients were clinically diag-
nosed to suffer from AD with evidence from the pathophysiological
process (39), were amyloid positive as determined by an Ap42/40
ratio < 0.068, and were classified as A+T+N+ (A, amyloid, T, tau,
and N, neurodegeneration) according to the National Institute on
Aging and Alzheimer's Association (NIA-AA) research framework
(8). See table S1 for a summary of the clinical evaluation results for
patients KSSG-11, 15, 18, and 38. The rationale for providing de-
tailed surface analysis of RBCs specifically for these four patients
with biomarker evidence of AD is to highlight that differences in
morphology and assembly patterns of the protein aggregates can
exist even when the patients only differ in age. Moreover, the pro-
tein aggregate morphology observed in these four abovementioned
patients was also, to a large extent, representative of other patients
who had a positive CSF AB42/40 ratio. The age, gender, and clinical
diagnostic results of the patients were not revealed during AFM
measurements and were only known to the clinicians involved in
the study to avoid information bias during imaging experiments.
The full spectrum of quantitative data on RBC surface analysis for
all 50 patients is provided and correlated with the patient-specific
clinical evaluation results.

Figure 1A is a three-dimensionally (3D) rendered AFM height
image of a single RBC resolved within the blood smear sample (see
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Fig. 1. Characterization of protein aggregates on RBCs from patients with AD.
(A) 3D AFM image of RBC from a male patient aged 53 years with A+T+N+ classifi-
cation. (B) AFM image at an RBC edge [indicated by the yellow circle in (A)]. (C) AFM
image of protofibrils recorded in the region indicated by the dashed yellow box in
(B). (D to G) Height and phase-contrast AFM images of protofibrils resolved at the
region indicated by the white box in (B). The annular and irregularly shaped proto-
fibrils are indicated by yellow and blue arrows in (F). (H) AFM image and sectional
profile (shown in inset) of protofibril. (I) AFM height map and profile (shown in the
bottom inset) of annular protofibrils. The top inset in (I) is an AFM image of annular
oligomers detected within the blue circled region in the AFM image shown in (B).
(J) The statistical plot provides a mean annular oligomer height (red histogram
with Lorentzian fit) of 2.9+ 0.7 nm and a mean protofibril height (blue histogram
with Lorentzian fit) of 5.4 + 1.1 nm. (K) Normalized distribution of annular oligo-
mers and protofibrils detected on RBCs on four blood smear samples from the
same patient. (L) Large-area and 3D AFM image (M) of RBCs from a female patient
aged 69 years with A+T+N+ classification. (N and O) Height and phase-contrast
image measured at the center of the RBC surface indicated by the yellow circle
in (M). (P) Height traces measured across the fibrils marked by red, black, and blue
lines in the AFM image shown in the top left inset of (P). (Q and R) Height and
phase-contrast AFM images of dense fibrils recorded at RBC edges [marked with
white arrows in (M)]. (S) Statistical plot provides a mean fibril height of 7.1 £ 1.5 nm.
Surface roughness was measured at the RBC center (blue plot) and the RBC edges
(gray plot). The gray and blue lines in the surface roughness plot (T) are a Lorentzian
fit to the statistical data.

Materials and Methods for details on sample preparation and AFM
details) prepared using blood drawn from a 53-year-old male pa-
tient (identified as patient number KSSG-15). The variations in
height across the single RBCs are visible from the AFM topograph
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shown in Fig. 1A (for large-area AFM images obtained on blood
smear from patient KSSG-15, see fig. S3 and section S2). No major
differences were observed from the large-area AFM images in the
shape (predominantly discocyte shaped), height (~0.9 um), or di-
ameter (~6.5 um) values between RBCs from healthy controls (see
figs. S1 and S2) and patients with neurocognitive disorders. Closer
examination of the RBCs, especially at the periphery (indicated by
the yellow dashed circle in Fig. 1A), revealed nanostructures of
varying geometries present at the RBC edges as shown in a repre-
sentative AFM image (Fig. 1B). Adsorbates marked by blue circles
in Fig. 1B are annular in shape, and adsorbates indicated by green,
white, and yellow boxes in the same AFM image are those with
fibrillar morphology. Figure 1C is a spatially magnified AFM image
recorded within the region indicated by the yellow box in Fig. 1B,
showing elongated strands with a distinct nodular morphology
characteristic of protofibrillar aggregates observed along the aggre-
gation pathway of amyloidogenic proteins (26, 40-42). Similar height
maps (Fig. 1, D and F) and corresponding phase-contrast data
(Fig. 1, E and G) recorded within the green and white boxes in
Fig. 1B reveal the nodular morphology of the protofibrillar adsor-
bates. The adsorbates indicated by yellow arrows in Fig. 1F corre-
spond to annular-shaped structures, and the irregularly shaped
strands are indicated by the blue arrows in Fig. 1F. Measuring at the
edges of other RBCs present within the same blood smear sample
confirmed the presence of similar protofibrillar and annular-shaped
structures. Figure 1H is a high-resolution AFM topograph recorded
on a different RBC from the same blood smear sample that reveals
the presence of an elongated protofibril. The measured height pro-
file (bottom inset in Fig. 1H) along the protofibril strand highlights
the height differences originating from the nodes. Upon spatially
magnifying on the blue circled regions in Fig. 1B, more annular
oligomeric type aggregates (top inset in Fig. 1I) could be observed
on the surface of the RBCs. On the basis of sectional profile analysis
of all such adsorbates detected using the AFM, we calculate a mean
height of 2.9 + 0.7 nm for the annular oligomers (Fig. 1], red histo-
gram) and 5.4 + 1.1 nm for the protofibrils (Fig. 1], blue histogram).
The statistical analysis of protofibril height includes measurements
on both the irregularly shaped annular protofibrils and linearly
shaped protofibrils. The normalized distribution of the annular
oligomers and protofibrils over an area of 500 um* of RBCs mea-
sured on four different blood smear samples is shown in Fig. 1K. On
the basis of AFM measurements, we can confirm that these two spe-
cific types of protein aggregates were prevalent but not homoge-
neously distributed on the RBC surface. Instead, these aggregates
were present mostly at the edges of the RBC. The protofibrillar
aggregates resolved on the membrane of RBCs in our study are
comparable in shape and size values to previous reports of tau
(31, 43), AB40 (26, 44), and AB42 (26, 44) protofibrils character-
ized in vitro using AFM. Likewise, annular oligomeric intermedi-
ates have also been confirmed to occur during the oligomerization
of AB42 (26) and Zn-chelated AB40 and AB42 isoforms, which were
also identified to be cytotoxic (45). Yet, irregularly shaped pro-
tofibrils appearing as a linearly packed string of spherical particles
as in Fig. 1 (B to F) have, to the best of our knowledge, only been
observed previously using AFM for the K-18 C291R variant of tau
(prepared in buffer solution and deposited on mica surface for AFM
imaging) (46).

Next, we analyzed the surface of RBCs present within blood
smears prepared from a 69-year-old female patient (identified as
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patient number KSSG-11). Figure 1L is a large-area AFM topograph
of a submonolayer coverage with a typical discocyte RBC shape on
a glass slide. Spatially magnifying within the blood smear samples
shows RBC:s to also exist in a stacked confirmation as shown in the
3D rendered AFM image (Fig. 1M). Positioning the AFM probe
and imaging within the center of the RBC region, indicated by the
yellow circle in Fig. 1M, revealed the presence of elongated fibrillar
aggregates, which were slightly visible from the height image (Fig. IN).
Optimizing the amplitude set point for an improved phase contrast
(Fig. 10) confirmed the presence of fibrils. Closer inspection of in-
dividual fibrils using AFM (see fig. S6 in section S2) showed a plain
fibril morphology without the nodular structures previously ob-
served for protofibrils detected on RBCs from patient KSSG-15.
This observation indicates fibrillar structures resolved on RBCs
from patient KSSG-11, which are probably mature fibrils composed
of intertwined protofibrillar strands. Figure 1P shows a sectional
analysis performed along multiple lines across the surface of an
RBC (as shown in the corresponding AFM image in the top left in-
set of Fig. 1P). Cross-sectional profiles show the height differences
of the fibrils within the network. Two-dimensional networks with
comparable mature fibril height profiles have been resolved in the
past using AFM for AB40 (26, 27), (AP42) (47), and lithostathine
(48) (an inflammatory protein overexpressed in patients with AD)
under physiological conditions on synthetic surfaces, which can in-
fluence fibril morphology (47, 49) and aggregation kinetics (50).
Opverall, the fibrils resolved in the central regions of RBCs from pa-
tient KSSG-11 were predominantly arranged in a branched net-
work. However, positioning the AFM tip at the edges of the RBCs
from the same patient showed a different fibrillar assembly pattern.
Figure 1Q is an AFM topograph recorded at the edge site of an RBC
from patient KSSG-11 showing the presence of closely packed fi-
brils. Simultaneously obtained phase-contrast data (Fig. 1R) from
the same region as shown in Fig. 1Q provides rich details on the
fibrillar assembly at the RBC edge. The fibril height of 7.1 £ 1.5 nm
was determined from sectional profile analyses of individually re-
solved fibrils arranged in a branched network as shown in Fig. 1S
(red histogram). In addition to the information on fibril height, the
markedly different mean surface roughness of fibrils present at the
center (blue histogram in Fig. 1T) and at the edges (gray histogram
in Fig. 1T) of the RBCs from patient KSSG-11 was calculated to be
5.3+ 1.1 nmand 1.9 + 0.8 nm, respectively. Qualitative and quanti-
tative information obtained from the AFM studies conducted thus
far on A+T+N+ classified patients with AD aged 53 and 69 years
clearly highlighted the variations in spatial organization and the dif-
ferences in morphological profile of protein aggregates adsorbed on
their respective RBCs.

Following the analysis of RBCs from patients with AD aged 53
and 69 years, we examined the RBCs from a 76-year-old male pa-
tient with AD (identified as patient number KSSG-18). Figure 2A is
alarge-area AFM image of well-resolved RBCs closely spaced with-
in a blood smear on a glass slide. Following our regular imaging
protocols, the AFM probe was first positioned within the center of
the RBC indicated by the blue box in the large-area AFM image
(Fig. 2A). Zooming in with the AFM probe at the marked region did
not show any protuberant surface features (Fig. 2B). However, spa-
tially magnifying further within the yellow box indicated in Fig. 2B
revealed densely packed spherical particles (Fig. 2C), which are more
discernable in the phase-contrast data (Fig. 2D). Cross-sectional
analysis performed along the lines indicated in the AFM image
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Fig. 2. Detection of spherical oligomeric and mature fibrillar aggregates on RBCs. (A) Large-area AFM image showing RBCs within the blood smear prepared from a
male patient aged 76 years with A+T+N+ classification. (B) Zoomed-in AFM image recorded within the blue box marked in (A). (C) Spatially magnified AFM image ob-
tained in the region marked by the yellow box in (B) showing a dense region of aggregates on the surface of the RBC. The almost spherical shape of the aggregates is
better resolved in the simultaneously obtained phase-contrast AFM image (D). (E) Individual height profiles extracted along the blue and yellow lines indicated in (C)
across spherical aggregates. (F and G) Height and the corresponding phase-contrast image recorded on a different RBC surface within the same blood smear sample
showing the presence of predominantly fibrillar aggregates with intercalated spherical particles (marked by yellow circles). (H) Individual height profiles extracted along
the blue and yellow lines indicated in (F) across a mixed population of fibrillar and spherical aggregates. (I and J) AFM height and phase-contrast image obtained on a
different RBC surface within the blood smear samples prepared from blood drawn from patient KSSG-18 showing again the presence of fibrillar aggregates and a small
population of spherical particles (indicted by yellow circles). The top left inset in (1) is the single height profile plot measured along the yellow line indicated in the AFM
image (). (K) High-resolution AFM image represented in 3D and the corresponding phase-contrast map (L) highlights the assembly of the fibrils on the RBC surface from
the same patient. (M) The statistical plot of mean spherical aggregate height (red histogram) and mean fibrillar aggregate height distribution (gray histogram). The red
and black lines in (M) are a Lorentzian fit to the spherical and fibrillar aggregate height histograms.

(Fig. 2B) is shown in Fig. 2E and highlights the local height differ-

measurements, allowing extraction of useful information that was
ences of the spherical particles. Repositioning the AFM probe on a

often not immediately visible from height images. A clear result

different RBC within the same blood smear sample revealed the
presence of fibrillar aggregates (AFM height map, Fig. 2F) adsorbed
with smaller spherical particles (indicated by the yellow circles in
the phase-contrast data, Fig. 2G). Individual height profiles mea-
sured along the lines indicated in the AFM image (Fig. 2F) are
shown in the height versus distance plot in Fig. 2H. Profiling similar
topological information based on the height (Fig. 2I) and phase
contrast (Fig. 2J) on another RBC within the same blood smear
sample confirmed the coexistence of fibrillar and spherical aggre-
gates (marked by yellow circles in Fig. 2J), which are adsorbed on
the RBC surface. Figure 2K is a 3D-represented AFM image recorded
on the fibrillar network (within the topographic region shown in
Fig. 2I) revealing the dense fibrillar mesh, depicted more clearly in
simultaneously recorded phase-contrast data (Fig. 2L). The optimi-
zation of phase-contrast images was an important step in our AFM
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from the surface analysis of RBCs from patient KSSG-18 is the
prevalent presence of fibrillar and spherical aggregates. The fibrillar
and spherical aggregates were almost uniformly distributed across
the RBC surface with no major difference in assembly patterns at RBC
edges as previously observed in patients KSSG-15 and 11. In partic-
ular, fibrillar aggregates were observed to be more prevalent when
compared to the spherical aggregates (see fig. S7 for details on the
normalized distribution of fibrillar and spherical aggregates detect-
ed on the surface of RBCs from patient KSSG-18). On the basis of
the height profile traces (similar to the plots shown in Fig. 2, Eand H,
and Fig. 2I, inset) measured on regions composed of both fibrillar
and spherical aggregates, we extract a mean aggregate size of
9.3 + 2.4 nm for the spherical particles (Fig. 2M, red histogram) and
11.8 + 1.7 nm for fibrillar aggregates (Fig. 2M, gray histogram). Pre-
viously, the coexistence of mature fibrillar and spherically shaped
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oligomeric aggregates has been reported and quantified using AFM  analyzed patients with AD. The height (Fig. 3A) and phase-contrast
for AB42 isoforms (26, 32). (Fig. 3B) AFM data revealed a highly corrugated surface texture. On

The surface analysis of RBCs from patients with AD aged 80 the basis of AFM image analysis of several hundreds of RBCs pres-
years and above revealed a markedly different topology when com-  ent within the blood smear sample from patient KSSG-38, we calcu-
pared to younger patients who were amyloid positive and healthy lated a mean surface roughness of 48 + 18 nm. The root mean
controls. In this regard, we present results from surface analysis of  square surface roughness value was normalized over an RBC area of
RBCs from an 89-year-old male patient (identified as patient num- 5 um®. The AFM measurements were conducted on the same day
ber KSSG-38), who is the oldest subject enrolled in the current when the blood smears were prepared to avoid ambient contamina-
study. Large-area AFM images (Fig. 3A) acquired within the blood  tion. The measured RBC surface roughness values for patient KSSG
smear sample revealed a marked difference in RBC surface charac- 38 is notably higher compared to the surface roughness of RBCs
teristics compared to RBCs from healthy donors and previously  from healthy blood donors, which ranged from ~1.0 to 5.0 nm (see
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Fig. 3. Morphological evidence of protein crystals on RBCs from elderly patients with AD. AFM height (A) and phase-contrast image (B) showing a highly corrugated
surface of RBCs from an 89-year-old male patient with A+T+N+ classification. Inset in (A) is a large-area 3D AFM height image of the closely packed RBCs. (C) Phase-
contrast image recorded within the yellow box indicated in (A). The presence of domains on the RBC surface is visible from the phase-contrast images. (D and E) Height
and simultaneously recorded phase-contrast image over another region on the same blood smear sample. The height profiles extracted along the blue, green, and yellow
lines in (D) is plotted as individual sectional height traces in (F) showing the flat plateaus within the islands. (G) High-resolution phase-contrast AFM image showing the
presence of domains that appear with varying height and morphology. (H) AFM images measured on a different location on the same sample reveals domains confirming
the prevalent distribution of such features on RBCs within blood smears from the same patient. Spatially magnifying on a region within the domains reveals locally
aligned fibrillar structures as observed from the height (I) and phase-contrast information (K) suggestive of crystallographic domains. (J) Height profile traces obtained
along the blue, green, and yellow lines marked in the AFM height image (1). (L) AFM image showing individual aligned fibrils within crystal domains. (M) AFM phase-
contrast image color-coded according to the fibril orientation angle. (N) Statistical plot of crystal domain size based on cross-sectional profile analysis extracted across
individual crystals resolved in AFM images (see fig. S8). Inset in (N) is a 3D AFM image of individual and isolated protein crystals (indicated with black arrows) on the RBC
surface showing height differences of the crystallographic domains.
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figs. S1 and S2 in section S1 for details on surface roughness mea-
surements on healthy controls).

A closer inspection of the surface topology revealed distinct do-
mains present either as individual islands or in an overlapping and
layered manner as shown in the phase-contrast image (Fig. 3C). Im-
aging at different locations on the same blood smear sample reveals
a multitude of similar domains (Fig. 3, D and E) ranging in size
from a few tens to hundreds of nanometers. The AFM height images
indicate the domains to be of varying height profiles (Fig. 3F) and to
be commonly distributed across the surface of the RBCs. The mor-
phology of the domains is more clearly discernable from the phase-
contrast images (Fig. 3, B, C, E, and G). Further examination of an
individual domain (indicated in the yellow box in AFM image,
Fig. 3H) through high-resolution AFM imaging revealed closely
packed fibrillar aggregates as shown in the AFM height image
(Fig. 31) and the cross-sectional profiles (Fig. 3]). Figure 3K is a
phase-contrast image highlighting the aligned fibrillar aggregates
assembled within a domain, and a higher-resolution AFM image
(Fig. 3L) shows the alignment at a single-fibril level. The observed
alignment of the fibrils within smaller domains is shown in Fig. 3
(I and K) and was also detected within larger domains on the RBCs
as shown in the phase-contrast AFM image (Fig. 3M), which was
color-coded according to the fibril orientation angle. On the basis of
the AFM observations, we attribute the domains composed of
aligned and elongated fibrils to be protein crystals with a mean
height of 9.9 + 4.4 nm (Fig. 3N). Such protein crystals were only
detected on RBCs from patients with AD aged 80 years and above
within our study population (see fig. S8 in section S2 for further
AFM measurements on additional protein crystals). Furthermore,
the observation of mature and locally aligned fibrillar aggregates
present in crystallographic domains on RBCs on only older patients
with AD could also be an indication that protein crystals could be
the ultimate end structures occurring along amyloid aggregation
stages. This finding validates previous studies, which demonstrated
that amyloid crystals (prepared under physiological buffered aqueous
solution and resolved using AFM on synthetic solid surfaces) and
not individual fibrillar aggregates occupy the ground state of pro-
tein folding energy landscape (51).

Following the in-depth description of the AFM results from the
four exemplary patients, we present results from AFM-based analysis
of RBC:s for all 50 patients enrolled in the study. Figure 4 shows the
distribution of mean protein aggregate size resolved using AFM on
RBCs from all 50 patients plotted as a function of their age and
grouped by the CSF amyloid status of the patients (see fig. S9 in
section S2 for details on the plot of only mean fibrillar aggregate size
as a function of patient age). The mean aggregate size data, shown
in the plot, was obtained using the same AFM imaging protocols
under identical experimental conditions when registering informa-
tion on RBCs from patients KSSG-11, 15, 18, and 38 as shown in
Figs. 1 to 3. An initial increase of aggregate size, associated with the
patient age with a peak between 70 and 80 years, is observed from
the scatterplot shown in Fig. 4. Thereafter, the mean aggregate size
(for fibrils) tends to decrease again, which is also related to the more
elongated and aligned features detected only for patients aged 80
and above. A similar trend in increased particle size as a function of
declining cognition and memory function in patients has been re-
ported previously using AFM in CSF medium (38). However, the
AFM datasets in our study reveal clearer morphological profiles of
the protein aggregates adsorbed on RBCs. For instance, fibrillar
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Fig. 4. Age dependence of protein aggregate morphology grouped by Ap status.
Scatterplot of the mean individual aggregate size of fibrillar aggregates and annular
and spherical oligomers with + 1 SD (based on AFM measurements on all 50 patients)
plotted against the patient age and grouped by their amyloid status determined
by the CSF AB42/40 ratio. Nonparametric, locally estimated scatterplot smoothing
lines were added. A roughly bell-shaped nonlinear, nonmonotonic trend is observed
where there is an overall increase in fibrillar protein aggregate size with increasing
patient age up to a peak around the age of 70 to 80 and a subsequent decrease
thereafter. The top left inset is a schematic summarizing our results on protein
aggregate assembly on RBCs as a function of increasing patient age and decreas-
ing cognition.

aggregates (data include both protofibrils and mature fibrils) were
present in the blood smear samples of all age groups of patients
(53 to 89 years). One unique finding during the AFM study was
the aligned and elongated fibrillar aggregates present within crystal-
lographic domains that were resolved only on RBCs of patients in
the age group of 80 to 89 years, categorized as A+T+N+.

As the fibrils (including protofibrillar and elongated strands)
were the only aggregate type present on RBCs of all 50 patients, we
restricted our statistical analyses to the prevalence of fibrillar aggre-
gate surface coverage. The plot showing the distribution (normalized
over ~1000 RBCs) of fibrillar aggregates on RBCs of all patients and
healthy elderly blood donors (age 45 to 68 years) across patient age
and grouped by their associated neurocognitive syndrome highlights
the importance of studying the prevalence of fibrillar aggregates
(see fig. S10 in section S2). Additional results on the cognitive
assessment test scores for all 50 patients are provided in fig. S11.
The statistical analyses are focused only on the 33 patients in whom
the CSF AB42/40 ratio was available. To be clear, a lumbar punc-
ture was not mandatory for inclusion in the study, and the indica-
tion for the intervention was defined solely on clinical grounds.
Especially in young patients without objective neuropsychological
deficits as well as old patients with severe dementia, the benefit of
determining the amyloid status must be balanced against the risks
of the intervention. Furthermore, a portion of the patients did not
consent to a lumbar puncture. In a multiple linear regression anal-
ysis, the CSF AB42/40 ratio was negatively correlated with the prev-
alence of fibrillar aggregates on RBC [t statistic (df = 29) = -2.61,
P =0.014]. In contrast, no significant correlation with CSF p-tau
levels was found (P = 0.76), and we detected only a trend toward an
increase in the prevalence of fibrillar aggregates with age (P = 0.059).
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Full model results are presented in table S2. In a follow-up simple
linear regression model, we confirmed a strong and highly significant
negative correlation between the prevalence of fibrillar aggregates
on RBC and the CSF AB42/40 ratio [R = —0.64, t statistic (31) = —4.69,
P < 0.001; see Fig. 5A]. Post hoc t tests with Bonferroni corrections
showed that the prevalence of fibrillar aggregates on RBC was sig-
nificantly higher in the amyloid-positive group (mean: 69 + 14% with
n = 18) than in the amyloid-negative group [mean: 35 + 21% with
n =15, t statistic (24) = —5.36, P < 0.001; see Fig. 5B]. The prevalence
in the group with an undetermined amyloid status (mean: 55 + 25%
with n = 17) was also significantly higher than in the amyloid-nega-
tive group [f statistic (29.9) = —2.57, P = 0.046] and did not signifi-
cantly differ from the amyloid-positive group (P = 0.204). Last, we
evaluated whether the prevalence of fibrillar aggregates on RBC could
accurately predict the amyloid status of patients determined by the
CSF AP42/40 ratio as well as the CSF-p-tau status. The highest Youden
index for classification of the amyloid status was found for a cutoff
threshold of a fibrillary aggregate prevalence of >40%. Using this
cutoff, all 18 amyloid-positive patients were identified [sensitivity
and negative predictive value (npv) = 100%], whereas 4 patients were
falsely classified as amyloid positive [specificity 74%, positive pre-
dictive value (ppv) = 81.8%], resulting in an overall classification
accuracy of 88%. The receiver operating characteristic (ROC) curve
and full diagnostic classification results are presented in Fig. 5C. The
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prevalence of fibrillary aggregates was also correlated with the p-tau
status of patients with a prediction accuracy of 85% (see table S4 and
fig. $12). The full clinical and diagnostic details of all the 50 patients
enrolled in the study are provided in table S5.

DISCUSSION

In this study, we sought to investigate whether there are variations
in physical features of aggregated forms of proteins on RBCs from
patients with neurocognitive complaints. Using an AFM, we have
successfully identified that differences exist in size, shape, morphology,
assembly patterns, and prevalence of protein aggregates on RBCs
from a clinically representative cohort of patients with memory and
cognitive complaints. The morphological profile of protein aggregates,
with shapes ranging from oligomers (spherical and annular-shaped),
protofibrils (spherical particles arranged in a linear chain), and
elongated fibrils (composed of twisted protofibrils), was studied on
RBCs using AFM height maps and phase-contrast data. A general
trend was observed from the AFM measurements for the prevalence
of fibrillar protein aggregates to depend on the age and the level of
decline in memory and cognition of the patients. In certain specific
cases, there was evidence for coadsorption of spherical oligomeric
particles and mature fibrils arranged in a densely packed network
on the surface of RBCs for selected patients in the age group of 55 to
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Fig. 5. Association of fibril prevalence on RBCs with the AB42/40 ratio in CSF and the performance as a diagnostic test. (A) Scatterplot of mean fibril prevalence
(normalized over ~1000 RBCs) on RBC with +1 SD plotted against the AB42/40 ratio in CSF of 33 patients who underwent a lumbar puncture showing a strong negative
correlation. The neurocognitive syndromes were color-coded, and the individual etiologies/subtypes were shape-coded. When applying a prevalence cutoff of >40%
(horizontal, dashed, red line), all 18 patients who were amyloid positive as determined by a CSF AB42/40 ratio < 0.068 (vertical, black, dashed line) were identified (sensi-
tivity: 100%), whereas 4 patients were falsely classified as amyloid positive (specificity 74%), resulting in a classification accuracy of 88%. (B) Box-and-whiskers plots in the
style of Tukey (central horizontal line: median, lower and upper hinges: 25th and 75th percentiles, upper and lower whiskers extend up 1.5 x interquartile ranges from
the respective hinges) and the mean + 1 SD of the prevalence of fibrils on RBCs grouped by the amyloid status of patients determined by the CSF AB42/40 ratio (no CSF
available for amyloid status unknown group; n=17). P values of a one-way ANOVA and t tests between groups with Bonferroni correction for multiple testing are presented,
showing that fibril prevalence is lower in the amyloid-negative group than in both the amyloid-positive group and the group with unknown amyloid status. (C) Receiver
operator characteristic (ROC) curve of a classification of the amyloid status (determined by the CSF-AB42/40 ratio) based on the prevalence of fibrillary aggregates on RBC
and diagnostic performance measures (AUC, area under the curve; Youden index, sensitivity + specificity —1; ppv, positive predictive values; npv, negative predictive
value; tp, true positives; fp, false positives; tn, true negatives; and fn, false negatives). ns, not significant.
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78 years. Such oligomeric aggregates existing together with elongat-
ed fibrils have been discussed in the past to be potential targets for
therapeutic intervention (26, 32). Together, the AFM data reveal
that nanoscopic differences in morphology and prevalence of pro-
tein aggregates on RBCs can be resolved and quantified in a label-
free manner in blood smears.

One of the most notable findings that could be of immediate di-
agnostic relevance in our proof-of-principle study is the observation
of aligned fibrillar deposits in the form of crystallographic domains
on RBCs from patients aged 80 to 89 years who were clinically veri-
fied to be A+T+N+. If this result can be confirmed on a larger pop-
ulation of elderly patients with AD and validated with their CSF
amyloid status, then in the future, this morphological signature
could potentially be used as an additional physical biomarker of AD
pathology. Furthermore, this information obtained from AFM can
also be used as a first-line blood-based screening of elderly patients
for AD pathology even within a clinical setting and also for moni-
toring the efficiency of prescribed treatment.

On the basis of the clinical evaluation results, AFM measure-
ments on RBCs from both young and elderly healthy controls (see
section S1) and in comparison with previous AFM-based studies on
proteins involved in the pathology of AD (26, 27, 29-31, 37, 46, 52),
we postulate that the aggregates characterized on RBCs of all 50 pa-
tients here could mainly be a mixed composition of AB40, AB42,
and tau protein isoforms. Although we demonstrated the morpho-
logical characterization of protein aggregates bound to RBCs, iden-
tification of the exact chemical signature of the resolved proteins is
currently not feasible through only AFM-based measurements;
hence, we cannot exclude the possible presence of other proteins
implicated in the pathology of AD on RBCs from studied patients.
The prevalence of fibrils that were present on RBCs of all 50 patients
showed a strong negative correlation with the CSF AB42/40 ratio
even when controlling for CSF-p-tau and patient age (Fig. 5A).
Moreover, we found significant differences between the amyloid-
positive and -negative patient groups (Fig. 5B). The evaluation of
classifiers based on the prevalence of fibrillar aggregates on RBC
yielded a high classification accuracy (88%) with high sensitivity
and acceptable specificity when predicting the CSF amyloid status
and good accuracy (85%) when predicting the CSF p-tau status.
However, as the fibril prevalence was only correlated with the CSF
AP42/40 but not the CSF p-tau levels in multiple regression analy-
ses, the presented data suggest that these fibrillar aggregates may be
strongly associated with the pathological accumulation of AP de-
posits in the brains of patients with AD.

In summary, our findings provide useful initial insights into the
clinical relevance of nanoscopic information obtained by profiling
protein aggregates on RBCs from patients with memory complaints
and cognitive deficits. In particular, the data on the difference in
size, shape, assembly patterns, and prevalence of the protein aggre-
gates have been identified to form the basis for a complementary set
of blood-based physical biomarkers of AD pathology. The ability to
monitor the aggregated states of proteins through nanoscale imag-
ing in blood could provide a deeper understanding of the molecular
pathogenesis of AD, and the approach could be used to monitor the
transition of cognitively healthy individuals to a preclinical phase of
AD by screening blood smears in a regular time interval.

Several challenges lay ahead before physical biomarkers can be
integrated with clinical decision-making for AD diagnosis. A logical
approach in going forward is to verify the findings reported in our
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preclinical study of 50 patients in future studies with a larger cohort.
In addition to morphological data, it will also be beneficial to simul-
taneously register the chemical signature of the resolved protein
aggregates. For this, we propose using an AFM integrated with
Raman or infrared spectroscopy to resolve the spectral peaks of the
amide I, II, and III bands, which are known to be sensitive to the
protein backbone conformation and secondary structures (53-56).
The information from the deconvolution profile of these amide
bands can then be expected to provide more detailed insights into
the o helix and P sheet secondary structure, which will be key to
identify the AB40, AB42, and tau isoforms present on the RBC
surface. Such integrated AFM microscopes are commercially avail-
able and have been previously demonstrated to simultaneously map
the morphology and chemical composition of pathological proteins
on both clean surfaces (52, 54-57) and in complex environments,
such as the CSF (37), the neuronal spine (58), and brain tissues
(59, 60). There are numerous advantages of using AFM in clinical
research and practice, including reduced instrumental complexity,
easy to operate with basic training, built-in user-friendly software
for data analysis, and capability to resolve even a few nanometer-sized
particles under standard laboratory conditions. Limitations exist,
such as the time involved in data acquisition and interpretation
using an AFM compared to readouts from biochemical assays. Cur-
rently, it takes 3 to 5 days to provide a complete AFM-based imag-
ing of blood smear samples from a single patient and providing the
analyzed data (qualitative and quantitative) in a digitized format
that can be understood by non-AFM experts. Although this period
is an issue for screening rapidly progressing diseases, given the slow-
progressing nature of AD and the time it takes (order of several
weeks) to reach clinical consensus based on CSF biomarkers, brain
imaging, and cognitive assessment, it should be possible to integrate
the physical biomarker data upon validation with existing standards
into the clinical decision-making pipeline. At the outset, we antici-
pate that the affordable and accessible physical biomarkers could
serve as complementary metrics for screening patients with AD in
the preclinical, mildly cognitively affected stages of AD, and possi-
bly even prodromal, i.e., asymptomatic, stages of AD pathology.

MATERIALS AND METHODS

Patient characteristics

Here, we present data from the first 50 patients recruited as part of an
ongoing study who presented themselves for an initial or follow-up
assessment of cognitive complaints at the memory clinic of the De-
partment of Neurology at the Cantonal Hospital St. Gallen. A lumbar
puncture was performed in 39 patients. However, in two of these
patients, the lumbar puncture was performed >1 month before the
inclusion in the study, and AB40 was not determined. Moreover, in
four patients, CSF analyses yielded implausible measures (both AB42
and AP40 decreased) pointing toward a preanalytical or analytical
error. Consequently, the amyloid status as assessed by the CSF AB42/40
ratio (positive: <0.068) could only be reliably assessed in 33 cases.
The severity of cognitive impairments and the clinical diagnosis of
the patients were heterogeneous. We classified the severity of neuro-
cognitive disorder according to the Diagnostic and Statistical Manual
of Mental Disorders syndrome classification of neurocognitive dis-
orders (61) as minor or major neurocognitive disorder or as subjective
cognitive disorder according to (62) if criteria for the former were
not fulfilled. Eight patients were diagnosed with subjective cognitive
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decline, 12 patients with minor neurocognitive disorder, and 30 patients
with major neurocognitive disorder. No patient with subjective decline
had a positive CSF AB42/40 ratio. In contrast, the CSF AB42/40 ratio
was decreased in 2 patients with minor neurocognitive disorder as
well as in 16 of 30 patients with major neurocognitive disorder, which
is indicative of the AD pathophysiological process (63). Fourteen of
the latter and two additional patients with indicative atrophy pattern
for whom the CSF was not obtained fulfilled the clinical NIA-AA
criteria of probable AD dementia with evidence of the AD patho-
physiological process (39). Furthermore, two dementia patients were
diagnosed with clinically probable AD dementia without biomarker
evidence of the AD pathophysiological process (39), three with pri-
mary progressive aphasia (64), two with probable vascular dementia
(65), one with posterior cortical atrophy (66), one with Lewy body
dementia, and one with Parkinson disease dementia (67). The de-
mentia etiology could not be determined in two cases. The choice of
neuropsychological tests was not affected by study participation.
The Montreal Cognitive Assessment was administered in 42 pa-
tients and the Mini-Mental State Examination was administered in
5 patients. Summaries of the demographic, clinical evaluation, CSF
analysis, and experimental data of the patients are grouped by the
amyloid status as determined by the CSF AB42/40 ratio and are
presented in table S2 with exploratory between-groups analysis of
variance (ANOVA) or chi-square tests. To be eligible for inclusion
in the study, the patient’s routine diagnostic workup must have
consisted of neuropsychological testing, routine blood tests, and
structural magnetic resonance imaging of the brain. However, fur-
ther routine diagnostic workup was not influenced by the inclusion
in the study, and the indication for a lumbar puncture was exclu-
sively defined on clinical grounds. All diagnoses were made in an
interdisciplinary conference and reviewed following the respective
diagnostic criteria. All participants gave informed consent to partic-
ipate in the study. The experimental procedures were approved by
the ethics committee of East Switzerland (number: 202000558) and
were performed following the Declaration of Helsinki.

AFM setup, measurements, and analysis

AFM measurements on the air-dried blood smear samples (~50 pl
of blood from each patient was prepared as a smear on a glass slide)
were performed using Multimode 8 for high-resolution imaging
(with e-scanner, Bruker) and Dimension Icon (Bruker) for large-
area imaging. Both AFM instruments were operated under standard
laboratory conditions. For measurements using Multimode 8, the glass
slides were first cleaved with a diamond cutter to a size of ~1 cm?,
adhered to a circular metal disk using a double-sided sticky tape,
and then mounted on top of the tube scanner followed by position-
ing the probe holder for imaging. For the AFM probe, a SCOUT 70
HAR silicon AFM tip with a high aspect ratio (gold reflective back-
side coating, force constant 2 N/m, resonant frequency: 70 kHz,
cone angle of <15° over the final 1 um of the tip apex; NuNano) was
used in tapping mode. All AFM measurements were conducted at a
scan rate of 0.5 to 1 Hz. Upon receiving the AFM tips in a gel pack
from NuNano, the tips were transferred to a normal plastic tip
holder to avoid tip contamination by the gel pack. Before placing
the AFM tip in the holder, it was cleaned by rinsing in acetone for
30 s followed by rinsing in isopropanol for ~1 min and by blow-drying
with compressed air. The values for the SD reported for the height
of the protein aggregates were calculated from measurements per-
formed with five AFM tips from the same batch purchased from

Nirmalraj et al., Sci. Adv. 2021; 7 : eabj2137 24 September 2021

NuNano. All AFM measurements on the blood smear samples were
performed within 10 to 24 hours from the preparation of the blood
smears on the glass slides. After initial surface analysis, the selected
samples (blood smears samples that required more detailed investi-
gation) were coated with silicone oil to prevent ambient contamina-
tion. For AFM measurements on silicone liquid-coated blood smear
samples, identical materials (silicone oil purchased from Sigma-
Aldrich, 317677), deposition technique (spray deposition using
Harder and Steenbeck dual-action evolution spray gun), and imaging
parameters as previously reported by Nirmalraj et al. (68) for re-
solving fixed and dried epithelial cells were adopted here. For image
processing, the raw AFM data were analyzed using Nanoscope anal-
ysis 1.9 (Bruker) and subjected to first-order flattening before ex-
traction of height profile and surface roughness values from the
topographic information. The orientation map of aligned fibrils
shown in Fig. 3M was analyzed using Fiberapp, open-source soft-
ware (69). For AFM measurements on blood smears from healthy
controls and patients enrolled in the study, a total of nearly 1000 RBCs
were analyzed for each case. In general, ~50 to 80 RBCs could be re-
solved within a 60-um” scan area, and ~30 to 50 of such large area
images were required to be recorded at different locations on the glass
slide to develop a comprehensive overview of the RBC surface topology.
Ideally, RBCs that were isolated within the blood smear were well
suited for profiling their surface using an ultrasharp AFM probe.

Statistical analyses regarding the prevalence of fibrillar
aggregates on RBC

We performed multiple linear regression analysis of the dependent
variable prevalence of fibrillar aggregates on RBCs with the follow-
ing predictors: CSF AB42/40 ratio, CSF-p-tau, and patient age. All
predictor variables were centered on the population mean. This was
followed up by pairwise t tests with Bonferroni correction between
patients with positive (CSF AB42/40 ratio < 0.068), negative (CSF
AP42/40 ratio > 0.068), and unknown (no lumbar puncture per-
formed) amyloid status. Furthermore, we conducted exploratory
simple linear regression between the CSF AB42/40 ratio and the
prevalence of fibrillar aggregates on RBCs. We determined the
threshold of the prevalence of fibrillar aggregates on RBCs to differ-
entiate between amyloid-positive and -negative patients according
to the CSF AB42/40 ratio that yielded the highest Youden index
(sensitivity + specificity —1). An ROC curve and classification per-
formance measure area under the curve, accuracy, sensitivity, spec-
ificity, Youden index, ppv, npv, true positives, false positives, true
negatives, and false negatives. In an exploratory additional analysis,
we evaluated the classification performance of the CSF-p-tau status
based on the prevalence of fibrillar aggregates on RBCs. Perfor-
mance measures were calculated for (i) a cutoff yielding the highest
Youden index (=50%) and (ii) a cutoff yielding the highest product
of the ppvs and npvs (= 40%).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj2137

View/request a protocol for this paper from Bio-protocol.
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