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A fingerprint of amyloid plaques in a bitransgenic
animal model of Alzheimer’s disease obtained by
statistical unmixing analysis of hyperspectral
Raman data
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The global prevalence of Alzheimer’s disease (AD) points to endemic levels, especially considering the

increase of average life expectancy worldwide. AD diagnosis based on early biomarkers and better knowl-

edge of related pathophysiology are both crucial in the search for medical interventions that are able to

modify AD progression. In this study we used unsupervised spectral unmixing statistical techniques to ident-

ify the vibrational spectral signature of amyloid β aggregation in neural tissues, as early biomarkers of AD in

an animal model. We analyzed spectral images composed of a total of 55 051 Raman spectra obtained from

the frontal cortex and hippocampus of five bitransgenic APPswePS1ΔE9 mice, and colocalized amyloid β
plaques by other fluorescence techniques. The Raman signatures provided a multifrequency fingerprint

consistent with the results of synthesized amyloid β fibrils. The fingerprint obtained from unmixed analysis

in neural tissues is shown to provide a detailed image of amyloid plaques in the brain, with the potential to

be used as biomarkers for non-invasive early diagnosis and pathophysiology studies in AD on the retina.

Introduction

Global average life expectancy has increased in the last few
decades, followed by a remarkable increase in the prevalence
of age-related chronic diseases. Neurodegenerative disorders
are highlighted among these, especially Alzheimer’s disease
(AD), the most severe and disabling form of dementia.1 Due to
the progressive neurodegeneration related to AD, as well as the
limited impact of medical interventions in already disabled AD
patients, there is a worldwide effort in establishing biomarkers
for early AD diagnosis.2,3 The histopathological hallmarks of
AD, the extracellular depositions of misfolded amyloid-beta

peptide (Aβ) forming amyloid plaques associated with neurofi-
brillary tangles, are the major subjects of investigation in AD
diagnosis and pathophysiology.4

Raman spectroscopy, a technique based on the inelastic scat-
tering of light by molecules, is a marker-free, widely used tool
for identifying and characterizing biomaterials and biological
tissues.5,6 However, tissues are composed of a mixture of dis-
tinct biomolecules,7 exhibiting a very complex Raman spectral
signature that also depends on environmental conditions. In
this context, identifying the spectral fingerprint of specific bio-
molecular structures in a biomedical relevant environment is
challenging. The objective of this work is to establish a robust
multifrequency Raman based fingerprint for the identification
and compositional analysis of amyloid plaques.

Dong et al. characterized amyloid plaque cores from the
human brain with Raman microscopy;8 Chen et al. performed
a similar analysis from the rat brain after injection of the
Aβ25–35 peptide into the hippocampus;9 a frequency blue-shift
in the amide I Raman feature has been established as the
main biomarker in amyloid plaque identification. Later,
R. Michael et al. successfully imaged optically amyloid plaques
in the human brain using a hyperspectral Raman technique.10

In a recent study using the APP/PS1 bitransgenic mice brain,
stimulated Raman spectroscopy (SRS) exhibited the blue-
shifted amide I frequency at 1670 cm−1.11
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Here we characterize amyloid plaques in brain tissues from
an APPswePS1ΔE9 AD mouse model using a hyperspectral
Raman imaging technique and study the massive set of
Raman data using unsupervised unmixing spectral analysis.
The main aim of this work is to analyze and to comprehensibly
demonstrate how the multifrequency set of vibration modes
comprise a fingerprint to consistently identify amyloid plaques
in the AD mice brain, paving the way to validate Raman
imaging as an accurate method in amyloid plaque identifi-
cation and study in neural tissues. The importance of this
result resides on the fact that the optical identification of Aβ
aggregation in amyloid plaques located in neural tissues could
be extended to the retina, proposed as an inexpensive and
non-invasive early AD diagnosis method,12–14 due to the trans-
parency of anterior ocular structures (cornea and lens) and the
high synaptic density of its plexiform layers.15

Experimental results
Characterization of amyloid beta fibrils

Before performing Raman imaging on tissues, we prepared syn-
thetic fibrils for Raman spectroscopy characterization using an
adapted incubation protocol.16 Fibril-like structure formation was
confirmed by Atomic Force Microscopy (AFM) (Fig. 1A) and by
Transmission Electronic Microscopy (TEM) (Fig. 1B). Fig. 1C

shows (red trace) the characteristic Raman spectrum for the
Aβ1–42 fibrils. For a comparison purpose, Fig. 1C also shows (blue
trace) the Raman spectrum of bovine serum albumin (BSA) which
contains about 55% α helix and 45% disordered structures.17

Hyperspectral Raman measurement

In order to characterize the spectral Raman fingerprint that
could be used as a reference for in vivo conditions, tissues
were prepared for assays following a minimum of sample
preparation. Cryosection was kept as the only standard pro-
cedure. Prior to staining, amyloid plaques were Raman scanned,
preventing an overlap by the fluorescent dye. The experiment
workflow followed the sequence: amyloid plaque visualization by
autofluorescence (Fig. 2A); optical image on the same region of
interest (ROI) (Fig. 2B); Raman hyperspectral mapping acqui-
sition (Fig. 2C); ThioS staining for the confirmation of amyloid
plaques (Fig. 2D); and data analysis (Fig. 2E, 3 and 4). Snap-
frozen, 80 µm thick slices of perfused 6-month-old APPswePS1ΔE9
mice (4 Tg mice) showed an intense plaque autofluorescence
signal (e.g. Fig. 2A), following established procedures.18,19 After
TPEF identification, the slices were analyzed with Raman hyper-
spectral imaging. The mapped area ranged from 25 × 25 μm2 to
240 × 240 μm2, with step sizes of 1.2 μm (low spatial resolution)
and 500 nm (high spatial resolution), and a spectral resolution of
2.45 cm−1. The green excitation chosen (532 nm wavelength)
proved to be ideal for improved Raman efficiency in our biologi-
cal samples, with an optimized signal-to-noise ratio.19

Amyloid plaque imaging

Unsupervised spectral unmixing analysis of the hyperspectral
data was performed, and each data set (each plaque image)
was loaded separately to the spectral unmixing algorithm. As
an output, we obtained the most dissimilar spectra, estab-
lished as end members (EMs) in the data set. Fig. 2E shows
one example, from one data set, of the EM spectra obtained,
which corresponds to the spectra of the background (EM1),
the surrounding tissue (EM2) and the amyloid plaque (EM3).
The same procedure was carried out for all the amyloid plaque
samples studied in this work (Fig. 3 and 4). Raman spectra
were analysed at 18 different amyloid plaques and surrounding
areas, located in two regions of the brain (hippocampus and
frontal cortex), from 5 different mice: four mice of 6 months of
age for low spatial resolution imaging (Fig. 3), and one of
12 months of age for high spatial resolution imaging (Fig. 4).
Here we report the results from a total of 55 051 spectra
obtained from 7 plaque regions. In the latter (12 months
mouse), five EMs were obtained, but only three are shown in
Fig. 4, where the EM for the background and an alternative
EM for the plaque identification are not discussed.

Discussion
A spectroscopic fingerprint of amyloid β fibrils

Amyloid plaques are extracellular depositions of misfolded
amyloid-beta peptide (Aβ), mostly Aβ1–40 and Aβ1–42 species.

Fig. 1 Characterization of synthetic amyloid-β (Aβ) fibrils. (A) AFM and
(B) TEM images of synthetic Aβ fibrils. (C) Raman spectra of synthetic Aβ
fibrils (red) and bovine serum albumin (BSA) (blue). Raman peaks impor-
tant for β sheet identification are highlighted in green. Amide I shows a
frequency blue-shift in Aβ fibrils (1672 cm−1) and amide III a red-shift
(centered at 1233 cm−1) when compared with BSA amide I (1658 cm−1)
and amide III (1310 cm−1). Amide III for the β sheet is highlighted in
green, while for the α helix it is highlighted in purple. The three asterisks
point to the Phe bands at 1007 cm−1 and 1036 cm−1, and the overlapped
Phe at 1609 cm−1 and Tyr at 1612 cm−1.
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These aggregates present a β-pleated sheet conformation, well
stabilized by hydrophobic interactions and hydrogen bonding.16

Aβ peptide monomers derived from transmembrane protein
cleavage of the amyloid precursor protein (APP) form oligomers,
intermediary neurotoxic structures which aggregate producing
amyloid fibrils and plaques.4,20 The amyloid aggregating
process has been correlated to tau pathology, characterized by
tau neurofibrillary tangles of microtubule-associated proteins,
as well as neurodegeneration and neuronal death.4,21

According to the literature, amyloid plaques in brain
tissues have been analyzed with different spectroscopic
methods and protocols. Molecular identifications and charac-
terization are based here on the Raman effect, a highly accu-
rate and label-free method according to which incident light is
scattered by exchanging energy with molecular vibrations in
the sample. Distinct patterns of light scattering related to
specific molecular modes of vibration provide a vibration-
based molecular identification. Raman spectroscopy identifies
the α helix and the β sheet secondary structures of proteins
and peptides22–25 and is also used for the characterization and
distribution of lipids26,27 in tissue samples.6,28,29 It has been

shown that the amide I vibration, which is associated with
CvO stretching in the peptide backbone, is subjected to
different restoring forces in the α helix and β sheet.30 Studies
have also shown the vibrational fingerprint of proteins, pep-
tides, and amino acid structures by Fourier transform infrared
micro-spectroscopy (µFTIR),30,31 as well as amyloid plaques in
brain tissues from AD transgenic mice.32,33 However, IR spec-
troscopy has limited applicability for spectroscopic imaging in
an aqueous medium and dispersive Raman scattering
microscopy, unlike µFTIR, achieves higher spatial resolution
due to the smaller excitation wavelength in both dried and wet
samples, which can be studied with relatively simple sample
preparation. Given the superior specificities of Raman spec-
troscopy compared to other techniques, it has been chosen in
many studies exploring chemical, biochemical and histological
mapping of various tissues,5,19,34,35 providing valuable label-
free and non-destructive data in AD neurodegeneration.10,11,36

The Aβ peptide vibrational modes are mainly composed of
CvO, C–H, C–N and amino acid side chains. The peptide/
protein folding, e.g. α helix and β sheet, results in the charac-
teristic amide I peak, which is established as the most accurate

Fig. 2 Hyperspectral Raman imaging of the AD mice brain section and the spectral unmixing analysis. (A) Autofluorescence image of the amyloid
plaque in a frontal cortex brain slice. (B) Optical image of the same region in (A). White arrows indicate tissue profiles utilized for optical co-localiz-
ation. (C) Hyperspectral Raman data acquisition in the squared location in (A) and (B). (D) ThioS staining. (E) Results of spectral unmixing analysis
showing three end members (EMs): black, blue and red EM spectra are the fingerprint of the background, the surrounding tissue and the amyloid
plaque, respectively. Amide III presents a red-shift (centered at 1233 cm−1, highlighted in (F)); amide I shows a blue-shift (1675 cm−1, highlighted in
(G)). The three asterisks point to the Phe bands at 1007 cm−1 and 1036 cm−1, and the overlapped Phe at 1609 cm−1 and Tyr at 1612 cm−1. The high-
frequency CH stretching regions of CH2 (∼2854 cm−1) and CH3 (∼2930 cm−1) bands were associated with lipids and proteins/lipids, respectively.
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biomarker of the protein secondary conformation in Raman
spectroscopic analysis.22,23,37 The β sheet secondary structure
is assigned mainly to the CvO stretching vibration, which
characterizes amide I (1670–1680 cm−1). The 1672 cm−1

Raman peak related to the β sheet folding was confirmed here
in the synthetic fibril samples (red trace in Fig. 1C), consistent

with previous studies.8,11,38 For a comparison purpose, the
blue trace in Fig. 1C shows the Raman spectrum of BSA
(majorly α helix),17 exhibiting the amide I peak at 1658 cm−1. In
addition to amide I, the β sheet structure characterizing amyloid
plaques show several other distinct characteristic vibration
modes poorly explored. Among these, amide III is a complex
vibration mode obtained from the sum of N–H bending and C–N
stretching, and is influenced by (C)CαH bending motion.39 Data
support amide III as the most sensitive vibration mode related to
the peptide bond conformation in the secondary structure.40

Besides, amide III in Aβ fibrils shows a band centered at
∼1233 cm−1 (1203–1263 cm−1) and a red-shift compared with
BSA, which is centered at 1310 cm−1 (1280–1340 cm−1). The
spectra of both Aβ fibrils and BSA also showed the expected
peaks of the phenylalanine (Phe) aromatic ring side chains
(1004, 1032, 1609 cm−1), tyrosine (Tyr, 1612 cm−1),41,42 and the
CH2 bending (δCH2) vibration modes at 1452 cm−1.38

Consistent with the results of the synthetic material, we
observed in EM3 for tissues (Fig. 2E and G) the characteristic
frequency shift in amide I, appearing centered at 1675 cm−1,
corresponding to the vibrational frequency of the β sheet sec-
ondary structure. These results support that the unsupervised
analysis was able to accurately capture this spectral fingerprint
in amyloid plaques, allowing the identification of further spec-
tral features. We here point out four other Raman bands for

Fig. 3 Hyperspectral imaging of amyloid plaques. Raman spectroscopic mapping of four 6 month old transgenic mice (Tg01–Tg04) is represented
here. Each row of images shows spectral imaging of one different amyloid plaque region. Each column represents different selected spectral infor-
mation. The three first columns are obtained from the unsupervised spectral unmixing: EM1, background; EM2, the surrounding tissue; EM3, amyloid
plaque spectral image. The next eight columns represent the intensity of scattered light in eight different spectral regions, obtained by selecting
filters for each frequency in Project FIVE 5.0 WITec software. From left to right: Phe (1000–1012 cm−1), Phe (1000–1040 cm−1), Phe
(1028–1043 cm−1), amide III (1203–1263 cm−1), Phe/Tyr (1604–1614 cm−1), amide I (1670–1680 cm−1), CH2 (2869–2884 cm−1), and CH3

(2920–2940 cm−1).

Fig. 4 High resolution hyperspectral imaging of amyloid plaques. Top
– Results from the unsupervised spectral unmixing using 5 EMs: EM1,
cell nucleus; EM2, the surrounding tissue; EM3, amyloid plaque spectral
image. Two EMs (background and alternative plaque imaging) are not
shown. Bottom – Analysis in WITec software selecting filters for DNA
frequency (centered at 791 cm−1), lipid (2854 cm−1) and amide III
(1203–1263 cm−1).
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amyloid plaque identification, which are shown in the EM3
spectrum: Phe (1007–1036 cm−1), amide III (1200–1330 cm−1),
Phe/Tyr (∼1010 cm−1) and CH stretching frequency (2800 to
3000 cm−1). The Raman band intensity, which is attributed to
Phe residues is increased at the amyloid plaque regions, prob-
ably due to the high concentration of these residues in Aβ pep-
tides. The amide III region showed a red shift at the amyloid
plaque compared to the surrounding tissue (Fig. 2E and F).
This frequency mode is more complex than the others, since it
involves a coupling of the Cα–H bending to the N–H in-plane-
bending and the C–N stretching.39 Furthermore, the CH stretch-
ing frequency mode showed a higher intensity near 2930 cm−1,
which is assigned to the higher concentration of the Aβ peptide
at the plaques compared to the surrounding tissue. Therefore,
the unsupervised spectral unmixing established the Raman fin-
gerprint for amyloid plaque identification, obtained from
amide I, amide III, Phe and CH stretching frequencies.

Hyperspectral imaging of amyloid plaques

Fig. 3 shows a combined set of spectral data obtained from
different spectral regions of amyloid plaques. The six rows of
images represent six different samples. In the first three
columns, abundance mapping is shown in the function of the
three end members, in which the brighter and spectrally more
significant regions correspond to EM1 (first column), EM2
(second column) and EM3 (third column). Spectral unmixing is
a statistical technique for the identification of specific spectra,
which is used in the characterization of biological components
in tissue ensembles.29,43–45 As discussed in Fig. 2E, the EM3
image clearly shows the amyloid plaque, while EM2 highlights
the surrounding tissue and EM1 the overall spectroscopic back-
ground. Guided by the different spectral features found in the
EMs (Fig. 2), Fig. 3 displays, from the left to the right, the
Raman intensity images in different spectral regions: Phe
(1000–1012 cm−1, 1000–1040 cm−1 and 1028–1043 cm−1), amide
III (1203–1263 cm−1), Phe/Tyr (1604–1614 cm−1), amide I
(1670–1680 cm−1), CH2 (2877–2887 cm−1), and CH3

(2920–2940 cm−1).
In all these regions, Raman spectra were able to properly

detect and highlight amyloid plaques. Since the 1007 cm−1

peak of the Phe aromatic ring is one of the most intense bands
in Raman spectra, the spectrum region from 1000 cm−1 to
1040 cm−1 was used to identify amyloid plaques with high con-
trast with the surrounding area. Another band related to Phe/
Tyr at ∼1610 cm−1 presented a similar effect in amyloid plaque
identification. The amide III region centered at 1233 cm−1, the
amide I region at 1675 cm−1 and the region of higher fre-
quency modes also highlighted plaques. The band centered at
2877 cm−1, which is assigned to the CH2 antisymmetric
stretching vibrations of lipids and proteins,46 produced a spec-
tral image of the amyloid plaque that was sharper than that of
the CH3 symmetric stretching (2930 cm−1).26 Among CH fre-
quencies, both have been associated with proteins and lipids;
however, data suggest that the CH band presents higher accu-
racy in amyloid plaque identification.

Finally, Fig. 4 shows another set of hyperspectral Raman
imaging performed in brain slices of older mice (12 months)
with higher spatial resolution (500 nm step size) showing that
the highest definition of the amyloid plaque demonstrates that
Raman spectroscopy can be used for more complex compo-
sitional analysis. EM2 and EM3 describe the surrounding area
and plaque core, respectively, while EM1 seems to highlight the
cell nucleus. In the spectral image, DNA vibration (791 cm−1),
CH2 symmetric stretching of the lipid (2854 cm−1) and amide
III frequencies reproduce the structures obtained in EM1, EM2
and EM3, respectively, showing that the precise limit of the
plaque formed for the lipid-rich halo structure can be observed.
Several spectroscopic studies with Raman and FTIR have
demonstrated a region with lipid accumulation surrounding
dense-core plaques forming the halo structure.11,19,36,47–49

No clear difference in the set of EM spectra was observed
between 6 month and 12 month old mice. However, a longi-
tudinal robust study is necessary for better characterization of
the amyloid plaque difference between young and old trans-
genic mice.

Protein misfolding is a basic event in AD and other major
neurodegenerative diseases, such as Parkinson and
Huntington diseases, prion-related encephalopathies, and
more than fifty other medical conditions.50 In AD, amyloid
plaque identification using positron emission tomography
(PET) is a major complementary test in AD differential diagno-
sis. New radiotracers for PET have been able to mark amyloid
plaques and tau tangles in AD patients.51,52 However, PET
imaging is an expensive technique which presents limited
accuracy in early AD. The definite diagnosis of AD still relies
on histopathological staining using Congo red,53 which rep-
resents the gold standard diagnostic biomarker for AD post
mortem diagnosis. Raman spectroscopy is pointed here as an
inexpensive non-invasive early diagnostic technique enabling
in vivo intraocular amyloid plaque identification.

Previous Raman studies were performed using Aβ synthetic
peptides,9 Aβ peptide inoculation into rat brains, and different
spectroscopic methods and protocols, including distinct pro-
cedures for sample preparation, as fresh or cryosectioning
slices.10,11,19,36 In this study, we describe an unbiased statistical
modelling analysis of the hyperspectral Raman data of amyloid
plaques and surrounding tissues, as well as perform imaging
using different spectral signatures. The identification of the
different spectral features allowed a more reliable spectral identi-
fication protocol which provides tools to better understand the
complexity of biochemical and pathophysiological events that
take place in neurodegenerative diseases, especially AD.

In both synthetic fibrils and amyloid plaques, the amide III
band can be used, in addition to amide I, as an accurate
Raman fingerprint for Aβ peptide identification. This is sup-
ported by studies that demonstrate the sensitivity of amide III
to identify the Aβ backbone conformation.39,54–57 For both the
Aβ synthetic fibrils (Fig. 1C) and the amyloid plaque tissue
(Fig. 2F), a similar red-shift is observed. It is important to
highlight that the broad amine III Raman profile harbors
various other vibrational modes related to several bio-
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molecules, like DNA, phosphodiester groups in nucleic acids,
stretching of C–N, CH bending of lipids, triglycerides, CH2 in-
plane deformation, and typical phospholipids.7 Despite its
complexity, the shift related to the β conformation of the
protein, as shown in Fig. 2F, is prominent.

In the amide I spectral region, we observed a frequency
shift as high as 1672 cm−1, with the maximum at 1675 cm−1,
whereas the spectra remained at around 1665 cm−1 in the sur-
rounding tissue. Therefore, when prominent, the blue-shift in
amide I comes together with the red-shift in amide III, as dis-
cussed above. We presented three spectra of Phe in the Aβ
peptide, as well as their distribution in the plaque (Fig. 2
and 3). For the CH2 stretching, the frequency centered at
2877 cm−1 (Fig. 3) displays the amyloid plaque spectral image
with appropriate spatial resolution and contrast, as with the
amide III band. By combining the hyperspectral Raman
imaging and the spectral unmixing statistical method, we were
able to obtain the most distinct set of spectra in a complex
ensemble in neural tissues. Therefore, these spectra can be
used as a robust multifrequency spectral fingerprint of the
amyloid plaques and the surrounding tissue.

Conclusions

In this study, hyperspectral Raman imaging and spectral unmix-
ing were achieved in synthetic fibrils and neural tissues from an
AD model of bitransgenic APPswePS1ΔE9 mice, with the aim to
characterize amyloid plaques. The high spectral and spatial
resolution of Raman spectroscopy allowed us to distinguish the β
sheet fibril structures of the amyloid plaques from the surround-
ing tissues. The spectral unmixing method relies on the overall
spectral differences in order to find distinct spectral signatures,
thus providing a robust method of plaque identification,
enabling further histological examination and characterization
of hallmarks of β sheet-related neurodegenerative disorders.

Recent results have shown that it is possible to find
amyloid plaques in the retina.14,58,59 For establishing Raman
spectroscopy as a diagnosis method, laser power and wave-
length are important aspects to be considered for defining the
measurement protocol. It is possible that the use of a defo-
cussed light source and stimulated Raman11 may be needed.
The need to scan larger areas of the tissue to find plaques, and
the possible differences in autofluorescence of the live retinal
tissue are challenges to be addressed in future studies.
Anyhow, the comprehensive multi-frequency spectral under-
standing that we have established here provides a complete
fingerprint to guide future work in this field.

Methods
In vitro Aβ experiments

The Aβ1–42 synthetic peptide was purchased from Geneone
(Rio de Janeiro). Before the fibril formation procedure, we
standardized the monomerization process of the peptide,

using 1,1,1,3,3,3-hexafluoro-2-propanol. The peptide was solu-
bilized with 10 µL of 100 mM NaOH solution and diluted in
ultrapure water to a 200 µM final concentration. The pH
value was set to 7.8 and the final solution was incubated at
37 °C for 48 h to allow fibril formation.16 A drop of
Aβ fibrils was deposited onto glass cover slips and dried in air
at room temperature. Bovine serum albumin (1 mg mL−1) was
deposited onto glass cover slips for Raman spectra acquisition.

Animal model

Six- and twelve-month old double transgenic mice (Tg)
APPswePS1ΔE9 bearing a chimeric human/mouse APPswePS1ΔE9
mutation (Jackson Laboratory) were used in this study. These
double transgenic mice show increased and early Aβ deposition
in the brain after 5 months of age.60–62 Our investigation was in
accordance with the Guide for the Care and Use of Laboratory
Animals and approved by the Ethics Committee for Animal
Utilization in Research (CEUA) of the Federal University of
Minas Gerais (protocol 225/2014), under the criteria of the
National Animal Experimentation Control Council (CONCEA).

Tissue preparation

Four Tg mice (6 months) were perfused transcardially with ice-
cold phosphate-buffered saline (PBS) followed by 4% paraformal-
dehyde (PFA) in PBS (pH 7.4). Brains were removed and kept
overnight in 4% PFA for complete fixation. Afterwards, they were
embedded in the O.C.T. compound (Fisher Healthcare) followed
by coronary cryosectioning of the frontal cortex and hippo-
campus (80 µm). Serial tissue sections were washed three times
for 15 minutes with PBS to remove the O.C.T. compound comple-
tely, avoiding spectral interference. Slices of an additional Tg
mouse (12 months) were analyzed using a vibrating 330 blade
microtome (Leica Microsystems; Wetzlar, Hesse, Germany).

Thioflavin S staining

Tissue sections were stained using 1% ThioS solution (w/v) in
70% ethanol (v/v) (Sigma-Aldrich). Briefly, samples were
immersed for 10 minutes in ThioS solution, immediately
dipped three times in 70% ethanol, and washed with PBS and
seeded directly on coverslips. Subsequently, fluorescence
images were obtained.

Fluorescence microscopy

Autofluorescence imaging was performed before Raman spec-
troscopic measurements and Thioflavin S (ThioS) fluorescence
was measured after the Raman spectroscopic measurements.
Autofluorescence and fluorescence imaging was performed by
two-photon-excited fluorescence (TPEF) microscopy. An inverted
Nikon laser scanning microscope (Lavision Biotec) with an
80 MHz, 7 picosecond laser (APE PicoEmerald) centered at
830 nm was used for TPEF. A GaAsP photomultiplier with a
bandpass filter of 525/40 nm was used as the detector.

Transmission electronic microscopy

Samples were diluted 10×, deposited onto carbon-coated
copper mesh grids and negatively stained with 2% (w/v) uranyl
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acetate. The fibrils were imaged with a Tecnai G2-12-FEI
SpiritBiotwin 120 kV Camera CCD Mega View III.

Atomic force microscopy

Atomic force microscopy (AFM) images were acquired in the
tapping mode with a NanoWizard BioScience Atomic Force
Microscope (JPK Instruments). The samples were placed onto
clean glass substrates and dried under a gentle nitrogen flow.

Raman spectroscopy

A confocal Raman Microscope WITec Alpha 300 SAR was used
for Raman spectroscopy and imaging. All measurements were
performed with 532 nm excitation. For the Aβ fibril deposited
sample, a 50× (0.55 NA) objective was used and the spectra
were integrated for 5 × 5 s, excited with 5 mW laser power. For
Raman mapping, data were collected at 1 s dwell time per
pixel every 1.2 µm step, at 20 mW laser power. For 12 month
old Tg mice, the data were collected with 0.5 s dwell time per
pixel and 0.5 µm steps. The sum of the acquired spectra for
the end member analysis shown here was 55 051, with plaque
imaging ranging from 25 × 25 to 220 × 198 hyperspectra.
However, in total, more than 87 811 spectra were measured
and analyzed, providing consistent results (not shown).

Data analysis and processing or cluster analysis

A supervised method was used for image generation using
Project FIVE 5.0 WITec software. All hyperspectral data were
submitted to the unsupervised unmixing software using N-
FINDR and FCLS (Fully Constrained Least Squares)
algorithms,29,44 which decompose the collection of constituent
spectra in end members (EMs), as well as their corresponding
fractions (abundances) that indicate the proportion of each
endmember in the pixel.63 EM spectra were plotted using
OriginPro software.
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