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Mid-infrared chemical imaging of intracellular tau
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Abstract
Amyloid proteins are associated with a broad spectrum of neurodegenerative diseases. However, it remains a grand
challenge to extract molecular structure information from intracellular amyloid proteins in their native cellular
environment. To address this challenge, we developed a computational chemical microscope integrating 3D mid-
infrared photothermal imaging with fluorescence imaging, termed Fluorescence-guided Bond-Selective Intensity
Diffraction Tomography (FBS-IDT). Based on a low-cost and simple optical design, FBS-IDT enables chemical-specific
volumetric imaging and 3D site-specific mid-IR fingerprint spectroscopic analysis of tau fibrils, an important type of
amyloid protein aggregates, in their intracellular environment. Label-free volumetric chemical imaging of human cells
with/without seeded tau fibrils is demonstrated to show the potential correlation between lipid accumulation and tau
aggregate formation. Depth-resolved mid-infrared fingerprint spectroscopy is performed to reveal the protein
secondary structure of the intracellular tau fibrils. 3D visualization of the β-sheet for tau fibril structure is achieved.

Introduction
Alzheimer’s Disease (AD) affects nearly fifty million

people worldwide1. Individuals with AD develop cognitive
impairment including memory loss that eventually pro-
gresses to death. As an important type of amyloid protein
aggregates, tau aggregates are a pathological hallmark of
AD and related neurodegenerative disorders2,3. The
mechanism of tau aggregate formation and the pathways
underlying tau-induced diseases are still not well under-
stood. Characterizing the geometrical morphologies and
chemical structures of tau aggregates in their cellular
native states can provide valuable structural and func-
tional information useful for uncovering the mechanisms
of tauopathies and for developing therapeutics. To this

end, there are several challenges to overcome. First, the
tau protein aggregates are predominantly intracellular,
and their formation is sensitive to molecular environ-
ments2,4,5. It is, therefore, highly desired to perform non-
invasive and intracellular characterizations, which require
sub-cellular resolutions and compatibilities with intra-
cellular fluid environments. Second, aggregates formed by
different isoforms and conformers of tau exhibit
remarkable structural diversity at the atomic level asso-
ciated with distinct tauopathies5–7. The same protein can
also form distinct structures with respect to both
morphologies and molecular arrangements5. In addition,
β sheets constitute the main secondary protein structures
of tau aggregates and other types of amyloid protein
aggregates8,9. Therefore, it is preferable to develop
methods that can resolve 3D morphological and chemical
heterogeneities and are sensitive to β-sheet secondary
structure. Third, the interplay between amyloid protein
aggregates, including tau aggregates, and lipid droplets
might play an essential role in the formation of tau

© The Author(s) 2023
OpenAccessThis article is licensedunder aCreativeCommonsAttribution 4.0 International License,whichpermits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changesweremade. The images or other third partymaterial in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to thematerial. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

Correspondence: Jian Zhao (jianzhao@knights.ucf.edu) or
Ji-Xin Cheng (jxcheng@bu.edu)
1Department of Electrical and Computer Engineering, Boston University,
Boston, MA 02215, USA
2The Picower Institute for Learning and Memory, Massachusetts Institute of
Technology, Cambridge, MA 02142, USA
Full list of author information is available at the end of the article

12
34

56
78

90
()
:,;

12
34

56
78

90
()
:,;

1
2
3
4
5
6
7
8
9
0
()
:,;

12
34

56
78

90
()
:,;

www.nature.com/lsa
http://orcid.org/0000-0002-3947-4049
http://orcid.org/0000-0002-3947-4049
http://orcid.org/0000-0002-3947-4049
http://orcid.org/0000-0002-3947-4049
http://orcid.org/0000-0002-3947-4049
http://orcid.org/0000-0002-4337-2715
http://orcid.org/0000-0002-4337-2715
http://orcid.org/0000-0002-4337-2715
http://orcid.org/0000-0002-4337-2715
http://orcid.org/0000-0002-4337-2715
http://orcid.org/0000-0002-8820-3907
http://orcid.org/0000-0002-8820-3907
http://orcid.org/0000-0002-8820-3907
http://orcid.org/0000-0002-8820-3907
http://orcid.org/0000-0002-8820-3907
http://orcid.org/0000-0002-1316-4456
http://orcid.org/0000-0002-1316-4456
http://orcid.org/0000-0002-1316-4456
http://orcid.org/0000-0002-1316-4456
http://orcid.org/0000-0002-1316-4456
http://orcid.org/0000-0002-5607-6683
http://orcid.org/0000-0002-5607-6683
http://orcid.org/0000-0002-5607-6683
http://orcid.org/0000-0002-5607-6683
http://orcid.org/0000-0002-5607-6683
http://creativecommons.org/licenses/by/4.0/
mailto:jianzhao@knights.ucf.edu
mailto:jxcheng@bu.edu


aggregations but is not fully understood10–13, requiring a
method that enables the characterizations of lipids and
protein simultaneously.
To tackle these challenges, various techniques have

been applied to characterize tau aggregates and other
amyloid protein aggregates. Structural biology tools14,15,
including X-ray crystallography, small-angle X-ray scat-
tering, nuclear magnetic resonance spectroscopy, and
Cryo-Electron Microscopy (Cryo-EM), have played pivo-
tal roles in determining atomic-level structures of amyloid
fibrils16–19, α-synuclein oligomers20, tau protein21,22, and
tau filaments23,24. However, these methods require pur-
ified protein samples with complicated sample prepara-
tions14,25–27, making it challenging to directly analyze
intracellular tau aggregates in cells. In addition, the rela-
ted instrumentations and usages are expensive28 (e.g. ~$7
million for buying a Cryo-EM and ~$10,000 operational
cost per day), imposing additional restrictions. The
spectroscopy method, Circular Dichroism (CD) spectro-
scopy, can provide rapid secondary protein structure
quantifications for samples in dilute solutions20,29,30. Yet,
CD spectroscopy lacks high predictive accuracy for
β-sheet secondary structures29. More importantly, the
spectroscopic method usually lacks site-specific informa-
tion, leading to difficulties in attributing spectral features
to the structural heterogeneity of protein aggregates.
Imaging methods, such as Positron Emission Tomo-
graphy (PET) and fluorescence imaging, have also been
applied to investigate neurodegenerative diseases. PET
enables the brain-wide amyloid-β contents imaging with
radiotracer but has a low spatial resolution (~2 mm)31–33.
Fluorescence imaging is popular for high-resolution and
high-fidelity intracellular imaging of tau aggregates but
lacks the capabilities of quantifying secondary protein
structures4,34,35. Overall, the abovementioned solutions
are fundamentally limited by their inability to perform
cost-effective, non-invasive 3D imaging and analysis of
amyloid proteins’ morphology and chemical structure in
the cellular fluid.
Vibrational spectroscopic imaging, including Raman

and Infrared (IR)-based methods, can potentially cir-
cumvent the abovementioned technique barriers based on
cost-effective solutions for imaging amyloid protein
aggregates in their native states. For Raman-based solu-
tions, stimulated Raman scattering microscopy and tip-
enhanced Raman spectroscopic imaging have been
applied to investigate tau fibrils, amyloid plaques, and
protein aggregates related to polyglutamine diseases36–41.
However, Raman scattering is a weak process with an
extremely small cross-section of ~10−30 to ~ 10−28 cm2.
Due to this limitation, Raman imaging systems are based
on point-scanning configurations with tightly focused
high-power laser beams, resulting in low imaging speed,
weak signals in the amide bands, and a high potential for

photodamage42. In addition, Raman has difficulties in
discriminating parallel β-sheet protein from anti-parallel
β-sheet protein without ambiguities, while β-sheet protein
constitutes the most important secondary structure of
amyloid protein aggregates8,9. In comparison, IR-based
spectroscopic imaging solutions are more suitable for
detecting amyloid protein aggregates, such as tau fibrils
and oligomers. First, IR absorption offers a cross-section
of ~10−18 cm2 that is ten orders of magnitude larger than
Raman scattering43. An important advantage of IR lies in
its exceptional sensitivity to changes in the chemical bond
strength as well as variations in β-sheet protein secondary
structure in amide bands since a change of 0.02% can be
easily detected9,44. Therefore, IR-based spectroscopic
imaging methods feature higher sensitivity, greater accu-
racy and are free from a requirement of tightly focused
beam designs with a resulting reduction in the risk of
photodamage while detecting intracellular tau protein
aggregates. Conventional IR spectroscopy methods can
provide sensitive and accurate protein secondary struc-
ture analysis but lack high spatial resolution and site-
specific information45,46. Atomic Force Microscopy IR
(AFM-IR) spectroscopy overcomes issues arising from
low spatial resolution but is limited to 2D and requires dry
samples, which could alter the structure of the tau
aggregates due to changes in the native intracellular fluid
environment47,48.
The emerging Mid-IR Photothermal (MIP) microscopy49,

also called Optical Photothermal IR (OPTIR) microscopy,
opens a new avenue to detect amyloid protein aggregates.
MIP microscopy inherits the advantages of IR spectroscopy
while enabling hyperspectral 2D/3D chemical cell imaging
with diffraction-limited resolution in the visible band, and
being compatible with both point-scanning and widefield
imaging configurations50–58. Prior studies show that MIP
microscopy enables 2D imaging and mid-IR fingerprint
spectra extractions on polymorphic amyloid aggregates in
neurons using point-scanning systems59. Despite this sig-
nificant progress, demonstrated MIP-based characteriza-
tions of amyloid proteins still cannot uncover the 3D
heterogeneity of amyloid protein aggregates using 2D
imaging data and averaged spectra due to the system design.
3DMIP imaging of normal intracellular proteins is achieved
by integrating infrared excitation with optical diffraction
tomography55 and intensity diffraction tomography58. Yet,
3D chemical imaging of intracellular amyloid protein
aggregates has not been reported. Without additional gui-
dance, these volumetric imaging and spectroscopic analysis
methods of amyloid protein aggregates suffer because the
weak amyloid protein signal tends to be overwhelmed by
background signals from other proteins and the immersion
medium.
In this work, we present a fluorescence-guided com-

putational MIP microscope for 3D bond-selective imaging
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of intracellular amyloid protein aggregates (tau fibrils) as
well as lipid content in the fluid environment of a cell.
Our scheme can differentiate amyloid protein aggregate
signatures from the background protein signals, extract
3D site-specific mid-IR fingerprints spectra, and provide
high-resolution 3D visualizations of aggregate secondary
structure. Our method, termed Fluorescence-guided
Bond-Selective Intensity Diffraction Tomography (FBS-
IDT), integrates a simple 2D fluorescence imaging mod-
ality within a chemical intensity diffraction tomography
framework. FBS-IDT uses 2D fluorescence imaging as the
guide star for differentiating the amyloid protein aggre-
gates from other proteins within a large Field Of View
(FOV). Then, FBS-IDT performs time-gated pump-probe
hyperspectral detection to capture 3D Refractive Index
(RI) variations per mid-IR wave number to generate both
3D chemical imaging results and site-specific depth-
resolved mid-IR spectra. Based on protein secondary
structure analysis, 3D visualization of the secondary
structure compositions can be realized. Notably, FBS-IDT
is a cost-effective table-top microscope developed from
commercially available components, which fit most
laboratories’ routine usage. Compared to various state-of-
the-art techniques, FBS-IDT resolves the difficulties of 3D
chemical imaging of amyloid protein aggregates and their
secondary protein structure in their native intracellular
fluid environment for the first time. In the following
sections, we first illustrate FBS-IDT’s principle and system
design. Then, we demonstrate high-fidelity 3D chemical
imaging of intracellular tau fibrils and lipid contents and
showcase their potential correlations at the single-cell
level. Next, we show that depth-resolved mid-IR finger-
print spectra can be extracted from tau fibrils and reveal
the chemical structure differences between tau fibrils and
diffusive tau protein. Finally, we demonstrate depth-
resolved protein’s secondary structure analysis and 3D
visualization of tau fibrils’ β sheets structure.

Results
FBS-IDT principle, workflow, and instrumentation
FBS-IDT integrates the 3D label-free chemical imaging

modality with a simple 2D single-photon fluorescence
imaging modality. The chemical imaging modality utilizes
a pump-probe MIP tomography imaging scheme to pro-
vide 3D chemical imaging information with high temporal
and spatial resolution as well as site-specific mid-IR fin-
gerprint spectra. Within this framework, the mid-IR
pump laser induces chemical-specific volumetric MIP
effects, and the visible probe laser images the induced 3D
RI variations. Meanwhile, the 2D fluorescence imaging
modality can extract the target amyloid protein aggregates
from background protein signals. This 2D image can work
as the guide star for the chemical imaging modality to
perform the site-specific mid-IR protein secondary

structure analysis, which can determine the spectral
locations and areas of secondary structures. Finally, 3D
visualization of protein secondary structures for amyloid
protein aggregates can be achieved using the spectral
ratio map.
The principle of 3D label-free chemical quantitative

phase imaging is illustrated in Fig. 1a–d. FBS-IDT relies
on the MIP effects from the mid-IR fingerprint region,
where each absorption peak corresponds to a unique
molecular vibrational bond60, to generate the molecular-
specific 3D RI maps. As shown in Fig. 1a, a pulsed and
tunable mid-IR pump beam is incident on the sample and
absorbed by the particular chemical compositions. This
chemical-specific absorption changes the temperature
and causes local sample expansions that modify the local
RI distributions61. Meanwhile, each pulsed visible probe
beam from the customized laser ring array is synchro-
nized with the mid-IR laser pulse to image the MIP-
induced RI variations. This pump-probe detection is a
transient process in that the local heat can dissipate
within a few microseconds to tens of microseconds61,62.
Here, the 3D RI sample map is reconstructed using the
IDT method (Methods). The IDT method implements a
physical model that relates the sample’s properties to the
scattering information recorded by the 2D intensity
images based on the first-Born approximation63–65. Under
this approximation, the scattered field from each point
within the object space is independent and allows the 3D
object to be treated as an axially discretized set of
decoupled 2D slices. This discretization enables slice-wise
3D reconstruction of the object’s RI map using decon-
volution. As shown in Fig. 1b, the 2D intensity image
captured under each oblique probe illumination contains
the linearized cross-interference information that can be
mapped onto shells of an Ewald’s sphere in the 3D fre-
quency domain. The object’s 3D RI map can be recon-
structed by transforming the synthesized Ewald’s sphere
to the spatial domain using the data from 16 different
probe illuminations65. 3D RI map reconstructions are
performed for both “Cold” and “Hot” states (Fig. 1c). The
“Cold” and “Hot” states are created by the high-speed
modulation of the pump mid-IR laser between the “Off”
and the “On” states, where the chemical-specific MIP-
induced RI variations are absent or present. The
chemical-specific 3D RI variation map under a particular
mid-IR wavenumber is recovered by the subtraction
between “Hot” and “Cold” 3D RI maps. Repeating the
chemical RI map extractions for the mid-IR fingerprint
region can generate the 4D hyperspectral chemical images
that contain 3D site-specific mid-IR spectra information
(Fig. 1d).
Fluorescence-guided amyloid protein aggregate chemi-

cal information extractions are illustrated in Fig. 1e–g.
First, the FBS-IDT is switched to fluorescence imaging
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mode by activating the 488 nm excitation laser beam and
adding spectral filters (Fig. 1e). The excitation laser beam
illuminates the sample labeled by Green Fluorescent
Protein (GFP). A 2D single-photon fluorescence emission

intensity image is recorded on the same camera. This 2D
intensity image serves as a guide star to differentiate the
boundary between the normal protein and the amyloid
protein aggregates. Under the guidance of the 2D
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fluorescence image, we can extract the site-specific mid-
IR fingerprint spectra from the target areas in the 4D
hyperspectral chemical images (Fig. 1f). A peak decon-
volution of amide I bands in those spectra enables the
protein’s secondary structure analysis46,60 (“Methods”
section), which resolves and quantifies the positions and
areas of different protein bands, such as α-helical struc-
tures and β-sheet structures (Fig. 1f). Based on the ana-
lysis in Fig. 1f, we can generate the mid-IR spectral ratio
map using two 3D chemical images corresponding to
selected secondary structure positions (Fig. 1g). In this
work, we mainly use this ratio map method59,66,67 to
visualize 3D β-sheet structure distribution. Overall, FBS-
IDT enables the characterization of intracellular chemical
compositions in cellular fluid environments, including the
4D hyperspectral chemical imaging information, the 3D
site-specific mid-IR fingerprint spectroscopy, and the 3D
visualization of protein secondary structure. The above-
mentioned information fully characterizes the intracel-
lular amyloid protein aggregates and provides 3D
chemical information for other important organelles, such
as lipid droplets, correlated to protein aggregates
formation.
The FBS-IDT’s system design is demonstrated in Fig. 2.

More details about the hardware can be found in Meth-
ods. FBS-IDT is based on a simple brightfield transmis-
sion microscope constructed using a microscope
objective, a tube lens, and a CMOS camera (Fig. 2a, b).
The unique add-on elements are the customized 450 nm
laser ring array containing 16 low-cost diode lasers, the
tunable mid-IR Quantum-Cascade Laser (QCL), and the
488 nm excitation laser. The mid-IR laser beam and the
488 nm excitation laser beam share the same beamline.
The 450 nm laser, the mid-IR laser, and the excitation
laser work as the probe beam, the pump beam, and the
fluorescence excitation beam, respectively. The illumina-
tion angle per probe laser beam matches the objective’s
Numerical Aperture (NA), maximizing the imaging sys-
tem’s spatial frequency coverage63. This spatial frequency
enhancement expands the accessible bandwidth following
the synthetic aperture principles68 and enables the
diffraction-limited resolution (~350 nm laterally, ~1.1 µm
axially) equivalent to incoherent imaging systems58. For
the MIP-induced RI variations, we use an off-axis gold
parabolic mirror to loosely focus the mid-IR pump beam
on the sample with a beam spot size of �63 µm Full width
at half maximum (FWHM). This beam spot size is suffi-
ciently large for widefield single-cell imaging. During data
acquisition, FBS-IDT is first operated under the fluores-
cence mode using the 488 nm excitation laser beam to
guide MIP-based imaging (Fig. 2a). After obtaining the 2D
guide-star image, the FBS-IDT turns on the pump-probe
detection beams and performs 3D chemical quantitative
phase imaging (Fig. 2b). Since the 3D chemical

quantitative phase imaging detects the transient RI fluc-
tuation within the microsecond time scale, time syn-
chronization is essential to capture high Signal-to-Noise
Ratio (SNR) images. To this end, both the probe laser and
the mid-IR laser are modulated under pulse modes
(~10 kHz repetition rate and ~1 µs pulse duration) for
transient pump-probe photothermal detection (Fig. 2c).
An additional 50 Hz modulation is applied to the mid-IR
laser to create “Hot” and “Cold” states since the CMOS
camera is running at 100 Hz. Based on this design, the 3D
chemical quantitative phase imaging speed can reach up
to ~6 Hz58. Overall, FBS-IDT features a simple and cost-
effective system design and enables intracellular volu-
metric high-resolution, high-speed chemical imaging and
site-specific spectroscopic analysis of amyloid protein
aggregates in intracellular fluid environments.

3D bond-selective imaging of intracellular lipids and
proteins
Lipid homeostasis plays a vital role in maintaining

normal neuronal functions. Dysregulation of lipid meta-
bolism has been observed to correlate with neurodegen-
erative diseases10,13. Previous imaging research confirmed
the co-localization of lipid compositions with amyloid
protein deposits in tissues69–71. Despite this progress, the
role of lipids in neurodegenerative diseases is still not
clear. It requires imaging tools to investigate the interplay
between lipids and amyloid protein aggregates. To this
end, 3D chemical imaging is highly desired for visualizing
different intracellular chemical compositions in a fluid
environment. In Fig. 3, we demonstrate label-free hyper-
spectral 3D chemical imaging on fixed human epithelial
cells (Tau RD P301S FRET Biosensor cells). The cells in
the experimental group were cultured with seeded tau
fibril fractions, while the cells in the control group were
cultured without tau fibril seeding (“Methods” section).
All the cell samples were fixed, washed, and immersed in
D2O Phosphate-Buffered Saline (PBS) between two pieces
of 0.2-mm-thick Raman-grade CaF2 glasses. D2O-based
PBS demonstrates a relatively flat spectral response and
minimizes the overlap between the amide I protein band
and the O–H bending vibration from water72. Cells in
both the experimental and control groups were imaged
under the same mid-IR laser illuminations. Figure 3a–d
(see Fig. S1 in the Supplementary Information for more
data) demonstrate depth-resolved reconstructions of the
cell with tau fibrils under four different conditions: (a) RI
map without mid-IR laser illumination; (b) protein
absorption map in the amide I band; (c) lipid absorption
map; (d) RI variation map at the cell-silent window
(1800–2700 cm−1) where minimal RI changes are expec-
ted. Based on the above imaging results, the variation of
cellular features along different axis positions can be
clearly observed. The chemical-specific cellular features
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only appear under the corresponding mid-IR fingerprint
wavenumbers, resulting in the distinct morphology
between the protein and the lipid maps. The chemical
images from the cell-silent window confirm that the
imaging contrast originates from MIP-induced absorp-
tion. Halo patterns and missing-cone artifacts are well-
known and commonly observed in quantitative phase
imaging73–75. Our FBS-IDT method inevitably suffers
from these artifacts. Nevertheless, these artifacts in our
reconstructions are insignificant. Our FBS-IDT method
successfully reconstructs the true features of the objects
with high fidelity. We further illustrate our system’s high
reconstruction fidelity on an artificial polymethyl metha-
crylate bead phantom (Supplementary Information: 3D
bond-selective imaging of an artificial phantom).
Here, the experimental group’s protein-based signal

(Fig. 3b) is distributed throughout the cell, making it hard
to locate the tau fibrils. Besides the protein map, the lipid
map (Fig. 3c) of the experimental group demonstrates
high concentrations of lipid compositions, which might
correlate to the tau fibrils formation in the cell13,71. For

the control group without tau fibrils, chemical images
(Fig. 3i–l) are acquired under the same conditions as the
cell in the experimental group. We can clearly observe the
chemical-specific depth-resolved cellular structures based
on the control group’s chemical imaging results. Com-
pared to the experimental group, the significant difference
is mainly manifested in the lipid map, where the control
group has a low concentration of lipid contents. This stark
difference in lipid concentrations between the control and
experimental groups matches previous observations69–71,
which might correlate to the tau fibrils formation. Besides
the depth-resolved 2D demonstrations, we further per-
form 3D rendering of the chemical imaging results for the
experimental group (Fig. 3e–h and Supplementary Movie
1) and the control group (Fig. 3m–p and Supplementary
Movie 2). These 3D chemical images and movies clearly
illustrate the volumetric distribution of the chemical-
specific cellular structures. The overlay 3D images
simultaneously show the protein and lipid volumetric
distribution, providing rich chemical and spatial correla-
tion information. Although proteins with different
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Fig. 2 FBS-IDT instrumentation. FBS-IDT is based on a widefield transmission microscope consisting of a ×40 microscope objective, a tube lens, a
CMOS camera, and add-on modalities that include a probe laser ring, a mid-IR pump laser, and an excitation laser. a 2D single-photon fluorescence
intensity imaging mode. Under this mode, both the excitation filter and the emission filter are turned on. The 488 nm excitation laser beam is loosely
focused on the sample using an off-axis parabolic mirror. b 3D chemical imaging mode. The oblique illumination of each probe beam matches the
objective’s NA. The pump beam shares the same beam path with the 488-nm excitation laser beam. Under this mode, both pump and probe lasers
are turned on and illuminating the sample while the excitation laser is switched off. c Time synchronization scheme for 3D chemical imaging. Both
probe laser and mid-IR laser are running at 10 kHz with a pulse duration of ~1 µs. Each probe pulse is synchronized with a mid-IR laser pulse with a
time delay of ~0.5 µs. An additional 50 Hz on/off duty-cycle modulation is imposed on the mid-IR laser to generate “Hot” and “Cold” frames on the
camera. The camera is running with a frame rate of 100 Hz. Additional details on the timing scheme can be found in the Supplementary Information:
Timing scheme
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secondary structure compositions are supposed to show
varying MIP absorption, it is still difficult to directly
extract this small variation. This gap can be filled when
the 2D fluorescence guidance comes into play, as shown
below.

Depth-resolved mid-IR fingerprint spectra of tau fibrils
Amyloid protein aggregates exhibit highly hetero-

geneous chemical structures and morphologies5,7,76. The

chemical and morphological variations show different
levels of neurotoxicity and are associated with different
stages of AD76–78. This heterogeneity is site-specific and
sensitive to the cellular environment since the formation
of the aggregate structure is subject to post-translational
modifications and cofactors5,7. The chemical, morpholo-
gical and functional heterogeneity in AD is poorly
understood, especially for the prefibrillar and early-stage
aggregates. FBS-IDT enables 3D chemical imaging and 3D
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group with fibrillar tau aggregates. i–p 3D chemical imaging of the control group without fibrillar tau aggregates. The fixed cells for both groups are
immersed in D2O PBS. The scale bar in (d) is applicable to (a–d) and (i–l). a, i Depth-resolved cold imaging results. b, j Protein imaging results with
1628 cm−1 mid-IR wavenumber. c, k Lipid imaging results with 1745 cm−1 mid-IR wavenumber. The wavenumber at 1745 cm−1 corresponds to the
peak of the lipid ester C=O58,90,91. d, l Off-resonance imaging results with 1900 cm−1 mid-IR wavenumber. Most biochemical compounds have
significantly weak or no absorptions at this cell-silent wavenumber. e, f, h 3D rendering of the cells in the experimental group shown in (a–c).
g Overlay chemical imaging results of (f) and (h). m, n, p 3D rendering of the cells in the control group shown in (i–k). o Overlay chemical imaging
results of (n) and (p). Extended data can be found in Fig. S1 in the Supplementary Information
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site-specific mid-IR spectra extraction for intracellular
protein aggregates in the cellular fluid environment. Here,
we demonstrate FBS-IDT’s capabilities of depth-resolved
mid-IR fingerprint spectra extractions (Fig. 4).
We first performed single-photon 2D intensity fluores-

cence imaging on cells with/without tau fibrils (Fig. 4b, e).
As expected, the experimental group shows strong GFP-
emission signals from labeled fibrillar tau aggregates,
while no tau aggregates are observed in the control group.
Fluorescence imaging results confirm the existence of tau
fibrils in the experimental group and provide a guide star
for extracting mid-IR spectra for tau fibrils. To extract
depth-resolved mid-IR spectra, we first obtain hyper-
spectral 3D chemical images (4D data) of the cell samples
for both experimental and control groups, covering the
mid-IR fingerprint region. It is well known that the major
absorption peak of the β-sheet structure is ~1630 cm−1 in
the amide I band8,44. We thereby selected the areas of
interest with high SNR for extracting mid-IR spectra from
the tau fibrils using a protein map at 1628 cm−1 under
fluorescence guidance (Fig. 4c). We further generated the
depth-resolved mid-IR fingerprint spectra from the
selected areas by averaging voxels within each axial plane.
The depth-resolved mid-IR fingerprint spectra for tau
fibrils are shown in Fig. 4g, i, k. As a comparison, we
performed similar operations for the cell sample in the
control group. The spectra plots for the control group are
demonstrated in Fig. 4h, j, l. For both the experimental
group and the control group spectra, the signature amide-
I absorption peak (~1650 cm−1) and two amide-II bands
(~1450 cm−1 and ~1550 cm−1) can be observed. Here,
amide I vibration depends on the secondary structure of
the polypeptide backbone and is hardly affected by the
sidechain44. It is highly sensitive to secondary structure
variations and is commonly applied to protein secondary
structure analysis44. Therefore, we focus on the amide I
band for analyzing the cell samples. As illustrated in Fig.
4g, i, k (see Fig. S2 in the Supplementary Information for
more data), the amide I bands’ shapes significantly vary
with the axial depths for the experimental group, which
shows the heterogeneity of the tau fibrils. In contrast, the
amide I bands of the control group in Fig. 4h, j, l (see Fig.
S2 in the Supplementary Information for more data)
demonstrate slight variations, consistent with the rela-
tively uniform distribution of the diffusive protein.

Protein secondary structure analysis and 3D visualization
of β-sheet structure
Based on the depth-resolved mid-IR fingerprint spectra

shown in Fig. 4, we further performed the protein sec-
ondary structure analysis for the experimental and the
control groups. As shown in Fig. 5a (see Fig. S3 in the
Supplementary Information for more data), we performed
the Fourier self-deconvolution46,60 on amide-I band

spectra to quantify the main protein secondary structure
compositions, such as β sheet, α helix, and random coil
(Methods). The protein secondary structure analysis of
the experimental group confirms that the β sheet is the
main secondary structure of the tau fibrils, which is
consistent with previous observations by Cryo-EM
before23,24. The variations of the experimental group’s
secondary structure compositions further show the tau
fibrils’ chemical structure heterogeneity. In comparison,
the analyses of the control group that consists of diffusive
proteins demonstrate much lower percentages of β sheet,
indicating relatively homogeneous chemical structures.
Overall, the depth-resolved mid-IR spectra and related
protein secondary structure analyses validate the exis-
tence, the chemical compositions, and the heterogeneity
of the intracellular tau fibrils, which are consistent with
our fluorescence imaging and known facts.
To visualize 3D protein secondary structure, we further

selected two 3D protein maps from the experimental
group’s 4D hyperspectral data (Fig. 5b). We obtain the
mid-IR spectral ratio map by dividing the 1628 cm−1 map
by the 1644 cm−1 map59,66,67. After denoising processing,
3D visualization of β-sheet structure in tau fibrils was
achieved (“Methods” section). 3D rendering of the β-sheet
structure is shown in Fig. 5c and Supplementary Movie 3.
We further demonstrate 2D cross-sections along different
axial depth positions within the β-sheet 3D reconstruction
in Fig. 5d–h. Although Cryo-EM enables high-resolution
3D characterization of tau aggregates, it is limited to
purified protein extracted from cells with complicated
sample preparations. Here, our FBS-IDT neither requires
purified protein nor imposes any additional requirements
on the protein aggregate sample preparations. It can
directly perform 3D chemical non-invasive imaging of the
intracellular protein aggregates and their secondary
structure in the cell fluid with an optical approach. The
validity of our protein secondary structure imaging
approach relies on the extracted mid-IR spectra, the
fidelity of which has been investigated and proven to be
comparable to those obtained using the golden-standard
Fourier-Transform Infrared (FTIR) Spectroscopy54,58.

Discussion
Based on simple and cost-effective instrumentation, FBS-

IDT enables chemical imaging on lipid droplets and pro-
tein, protein aggregates characterizations inside the cellular
fluid, and 3D site-specific mid-IR spectroscopic analysis,
which are not demonstrated by other state-of-the-art
methods. Specifically, FBS-IDT realizes label-free hyper-
spectral 3D quantitative chemical imaging of intracellular
tau fibrils and lipid droplets in the cellular fluid with a high
speed and a high resolution. Based on the hyperspectral
imaging capabilities, FBS-IDT further achieves 3D site-
specific mid-IR spectroscopy analysis on the tau fibrils and
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Fig. 4 Fluorescence-guided depth-resolved mid-IR fingerprint spectra of tau fibrils. a Cold IDT image at −1.065 µm depth for the cell with tau
fibrils. b 2D single-photon fluorescence intensity image of the cell shown in (a). c Select areas within the tau fibrils from the 3D chemical protein map
at 1628 cm−1. The selection is guided by the 2D image in (b) and highlighted in red. d Cold IDT image at −1.065 µm depth for the cell without tau
fibrils. e 2D single-photon fluorescence intensity image of the cell shown in (d). f Select areas that show protein signals from the 3D chemical protein
map at 1628 cm−1. The selection is highlighted in red. g–k Depth-resolved mid-IR spectra extracted from the areas shown in (c). h–l Depth-resolved
mid-IR spectra extracted from the areas shown in (f). The axial depth value of each spectrum is shown in the top left of each plot for (g) to (l).
Extended data can be found in Fig. S2 in the Supplementary Information
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fluorescence-guided 3D visualization of this aggregate’s
protein secondary structure for the first time.
FBS-IDT’s superior performance is rooted in the inno-

vative instrumentation design by integrating fluorescence

and MIP imaging into the computational imaging fra-
mework. First, FBS-IDT’s pump-probe pulsed IDT ima-
ging design can directly correlate each voxel in the 3D
object to its unique mid-IR spectra with a high resolution.
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With this design, FBS-IDT efficiently recovers the 3D RI
information from the intensity images and generates a
stack of 3D chemical images using biological objects’ RI
variations. Since each 3D image correlates with the
unique MIP effect under a particular mid-IR wave-
number, extracting the voxel’s value from the same spatial
position of all the 3D images can recover a site-specific
mid-IR fingerprint spectrum. Unlike FBS-IDT, most
conventional spectroscopy approaches, such as Raman
spectroscopy, CD spectroscopy, and FTIR spectroscopy,
merely provide spectra averaged over the sample volumes
without 3D spectroscopic analysis capabilities. Recently
emerging AFM-IR spectroscopy can extract IR spectra
from specific sites but is limited to 2D plane47,48. In
addition to the above advantages, FBS-IDT can convert
the 3D site-specific mid-IR spectra into high-resolution
images, circumventing the low-resolution restrictions of
conventional IR-based spectroscopic imaging methods,
such as FTIR micro-spectroscopy79. This is achieved by
separating the detection process from the IR absorption
process. The 450 nm short wavelength detection guaran-
tees high spatial resolution. Meanwhile, the oblique illu-
mination further enhances the resolution up to the
incoherent resolution limit. Second, FBS-IDT applies a
tunable, broadband QCL laser for mid-IR fingerprint
spectroscopic imaging, laying the foundation for high-
sensitivity bond-selective imaging and protein secondary
structure analysis for amyloid protein aggregates. As
reported in the previous research44, mid-IR spectroscopy
is sensitive to a small fraction (~0.02%) of chemical bond
strength change and can reach spectroscopy resolution up
to ~0.2 Angstrom, which guarantees FBS-IDT’s chemical
sensitivity. Furthermore, due to its reliable quantification
capability, the mid-IR amide I band has been commonly
applied to perform protein secondary structure analy-
sis9,44. Notably, it is exceptionally sensitive to β-sheet
secondary structure in amyloid protein aggregates and
can efficiently track protein aggregation kinetics9,44.
Compared with mid-IR-based FBS-IDT, Raman spectro-
scopy requires a much higher concentration of analytes to
obtain reasonable SNR, making it not commonly applied
in protein secondary structure analysis9. Another impor-
tant spectroscopy method, CD spectroscopy, is less
accurate in analyzing β-sheet structure than other sec-
ondary structures29, limiting its applications in amyloid
protein. Besides the advantages of imaging and analyzing
amyloid protein aggregates, FBS-IDT’s mid-IR fingerprint
spectroscopic imaging significantly simplifies the
requirements for fluorescence tag. Unlike fluorescence-
only imaging methods, FBS-IDT merely needs a single
fluorescent tag for a certain type of protein since FBS-IDT
can easily distinguish different biomolecules, such as
lipids, DNA, and RNA, from proteins relying on label-free
MIP effects. This can avoid spectral overlap issues from

multiplexed fluorescence tags. Third, different from
electron microscopy, FBS-IDT works in the visible and IR
optical bands with a widefield configuration, compatible
with fixed/living biological objects in the native cellular
fluids and free from protein purification requirements.
Here, both visible and mid-IR illuminations are non-toxic
and harmless to most living biological entities. Also, the
widefield illumination beams are either fast-diverging or
loosely focused, resulting in low light intensity on the
sample. Hence, the FBS-IDT’s optical imaging scheme
guarantees non-invasive, safe, and low photodamage
biological imaging in objects’ native states. Compared to
FBS-IDT, Cryo-EM mainly applies to purified protein
samples23,24 with complicated sample preparations27,
hindering the investigations of the intracellular amyloid
protein aggregates. Another emerging technique, AFM-IR
spectroscopy imaging, does not require a purified protein
sample but is limited to dry samples47,48. The dehydration
process can alter the pathological protein aggregate since
they are sensitive to the environment5. Fourth, the FBS-
IDT is a universal and scalable imaging platform with an
affordable cost and negligible daily operational expenses.
FBS-IDT does not require specialized optics and can be
realized by adding CW diode lasers and a mid-IR laser to a
standard brightfield microscope. The cost of FBS-IDT is
affordable to most laboratories compared to Cryo-EM
machine’s several million dollars cost and ~10 k dollars
daily operational fee28.
FBS-IDT’s system performance still has room for

improvement. First, the fluorescence tag inevitably per-
turbs cellular functions and tends to bring in photo-
bleaching issues in the current design. To realize fully
label-free imaging, a deep neural network could be trained
to extract the weak contrast of the target protein aggre-
gates from the background protein signal and effectively
denoise the extracted image. Second, the linear IDT
reconstruction method degrades with high NA and strong
scattering biological samples. The recently developed
non-paraxial multiple-scattering model80 can be deployed
within the FBS-IDT framework to significantly improve
FBS-IDT’s resolution and high-fidelity imaging cap-
abilities on strong scattering biological samples. Third,
deep learning could be integrated with the FBS-IDT
method to alleviate the reconstruction artifacts81,82.
Fourth, the high-energy nanosecond mid-IR optical
parametric oscillator could replace the current low-energy
QCL laser, improving the SNR and expanding the FOV.
FBS-IDT’s application potential can be further explored

to support tauopathy research by performing systematic
imaging investigations in the future. There are many
fundamental questions to be answered in tauopathy, such
as the mechanism of tau aggregate generation/propaga-
tion and the role of tau oligomers in neuron toxicity2.
Additional questions include how FBS-IDT signals differ
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depending on the type of amyloid (e.g., tau vs. β-amyloid)
or even the type of tau conformer83. To answer these
questions, tau aggregation must be investigated at both
single-cell and tissue levels to elucidate how tau aggre-
gates vary in spatial distribution, chemical/morphological
heterogeneity, conformation, relationship with environ-
ments, and interaction with organelles. Related biological
samples can be from cultured cells/tissues or model ani-
mals. Future studies will need to focus on in vivo imaging
to monitor the dynamics of tau and its aggregation. FBS-
IDT is particularly suitable for the aforementioned
application scenarios. It enables high volumetric imaging
speed, non-invasive 3D spectroscopic imaging and ana-
lytic capabilities, and compatibility with biological ana-
lytes in cellular fluids. FBS-IDT will enable the
comprehensive characterization of tau aggregates under
numerous conditions.
In summary, using a cost-effective optical imaging sys-

tem, FBS-IDT realizes 3D chemical imaging and spec-
troscopic analysis of intracellular lipid droplets, tau
aggregate, and the secondary structure of tau aggregates
in the cellular fluid. FBS-IDT enables 3D spatially-
resolved mid-IR fingerprint spectra extraction and quan-
titative chemical imaging with sub-micrometer spatial
resolution and Hz-level speed. The above spectroscopic
chemical imaging does not impose additional restrictions
on the biological samples, opening a new avenue for
in vivo imaging of intracellular protein aggregates. Nota-
bly, FBS-IDT is based on a modular design developed
from low-cost standard optics components, which can be
easily adapted to meet different imaging needs. We
envision that the FBS-IDT can significantly contribute to
neurodegeneration research and a broad range of bio-
medical applications.

Materials and methods
Instrumentation
The transmission brightfield microscope for FBS-IDT is

a simple 4f imaging system built using the Thorlabs off-
the-shelf components, including a microscope objective
(RMS40x, 0.65 NA, 40x magnification), a tube lens
(TTL180A, f= 180 mm), a silver plane mirror, and stan-
dard 60 mm cage assembling system. The camera is an
Andor CMOS camera (ZYLA-5.5-USB3-S). The 488 nm
excitation laser beam for the 2D single-photon intensity
fluorescence imaging is generated from a tunable femto-
second laser (Coherent, Chameleon Ultra) by frequency
doubling its 976 nm wavelength. The excitation laser
beam power is ~30mW. The fluorescence imaging in
FBS-IDT can also use the 488 nm beam from a regular
CW diode laser. We installed switchable excitation filters
(ET485/20 from Chroma) and emission filters (FF01-525/
45 from Semrock and FELH0500 from Thorlabs) in the
FBS-IDT beamline to switch between the fluorescence

imaging mode and the chemical imaging mode. For the
label-free chemical imaging, we added a ring-shaped
probe laser system and a mid-IR laser to the brightfield
microscope. The probe laser beam is from a customized
ring laser illumination system that consists of 16 indivi-
dual fiber-coupled (multimode optical fiber: 0.22 NA and
105 µm core diameter) diode lasers (wavelength:
~450 nm, average power under CW mode: ~3W, repeti-
tion rate: up to 10 kHz, pulse duration: ~0.6 µs to ~10 µs).
Under pulsed mode, the probe laser output power is
~30mW based on a ~ 0.01 duty cycle. Each probe beam’s
illumination angle is adjusted to match the microscope
objective’s NA. Two operation modes of the ring laser
illumination system are available: 8 probe lasers and 16
probe lasers (Supplementary Information: Timing
scheme). The pump laser beam is from a tunable mid-IR
QCL laser (Daylight solution MIRcat-2400). A gold
parabolic mirror (Thorlabs, MPD01M9-M03) redirects
the excitation laser beam or the mid-IR pump beam into
the sample. For pump-probe chemical imaging, the pulse
duration and the repetition rate are set to ~1 µs and
10 kHz for both probe and pump beam, while the Andor
camera runs at a 100 Hz frame rate. The energy fluence of
the probe beam on the sample area is ~0.2 pJ/µm2. The
mid-IR energy fluence on the sample is ~50 pJ/µm2,
depending on the wavenumber. Additional duty cycle
control is applied to the mid-IR pump laser so that the
10 kHz pulse train is turned on and off at 50 Hz. During
data acquisition, the probe laser, the pump laser, and the
camera are synchronized using a pulse generator (Quan-
tum Composers 9214). The FBS-IDT system control and
data acquisitions are based on customized MATLAB
codes. The spatial resolution of FBS-IDT is diffraction-
limited and is mainly determined by the coherent prop-
erties of the light source, the wavelength, and the NA of
the microscope objective. The FOV of FBS-IDT can safely
cover a 3D volume of ~100 µm × 100 µm × 50 µm
(width × length × depth). For larger thin samples, the lat-
eral FOV can be extended further using a scanning and
stitching method58.

Imaging method
For 2D single-photon intensity fluorescence imaging,

FBS-IDT acquires the intensity image using the CMOS
camera. For the area of interest smaller than the excitation
beam size, the intensity image can be directly used as the
guide star. For areas larger than the excitation beam size,
FBS-IDT can scan the excitation beam to extend its FOV.
The scanned images are stitched using the standard
deviation projection (Fiji ImageJ, Version:1.53 c).
For label-free chemical imaging, FBS-IDT is using a

similar approach developed by Zhao and Matlock et al. 58.
The 3D RI map reconstruction follows the conventional
IDT model published by Ling et al. 64 and the annular IDT
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work by Li and Matlock et al. 63. For FBS-IDT, the bio-
logical object is modeled as a 3D scattering potential
within a given volume Ω as V r; zð Þ ¼ k2 4πð Þ�1ΔϵðrÞ,
where r denotes the spatial coordinates x; y; zh i, k is the
probe beam’s wavenumber, and Δϵ rð Þ is the permittivity
contrast between the biological object and its immersion
medium. Each oblique probe beam is treated as a plane
wave ui rjνið Þ incident on the sample with a illumination
angle defined by the lateral spatial frequency vector νi.
Based on the first-Born approximation, the total scatter-
ing field from the biological object generated by the probe
beam can be evaluated as a summation

utot rjνið Þ ¼ ui rjνið Þ þ
ZZZ

Ω
ui r

0jνið ÞV r0ð ÞG r� r0ð Þd3r0 ð1Þ

of the incident and first-order scattered field defined by a
3D convolution with the Green’s function G rð Þ. Our
model assumes that the total scattered field results from a
stacked set of 2D slices through the object since the
scattering events from each point in the object are
mutually independent. This assumption implies that the
3D RI map can be recovered from a single 2D plane if the
additional propagation is included in the inverse model
for recovering each axial slice. FBS-IDT relates the
object’s 3D scattering potential with the measured
intensity images using the cross interference between
the incident and the scattered field from the probe laser.
The cross interference linearly encodes the scattering
potential into intensity. Based on oblique probe beam
illumination, the cross-interference term and its conjugate
are spatially separated in the Fourier plane allowing for
linear inverse scattering models under the first-Born
approximation. With this separation and the complex
permittivity contrast assumption (Δϵ r; zð Þ ¼ Δϵre r; zð Þ þ
jΔϵimðr; zÞ), a forward model can be developed

Î x; yjνið Þ ¼ P
mHre ν;mjνið ÞΔϵ̂re ν;mð Þ

þHim ν;mjνið ÞΔϵ̂im ν;mð Þ ð2Þ

where �̂ denotes the Fourier transform of a variable, m
denotes the axial slice index, and Hre and Him are the
transfer functions (TFs) containing the physical model.
These transfer functions have the form

Hre ν;mjνið Þ ¼ jk2Δz
2 A νið ÞP νið Þ

P ν� νið Þ e�j η ν�νið Þ�η νið Þ½ �mΔz

η ν�νið Þ � P νþ νið Þ ej η νþνið Þ�η νið Þ½ �mΔz

η νþνið Þ
h i ð3aÞ

Him ν;mjνið Þ ¼ � k2Δz
2 A νið Þ

P νið Þ P ν� νið Þ e�j η ν�νið Þ�η νið Þ½ �mΔz

η ν�νið Þ þ P νþ νið Þ ej η νþνið Þ�η νið Þ½ �mΔz

η νþνið Þ
h i

ð3bÞ
where A νið Þ is an illumination light amplitude, PðνÞ is the
pupil function, Δz is the discretized slice thickness based

on the microscope’s depth of field, η νð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ�2 � νj j2

q
is

the axial spatial frequency, and λ is the imaging
wavelength. Given this linear forward model, the model
inversion can be performed by slice-wise deconvolution
with Tikhonov regularization. The image reconstruction
is based on customized MATLAB codes.
Based on the above method, FBS-IDT can reconstruct

the 3D RI maps for the object under “Cold” and “Hot”
states. The 3D chemical image is obtained by subtraction
between the “Hot” from the “Cold”. For 3D visualization
of the protein secondary structure, two 3D chemical
images of interest are selected and normalized by their
corresponding mid-IR laser power. Then, the division
between the two 3D chemical images is performed to
generate a 3D ratio map that shows the 3D contrast of the
secondary structure. Then, the 3D ratio map is further
denoised using thresholding and median filtering
(MATLAB function: medfilt2). The 2D fluorescence
image can also delineate the boundary of tau fibrils to help
reduce extra noise.

FBS-IDT mid-IR spectroscopy
We first perform hyperspectral imaging over the mid-IR

fingerprint region, generating a stack of 3D chemical
images for each mid-IR wavenumber. Extracting the value
of a certain voxel in the 3D object from all the 3D che-
mical images in the mid-IR fingerprint region and
repeating this procedure over all voxels can generate the
raw 3D site-specific mid-IR spectrum. Then, the raw
spectrum is normalized by the measured mid-IR laser
intensity spectrum and further denoised using a Savitzky-
Golay filter84. We repeat the above procedures for the
voxels of interest selected per depth. To increase the SNR,
we average the obtained spectra within the same depth to
generate the depth-resolved mid-IR spectra. We further
performed baseline correction processing on the mid-IR
spectra60. For protein secondary structure analysis, we
selected the amide I band region (1600–1700 cm−1) to
perform the deconvolution on the spectra assuming
Lorentzian lineshape46,60. The abovementioned baseline
correction processing and deconvolution-based secondary
structure analysis were all performed by a peak analysis
application module (Peak Deconvolution, Version 1.90)
embedded in the commercial software OriginPro
2021(Version 9.8.0.200).

Biological samples
Tau RD P301S FRET Biosensor (TRPFB) cells were used

for the designated experiment to examine the seeding
activity of fibril fractions extracted from aged (9 month)
PS19 P301S mouse brain. The TRPFB cells (CAT#CRL-
3275) were obtained from the American Type Culture
Collection (ATCC). This cell line has been engineered to
report tau seeding activity. Tau seeds introduced into the
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culture media (CRL-3275) can nucleate the aggregation of
the endogenous tau reporter proteins85. The TRPFB cells
were derived by transducing HEK293T cells with two
separate lentivirus constructs encoding tau RD P301S-
CFP and tau RD P301S-YFP. Dual-positive cells were
identified by fluorescence-activated cell sorting and were
cloned and isolated using cloning cylinders85.
The tau fibril fraction extraction is described as follows.

We followed similar protocols in the works by Jiang et al.
35,86. The frozen hippocampus and cortex tissues were
weighed (100 mg - 250 mg) and put in a thick-wall poly-
carbonate tube (Beckman Coulter Life Sciences, cat #
362305). Then it was homogenized with TBS buffer
(50 mM Tris, pH 8.0, 274mM NaCl, 5 mM KCl) supple-
mented with protease and phosphatase inhibitor cocktails
(Roche, cat#05892791001 and cat#04906837001)34. The
homogenate was first centrifuged for 20minutes (28k
rpm, 4 °C). Then the pellet was homogenized with buffer
B (10 mM Tris, pH 7.4, 800 mM NaCl, 10% sucrose, 1 mM
EGTA, 1 mM PMSF). The homogenate was centrifuged
again for 20 minutes (22k rpm, 4 °C). Then, the super-
natant was aliquot to a new thick-wall polycarbonate tube
and incubated with 1% Sarkosyl, rotating in a thermo-
mixer at 37 °C for 1 hour. After the incubation, the frac-
tion was further mixed by the ultracentrifuge for 1 h
(55,000 rpm, 4 °C). Then the sarkosyl-insoluble pellet was
resuspended with 50 µl TE buffer (10 mM Tris, 1 mM
EDTA, pH 8.0), which is the final tau fibril fraction used
for the experiment.
After the tau fibril fraction extraction, the seeding

process is described as follows. The TRPFB cells were
used to detect tau aggregates capable of propagating
pathology85,87,88. Fractions from 9 month PS19 P301S tau
mouse brain (tau fibril fraction, containing 100 ng of tau
fibrils) were used as the seeds to induce tau aggregation.
The vehicle control was applied with the corresponding
TE buffer. The cells are fixed after 24 h. After fixation, the
cells were washed five times with D2O-based PBS. Finally,
the fixed cells were immersed in D2O PBS solutions and
sandwiched by two Raman-grade 0.2-mm-thick CaF2
glass pieces.

Software
Data were acquired by customized MATLAB code. Data

were processed by customized MATLAB code, OriginPro
2021 (Version 9.8.0.200), and Fiji ImageJ (Version:1.53 c).
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