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1. Introduction

The search for a unique Raman signature of
amyloid-beta plaques in human brain tissue
from Alzheimer’s disease patients¥

Benjamin Lochocki, € *2 Tjado H. J. Morrema,” Freek Ariese, (22
Jeroen J. M. Hoozemans® and Johannes F. de Boer?

Definite Alzheimer's disease (AD) diagnosis is commonly done on ex vivo brain tissue using immuno-his-
tochemical staining to visualize amyloid-beta (Af) aggregates, also known as A plaques. Raman spec-
troscopy has shown its potential for non-invasive and label-free determination of bio-molecular compo-
sitions, aiding the post-mortem diagnosis of pathological tissue. Here, we investigated whether conven-
tional Raman spectroscopy could be used for the detection of amyloid beta deposits in fixed, ex vivo
human brain tissue, taken from the frontal cortex region. We examined the spectra and spectral maps of
three severe AD cases and two healthy control cases and compared their spectral outcome among each
other as well as to recent results in the literature obtained with various spectroscopic techniques. After
hyperspectral Raman mapping, AB plaques were visualized using Thioflavin-S staining on the exact same
tissue sections. As a result, we show that tiny diffuse or tangled-like morphological structures, visible
under microscopic conditions on unstained tissue and often but erroneously assumed to be deposits of
AB, are instead usually an aggregation of highly auto-fluorescent lipofuscin granulates without any, or
limited, plaque or plaque-like association. The occurrence of these auto-fluorescent particles is equally
distributed in both AD and healthy control cases. Therefore, they cannot be used as possible criteria for
Alzheimer's disease diagnosis. Furthermore, a unique plaque-specific/Ap spectrum could not be deter-
mined even after possible spectral interferences were carefully removed.

time consuming and expensive. Nevertheless, even though
these assessments are done in vivo and would aid the early

Aside from intracellular phosphorylated tau (pTau) deposits,"*
extracellular accumulation of amyloid-beta into plaques is
known as the main pathological hallmark in ex vivo brain
tissue for the diagnosis of Alzheimer’s disease.”™® Ap peptides
are molecular chains split off from the amyloid precursor
protein (APP) and they adopt predominantly a poorly soluble
B-sheet conformation. As state of the art diagnosis, A is tar-
geted in cerebrospinal fluid (CSF) analysis”® and positron
emission tomography (PET) is performed on in vitro and
in vivo brain tissue.”'® Furthermore, blood components and
derivatives have been investigated for potential diagnosis of
Alzheimer’s disease using spectroscopic techniques.'’™* The
former mentioned methods are, at least, partially invasive,
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diagnosis of AD, a conclusive assessment can only be done
post-mortem. Ex vivo (immuno-)histochemical detection on
brain tissue is carried out using staining with conventional
anti-Ap antibodies,*>*® Thioflavin-$*'** or curcumin,*®*’ a
potential biomarker for the detection of AP plaques. In
addition, pathological evidence of AP aggregates was observed
in retinal tissue of mice and humans' but could only be
identified in human brain tissue by others.> However, to
identify AP deposits, the tissue often has to undergo a time-
consuming staining procedure. Additionally, this could put
the tissue under stress in terms of heat and deformation,
which potentially alters the tissue structure or even leads to
total tissue loss. Therefore, techniques such as FTIR-spec-
troscopy,”’ Raman spectroscopy>> >* and its derivatives coher-
ent anti-Stokes Raman scattering (CARS), stimulated Raman
scattering (SRS) and surface-enhanced Raman spectroscopy
(SERS)'7"'®?° could offer a label-free and non-destructive
characterization of the morphology of the tissue. Together
with optical coherence tomography,>®?” these techniques
could overcome the disadvantages of the staining procedure.

This journal is © The Royal Society of Chemistry 2020
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Furthermore, these techniques could potentially lead to non-
invasive in vivo detection and characterization of amyloid
plaques e.g., in the retina.

The tissue samples are excited with a narrowband illumina-
tion source. A very small fraction of the light undergoes inelas-
tic scattering according to the vibrational modes of the irra-
diated molecules, thus providing a spectral fingerprint.*®!
These unique spectral shifts characterize the molecular com-
ponents. Here, we used a commercial Raman spectrometer
with a near-infrared illumination source (4 = 785 nm) to obtain
spectral information of biomolecules within the fingerprint
region of 850 to 1850 cm ™. This range is sufficient to deter-
mine structural properties and relative concentrations of lipids
(around 1445 cm™'), proteins (Amide I) in p-sheet (around
1660 to 1670 cm™') and phenylalanine (around
1003 em™').2>?*3233 yjterature suggests that the peak intensity
at 1669 cm ™" (B-sheet) or the peak ratio between B-sheet and
lipids (1669 cm™ to 1445 ecm™') increases when measuring
inside an amyloid plaque.****** Furthermore, recent
Alzheimer related publications on mouse brain tissue suggest
that a lipid ring (halo) surrounds the plaque location,'®?!
while others found lipids and lipofuscin co-localized with
plaques in human brain tissue.'®'” In a recent study, Michael
et al. presented Raman spectral data (1 = 647.1 nm) from a tiny
diseased human brain tissue area of 30 x 30 um, barely match-
ing the size of a plaque. They reported the spectral identifi-
cation of plaque-like structure by using cluster analysis.>*
However, like Archer et al.,*® their work lacked convincing evi-
dence that the presented structure was indeed an accumu-
lation of amyloid-beta. Neither was the imaged location
stained afterwards to confirm a plaque-like accumulation nor
was there proof of a spectral shift or alteration, as one would
expect with Raman spectral data if a higher f-sheet content
would be imaged. Therefore, definitive proof that an amyloid-
beta deposit has been measured is still missing.

In what follows, we report on the findings of hyperspectral
Raman mapping of formalin fixed, dewaxed diseased and
healthy human brain tissue. We raster-imaged areas of around
0.25 mm” with high spatial resolution. This allowed us to
identify unique spectra and correlate our spectral finding to
the auto-fluorescence image acquired before staining as well
as the fluorescence images acquired after staining the same
tissue section with Thioflavin-S. The chosen area was big
enough to contain several plaques® and the step size small
enough to acquire the spectral data with an adequate spatial

Table 1 Case characteristics of the AD and control cases used in this study
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resolution and yet within a reasonable amount of time. With
this work, we aim to provide for the first time conclusive evi-
dence of the spectral origins while at the same time verifying
the existence of plaques in the measured areas.

2. Materials and methods
Brain tissue

Post mortem brain tissue was obtained from the Netherlands
Brain Bank (NBB; Amsterdam, the Netherlands). Prior to
death, donors had signed informed consent for brain autopsy,
the use of brain tissue and medical records for research pur-
poses. Neuropathological diagnosis was based on histochem-
ical stainings including hematoxylin and eosin, Congo red
staining, Bodian or Gallyas and Methenamine silver stainings
and immunohistochemical stainings for amyloid-beta, p-tau,
alpha-synuclein, and p62. These stainings were performed on
formalin-fixed, paraffin embedded (FFPE) brain tissue of mul-
tiple brain regions including the frontal cortex, temporal pole,
superior parietal lobe, occipital pole, amygdala and the hippo-
campus. Neuropathological diagnosis of AD was based on
Braak stages for NFT and amyloid,*® Thal phases for amyloid-
beta,®” as well as CERAD criteria for neuritic plaques.®®

Based on post mortem diagnosis, we excluded cases with
other neurodegenerative diseases. Post mortem, formalin-
fixed, paraffin-embedded brain tissue sections from the frontal
lobe (F2) were assessed. The area of interest was the gray
matter region where plaques are expected to appear and their
presence had been validated using immunohistochemistry of
adjacent slices. Here we report on the results of three AD and
three healthy control samples. Their characteristics can be
found in Table 1. Please note that two areas of interest were
measured from healthy control tissue #1.

Tissue preparation

For the present study, 20 pm thick paraffin embedded tissue
sections were cut using a microtome and mounted on fused
quartz glass microscope slides (Alfa Aesar via ThermoFisher
(Kandel), Germany) using distilled water. The sections were
deparaffinized using xylene, 1 X 10, 2 x 5 min. Afterward, the
tissue was rehydrated using ethanol in 3 steps (100% (2 x
2 min), 95% (2 min) and 70% (2 x 2 min)) and rinsed with
phosphate-buffered saline (PBS; pH 7.4) and tap water. The
dewaxing step was introduced to have tissue in “as much of an

Patient Sex Age Braak®® Amyloid* Clin. diag Region PMD* (h)
AD AD #1 F 66 5 C AD F2 08:15

AD #2 F 96 5 C AD F2 04:15

AD #3 F 81 5 C AD F2 09:10
Control C #1a/1b F 94 1 A Control F2 04:05

C#2 M 70 1 0 Control F2 06:20

“PMD: Post mortem, delay in hours.

This journal is © The Royal Society of Chemistry 2020
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in vivo state as possible”.*® Furthermore, paraffin could poten-
tially contribute to the Raman spectra at around 1441 cm™},
coinciding with the lipid peak,** which would bias any Raman
peak and peak ratio measurements. Raman spectroscopy was

performed on sections not covered by a coverslip.

Thioflavin-S staining

Thioflavin-S binds to the fibrillary amyloid structure, mostly
present in cored and fibrillary plaques well as neurofibrillary
Tau tangles. Thioflavin-S staining was performed after Raman
imaging. Dried out tissue was rehydrated in tap water for
10 minutes. The tissue sections were incubated with 1%
Thioflavin-S (Sigma-Aldrich) solution (demineralized water) for
10 min, followed by rinsing off excess Thioflavin-S using 70%
alcohol. Following staining, slides were washed using PBS and
covered using Tris-buffered saline (TBS)/glycerol mounting
medium, as described previously,”® and covered with a cover-
slip. Any possible non-fibrillar types or regions of plaques®
are likely not stained and hence the plaque might appear
smaller than expected. Thioflavin-S staining is commonly used
to identify plaque in tissue'”'*** and here it is preferred to
conventional histochemical antibody staining since no heating
step (to break the formalin bridges) or any other harsh
method is needed to achieve the staining. It should be men-
tioned that the tissue sections were placed loosely on the
quartz substrate. Therefore, chances are high that they would
come off easily, which could result in unwanted tissue loss.

It is important to emphasize that each individual measure-
ment (auto-fluorescence, Raman mapping, and fluorescence)
per case was obtained from the same tissue sections and not
from adjacent sections. By doing so, we eliminated the poten-
tial differences between adjacent tissue sections. Moreover, we
ensure the identical origin of our data when using different
imaging techniques. Further, it also simplifies the matching
and overlaying of each imaging modality, which is crucial for
subsequent data processing and visualization.

Immunohistochemistry

The presence or absence of Amyloid-f was also examined
using immunohistochemistry in the sequential tissue sections
above and below the Raman section. Five pm thick paraffin
sections were mounted on superfrost+ microscopy slides.
Sections were deparaffinized, autoclave treated using citrate
buffer and stained either with mouse monoclonal anti-
Amyloid-f antibodies 4G8 (Biolegend, San Diego, CA, USA,
dilution 1:8000) or IC-16 (dilution 1:800).*> Hematoxylin
counterstaining was performed and sections were covered
using quick-D and a coverslip.

Raman spectroscopy

The Raman images were recorded in mapping mode using a
commercially available Raman spectrometer, Renishaw inVia,
with an excitation wavelength of 785 nm. The following set-
tings were kept constant for each case: the laser power was at
100% and measured as 82 mW at the sample plane with a spot
size of around 1.3 pm. The exposure time per pixel measure-

1726 | Analyst, 2020, 145,1724-1736
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ment was 1.5 s (single accumulation). The tissue sustained no
damage during the measurement. The relatively short exposure
time combined with a single accumulation per pixel resulted
in a good SNR and therefore in adequate Raman spectra. The
used settings are a reasonable compromise between overall
mapping time and the total area of interest. Expected Raman
peaks are clearly visible when measuring in ‘normal’ tissue
areas as we used hydrated tissue with minimum scattering.
However, some further improvement could be achieved by
minimizing scattered light by measuring in water immer-
sion.”* We recorded the fingerprint region from 875 to
1941 cm ™', meaning 1022 points per spectrum using a grating
of 1200 1 mm ™" (equal to approximately 1.04 wavenumbers per
pixel). The C-H stretching range around 3000 cm™*
measured. The total Raman spectra acquisition time per case
was <14 hours for 28 224 points, forming a raster image with a
step size of three pm and an area of 501 x 501 um (equal to an
image the size of 168 x 168 pixels). All tissue sections were
imaged using the above-described settings, except control
tissue C#2, which had a slightly reduced size of 168 x 157
pixels. The attached Leica microscope was equipped with a
Leica (N Plan EPI) 50% objective with a 0.75 NA. During the
study, we observed that the optics within the objective intro-
duces a background signal containing a broad hump at
around 1350 cm™" that is superimposed on the Raman signal
in this wavenumber region (more details in the ESI, Fig. S11).

was not

Initial tissue location

Others have used fuzzy or tangle-like structures, seen under
bright field microscopy conditions, as points of interest for
identifying potential plaque locations.>* However, in our
experience that approach is not a valid method to identify
plaque. We could not establish a solid method to identify
plaques in unstained tissue, in order to select an area of inter-
est for imaging. For that reason, tissue-imaging locations were
selected by navigating close to structural hallmarks like
blood vessels within the gray matter. In adjacent stained tissue
sections, we also observed amyloid accumulations in blood
vessel walls but these locations were often rejected due to
highly fluorescent blood residues further hampering Raman
measurements.

Additional imaging modalities

Bright field microscopy. Following tissue preparation, bright
field images of the tissue sections were acquired using a Zeiss
LSM 7MP scanning laser microscope. In some cases, a simple
USB microscope (Conrad, Toolcraft 5 MPix) was used to get a
bright field overview. In other cases, pictures were taken with
the built-in webcam of the Renishaw device. The image quality
and resolution of the latter two is poor but the acquired
images were only taken for visual overviews and guidance.

Fluorescence microscopy. In two cases, auto-fluorescence
images of the tissue sections were acquired via a Leica
DM2000 fluorescence microscope with a 20x objective prior to
Raman imaging. The excitation wavelength was 470 nm and
color images were obtained for wavelengths above 500 nm

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Description of the experimental workflow. Brain tissue is taken within 6 hours post mortem, fixed with formalin, and embedded in paraffin.
Next, the tissue is cut in thin sequential sections and mounted on quartz glass microscope slides, followed by the dewaxing process. Afterward, the
center section is imaged under the auto-fluorescence microscope and subsequently Raman measurements are taken. After Raman mapping, the
same tissue section is stained with Thioflavin-S and imaged with the fluorescence microscope. The final step is the data processing. Meanwhile,

adjacent sections were stained.

using the attached Leica DFC450 C camera and the Leica
application suite lite software. The same microscope and set-
tings were used for the Thioflavin-S stained tissue sections
after Raman imaging.

Data processing. The spectral data collected from the
Raman spectrometer were first evaluated for unwanted data,
mainly from values indicating detector saturation due to excep-
tionally high fluorescence, and these were set to zero.
Remaining spectra were smoothed using Matlab 2018b
(MathWorks, USA) with a window size of 8 and the ‘rlowess’
method. Afterward, a 6™ order polynomial baseline (based on
an asymmetric truncated quadratic cost function) was removed
using the backcor*>*® function. Initially, quartz glass substrate
measurements were taken, and subtracted from the obtained
tissue spectra to minimize interference with the tissue signal
as suggested by literature.”” However, this processing step was
later suspended, as its impact, especially on high fluorescence
spectra, was negligible. Normalization has not been applied,
as also reported by others.”* Certainly, there are various
methods to compute a normalization such as zScore (also
known as standard normal variate (SNV)), vector (norm) or
range normalization. These are widely used in spectroscopic
publications and may indeed be advantageous for a spectral
comparison but not necessarily suitable for peak intensity
visualization. Further data processing modalities, such as prin-
cipal component analysis (PCA)** or multivariate data analysis

This journal is © The Royal Society of Chemistry 2020

were performed on the raw and processed spectral data.’®
These are only shown in the ESIT since they did not allow us to
identify unique spectral plaque features within the diseased
tissue (see Fig. S5, S6 and S7+).

It is worth noting that all samples were subjected to the
same conditions to reduce possible experimental variability.
The Raman settings (exposure time and accumulation), the
objective used, the laser power reaching the sample, the
imaging area and size, the staining protocol and data proces-
sing were identical (Fig. 1).

3. Results and discussion
Images before and after staining

Fig. 2 gives an overview of the images obtained for the six
tissue samples used in this study. The top three rows show the
imaging results for AD brain tissues while the lower three rows
represent the results of the healthy control tissues. Fig. S9 in
the ESIf provides an overview of all examined sections and
their adjacent stained slices. The columns in Fig. 2 depict
different imaging modalities. In the left column, auto-fluo-
rescence images of one AD and one healthy control case
before staining are shown. Both cases show a similar distri-
bution of bright spots the size of 10-20 pm across the tissue.
Michael et al.** associated such bright spots with neurotic

Analyst, 2020, 145, 1724-1736 | 1727
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Fig. 2 Overview of the brain tissue samples used in the present study. Rows 1 to 3: AD brain tissue (dark gray); rows 4 to 6: healthy control tissue
(light gray). Columns depict different imaging modalities. From left to right: Auto-fluorescence; bright field images; Raman intensity mapping using
wavenumbers 1669 and 1445 cm™ (p-sheet and lipid); the intensity ratio of p-sheet/lipid; integrated intensity of the Raman spectra; fluorescence
image of the Thioflavin-S stained tissue. Raman mapping images are contrast stretched for better visibility. Each image is 501 x 501 pm (except

image C#2: 501 x 471 pym). All Raman intensity images are calculated with a bandwidth of 4 cm

plaques but the Thioflavin-S staining (last column) confirms
only four plaques within the tissue area (see Fig. 3, AD #3, red
arrows), which is much lower than the number of bright spots.
Although the highlighted plaques are co-localized with bright
spot locations, there are many more bright spots that do not
co-localize with plaque locations. Moreover, the bright spots
appear also in a similar manner within healthy tissue. Fig. 3
shows a more detailed comparison between the auto-fluo-
rescence, the integrated Raman intensity (both before staining)
and the fluorescence of the Thioflavin-S stained tissue images.
The correlation between the bright spots in the auto-fluo-

1728 | Analyst, 2020, 145, 1724-1736
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rescence and the Raman image is striking and clearly visible.
The Thioflavin-S stained image further confirms the lack of
convincing correlation between plaques and bright spots.
Column 2 in Fig. 2 shows the bright field or webcam
images, illustrating the area chosen for imaging. For instance,
the white to gray matter transition can be spotted (control
#1a). The latter is confirmed by the lipid, 1445 cm™", intensity
image (column 4) where a higher lipid content is visible in the
white matter due to myelin covering the nerve fibers.**™"
Columns 3 and 4 show intensity maps of Raman spectra at
wavenumbers 1669 and 1445 cm™", the expected f-sheet and

This journal is © The Royal Society of Chemistry 2020
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fluorescence image of the
Thioflavin-S stained tissue section

Fig. 3 Enlarged view of AD #3, showing the auto-fluorescence images next to the integrated Raman intensity image and the Thioflavin-S stained
image following Raman measurements. The bright auto-fluorescence spots (left image) match the spots of the Raman intensity image. On the con-
trary, Thioflavin-S staining confirms only three amyloid beta accumulations (red arrows). The big yellow Y’ is debris. Scale bar is 100 pm.

1. As can be

lipid peaks integrated over a bandwidth of +10 cm™
clearly seen in all mapping images, in both AD and healthy
cases, the high intensity spot values coincide with the bright
spots found in the auto-fluorescence images. These are attribu-
ted to the portion of fluorescence superimposed on the Raman
signal (see spectra in Fig. 4). Even after removing the underlying
fluorescence completely, by applying a 6™ order polynomial
baseline removal, we obtained a higher Raman signal compared
to areas where little fluorescence background was present.

It is possible that the origin for fluorescence, probably a
dense aggregate of insoluble molecules, is also the origin for
the higher Raman signal in the bright spots. Possibly, the
effective path length of the excitation light increases due to
random scattering, which results in more Raman photons and
thus a higher Raman signal across the spectrum. Multiple
scattering can be noticed in dense areas compared to areas
that are more transparent. Furthermore, a lower water content,
and thus a higher density of biomolecules in general, may also
play a role. The bright stripes, mainly in the corner of these
images (AD #1, AD #3, and control #1b) are not coming from
the tissue itself. They are rather impurities within the quartz
glass substrate that was used during this study. We refer the
reader to Fig. S2 of the ESIT for further details.

To investigate whether the ratio of the p-sheet to lipid peak
could be an indicator for plaques, as proposed by others,***’
we present the ratio mapping in column 5 of Fig. 2. Around
wavenumber 1666 to 1670 cm™ ' one would expect an intensity
increase due to the expected f-sheet folding within amyloid
deposits. However, the ratio images are not highlighting poss-
ible plaque locations. The protein to lipid ratio images lead to
the conclusion that the ratio of the two distinct peaks is not an
indicator for plaque locations as is confirmed by the
Thioflavin-S stained image of the same tissue section.

The mapped images of column 6 of Fig. 2 show the inte-
grated intensity of the Raman spectra (the sum of intensities

This journal is © The Royal Society of Chemistry 2020

per spectral measurement per pixel) of the raw, un-processed,
data. Since there is no post-processing step involved, the data
still contain a high amount of fluorescent background and
therefore match the auto-fluorescence images perfectly.
Furthermore, the bright spots in the integrated images are co-
localized with the bright spots in the background subtracted
Raman intensity images at 1669 cm™" and 1445 cm™'. Hence,
this is further evidence that fluorescence is highly correlated
with the intensity of the Raman spectra, even though a base-
line has been removed.

To provide evidence that amyloid plaques have been
imaged and measured, we show the fluorescence images of
the Thioflavin-S stained tissue in column 7. Plaques and
deposits appear as bright yellow areas within the Thioflavin-S
image. As can be seen in the control cases, bright yellow spots
do not appear, confirming the healthy status of the brain
tissue and the previously assessed Braak and Braak AD status.
In the case of AD patients, bright yellow spots confirm the
existence of amyloid-beta deposits, which are rarely co-loca-
lized with the auto-fluorescence spots (in unstained tissue) of
the left column."'® The Thioflavin-S stained image of the third
control case #1b, however, is not as clear as the other control
cases, as also the fluorescent dots seemed to be labeled by
Thioflavin-S. We are not certain about the reason but an expla-
nation might be that this particular tissue was stained several
weeks after the Raman images were taken. Hence, chances are
that the tissue might have totally dried out and that the
10 min while Thioflavin-S was applied were not enough for the
Thioflavin-S to be taken up and to stain the tissue. This par-
ticular Thioflavin-S fluorescence image resembles therefore
the earlier taken auto-fluorescence image in a similar fashion
by highlighting the bright fluorescence spots rather than an
expected homogenous yellowish image. Usually, the strong
Thioflavin-S fluorescence signal from Ap deposits overwhelms
the auto-fluorescence signal of the bright spots, as can be seen

Analyst, 2020, 145, 1724-1736 | 1729
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Fig. 4 Spectral Raman data of all three AD cases. First row: Fluorescence images of the Thioflavin-S stained tissue. Areas where spectral data were
taken consisted of 3 x 3 pixels and are marked with (i) black circles (bright spots), (ii) red squares (normal tissue) and (iii) blue triangles (plaque
location). The corresponding spectra are shown in rows two to four, where the dashed lines depict the spectra of the three locations separately and
the solid line represents the average of these. The tails at the beginning and end of the spectra are from the 6" order polynomial baseline removal.

in the Thioflavin-S fluorescence images of the AD cases. Since
control case #1b has no amyloid accumulation, the auto-fluo-
rescence of the bright areas is still present. That is unfortu-
nately not in line with control cases #1a and #2, where the
Thioflavin-S stained tissue appears homogenous and brighter
while at the same time suppressing the auto-fluorescence of
the bright spots. We hypothesize that the delayed staining and

1730 | Analyst, 2020, 145, 1724-1736

the dried out tissue is the reason for the specific Thioflavin-S
stain of the control case #1b.
Raman spectroscopy

The Raman intensity images, obtained from the recorded
Raman spectra allow for manual segmentation of three
different components within diseased tissue. Obviously, the
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spectral data could only be selected after obtaining the
Thioflavin-S image, which indicates plaque positions within
the tissue. Next, the resulting Thioflavin-S image was cropped
to match the Raman imaged area and was subsequently super-
imposed. Afterward, the bright yellow spots, highlighting
plaques in the tissue, provided visual guidance to choose the
areas where “plaque spectra” had been measured earlier and
those were taken for further analysis.

Normal background tissue

The main component of the segmentation is what we call
‘normal’ or background tissue, meaning tissue without any
special feature. It shows the expected Raman peaks for biologi-
cal tissue at the wavenumbers 1003, 1445 and 1669 cm™*,
representing phenylalanine, lipids and proteins, respectively.
Overall, averaged background tissue spectra (red solid lines)
are shown in the third row of Fig. 4 for each AD case. The
dashed lines are the underlying averaged spectra taken from
the areas selected based on the Thioflavin-S stained images

(red squares).

Bright spots

The second component of the segmentation are the ‘bright
spots’. Their spectra are taken from regions indicated by the
black circles, averaged, and shown in the second row of Fig. 4.
The spots are easily identified since their overall Raman signal
is high compared to other spectra and based on an intense
and broad fluorescence background.’® Part of that is still
visible after baseline removal and also found by others but
possibly miss-interpreted as neuritic plaque spectra.>® These
bright spots have a high intensity both in the auto-fluo-
rescence image and in the background of the Raman images.
This indicates an overall broad banded fluorescence coming
from the underlying particles, since the auto-fluorescence
images are taken with an excitation of 470 nm (resulting in
yellow emission) and the Raman images with an excitation of
785 nm. Therefore, it must be due to a complex mixture of
chromophores. The only substance that we are aware of that
matches both the fluorescence background and the accumu-
lation in elderly brain tissue is lipofuscin.’**® Lipofuscin
appears as tiny granulates, distributed throughout the tissue
and was also mentioned as possible cause of fluorescence by
others."®**%%3% 1t consists of yellow-brown pigments and resi-
dues of lysosomal digestion composed of oxidized protein and
lipids,®*>* hence their strong appearances in the 1445 and
1669 cm™' intensity images. Lipofuscin is also known to
“accumulate progressively through the normal aging process
in hippocampus”, in humans and in animals.’®*"*° Its broad
fluorescence is also known from retinal imaging in humans®
and was described as fluorescence source by Chen et al., using
two-photon fluorescence on live transgenic mice brain
tissue.®>®* The tiny lipofuscin granulates, usually 0.1 to 5 pm
in size,>>* accumulate to deposits and fill the cytoplasm of
cells, therefore reaching a size of 10 to 20 um. That matches
the size of the main feature described by Michael et al?** as
neuritic plaque in their recent publication. Their cluster ana-

This journal is © The Royal Society of Chemistry 2020
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lysis of the obtained spectra is purely based on intensity
changes due to strong fluorescence, which is not necessarily
associated with plaques in tissue. However, based on our data
it rather appears that their hyperspectral Raman image shows
a fluorescent, lipofuscin containing deposit with probably no
relation to an amyloid beta accumulation. In fact, it matches
the size of a potential lipofuscin deposit and its higher fluo-
rescent background intensity. In addition, they were not able
to confirm their findings with an adequate staining of the
same location in the same tissue section. Here, in the pre-
sented study, we are able to confirm or reject a plaque deposit
within our measured tissue areas as we obtain the fluo-
rescence and Raman images in the same tissue section that
was also later stained with Thioflavin-S. In addition, we show
the immunohistochemically stained adjacent slices, indepen-
dently confirming plaque occurrence in the chosen tissue
location (see Fig. S9 in the ESIf). Furthermore, the bright
spots caused mainly by lipofuscin fluorescence are also
present in the healthy control tissue and consequently could
not be plaques, which is also confirmed by the Thioflavin-S
staining. To confirm lipofuscin as cause of the strong fluo-
rescence signal we stained a formalin fixed, five pm thick
tissue section with Sudan Black B, which is known as specific
histochemical stain for lipofuscin.®®®® In Fig. 5, we compare
the auto-fluorescence image of the deparaffinized tissue with
the white light image after staining with Sudan Black B. By
binding this dye, the lipofuscin deposits appear now as black
dotted areas under white light and exactly match the bright
yellow spots in the auto-fluorescence image. Nevertheless, it is
important to mention that lipofuscin deposits have been
found co-localized within amyloid-beta deposits before.'®®” In
our study, we also found matches between a lipofuscin
accumulation and plaque location. However, as also described
in the previous cited studies,®® that it is rarely the case. In AD
#3, a few of the bright spots coincide with plaque locations but
in case AD #2 the plaques appear mainly in locations where no
bright spots are present.

Yet, it can be argued that both, amyloid beta and lipofus-
cin, are “metabolic waste”®® heaps or “a depot of unexcreted
waste products”®’ and therefore accumulate in similar areas.
Furthermore, lipofuscin is known to be an age related pigment
granules and known for its increased accumulation with
age.”>”*’° Neuronal somas, filled with lipofuscin, were found
in human brain tissue.”* Further, lipofuscin was also found
next to microglia,”” in mice and rat brain tissue.’®®*

Plaque locations

A third component of the manual segmentation are the
spectra of confirmed plaque locations. The location of plaques
and hence their spectra is only known from the fluorescence
image of the Thioflavin-S stained tissue. In Fig. 4, we show the
selected plaque areas, indicated with blue triangles. Their
spectra are plotted in the fourth row of Fig. 4 (blue solid lines).

For ease of comparison, the overall averaged spectra are
shown in Fig. 6. It shows that the plaque spectrum (blue solid
line) falls completely within the standard deviation of the spec-
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auto-fluorescence image before staining
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white light image after staining with Sgdan Black B

Fig. 5 Left side shows the auto-fluorescence image of the tissue. The yellow bright spots are lipofuscin deposits, filled with lipofuscin granulates.
The Sudan Black B staining of the exact same tissue (right side, white light images) confirms the lipofuscin as the same bright spots are now stained
in black. The red arrows depict some of the lipofuscin deposits before and after staining. The green arrows point to a possible blood vessel, filled

with remaining blood, showing some fluorescence.

trum of the bright, lipofuscin enriched spots and is therefore
not as unique as former studies suggest.?>”> This would make
it very difficult to use the spectra as unique identifier for
plaques within AD diseased brain tissue. Furthermore, one
should notice that all three types of spectra look very similar
in shape and general trend, but differ somewhat only in
overall intensity, which we hypothesize is based on the under-
lying increased scattering and does not show obvious spectral
differences. The amide I band of both the plaque locations
and the bright spots shows a pronounced flank around
1670 cm™ ", in line with an elevated f-sheet level. This spectral
feature would allow distinction from the background tissue
(red spectra) but not from each other. Furthermore, we ana-
lyzed the areas under the main peaks and their variation in
the amide I and lipid region but obtained only results quite
similar as the peak analysis and these are therefore not shown
in this report. For further proof that plaque associated regions
are not easily identifiable based on their Raman spectra, we
provide the results of a principal component analysis and
Multivariate Curve Resolution-Alternating Least Squares ana-
lysis on case AD #3 tissue in Fig. S5, S6 and S7 in the ESLf

However, Ryzhikova et al. suggest the use of artificial neural
networks as spectral changes might “not be visible by eye” but
might be picked up by machine learning methodologies.""
That could be tested in the future, but our spectral data look
diverse; the inter-spectral variability is probably too high to
obtain any specific Ap spectra that could be used for unam-
biguous plaque identification.

1732 | Analyst, 2020, 145, 1724-1736

The recent results of Ji et al. raise the question if fixed
tissue is even suitable for the detection of the possible $-sheet
configuration change within the protein peak.'®* When using
stimulated Raman spectroscopy (SRS) on transgenic mouse
brain tissue, they were able to detect amyloid beta plaques
only when using fresh or freshly frozen tissue. The detection
failed when using fixed tissue sections.”

As mentioned before, in our formalin fixed tissue we
observed that lipofuscin and amyloid beta could spatially
accumulate in the same regions, but only in rare cases. More
precisely, they rarely occur in exactly the same spots, which
supports the claim that a spectral distinction is impossible if
the raster imaging step size and laser spot size of the Raman
spectroscope do not provide the possibility for high-resolution
differentiation.

Fused quartz substrate interference

A fourth component of the Raman spectra represents the lumi-
nescent impurities inside the quartz glass substrate, which are
superimposed on the spectra obtained from the overlying
tissue. The spectra are shown in more detail in Fig. S2 of the
ESL.f These impurity patches were also observed outside the
tissue and even with empty unused substrates. However, they
were not observed in the auto-fluorescence images with
470 nm excitation. Nonetheless, the impact of its existence can
be best seen in the Raman intensity images of Fig. 2, especially
in AD #1, AD #3, and control #1b, as bright stripes crossing
the complete tissue. The existence of those unwanted impuri-

This journal is © The Royal Society of Chemistry 2020
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are equal to the solid lines in Fig. 4). The bottom graph shows the average spectra for each tissue feature (solid lines: black, red and blue) and their

standard deviation (gray, light red and light blue, respectively).

ties render the Raman measurements taken from the overlay-
ing locations invalid. Hence, further studies will be carried out
using a different substrate. One could argue that the quartz
glass impurities would bias our results and could be the
reason for not finding plaque specific spectra. We tested this
idea, but as shown in the ESI,f PCA (Fig. S5 and S6f) and
MCR-ALS (Fig. S7t) should still have been able to produce
positive results even though a strong and unwanted spectrum
was present. In addition, the spectra we have chosen for our
analysis were carefully selected from areas where the substrate
impurities were not present, as can be seen in the images of
row one in Fig. 4.

Healthy control tissue

We also have calculated spectral averages from the control
tissue. Apart from the quartz impurity, we only obtained
spectra from the bright spots and the ‘normal’ background
tissue. Averages of all three control samples are plotted in
Fig. 7 against their complement obtained from diseased
tissue. The detailed spectra are shown in Fig. S8 in the ESL¥
Again, spectral differences are mainly found in the overall
intensity. It is worth to mention that the spectra of the normal
tissue taken from the AD cases have a higher background than
the healthy control cases (Fig. 7b, red lines), which might be

a) 2000+ b) 700
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Fig. 7 Comparison of spectral distribution within control and AD tissue. (a) Spectra taken from bright spot locations. The standard deviation of the
bright spots of the control tissue is depicted in light gray and almost double compared to the standard deviation of bright spots taken from AD
tissue (b) spectra taken from ‘normal’ tissue. Overall background is higher in the AD tissue.
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related to oxidative stress. On the other hand, the spectra of
the bright lipofuscin spots of the AD and control samples are
almost identical but with a higher standard deviation in the
control tissues.

The number of bright spots seems to be roughly equal for
AD and control cases. Furthermore, we did not compare the
amount of lipofuscin®® or size differences of lipofuscin gran-
ules between white and gray matter,”* nor between AD and
healthy cases.

5. Conclusion

In the presented study, we compared Alzheimer diseased brain
tissue with healthy control tissue, using the hyperspectral
mapping capabilities of a conventional Raman spectroscopy
instrument. Label-free Raman intensity images show no clear
spectral differences between AD and control cases; neither do
ratio images of different wavenumbers. Sudworth et al. have
reported on the general differentiation between AD and
healthy control brain tissue in humans using Raman spec-
troscopy, but did not aim to spectrally identify Af accumu-
lations specifically.> Although Archer et al. aimed at finding a
specific component within human AD tissue using principal
component analysis (PCA), they were not able to present evi-
dence that the spectra were indeed recorded from AP deposits
and not caused by other components.*® Both studies have in
common that they used freshly frozen tissue without prior fix-
ation, a Raman illumination source of 2 = 830 nm and a bulky
piece of tissue rather than a thin tissue section. In addition,
both papers do not show confirmation that amyloid-
beta plaques were imaged. Here, Thioflavin-S staining con-
firms the neuropathological pre-study diagnosis by indicating
amyloid deposits as bright yellow spots. In addition, we
measured bright fluorescent spots, which are equally uni-
formly distributed throughout both kinds of tissue and are
probably mainly lipofuscin deposits, which could co-localize
in rare cases with plaque locations. However, in most cases
they are not correlated to plaques as shown in the Thioflavin-S
stained images and due to their appearance in healthy control
tissue.

The used hardware made the spectral analysis very challen-
ging since the objective in the Raman microscope introduced
some additional luminescence background as also reported
elsewhere before.””> Furthermore, the quartz glass substrate
added an interfering spectral component, which made part of
the measurements unusable. Preliminary measurements show
much cleaner spectra when using a low fluorescence objective
and CaF, substrate and these will therefore be used in sub-
sequent studies. The fluorescence, introduced by the high lipo-
fuscin content could possibly be avoided when a longer wave-
length illumination source for Raman spectroscopy is
chosen.”® The relatively long acquisition time of spontaneous
Raman scattering when measuring a large area could be over-
come either by non-scanning Raman techniques’” or by stimu-
lated Raman scattering (SRS) imaging.'®

1734 | Analyst, 2020, 145,1724-1736
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