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ABSTRACT: One of the distinctive pathological features of
Alzheimer’s disease (AD) is the deposition of amyloid plaques
within the brain of affected individuals. These plaques have
traditionally been investigated using labeling techniques such as
immunohistochemical imaging. However, the use of labeling can
disrupt the structural integrity of the molecules being analyzed.
Hence, it is imperative to employ label-free imaging methods for
noninvasive examination of amyloid deposits in their native form,
thereby providing more relevant information pertaining to AD.
This study presents compelling evidence that label-free and
nondestructive confocal Raman imaging is a highly effective
approach for the identification and chemical characterization of
amyloid plaques within cortical regions of an arcAf mouse model
of AD. Furthermore, this investigation elucidates how the spatial correlation of Raman signals can be exploited to identify robust
Raman marker bands and discern proteins and lipids from amyloid plaques. Finally, this study uncovers the existence of distinct
types of amyloid plaques in the arcAf mouse brain, exhibiting significant disparities in terms of not only shape and size but also
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molecular composition.

KEYWORDS: Amyloid plaque, label-free imaging, sub-pum scale, hyperspectral Raman microscopy, Alzheimer’s disease,

transgenic mouse model

1. INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disorder
characterized by cognitive impairments, including memory
loss, communication difficulties, and personality changes. It is
the most prevalent form of dementia, which is estimated to
globally impact over 152 million individuals by 2050.”
Consequently, addressing the urgent challenge of developing
effective diagnostic and therapeutic interventions for AD is
crucial to public health. An important pathological feature of
AD is the abnormal accumulation of amyloid # deposits, also
known as plaques, in the brain.” Diagnostic biomarkers for AD
have traditionally targeted amyloid f and tau proteins in
brain,™* cerebrospinal fluid,” and blood,*’ utilizing labeling
techniques that involve the attachment of antibodies or
fluorophores to these proteins. However, the use of labeling
molecules can alter the structure of the analyte, making
accurate diagnosis difficult. Currently, the gold standard for
AD analysis involves post-mortem examination of brain tissue
through histology and immunohistochemical staining.'”"'
However, this method is labor-intensive and time-consuming
and carries the risk of sample dehydration and deformation,
necessitating the exploration of alternative approaches.'”

In response to these challenges, label-free spectroscopic
techniques have emerged as promising methods for imaging
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amyloid plaques. These include confocal optical spectrosco-
py,"? micro-Fourier transform infrared spectroscopy
(4FTIR),"* mid-infrared photothermal microscopy,"® coherent
anti-Stokes Raman spectroscopy (CARS),'® stimulated Raman
scattering spectroscopy (SRS),'"”'” and tip-enhanced Raman
spectroscopy (TERS).'®~** While infrared (IR) spectroscopy
generally provides stronger signals than Raman spectroscopy, it
is limited by strong absorption of IR light by water in the
physiological environment. On the other hand, Raman signals
in biological samples are typically weak, requiring long
acquisition times to achieve a satisfactory signal-to-noise
ratio, which extends the measurement span in spontaneous
Raman microscopy. CARS and SRS address this limitation by
exploiting the coherent nature of nonlinear optical processes,
enhancing the particular biomolecular Raman signals by several
orders of magnitude.'” However, compared to confocal Raman
microscopy, CARS and SRS require expensive equipment, have
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Figure 1. (a) Optical microscopy and (b) fluorescence microscopy images of a 1.5 ym-thick arcAff mouse brain slice (cortex). The fluorescence
image confirms the presence of amyloid plaques in the cortex of arcAff mouse. (c) Optical image of the cortex region of an arcAff mouse brain slice
adjacent to the one shown in panel a. Focal spot of the green excitation laser is also visible in the image. (d, e) Raman spectra recorded at the
position of an amyloid plaque (1) and away (2) from it (marked in panel f). Laser power: 77 mW. Acquisition time: 1 s. Step size: 20 #m. Confocal
Raman images of the amyloid plaques in the cortex of the arcAff mouse brain slice constructed using the intensity of (f) 2848, (g) 1097, and (h)
557 cm™! Raman bands highlighted in red, blue, and green in panels d and e.

poor spectral resolution, and may induce sample photodamage
due to high peak-intensity excitation from pulsed lasers.””

Achieving spatially resolved chemical analysis through
Raman imaging relies on the identification of reliable Raman
marker bands specific to the target molecule. This task
becomes challenging when dealing with complex biological
specimens, such as amyloid plaques in brain tissues. For
instance, in lipid samples, the intensity ratio of Raman bands at
1440 and 1650 cm™ is commonly used to assess lipid
unsaturation.”**> However, this approach lacks reliability when
analyzing samples that contain both lipids and proteins
because the amide II and amide I bands of proteins overlap
with the lipid signals at 1440 and 1650 cm™’, respectively.
Similarly, the spectral region between 2860 and 2980 cm™" has
been emg)loyed as a Raman marker band for proteins in some
studies,”® despite the presence of lipid signals in the same
region.27 Therefore, to avoid misinterpretation of the data, it is
crucial to utilize Raman marker bands that are uniquely
associated with the vibrations of target analytes.

In this study, we demonstrate label-free and nondestructive
hyperspectral confocal Raman imaging of amyloid plaques in
the brains of 18-month-old transgenic arcAf mice, a model for
AD,”® with sub-um resolution. While previous reports
proposed using uFTIR imaging to locate amyloid plaques
over a large sample area before zooming in with a Raman
microscope,14 our findings demonstrate the direct identifica-
tion of amyloid plaques using confocal Raman imaging alone,

without the need for any complementary techniques.
Importantly, our approach utilizes a standard confocal
Raman microscope readily available in many laboratories
worldwide, eliminating the requirement for prohibitively
expensive SRS or CARS equipment. Furthermore, we show
that the spatial correlation between multiple Raman marker
bands enables reliable differentiation of amyloid plaques from
non-amyloid proteins and lipids. Our results reveal significant
differences in the content of proteins and lipids within amyloid
plaques, suggesting the existence of distinct molecular
compositions among different types of plaques. These novel
insights, revealed through hyperspectral Raman imaging,
broaden our understanding of the chemical complexity of
amyloid plaques in the brains of arcAf mouse models of AD.

2. RESULTS AND DISCUSSION

An optical micrograph of a 1.5 um-thick sagittally cut arcAf
mouse brain slice placed on a glass coverslip is shown in Figure
la. The presence of amyloid plaques (labeled with 6E10
antibodies and Alexa488) in the arcAf mouse brain was
confirmed using an Axio Observer Z1 fluorescence microscope
( 20X magnification, Figure 1b). For label-free visualization of
amyloid plaques in the mouse brain using confocal Raman
microscopy, reliable Raman marker bands need to be identified
first. Since several amyloid plaques in the arcAf mouse brain
slice, shown in Figure 1a, are >10 gm in size (Figure 1b) and
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Figure 2. Confocal Raman images of the arcAf mouse brain slice constructed using the intensities of the Raman bands at (a) 2848, (b) 1660, and
(c) 1667 cm™. (d) Overlay of the confocal Raman images shown in panels a—c. Laser power: 19 mW. Acquisition time: 1 s. Step size: 500 nm. (e)
The C—H stretching region of the average Raman spectra of the areas populated with (red trace) lipids, (green trace) plaques, and (blue trace)
proteins. The Raman band at 2848 cm™', used to construct the image shown in panel a, is highlighted with red stripe. (f) The amide I spectral
region of the average Raman spectra of the sample areas populated with (red trace) lipids, (green trace) amyloid plaques, and (blue trace) proteins.
The Raman bands at 1660 and 1667 cm™ used to construct the images shown in panels b and c, respectively, are highlighted with blue and green
stripes. (g) Average Raman spectra of the areas populated with lipids (red trace), amyloid plaques (green trace), and proteins (blue trace) showing

both fingerprint and C—H stretching regions.

the slice itself is only 1.5 ym-thick, the same plaques are also
expected to be present in the slice adjacent to it. An unlabeled
mouse brain slice cut adjacent to the one in Figure 1a is shown
in Figure lc. The fluorescence image shown in Figure 1b was
used as a guide to locate the amyloid plaques for Raman
analysis in the unlabeled brain slice. To measure a large sample
area (marked in Figure 1c), Raman imaging was performed
with an objective lens of SX magnification (Figures 1d—h). A
Raman image constructed using the 2848 cm™" band intensity
is shown in Figure 1f. Interestingly, a high 2848 cm™ signal
was observed at the location of amyloid plaques, which might
be surprising since the 2848 cm™' Raman band is not typically
associated with proteins but originates from the symmetric
CH, stretching of lipids (see Table S1 for the assignment of
the Raman bands). However, it has been previously shown that
amyloid plaques are often surrounded or colocalized with a
lipid-rich region.'*'®'”* Figure 1f also shows that the paraffin
wax used to embed mouse brain generates the 2848 cm™'
Raman band (top-right corner). However, it is easy to
distinguish mouse brain from the paraffin area in the optical
image (Figure la,c).

We discovered that another effective method to identify
amyloid plaques over large areas of the arcAf mouse brain
tissue is to use negative contrast of the Raman signals of the
glass substrate. In the confocal Raman spectrum of the glass
substrate shown in Figure S1, two prominent bands are present
at 1097 and 557 cm™', which are assigned to the symmetric
stretching of silica tetrahedra and a combination of the
stretching and bending of Si—O-Si bridging bonds,
respectively.’’ Raman images of the mouse brain slice
constructed using the intensities of 1097 and 557 cm™
bands are shown in Figure 1gh, respectively. Notably, at the
location of amyloid plaques, intensity of both borosilicate glass
bands decreases presumably due to the relatively higher optical
density of the amyloid plaques compared to the surrounding
brain tissue. According to the diffraction theory, developed by
Abbe’" and Rayleigh,”>** axial resolution of a confocal optical

microscope is defined as 24/NA,” where 1 is the wavelength of
excitation laser and NA is the numerical aperture of objective
lens.** For these measurements, we used a 532 nm excitation
laser and a 5X, 0.15 NA objective lens, which provided an axial
resolution of 47.3 um. Given that the brain slice thickness is
only 1.5 pm, it is not surprising that the Raman signals of the
glass substrate are detected in Figure Igh. These results
demonstrate that Raman imaging can directly identify amyloid
plaques over areas of several hundred ym in the brain tissue
without the need for staining or any complementary technique
like uFTIR microscopy as reported previously."*

Although the amyloid plaques can be identified over sample
areas of several hundred ym using confocal Raman imaging
with the 5X magnification objective lens, the spectral signal to
noise (S/N) ratio remains quite low, thus providing only
limited structural information. For a more detailed inves-
tigation of the amyloid plaques, confocal Raman imaging was
performed using an objective lens with 100X magnification,
which provided a significantly higher S/N ratio in the
measured spectra. Higher resolution confocal Raman images
of an amyloid plaque region in the arcAf mouse brain
constructed using intensities of the Raman bands at 2848,
1660, and 1667 cm™" are shown in Figure 2a—c, respectively.
An overlay of these images is presented in Figure 2d. As
discussed above, the signal at 2848 cm ™! is the marker band for
lipids, which is highlighted in red in the Raman spectra plotted
in Figure 2e. The other two signals at 1660 and 1667 cm™
belonging to the amide I region, characteristic of proteins, are
highlighted in Figure 2f. Average Raman spectra showing both
the fingerprint and the C—H regions are displayed in Figure
2g. For the ease of of discussion, we will refer to all non-
amyloid proteins as proteins. It has been previously shown
that, in amyloid plaques, the amide I band is shifted toward
higher wavenumbers compared to other proteins.'” We indeed
observe a blue-shift of 7 cm™ at the location of amyloid
plaques as shown in the average Raman spectra fitted using
Lorentzian curves in Figure S2. Based on this, we denote the
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Figure 3. Confocal Raman images of the arcAff mouse brain slice constructed using the intensities of all bands detected in the spectra. Laser power:
19 mW. Acquisition time: 1 s. Step size: S00 nm. Based on spatial correlation of Raman signals, the images are classified into 6 different groups. The
group I signals originate from nucleic acids. The group II signals originate from lipids. The group III signals originate from proteins. The group IV
signal originates from proteins. The group V signal originates from amyloid plaques. The group VI signals originate from lipids.
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Figure 4. Confocal Raman images of a different region of the arcAff mouse brain slice constructed using the intensities of Raman bands at (a) 2848,
(b) 1660, and (c) 1667 cm™". (d) Overlay of the confocal Raman images shown in panels a—c. Laser power: 19 mW. Acquisition time: 1 s. Step
size: S00 nm. (e) C—H stretching region of the average Raman spectra of the areas populated with lipids/proteins (red trace) and amyloid plaque
(green trace). The Raman band at 2848 cm™" used to construct the image shown in panel a is highlighted with red stripe. (f) The amide I spectral
region of the average Raman spectra of the sample areas populated with lipids/proteins (red trace) and amyloid plaque (green trace). The Raman
bands at 1660 and 1667 cm™" used to construct the images shown in panels b and c, respectively are highlighted with blue and green stripes.

Raman bands at 1660 and 1667 cm™ as the markers for
proteins and amyloid plaques, respectively. Interestingly, a
clear spatial segregation of the lipid, protein, and amyloid
plaque regions is observed in Figure 2a—c. The overlay image
in Figure 2d shows it even more distinctly. The amyloid plaque
(green) is surrounded by a lipid-rich region (red), which in
turn is encapsulated by a protein-rich region (blue). Notably,
the 1660 cm™ band can arise either from the C=0 stretching
of proteins or C=C stretching of lipids. However, the spatial
distribution of the 1660 cm™ signal (Figure 2b) is clearly
distinct from that of the 2850 cm™" signal (Figure 2a, unique
for lipids). Therefore, we can reasonably assign the 1660 cm™"
signal to the amide I band of proteins, which was not clear in
the previous reports.'” The optical images before and after
confocal Raman imaging showed no changes in the sample

features, confirming the absence of any photodamage (Figure
S3). Furthermore, no sign of sample heating or photo-
degradation was observed in the measured spectra, which
typically manifests as shifting and/or broadening of Raman
peaks or an increase in the spectral background over time. The
presence of a lipid halo around amyloid plaques (Figure 2d)
has also been reported before.'”'” However, the lipid content
within and around the amyloid plaques has been found to vary
considerably. For example, no increase in the lipid content
either in or around amyloid plaques was observed in some
studies,'>*® whereas in another study, lipid aggregates were
found to be colocalized with the amyloid plaques.'®

Figure 2g displays average Raman spectra (both fingerprint
and C—H stretching regions) of the lipid-, amyloid plaque-,
and protein-rich areas shown in Figure 2a—c. Raman images
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Figure 5. Confocal Raman images of the arcAf mouse brain slice constructed using the intensities of all Raman bands measured in the amyloid
plaque region shown in Figure 4. Laser power: 19 mW. Acquisition time: 1 s. Step size: 500 nm. Based on the spatial correlation between Raman
signals, the images are classified into 6 groups. The group I signals originate from nucleic acids. The group II signals originate from lipids. The
group III signals originate from proteins. The group IV signal originate from proteins. The group V signal originates from amyloid plaques. The

group VI signals originate from lipids.

constructed using intensities of all bands detected in the
spectra are presented in Figure 3. Raman images were classified
into 6 groups based on the spatial correlation of Raman signals.
Group I consists of images constructed using the bands at 785
and 1576 cm™!, which represent the vibrational modes of the
nucleic acids. In this case, the analyte identification is
straightforward. Similarly, in groups IV and V, proteins are
clearly distinguished from amyloid plaques, as discussed earlier.
Group III consists of Raman images constructed using the
bands at 1002 and 1607 cm™', which are protein signals that
originate from tyrosine (Tyr), tryptophan (Trp), or phenyl-
alanine (Phe) amino acids. The comparison of Raman images
in groups III, IV, and V indicates that the signals of group III
are detected in both proteins and amyloid plaque areas and,
therefore, cannot be unambiguously used as Raman markers
for any of them. In groups II and VI, Raman signals at 1060,
1295, 1416, 1440, 2724, and 2848 cm™" originate from lipids,
whereas the signals at 890, 1130, 1171, 1461, 2881, and 2930
cm™' can originate from either lipids or proteins. However, the
latter group of signals is classified in group II and VI because
their spatial distribution in the Raman images correlates very
well with the purely lipid signals. Interestingly, there is no
perfect spatial match between the signals in groups II and VI
even though they all represent lipid vibrations. The reason for
this spatial mismatch is not entirely clear but could possibly
arise from different types of lipids or structurally different
lipids, i.e., lipids with different conformation or packing. To
check reproducibility, we performed hyperspectral Raman
imaging in another sample region, which also showed spatial
segregation of the lipids, proteins, and amyloid plaques. The
corresponding data and analysis are presented in Figures S4
and SS5.

The data presented in Figure 4 illustrate hyperspectral
Raman imaging of an amyloid plaque in a different region of
the mouse brain slice. The confocal Raman images depicted in
Figure 4a—c were generated by using Raman markers for
proteins, lipids, and amyloid plaques at 1660, 2848, and 1667
cm™, respectively. Figure 4d provides an overlay of the three
Raman images and the Raman bands for proteins, lipids, and

amyloid plaques are labeled in Figure 4e,f. As demonstrated in
Figure 4c,d, the proteins and amyloid plaque are clearly
distinguished in this region of the arcAf mouse brain, just like
the amyloid plaque region in Figure 2a—d. However, no
discernible spatial separation between the lipids and the
amyloid plaque is observed in Figure 4a and c, where the
amyloid plaque entirely overlaps the lipid-rich area. Figures S6
and S7 demonstrate a similar distribution of proteins, lipids,
and amyloid plaques in another amyloid plaque region. These
findings illustrate that amyloid plaques in the arcAf mouse
brain can have significantly different chemical compositions.

Like Figure 3, the Raman signals measured in the region of
the amyloid plaque presented in Figure 4 were segregated into
six groups based on the spatial correlation of the Raman
images as shown in Figure S. Nonetheless, there are some
notable differences between the trends exhibited in Figures 3
and S. For instance, the group III signals differ between the
sample areas in Figures 3 and S. In Figure 3, the 1002 and
1607 cm™" signals displayed comparable intensity in the areas
rich in proteins and amyloid plaques. However, in Figure S,
only the 1607 cm™ signal exhibited a similar intensity in the
protein and amyloid plaque rich areas, while the 1002 cm™
signal (Phe marker) was considerably lower in amyloid plaque
rich area. Given that amyloid plaques are characterized by a
distinctive structure consisting of f-sheet-rich fibrils,*>*° and
their primary structure is not expected to differ significantly in
different plaques, the observed differences in the Phe content
in Figures 3 and 5 imply different concentrations of native
brain proteins in the amyloid plaque rich areas. Indeed,
previously different extracellular proteins have been found to
colocalize with amyloid plaques.‘?’7 Therefore, it is possible that
Phe-containing protein was colocalized with the amyloid
plaque in Figure 3, which was not the case for the plaque in
Figure S. Further analysis in the brain tissue from a sporadic
and autosomal dominant AD patient, different stages of AD,
and different strains of amyloidosis mouse models of AD will
provide additional insights.”**’

Another difference between the sample regions in Figures 3
and 5 is identified in the group VI signals. Unlike Figure 3, the
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2930 cm™" signal is not spatially congruent with the other lipid
signals from group VI in Figure 5. Instead, it correlates with the
protein signal at 1660 cm™' from group IV. The 2930 cm™
signal arises from CHj symmetric stretching (Table S1), which
could be present in both lipids and proteins. It is unclear why
the 2930 cm™ signal spatially matches lipid signals in some
brain regions (Figure 3) while it matches protein signals in the
other regions (Figure S). Nonetheless, it is certain that the
2930 cm™' band is not a reliable Raman marker for either
proteins or lipids in samples containing both.

3. CONCLUSIONS

In this study, we have demonstrated that hyperspectral Raman
imaging is a cost-effective, label-free, and noninvasive tool for
the chemical characterization of amyloid plaques in the brain
tissue of the arcAff mouse model of AD. Qur results indicate
that Raman imaging is highly proficient in identifying amyloid
plaques over large sample areas without the need for a
supplementary technique such as uFTIR. Moreover, by
utilizing the spatial correlation between Raman signals, we
were able to unequivocally distinguish proteins, lipids, and
amyloid plaques within the complex chemical environment of
the transgenic mouse brain tissue. Noteworthy, we chose not
to use principal component analysis (PCA) to avoid
overcomplicating spectral analysis since PCA is known to
suffer from numerous limitations in the context of Raman data
including negative values, inverse peaks, physically unrealistic
results, sensitivity to outliers, lack of clear physical/chemical
interpretation of the principal components, loss of spatial
information particularly for heterogeneous biological materials,
etc.*”*" However, our easy and straightforward analytical
methodology can reveal not only variations in the shape and
size of amyloid plaques, as previously reported, but also
differences in their chemical composition. To the best of our
knowledge, this is the first demonstration of successfully
discriminating different types of amyloid plaques based on
their lipid and protein content. We believe that this work will
accelerate the application of confocal Raman imaging in the
chemical characterization and analysis of protein misfolding

pathologies.

4. MATERIALS AND METHODS

4.1. Animal Model. Brain of a transgenic arcAf mouse
overexpressing the human APP69S5 transgene containing the Arctic
(E693G) mutation under the control of prion protein was
investigated in this study. Animals were housed in an individual
ventilated cage inside a temperature-controlled room under a 12 h
dark/light cycle with ad libitum access to food and water. All
experiments were performed in accordance with the Swiss Federal Act
on Animal Protection and approved by the Cantonal Veterinary
Office Zurich (permit number: ZH162/20). Mouse was perfused
under ketamine/xylazine (75/10/2 mg/kg or 50/4.5 mg/kg body
weight, ip bolus injection) with ice-cold 0.1 M phosphate-buffered
saline (PBS, pH 7.4) and 4% paraformaldehyde (PFA) in 0.1 M PBS
(pH 7.4). After perfusion, the mouse was decapitated, and the brain
was quickly removed and fixed for 1 day in 4% PFA (pH 7.4). Brain
was then embedded in paraffin until sectioning as described earlier.”®

4.2. Sample Preparation. Paraffin-embedded mouse brains were
cut sagittally into 1.5 pm thick slices using an electronic motorized
rotation microtome (HM 355S, Microm AG, Germany). Mouse brain
slices were placed on borosilicate glass coverslips (thickness no. 1.5)
for microanalysis using hyperspectral Raman imaging.

4.3. Immunofluorescence Staining and Fluorescence Mi-
croscopy. Brain tissues were stained with anti-Aff1—16 antibody
6E10 (BioLegend, 803001, 1:750) and Donkey-anti-Mouse Alexa488

(Jackson, 715-545-151, 1:500) and counter-stained using 4’,6-
diamidino-2-phenylindole (DAPI) for nuclei (Sigma, D9542—
10MG, 1 ug/mL). The brain sections were imaged at 20X
magnification using an Axio Observer Z1 microscope (whole brain
slide). The images were analyzed by using Qupath.

4.4. Hyperspectral Raman Imaging. A LabRam Soleil instru-
ment (Horiba Scientific, France) was used to perform confocal
Raman measurements. A linearly polarized excitation laser beam of
532 nm wavelength was focused onto the sample surface by either a
low-magnification (5X, 0.15 NA, Nikon, Japan) or high-magnification
(100x, 0.9 NA, Nikon, Japan) objective lens. The objective lens used
for sample irradiation also collected the Raman scattered light and
directed it to the spectrometer equipped with a CCD detector. All
Raman measurements were performed with a 600 lines/mm grating
and a 100 ym pinhole.

4.5. Data Analysis. The Raman data analysis was performed in
LabSpec 6.7.1.10 (Horiba Scientific, France). The Raman spectra
were smoothed and baseline-corrected by subtracting a polynomial
background from the raw spectra. All confocal Raman images were
constructed using baseline-subtracted peak height values.
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