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Abstract: The crucial link between pathological protein aggregations and lipids in Alzheimer’s
disease pathogenesis is increasingly recognized, yet its spatial dynamics remain challenging
for labeling-based microscopy. Here, we demonstrate photothermal ratio-metric infrared
spectro-microscopy (PRISM) to investigate the in situ structural and molecular compositions
of pathological features in brain tissues at submicron resolution. By identifying the vibrational
spectroscopic signatures of protein secondary structures and lipids, PRISM tracks the structural
dynamics of pathological proteins, including amyloid and hyperphosphorylated Tau (pTau).
Amyloid-associated lipid features in major brain regions were observed, notably the enrichment
of lipid-dissociated plaques in the hippocampus. Spectroscopic profiling of pTau revealed
significant heterogeneity in phosphorylation levels and a distinct lipid-pTau relationship that
contrasts with the anticipated lipid-plaque correlation. Beyond in vitro studies, our findings
provide direct visualization evidence of aggregate-lipid interactions across the brain, offering
new insights into mechanistic and therapeutic research of neurodegenerative diseases.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Protein structure abnormalities are implicated in various diseases, often characterized by protein
aggregations, including β-sheet-rich aggregates [1,2], oligomers [3], plaques, and neurofibrillary
tangles (NFTs) [4], frequently serve as molecular markers in neurodegenerative diseases [5,6]. The
identification and characterization of disease-specific protein conformations and intermolecular
interactions are crucial for developing diagnostic and therapeutic strategies, especially in prevalent
neurodegenerative diseases such as Alzheimer’s disease (AD). However, developing treatments
based on these pathological protein structures has been challenging due to an incomplete
understanding of how these pathological proteins develop or interact with their surrounding
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structures or molecules [7,8]. Recent findings highlight the pathophysiological heterogeneity
of AD, which results in subtypes of diseases with different clinical symptoms and responses to
treatments [9], urging a deeper understanding of the structural diversity of these pathological
proteins.

AD is characterized by the extracellular deposition of amyloid-β (Aβ) plaques and intracellular
aggregation of hyperphosphorylated Tau (pTau) in the form of NFTs. These protein structures
exhibit specific conformations rather than random aggregates [10,11]. Importantly, amyloid
polymorphism was observed and studied [12,13], indicating the existing heterogeneity in
the protein structures. However, the mechanism underlying these heterogeneities in disease
progression remains elusive because it is difficult to label polymorphic proteins with antibodies.
Meanwhile, although lipid accumulation was one of the earliest pathological observations in
AD [14], it has been relatively less studied due to difficulties in visualizing these molecules.
Nonetheless, recent progress in elucidating the link between protein aggregation and lipids
[15–18] highlights the importance of simultaneously detecting protein structures and lipid
contents to provide molecular insights into AD pathogenesis.

Molecular vibrational spectroscopy has emerged as a promising method for detecting disease-
specific molecular markers. Raman spectroscopy [19] and coherent Raman scattering imaging
[20,21] have been employed in AD detection by locating plaques through the β-sheet Raman band
at 1670 cm−1. However, SRS imaging in the fingerprint region usually suffers from low signal
levels, presenting challenges in further differentiating the arrangement of secondary structures
such as parallel and antiparallel β-sheets [22]. Alternatively, infrared (IR) spectroscopy also
originates from molecular vibration with orders of magnitude higher signal levels. Specifically, IR
spectroscopy, focusing on the amide I band [23,24], has been widely utilized for studying protein
secondary structures with large absorption cross-sections in bulk measurement. Fourier-transform
infrared spectroscopy [25] and imaging [26] have been employed to study amyloid plaques in
AD, revealing changes in protein β-sheet levels during plaque formation and increased lipid
oxidation in AD patients with micron resolution [27]. Discrete-frequency infrared imaging,
using a quantum cascade laser, has identified distinct plaque morphologies [28]. However, the
limited spatial resolution due to the optical diffraction limit makes it challenging to resolve spatial
profiles of protein structural diversity and their intricate interaction with other biomolecules,
which is below the micron in distance. Alternatively, the atomic force microscopy-IR technique
provides substantially higher spatial resolution [29,30] but is difficult to implement in tissue
samples with high throughput for whole-brain slice imaging.

The recent development of mid-infrared photothermal (MIP, also known as O-PTIR) imaging
addresses these challenges through a pump-probe detection scheme, providing submicron spatial
resolution, minimal spectral artifacts, and compatibility with aqueous samples [31–33] in
molecular-selective imaging of living cells, tissue slices, and organisms [34–40]. In neurology
studies, MIP has demonstrated the visualization of traveling protein vesicles in live neurons [35],
the spectral features of β-sheet aggregation and isolated fibrils in dendrites and spines [41], and
fluorescence-guided 3D imaging of tau fibrils in a single cell [42]. However, cellular studies have
limited clinical relevance, urging for tissue-level investigation under physiological conditions.
Compared with cell samples, MIP imaging of tissues is significantly more challenging due to the
high inhomogeneity of brain tissue, which renders the conventional ratio imaging, i.e., dividing
images taken at two wavenumbers, less reliable for identifying plaques. Despite the challenges,
MIP tissue studies was realized by the assist of fluorescence to measure the spectrum of plaques
in tissues. Prater et al. mapped fluorescently labeled amyloid plaques and acquired IR spectra by
fluorescence-guided MIP imaging [43]. However, the labeling-guided approach requires prior
knowledge of protein structures and often overlooks information on protein polymorphisms,
which have recently become the focus of studying AD pathogenesis.
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Here, we report a photothermal ratio-metric infrared spectro-microscopy (PRISM) to extract
protein secondary structures based on their spectral features to visualize the pathological protein
aggregations. Through the ratio-metric process, PRISM minimizes potential artifacts from
variations in nuclear or cellular densities across the brain tissue. Therefore, PRISM quantitatively
decomposes the secondary structural compositions of Aβ plaques and NFT in AD mouse models,
revealing the dynamic pathways of how normal proteins and lipids evolve into amyloid- and pTau-
lipid interact units. Through MIP spectro-microscopy, amyloid, pTau, and lipids were quantified
and analyzed, indicating that the amyloid-lipid interaction in the hippocampal is significantly
elevated during the development of AD, and the lipid stability in brain regions associated with
motor function is surprising. In addition, we evaluated the relative proportions of different
protein conformations during Tau phosphorylation and their evolvement rule. The conformation
compositions of Aβ and NFTs and their interactions with lipids provide predictive projections
of AD progression, offering insights into metabolic alterations during disease progression.
Importantly, PRISM fills a gap in the bio-integration testing of label-free microscopy [44],
providing inspiration for cross-scale structural-sensitive bioimaging.

2. Results

Protein aggregates exhibit polymorphism containing varying proportions of protein conformations.
Our study focused on the two major protein lesions associated with AD, amyloid and tangles,
which follow independent and specific dynamic changes accompanied by lipid interactions
(Fig. 1(a)). The spectroscopic imaging is implemented on a MIP microscope, in which mid-
infrared nanosecond and continuous green lasers are combined and focused on the sample with an
epi-detected photodiode (Fig. 1(b), see Methods for details). The selective vibrational absorption
of molecules undergoes vibration relaxation (Fig. 1(c)), resulting in a local temperature increase
and a subsequent photothermal relaxation (Fig. 1(d)). This local refractive index modulation
leads to a modulation of probe light intensity. The spatial resolution is determined by the probe
beam (532 nm), achieving a 387 nm lateral resolution (Fig. S1).

2.1. Identifying the spectroscopic signature of amyloid plaques

To identify the spectroscopic feature of amyloid plaque, we focus on the amide I band (1600−1720
cm−1), a distinctive band of proteins mainly generated by C=O vibration and widely used
for imaging biological systems [35,45,46]. We adopted amyloid protein Aβ 42, a robust AD
model, and acquired in vitro MIP spectra, which show a distinctive peak at 1633 cm−1 (Fig. 1(e)).
Although this peak has been attributed to the β-sheet structure [47], such a prominent peak in
the amide I band is not commonly observed in actual pathological conditions [28]. In contrast,
wildtype (WT) mouse brain, as a reference for normal protein structure in non-pathological
tissues, exhibits a different spectral profile peaking at 1655 cm−1 (Fig. 1(f)). To further quantify
the structural composition, we performed multi-peak deconvolution (see Methods for details).
The amyloid is found to have 45% of the total peak area contributed by the β-sheet structure,
while WT is measured to have 77% of the area contribution by the α-structure. Therefore, the two
key wavenumbers, 1633 and 1655 cm−1, are identified for amyloid and normal tissue, respectively.
Nonetheless, the residual components are attributed to turn-like structure (1670 cm−1) and β-
sheets (1682 and 1696 cm−1) for amyloid, and β structure (1626 cm−1) and turn-like (1676 cm−1)
for WT [48].

To test whether these features could highlight amyloid plaques in complex tissue, whole brain
slices from AD mice were imaged by MIP microscopy in the amide I region (Fig. 2(a)). By
applying the PRISM process (see Methods for details), an over 4-fold improvement in plaque
contrast is shown (Fig. S2). As a result, PRISM images unveiled clear and specific accumulations
of β-sheet-enriched proteins in the AD brain (Fig. S3a, d). Meanwhile, such features are not
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Fig. 1. The concept and implementation of detecting spectroscopic features of abnormal protein aggregations. (a) 

Spectroscopic tracking of amyloid and tangles. (b) Optical setup of MIP microscope. DM: dichroic mirror. PD: 
photodiode. (c) Energy diagram of vibrational absorption (VA) and vibrational relaxation (VR). (d) Local 

temperature increase (dashed box) and photothermal relaxation (PTR). Spectra and analysis of (e) Aβ 42 and (f) WT 

brain (collected from 10 locations). 
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Fig. 1. The concept and implementation of detecting spectroscopic features of abnormal
protein aggregations. (a) Spectroscopic tracking of amyloid and tangles. (b) Optical setup of
MIP microscope. DM: dichroic mirror. PD: photodiode. (c) Energy diagram of vibrational
absorption (VA) and vibrational relaxation (VR). (d) Local temperature increase (dashed
box) and photothermal relaxation (PTR). Spectra and analysis of (e) Aβ 42 and (f) WT brain
(collected from 10 locations).

discernible in individual IR images (Fig. S3g-l). The identified plaques exhibited a diameter of
15± 5 µm (mean± error bound), consistent with previously reported plaque sizes [49].

We first verified the fidelity of PRISM to amyloid. Immunofluorescence (IF) staining targeting
Aβ peptides on the same brain slices confirmed these protein aggregations as pathological
amyloid plaques (Fig. S4). The co-localization of the protein aggregations identified by PRISM
with stained Aβ (Fig. S5) demonstrates the reliability of PRISM imaging results. Furthermore,
the absence of these protein aggregates in the WT brain (Fig. S3b, e) indicates their specificity to
AD.

2.2. Validating plaque pathological levels by protein-lipid profiling

To fully understand the spatial-spectral diversity of these plaques, we performed lipid imaging of
the same field of view by tuning to the 1741cm−1 peak attributed to the C=O stretching mode.
Morphologically, plaques were classified into three types: diffuse, compact, and cored [26,50].
Interestingly, lipid and PRISM imaging revealed that lipid accumulation occurs near some, but
not all, of the plaques (Fig. S3c, f). PRISM imaging of β-sheet structure clearly identified three
plaque types (Fig. 2(b)-(e)), which was further validated by IF staining (Fig. 2(f)-(i)).

Among them, cored plaques showed unique spatial features of dense Aβ nucleus at the center
surrounded by a lipid-rich halo, potentially linked to the apoptosis of peripheral nerve cells and
astrocytes [20,51,52]. Notably, the lipid content within the plaque exhibited a decrease with
plaque maturation (Fig. 2(j)-(m)). Quantitative analysis showed a steady increase in the β-sheet
level as plaques developed from diffuse to cored (Fig. 2(n)). In contrast, the lipid level gradually
decreased (Fig. 2(o)), showing a negative correlation (Pearson correlation coefficient=−0.74)
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Fig. 2. Visualization of three subtypes of plaques. (a) PRISM map of an AD brain slice,
stitched by 50 large-area images of about 1.8 mm × 0.6 mm each. (b-m) Rows: PRISM, IF
(targeting Aβ peptides), and lipid (1741cm−1) images, respectively. Columns: representative
WT, diffuse plaque, compact plaque, cored plaque, respectively. Dashed circles: colocalized
plaque boundaries. For column 4, the inner circles and outer circles indicate the core and
halo, respectively. (n) Boxplot of β-sheet intensity derived from WT and three types of
amyloid plaques. (o) Boxplot of the corresponding lipid intensity. The boxes range between
the first and third quartiles. Middle bars: median value. Whiskers: max and min values.
Outliers are marked by crosses. n.s., not significant; *, P< 0.05; **, P< 0.01; ***, P< 0.001;
****, P< 0.0001. (p) Scatterplot of lipid content against β-sheet in amyloid plaques.

with the accumulation of β-sheet (Fig. 2(p)). Notably, the most significant reduction in the lipid
level was observed between diffuse and compact plaques, indicating that lipid loss was most
pronounced during the transition from diffuse to compact plaques.

2.3. Spatial heterogeneity of plaque-associated lipid across brain regions

Leveraging the submicron spatial resolution by MIP spectroscopy, the molecular composition
of amyloid plaques was studied by acquiring in situ IR spectra at sub-plaque resolution. Two
distinct types of plaque-lipid interactions were identified: the lipid content in lipid-dissociated
plaques decreased as β-sheet-rich structures emerged (Fig. 3(a), c), while the lipid content in
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lipid-stabilized plaques remained constant (Fig. 3(b), d). These results indicate that plaques
can be further classified based on their molecular compositions beyond the previously reported
morphological classification.

Fig. 3. MIP spectra identifies two plaque subtypes related to lipid. (a, b) PRISM image of a
lipid-dissociated plaque and a lipid-stabilized plaque, respectively. (c, d) Intensity profiles
and Gauss fitting of the PRISM signal and the 1741cm−1 lipid intensity along the dashed
lines in (a) and (b), respectively. (e, f) Spectral contour of the IR spectra along the dashed
lines in (a) and (b), respectively. (g-j) MIP and second derivative spectra at the body and
edge of the lipid-dissociated plaque and the lipid-stabilized plaque indicated by arrows of
the same color in (a) and (b), respectively.

To characterize different plaques, spatial-spectral profiling using 1633 cm−1 and 1741cm−1

was performed to visualize the distribution of amyloid plaque and lipid (Fig. 3(e), f). Notably, a
fragmented structure at 1405 cm−1 was observed in lipid-dissociated plaques, whereas a single,
stabilized structure was found in lipid-stabilized plaques. This observation may be attributed
to changes in carboxyl stretching [53] and myelin [54,55]. Spectral analysis on more than 100
plaques showed a consistent IR spectral profile across three different brain slices obtained from
two mice (Fig. 3(g), (h)). Specifically, a red shift of about 20 cm−1 in the amide I region at
the center of the plaques compared to the tissue at the edge was observed, indicating β-sheet
accumulation at the center. Importantly, the second derivative spectra (Fig. 3(i), j) of plaque body
and edge showed a higher proportion of β structure relative to α structure in lipid-dissociated
plaque, indicating more mature plaque formation. These results suggest a potential regulatory
mechanism of plaque maturation through plaque-lipid interactions.

To investigate whether different plaque-lipid interactions are enriched in specific brain regions,
we measured the contents and projected the two types of plaques onto the entire brain slice
(Fig. 4(a)), followed by a statistical analysis of the spatial lipid distributions (Fig. 4(b)). Although
lipid-dissociated and lipid-stabilized plaques are found in all major brain regions, we found
a particular enrichment of lipid-dissociated plaques with much-lowered occurrence of lipid-
stabilized plaques in the hippocampus (Fig. 4(b) and (S6)). This suggests that a specific
plaque-lipid interaction may exist in the hippocampus region, which echoes recent findings on
the unique role of lipid in the hippocampal pathogenesis of AD, where APOE4 is a major genetic
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risk factor for AD [56]. Meanwhile, lipid-stabilized plaques are found mostly in the cortical,
cerebral nuclei, and thalamus, which are related to sensory and motor functions.

Fig. 4. Statistical analysis of lipid-based subtypes across different brain regions. (a) Plaque
distribution (dots) and contours of basic brain regions (line). To prevent zoom distortion, the
whole brain map is sharpened. The feature ROIs of 7 basic brain regions were selected to
show more details. Scale bars: 50 µm. (b) Split violin diagram of lipid ratio indicating the
content distributions of lipid-dissociated plaque (inferior violin) and lipid-stabilized plaque
(superior violin) in each brain region as indicated in (a). The Y axis represents the Kernel
density estimation of the data. Black vertical bars: median value. Pairs of red vertical bars:
the first and third quartiles, respectively.

2.4. Visualization of Tau hyperphosphorylation

We investigate the other crucial pathological feature, NFT, composed of pTau aggregations. By
PRISM imaging of β-sheet in the hippocampus, the site for the initial spread of Tau pathology
in the brain, an enrichment of β-sheet structure was observed in the granule cell layer in a
6-month-old P301S mouse (Fig. S7a). Notably, distinct from amyloid plaques, a noticeable
increase in the 1694 cm−1 peak is also observed, which is attributed to the anti-parallel β-sheet
(Fig. S7b). Using PRISM imaging of this anti-parallel β-sheet motif at 1694 cm−1, Tau-specific
imaging was performed (Fig. 5(a), b), which showed filament-like structures not observable by
single wavenumber imaging (Fig. 5(c)). Comprehensive spectral analysis in the fingerprint region
from 10 spectra obtained from these filament-like aggregates further showed an elevation of
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the phosphate band (1050−1150 cm−1) compared to adjacent non-pathological areas (Fig. 5(d)),
further suggesting phosphorylated form of Tau.

Fig. 5. Visualization of phosphorylated Tau protein. (a) PRISM image of the hippocampus
(HPC). (b) Enlarged image of the granule cell layer (dashed box in a). (c) Single wavenumber
images of (b) at 1694 cm−1. (d) Spectra of pTau (red) and non-pathological spots (blue).
Error bands (shaded area) are standard deviation of 10 different pathological tangles or
non-pathological pixels. (e-h) Results for thalamus with the same notes as in (a-d) of
the thalamus (TH). (i-j) Quantification of protein and lipid bands of pTau in (d) and (h),
respectively. (k) t-SNE map for the distribution of 147 MIP spectra from the thalamus (type
a-e). (l) Spectra extracted from each type in (k). Error bands (shaded area) are standard
deviation of 10 spectra from 10 different pathological tangles. (m) Percentile stacked
histograms of each type of structures quantified in (l). AP β-sheet: anti-parallel β-sheet.

Similarly, PRISM imaging of the anti-parallel β-sheet in the thalamus showed filament-like
aggregates (Fig. 5(e)-(h)). However, the spectral profile of these pTau-aggregates shows distinct
features in the amide I and lipid bands (1599−1760 cm−1). To quantify these differences, we
performed deconvolution on pTau and non-aggregated spectra within the hippocampus and
the thalamus (Fig. 5(i), j and S8). An increase in the lipid content in pTau compared to the
non-pathological areas indicates a possible relationship between the phosphorylation process
and lipid [15]. While non-pathological areas maintained a consistent α-dominance protein
conformation (Fig. S8b, d, blue shades), the statistical analysis of the pathological areas in these
two brain regions showed the absence of α-helix only in the hippocampus region, which could be
attributed to the more advanced pTau pathology in the hippocampus compared thalamus.

Different from amyloid plaque, the pTau spectral profile exhibits much higher diversity. To
quantify the intrinsic spectral differences in these structures, we utilized t-distributed stochastic
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Fig. 6. Lipid-amyloid and lipid-pTau correlations. Predictive projections (dashed lines)
and 95% confidence intervals (shades) of lipid in pathological conditions against amyloid
deposition (a) and Tau phosphorylation (b). The average PRISM intensity of WT and three
different forms of amyloid plaques in Fig. 2 is used and represented with blue color coding
in (a). PRISM intensity of pTau from Fig. 5 is used and shown by the color bar in (b). The
horizontal scales are logarithmic.

neighbor embedding (t-SNE), a multivariate dimension reduction approach, for analysis (Fig. 5(k)).
As a result, five clusters with distinctive spectral characteristics are obtained (representative
spectra shown in Fig. 5(l)), which may be attributed to different conformations or packing
density [30] of tau filaments. Specifically, the increase in the stretching mode of phosphate
esters (971 cm−1) and the broadening and enhancement of the phosphate bands (1050-1150 cm−1

and 1221-1250 cm−1) indicate an elevated degree of protein phosphorylation [57–59], which
correlates with the replacement of α structure with β structure, suggesting protein conformational
changes concurrently with Tau phosphorylation. On the other hand, pTau exhibits an increase in
the symmetric CH3 bending modes (1380-1405 cm−1) and CH2 bending vibration (1470 cm−1),
which is attributed to the alteration in the conformational ratio of the protein and the accumulation
of lipid [60].

To explore structural diversity, we quantified protein related structures in the amide I band
using spectral fitting (Fig. 5(m), (S9)). From stage a (non-pathological) to stage b, a broadening
of the amide I band and an appearance of anti-parallel β-sheet indicating initial protein structure
shifts. Stage c exhibited a preference for accumulating β-sheet structures, while stage d shows
a pronounced increase in anti-parallel β-sheet formation. Throughout these stages, β-structure
content steadily increases, eventually replacing α-helix content by stage e. Additionally, lipid
gradually increased, while turn structures decreased. Notably, the central wavenumbers of key
protein structures, such as β-sheets and turns, consistently shifted away from the α-helix structure
from stage a to stage e. These shifts, driven by changes in intermolecular interactions, suggest
a dynamic structural composition in abnormal protein structures [61], consistent with in vitro
NFT progression studies [62]. Furthermore, our results provide direct visualization evidence of
NFT structural dynamics, enabling in situ determination of disease development stages. These
findings reveal heterogeneity in pTau structures within the brain tissue microenvironment, offering
valuable insights for pTau aggregate subtyping.

2.5. Revealing lipid and abnormal protein progression

By tracking lipid components with protein structures at various plaque types, the lipid profile
with pathological progression is depicted (Fig. 6), providing evidence of lipid involvement in
protein conformational progression. For Aβ, lipid content decreases in later stages of progression,
with a rapid decline observed during the intermediate phase (Fig. 6(a)). In contrast, for pTau,
lipid start to accumulate at an increased rate as phosphorylation progresses (Fig. 6(b)). The lipid
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contents in both cases reach a plateau at the late stages of aggregations. These findings suggest a
possibility of a new type of lipid metabolic regulation based on the secondary structures of protein
in aggregates. This finding is consistent with a recent study by Haney et al. showing plaque’s
role in the regulation of lipid metabolism in AD [18]. It would be interesting to investigate in
the future whether the content of secondary structures would alter lipid accumulation and the
corresponding disease progression.

3. Discussion and conclusion

It is worthwhile to contrast our study with existing techniques for the analysis of protein
abnormalities. For instance, electron microscopy, immunofluorescence imaging, Raman, AFM-
IR, and mass spectrometry imaging are noteworthy modalities used to target protein structure.
While electron microscopy is a valuable tool with superior resolution for studying structures of
purified proteins, it has difficulties identifying specific amyloid or tau proteins in a brain tissue
slice with a rather limited field of view. To identify specific protein aggregations, immunological
staining methods are widely used techniques that exhibit a high degree of specificity in displaying
the spatial distribution, which is relatively fast in imaging speed except the lengthy staining process.
Meanwhile, mass spectrometry imaging provides more accurate molecular information with large
field of view, yet limited by a substantially larger sampling area compared to optical microscopy.
Alternatively, Raman or AFM-IR imaging could potentially identify protein secondary structures
from amide bands, yet is limited by imaging speed. Nonetheless, stimulated Raman imaging
offers fast imaging speed, yet its signal in the fingerprint region is significantly weaker than that
in high-wavenumber C-H stretching region. Collectively, PRISM offers a nascent solution to the
above challenge with high sensitivity in secondary structures, high resolution, large field of view,
non-destructive imaging capability.

Ratio imaging, a commonly employed approach, has been used to characterize neuronal amyloid
aggregates by MIP [41]. Nevertheless, direct ratio imaging, heavily reliant on image-provided
information, may obscure target structures in highly heterogeneous tissues. The emerging
fluorescence-guided MIP micro-spectroscopic technique alleviates this problem, offering avenues
for targeting specific molecules [43] and achieving depth-resolved protein visualization in fixed
cells seeded with Tau fibrils [42]. While these approaches effectively enable spectroscopic
detection and 3D imaging of known protein structures, the guidance of fluorescence limits the
exploration of unknown protein misfolding events, as the evolution of diseases like AD involves
complex processes with multiple types of protein misfolding. Thus, label-free imaging capability
of PRISM provides an effective approach for quantitative chemical imaging.

In conclusion, we developed a molecular spectroscopic imaging approach to quantify protein
secondary structures and lipid content in AD, revealing spatial heterogeneity of protein-lipid
interactions in unstained mouse brain tissues at submicron resolution. With the rich content
from spectroscopy, we observed pathological distribution of Aβ and pTau and their respective
interactions with lipids across brain regions, offering new opportunities in advancing our
understanding of neurodegenerative disease mechanisms.

4. Methods

4.1. Study design

5xFAD and P301S mouse models were used in this study. Specifically, for Transgenic 5xFAD
mouse model, all animal maintenance and experimental procedures were conducted according
to the Westlake University Animal Care Guidelines, and all animal studies were approved by
the Institutional Animal Care and Use Committee (IACUC, permit number: 19-044-kp) of
Westlake University, Hangzhou, China. Mice were maintained at strict barrier facilities with
macroenvironmental temperature and humidity ranges of 20-26 °C and 40-70%, respectively.
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Food and water were provided ad libitum. Mouse rooms had a 12 h light/12 h dark cycle. The
housing conditions were closely monitored and controlled. Two male 5xFAD adult mice (9
months & 11 months) and one C57BL6 adult male mouse (12 months) were used in these studies.
The 5xFAD mice were acquired from the colony currently breeding in Piatkevich lab, Westlake
University. Animals were housed under a 12/12 cycle and standardized breeding condition in the
Laboratory Animal Research Center of Westlake University. Genotyping of 5xFAD mice was
done on the toe-extracted DNA using standard polymerase chain reaction and gel electrophoresis
(primers used for transgene detection: Com_Forward: ACC CCC ATG TCA GAG TTC CT;
Mut_Reverse: CGG GCC TCT TCG CTA TTA C: Wt_Reverse: TAT ACA ACC TTG GGG
GAT GG). For P301S mouse model, mice were kept in cages with a 12 h light/12 h dark cycle.
Food and water were available ad libitum. In this experiment, the mouse selected was sacrificed
at 6 months of age.

4.2. Preparation of Aβ 42 peptides

Lyophilized synthetic human 1-42 peptides were purchased from Beyotime Biotechnology
(P9001-5 mg). Amyloid peptide stock solution was reconstituted with distilled water and
aliquoted to store at −20 °C until use. Peptide solution were further diluted in phosphate-buffered
saline (PBS) and coated on CaF2 slides for MIP scanning.

4.3. Biological samples

Frozen 5xFAD brain slice preparation: Animals were deeply anesthetized with 1% sodium
pentobarbital (50 mg kg−1) through intraperitoneal injection. After confirming the deep
anesthetization, animals were transcardially perfused with 1x PBS and fixed with 4% formaldehyde
(EMS,15714). Brains of perfused animals were carefully dissected and further fixed in 4%
formaldehyde for 12 hours at 4 °C. Cryoprotection in 30% sucrose solution for 48 hours was
performed before embedding in OCT and freezing at -20 °C. Frozen samples were cryosectioned
into 10-micrometer intervals using a Leica CM1950 cryostat (FCCF-VCM) and the slices
containing the hindbrain region with similar hippocampus structures were attached to sticky
surfaced microscope slides (CITOTEST, REF.10127105P-G) to be stored at -20 °C. Frozen
P301s brain slice preparation: Fixed mouse brain were dehydrated and embedded in OCT before
frozen to -20 °C. Frozen samples were cryosectioned into 30-micrometer intervals, placed in
cryopreservation solution and frozen to -20°C. Before performing imaging, samples were washed
4 times with 1x PBS and pasted onto slides and stored at -20 °C.

4.4. Immunofluorescence staining and imaging

Immunofluorescence staining was performed after PRISM imaging. Brain slices were allowed 20
minutes at room temperature (RT) after being taken out from -20 °C. Brain slices were rehydrated
with 1x PBS for 10 minutes before staining. The slices were blocked with blocking buffer (5%
BSA and 0.3% TritonX−100 in PBS) for 2 hours at RT, then incubated with primary antibody
(1:500, Aβ D54D2 XP, #8243 CST) in a humid chamber for 18 hours at 4 °C. Afterward, the
slices were washed three times, 5 minutes each in PBS, followed by incubation with secondary
antibody (1:1200, Goat anti-Rabbit IgG Alexa Fluor 647, ab150083) for 3.5 hours at RT. The
slices were mounted with ProLongTM Gold antifade reagent (INVITROGEN, REF P36930)
and covered with coverslips. Immunofluorescent images of stained slices were acquired using a
Nikon Eclipse Ti2 fluorescence microscope.

4.5. MIP imaging

The imaging platform was modified based on a configurations described previously [31] from a
commercial microscope (mIRage, Photothermal Spectroscopy Corp. CA). A nanosecond pulsed
quantum cascade laser was used as a pump beam, and a continuous wave laser (Cobolt, 532 nm,
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300 mW) was used as a probe beam. Two beams were spatially overlapped through a dichromatic
mirror and transmitted to a reflecting objective lens (PIKE, 40X, 0.78 N.A.). The sample was
scanned by a sample displacement table (MLS203, Thorlabs), from which the reflected probe
beam from the sample is then transmitted to the photodiode. The collected signal passes through
a lock-in amplifier (Zurich, MFLI) and into the computer. The spatial resolution of our system
is 387 nm horizontally and 268 nm vertically, with a spectral resolution of about 2 cm−1. The
infrared laser powers at the sample used for BSA and Aβ solutions were about 3.6 mW and 1.6
mW, respectively. The probe power was about 22 mW. For the whole brain slice imaging and
spectra of the 5xFAD model, the infrared laser and probe beam powers at the sample were about
0.8 mW and 6 mW, respectively. The images were scanned with a pixel size of 0.8 µm, and a
pixel dwell time of 2 ms and 1 ms for WT and AD brain slices, respectively. For the imaging and
spectra of the P301S model, the infrared laser and probe beam powers at the sample were about
1.6 mW and 11.2 mW, respectively. The pixel size of the images at 0.8 mm× 0.45 mm is 0.3 µm
and the dwell time is 1.25 ms. The pixel size of the images at 0.14 mm× 0.12 mm is 0.1 µm and
the dwell time is 3.4 ms. The sweep speed was 100 cm−1 per second and averaged 5 times for all
spectra. The total acquisition time for a single image of the whole AD brain slice is about 21.8 h.

For 5xFAD model, MIP calculation was performed on the individual images and then 50
images of about 1.8 mm × 0.6 mm each in size were stitched according to the recorded motorized
stage positions, where the overlapped area was averaged (Python 3.9.13). The whole-brain MIP
map was denoised (Python and ImageJ), and pseudo-colored by ImageJ. Holes caused by the
presence of air bubbles in the whole-brain map were masked and removed. The MIP spectra were
Savitzky-Golay smoothed (5 pts) and then normalized. Plaque distribution map was realized with
the help of threshold. For P301S mouse model: MIP calculation was performed on the individual
images, then denoised (Python and ImageJ), and pseudo-colored by ImageJ. The spectra were
Savitzky-Golay smoothed (5 pts) and normalized.

4.6. Spectral deconvolution

We note that the MIP spectral profile is proportional to the absorbed energy from IR light, in
contrast to the logarithmic scale commonly used in FTIR spectroscopy, resulting in less error in
fitting using Lorentzian than Gaussian or Voigt functions. Previous studies have demonstrated
the reliability of Lorentz deconvolution in protein analysis [42,63]. Here, for protein secondary
structure and lipid analysis, we chose 1600-1750 cm−1 window for baseline correction and
deconvolution of the spectra. The analysis was performed by the peak analysis application
module in Origin 2018.

4.7. MIP image analysis by PRISM

Conventional analysis directly divides two images at respective peak positions. Here, by dividing
the 1633 cm−1 image by the 1655 cm−1 image, distinguishable signals can be observed from
the amyloid plaques (Fig. S2b, f). To further enhance the contrast of the specific plaque
features, we noticed a background signal at 1633 cm−1, which comes from the α structure
content as in WT brain tissue (peak centered at 1655 cm−1). Similarly, a non-negligible signal at
1655 cm−1 comes from the β structure contribution. To remove these contributions, two factors
are needed: α(1633)/α(1655) and β(1655)/β(1633), where α(1633) refers to the deconvoluted α
structure intensity at 1633 cm−1. The image at 1655 cm−1, i.e., I(1655), is then multiplied by
α(1633)/α(1655) and subtracted from I(1633) and vice versa to generate a PRISM image. As a
result, a more than 4-fold improvement on amyloid contrast is found (Fig. S2).

4.8. Statistics and reproducibility

For statistical analysis on three stages plaques, the mean values of the selected areas (e.g. plaques)
were used as the signal intensity, the regions in WT brain slices with similar sample numbers and
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area sizes were randomly selected as control. For the analysis of lipid-dissociated plaque and
lipid-stabilized plaque, we made violin plots in different brain regions after analyzing the ratio of
lipid signal intensity in the same area region of the plaques and their periphery.

4.9. t-SNE evaluates complicated pTau spectra

By extracting both linear and non-linear features from the spectra, it reduces spectra containing
information about various biological molecules, from a higher to a lower dimension. We used a
perplexity of preserve global structure, an exaggeration of 1 and PCA components of 5 (explained
variance of 99%) as parameters. The analysis was performed in the open source data mining
software Orange.
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