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Abstract
Alzheimer’s disease (AD) is the most common cause of dementia, costing about 1% of the global economy. Failures of
clinical trials targeting amyloid-β protein (Aβ), a key trigger of AD, have been explained by drug inefficiency regardless
of the mechanisms of amyloid neurotoxicity, which are very difficult to address by available technologies. Here, we
combine two imaging modalities that stand at opposite ends of the electromagnetic spectrum, and therefore, can be
used as complementary tools to assess structural and chemical information directly in a single neuron. Combining
label-free super-resolution microspectroscopy for sub-cellular imaging based on novel optical photothermal infrared
(O-PTIR) and synchrotron-based X-ray fluorescence (S-XRF) nano-imaging techniques, we capture elemental
distribution and fibrillary forms of amyloid-β proteins in the same neurons at an unprecedented resolution. Our results
reveal that in primary AD-like neurons, iron clusters co-localize with elevated amyloid β-sheet structures and oxidized
lipids. Overall, our O-PTIR/S-XRF results motivate using high-resolution multimodal microspectroscopic approaches to
understand the role of molecular structures and trace elements within a single neuronal cell.

Introduction
The amyloid hypothesis places amyloid-β protein (Aβ)

as a critical trigger of Alzheimer’s disease (AD)1. Thus
the development of many anti-amyloid drugs focuses on
the reduction of Aβ concentrations. However, failures of
clinical trials targeting Aβ proteins indicate that the
mechanisms of AD-related neurodegeneration are more
complex2,3. In particular, our previous work has revealed
a polymorphic nature of β-sheet-structured Aβ aggre-
gates in AD transgenic neurons, however, it is still
unclear structurally polymorphic Aβ may trigger

different mechanisms of neurotoxicity4. Therefore, to
find effective anti-Aβ therapeutics against Aβ aggrega-
tion, it is critical to understand the molecular mechan-
isms of amyloid formation. Among all of the biological
factors linked to amyloid aggregation, a cellular envir-
onment plays an important role5, and in particular,
redox-reactive metal ions play important roles influen-
cing amyloid plaque morphology6–8. As one of the pos-
sible pathological mechanisms, it has been suggested
that upon binding, Aβ proteins can reduce redox-active
metals and, by producing OH• radicals, cause oxidative
stress9–13. While several explanations have been pro-
posed, molecular mechanisms of neuronal damage
remain uncertain. Therefore, in situ studies of redox-
active metals together with biologically relevant macro-
molecules such as amyloid aggregates14 assessed directly
in a cellular environment may help us to better

© The Author(s) 2021
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: Oxana Klementieva (oxana.klementieva@med.lu.se)
1Medical Microspectroscopy, Department of Experimental Medical Science,
Lund University, 22180 Lund, Sweden
2Experimental Neuroinflammation Lab, Department of Experimental Medical
Science, Lund University, 22180 Lund, Sweden
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/0000-0001-6562-0639
http://orcid.org/0000-0001-6562-0639
http://orcid.org/0000-0001-6562-0639
http://orcid.org/0000-0001-6562-0639
http://orcid.org/0000-0001-6562-0639
http://orcid.org/0000-0002-3814-4152
http://orcid.org/0000-0002-3814-4152
http://orcid.org/0000-0002-3814-4152
http://orcid.org/0000-0002-3814-4152
http://orcid.org/0000-0002-3814-4152
http://orcid.org/0000-0003-1782-050X
http://orcid.org/0000-0003-1782-050X
http://orcid.org/0000-0003-1782-050X
http://orcid.org/0000-0003-1782-050X
http://orcid.org/0000-0003-1782-050X
http://creativecommons.org/licenses/by/4.0/
mailto:oxana.klementieva@med.lu.se


understand AD pathology. However, dissecting mole-
cular mechanisms involving metal ions and structural
changes of amyloid proteins in cells or tissues is a very
challenging task since protein structures and metal ion
concentrations can be easily affected by chemical pro-
cessing. Thus, sensitive label-free imaging methods are
urgently required to address protein structure and ele-
mental distribution in cells. Infrared (IR) microscopy and
X-ray fluorescence spectroscopy (XRF) have been com-
bined to study brain tissues7 and brain cells15. However,
a spatial resolution of IR/XRF approach has been
determined by IR microscopy, which is diffraction-
limited and strongly depends on the IR wavelength
(Table S1). Typically, IR light limits traditional IR
microscopy to particles >∼3 μm, which provides less
relevance for resolving structures at the subcellular level.
Recent advances in nanoscale optical photothermal

infrared (O-PTIR) allows one to overcome the diffraction
limit of IR light, providing a spatial resolution that is no
longer diffraction-limited but is determined instead by the
focusing laser achieving a few hundred nanometers16–19.
Using O-PTIR, we have demonstrated a significant
increase of β-sheet content directly in AD-like neurons at
a sub-cellular level4. In the present work, we focused on
correlative label-free imaging of β-sheet content and Fe/
Cu distribution in cultured primary neurons, a cellular
model of AD. Specifically, to image the molecular struc-
tures, we used O-PTIR, and to analyze the composition of
elements in the very same neurons, we used synchrotron-
based X-ray fluorescence (S-XRF).
For this study, two aspects of O-PTIR were critical:

first, the spatial resolution of O-PTIR (~300 nm)4,20,
and second, measurements in non-contact mode. Sub-
micron spatial resolution was necessary to trace protein
structures inside cells; the non-contact mode was
essential to preserve 100 nm thin Si3N4 membrane used
for S-XRF imaging.
Here we present a motivating concept for single-cell

structural analysis: O-PTIR/S-XRF to study amyloid
aggregation processes involved by mapping molecular
structures and trace metals in the same neuronal cell
(Fig. 1). We explored how this interdisciplinary multi-
modal approach can be used to answer long-standing
questions in AD, such as how metal ion dyshomeostasis
can be involved in amyloid neurotoxicity. Using O-
PTIR/S-XRF we demonstrated co-localization of clus-
tered of iron with elevated amyloid β-sheet structures
and oxidized lipids directly in primary cortical neurons,
models of AD. Lastly, we discussed further development
of the O-PTIR/S-XRF approach for cellular studies to
investigate metals and amyloid structures in relation to
pathological conditions promoting the formation of
β-sheet structures to yield further insight into the
pathogenesis of AD.

Results
The primary goal of this proof-of-principle experiment

was to combine and correlate O-PTIR and S-XRF mea-
surements of the very same neuron and test experimental
conditions that meet the O-PTIR and S-XRF require-
ments such as compatibility of spatial resolution and the
contribution of S-XRF substrate on the O-PTIR spectra.
To study a possible role of metals in amyloid-β formation,
we used neurons that were grown directly on the 100 nm
Si3N4 membrane (Figure S1), and after 19 days of cul-
turing, neurons were treated with amyloid-beta protein,
Aβ(1–42). When added to the cell media, Aβ(1–42) is
usually absorbed by the cultured neurons within
approximately 30 min21. To avoid artificial influences on
amyloid structures, neurons were fixed in 4% paraf-
ormaldehyde and freeze-dried. Neurons were derived
from the brains of mice that lack functional amyloid
precursor protein (APP-KO)22 and therefore do not
express Aβ. Thus, detected elevations of β-sheet struc-
tures in neurons were unambiguously assigned to exo-
genously added Aβ(1–42). To avoid changes in protein
structures and metal concentrations, both easily affected
by chemical processing, we used a label-free protocol that
completely excludes the use of detergents or dyes. To
avoid radiation damage, neurons were first examined by
O-PTIR and then with S-XRF. For O-PTIR measure-
ments, we used only 5% (~2mW) of probe laser power,
with the scan rate of 0.05 Hz for IR maps and 1 s for
spectral acquisition time. Using O-PTIR, we monitored
the absorbance of β-sheet and lipid oxidation. Early
empirical frequency-structure studies have found that
β-sheets have an absorption band between 1625 and
1640 cm–1 23,24. The intensity of the band centered at
1740 cm−1 has been associated with stretching vibrations
of the carbonyl group of ester bonds ν(C=O) between
fatty acids and glycerol within the phospholipids mole-
cules25,26 that form the backbone of neural membranes,
providing fluidity and permeability27 and controlling
synaptic neurotransmission and plasticity28. It has also
been shown that (C=O) bonds may be formed by the
peroxidation of fatty acid chains29. Thus, an increase in
the intensity of this band indicates an increase in lipid
oxidation30 as confirmed in the literature25,31–37. To
visualize elevations of β-sheet structures and to select
locations for spectra acquisition, ratio maps (1628/1650)
were calculated for treated and control neurons as
explained in Figs. S3 and S4. In the case of neurons, the IR
penetration depth in O-PTIR is relative to the sample
thickness4, therefore, to consider the neuronal thickness,
we used IR maps acquired at 1650 cm–1 corresponding to
Amide I23 for normalization of the IR signal.
To visualize a co-localization of β-sheet structures and

lipid oxidation, ratio maps of 1628/1650 (Fig. 2d) and
1740/1650 (Fig. 2e) were superimposed. The results
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showed that in Aβ-treated neurons, the spots with ele-
vated β-sheet content are characterized by the presence of
oxidized lipids (Fig. 2f). Since no elevation of β-sheet load
nor lipid oxidation were observed in untreated neurons
(Fig. 1b, Figs. S3 and S4), our results indicate that eleva-
tion of β-sheet load detected in diseased neurons can be
associated with membrane oxidation. Importantly, for
the region of interest (lipid oxidation, β-sheet folding,
with the corresponding frequency between 1800 and
1500 cm–1), substrate contribution to the O-PTIR spectra
was not detected (Fig. S2).
Imaging of metal ions in primary neurons can only be

performed by synchrotron-based XRF due to the need for
a nano-focused high energy beam, such as that available at
the Nanoscopium beamline at the synchrotron SOLEIL
(France). Nanoscopium provides high spatial resolution to
detect the distribution of metal ions at trace levels, in
parts per million (ppm) concentration range, and has been
successfully used to image metal ions in different biolo-
gical samples38–40. Using Nanoscopium nanoprobe, we

examined the elemental distribution in intact APP-KO
neurons and APP-KO neurons treated with Aβ (Fig. 3a).
Summative XRF spectra were normalized per image area
(Fig. 3b), but not per cell area nor cell thickness. We
analyzed the average size of Fe clusters by quantifying the
average area of the clusters per cell, including soma and
neurites. Strikingly, we observed significant Fe clustering
in the treated neurons (p= 0.013) (Fig. 3c); such clus-
tering of Fe was not observed in the untreated cells (Fig.
3d). Surprisingly, no significant clustering of Cu ions nor
Cu concentrations as measured by inductively coupled
plasma mass spectroscopy has been observed after treat-
ment with Aβ(1–42) (data not shown).
Thus, for single-cell integrative imaging, we used the

match between the information depth (the full thickness
of the neurons with IR and S-XRF were probed) and the
≈300 nm spatial resolution that allowed us to combine the
two label-free nanospectroscopic techniques. Using the (x,
y) coordinates that were first pre-selected based on the
bright-field view, as shown schematically in Fig. S5,
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made collinear with the green 532 nm detection laser (2). The collinear beams are focused on the sample surface through a microscope objective (3).
When IR absorption occurs, the photothermal response of the sample is monitored by the scattered green light (4). The reflected green light returns
to the detector, and the IR signal is extracted (5), and an infrared image is produced (6). b X-ray fluorescence nanoimaging of individual neuronal cells
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the same neurons were imaged by O-PTIR and S-XRF
with a μm precision. Using O-PTIR, we visualized the
distribution of β-sheet structures and oxidized lipids;
then, using S-XRF, we visualized the distribution of metal
ions in the same neurons. The spatial correlation of metal
and structural maps allowed us to correlate the positions
of iron clusters with elevated β-sheet structures and

oxidized lipids (Fig. 4). Our results demonstrated a sig-
nificant level of co-localization of clustered iron with
elevated β-sheet structures, indicating that treatment with
Aβ(1–42) causes Fe dyshomeostasis, which may cause
lipid oxidation. To confirm that, mouse neuroblastoma
N2aAPPswe cells (neuronal-like cells that overexpress
Aβ) were treated with 10−2 M FeSO4 for 2 h. After
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treatment, we observed a significant increase in the
intensity of the 1740 cm−1 band (Fig. S6). Moreover, by
using S-XRF, we examined the brain tissue of AD trans-
genic mice and observed significant clustering of Fe (Fig.
S7). To our knowledge, no such observation has been
reported. Importantly, our results indicate that Fe but not
Cu can be primarily involved in neurotoxicity in AD
pathology. Thus, our results can partially explain a failure
of clinical trials targeting Cu for AD treatment6.
Here, we used label-free conditions; therefore, immu-

nolabeling would be the last step of the study. However,
after dehydration and X-ray exposure, none of the tested
antibodies (Drebrin, Map2, 6E10, Table S2) were effi-
cient. Our results indicated that sample dehydration and
X-ray exposure may interfere with the subsequent
immunolabeling (Fig. 5a, b). In addition, we tested whe-
ther hard X-ray exposure could cause photoreduction of
Cu and Fe in the freeze-dried cells. For that purpose, we

treated N2a cells with Cu2SO4 and FeO3 (Cu(I) and Fe
(III) correspondingly). After treatment cells were col-
lected and cell pellets were freeze-dried. X-ray absorption
near edge structure (XANES) spectra were collected at
the Balder beamline at the MAX IV synchrotron (Swe-
den). Our results demonstrated the pre-edge peak at
8982.5 eV, indicative of the Cu(I) state, and showed the
dynamic of Cu(II) photoreduction over the measurement
time (Fig. 5d). However, in the case of Fe(III), no pho-
toreduction over the measurement time (spectra were
collected every 10 s during 1-hour exposure) was detec-
ted (Fig. 5f) indicating that the current experimental
setup can be used for further studies of the valence states
of Fe. As for further Cu studies, photoreduction of Cu2+

under high X-ray flux must be considered, and cryo-
conditions have to be implemented for the S-XRF mea-
surements. The next step for further development of the
approach is to improve the spatial resolution of O-PTIR
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by implementing a 405 nm wavelength probe laser
instead of 532 nm, thus achieving 200 nm spatial resolu-
tion. Our approach could also be improved by developing

protocols for a big data workflow and correlating larger
datasets to provide sufficient sampling of cells required
for statistical relevance.
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Discussion
In summary, here we presented a proof of concept of O-

PTIR/S-XRF for single-cell imaging. We demonstrated
that a combination of O-PTIR and S-XRF provides
complementary information about structure and compo-
sition in heterogeneous biological samples such as neu-
ronal cells providing more complete information about
the system than if the two techniques were to be used
separately. We analyzed co-localization of amyloid
structural features and elemental distribution that can
provide essential insights to the understanding of mole-
cular reactions taking place at a subcellular level. Thus,
using O-PTIR/S-XRF, we demonstrated a significant level
of co-localization of clustered iron with elevated β-sheet
structures, indicating that treatment with Aβ(1–42) may
cause Fe dyshomeostasis, which in its turn, may cause
lipid oxidation. To our knowledge, no such observation
has been reported so far. Our results indicate that Fe but
not Cu can be primarily involved in AD pathology.
Thus, we strongly believe that the O-PTIR/S-XRF

imaging provides a motivation to use multimodal, inter-
disciplinary approaches for the studies that aim to
understand neurodegeneration mechanisms related to
amyloidopathy, such as AD.

Materials and methods
Sample preparation
APP knockout (APP-KO) neurons lack a functional

APP gene; therefore, amyloid proteins, Aβ, and proteolytic
cleavage products of APP are not expressed22. Conse-
quently, Aβ instances containing β-sheet structures are
not formed in these neuronal cells4. Primary neurons
were cultured following the ethical guidelines and were
approved by the Lund University Ethical Committee
(M46-16). Primary neurons were isolated from APP-KO
(Jackson Labs, Maine, U.S.A., JAX 004133) mouse
embryos at embryonic day 16, as described in Martinsson
et al.22. Neurons were seeded directly on a 5 × 5mm,
100 nm-thick Si3N4 membrane on a 1 × 1 cm Si frame
(Silson, UK). For culturing, Neurobasal medium with
added glutamine, B27, and penicillin/streptomycin
(Thermo Fisher Scientific, Sweden) was used. Before
plating, Si3N4 membranes were coated with poly-d-lysine
of molecular weight >300,000 (Sigma-Aldrich, Sweden),
followed by rinses in Milli-Q water. Neurons were plated
in 10% FBS and 1% penicillin-streptomycin in Dulbecco’s
modified Eagle medium (DMEM; Thermo Fisher Scien-
tific, Sweden); after 3 to 5 h; after cell adhesion, the media
were exchanged for an FBS-free complete Neurobasal
medium. One embryo was used for one set of cultures;
experiments were reproduced 3–4 times. The following
procedure was carried out to avoid artificial β-sheet for-
mation: Neurons were fixed with 4% paraformaldehyde
(Sigma-Aldrich, Sweden) in phosphate buffer saline for

15min at room temperature, washed three times with
MiliQR, and freeze-dried. Specifically, water was removed
from the well, and membranes were placed upright and
stored at −80 °C until needed. Freeze-drying was selected
over various dehydration processes for XRF sample pre-
paration41, as more suitable to avoid lipid oxidation dur-
ing air-drying and to preserve trace elements such as Cu
and Fe. Examination of the sample using AFM confirmed
the high quality of the sample preparation; a representa-
tive image is added in the supplementary information
(Fig. S8).

Optical photothermal infrared (O-PTIR)
O-PTIR imaging was performed at the SMIS beamline

of the SOLEIL synchrotron (France). The detection
scheme can be considered as a pump/probe experiment.
The IR source was a pulsed, tunable four-stage QCL
device, scanning from 1800 to 800 cm−1 at 80 kHz repe-
tition rate. The probe was a CW 532 nm visible variable
power laser, the photothermal effect was detected through
the modulation of the green laser intensity induced by the
pulsed IR laser. Further details about the fundamentals of
the technique and the instrument itself can be found in
references16,20 and in the Supplementary Information.
Spectra were averaged for 20–50 scans with 1 s acquisi-
tion time per spectra to generate data of sufficient signal-
to-noise ratio. Discrete frequency O-PTIR maps were
collected at 500 nm step size. The collection parameters
were: spectral range 1800–800 cm−1, reflection mode
at 2 cm−1 spectral resolution, IR power set at 100%
(< 0.6 mW), to avoid photodamage, the probe power was
set to 5% (~2mW). Background spectra were collected on
an aluminized mylar background standard. Before analy-
sis, intensity jumps arising around the transition wave-
length between different QCL laser stages were removed
using the PTIR Studio software. O-PTIR spectra were
normalized and averaged; second-order derivation of the
spectra was used to increase the number of discriminative
features; the Savitsky−Golay algorithm with a 10-point
filter with 3rd polynomial order was employed in this
process. The β-aggregation level of proteins was visualized
by calculating the map intensity ratio between 1628 cm−1,
a peak corresponding to β-sheet structures, and
1650 cm−1, a peak corresponding to an α-helical struc-
ture. The increase of intensity in the resultant ratio map
was considered a sign of the higher concentration
of amyloid fibrils24 The intensity increase in the
(1740 cm−1)/(1650 cm−1) ratio map was considered a sign
of lipid oxidation26,42. To create masks, we used ImageJ43

and IrfanView (Copyright © 1996-2021 by Irfan Skiljan).

Synchrotron-based X-ray fluorescence (S-XRF)
The S-XRF nano-imaging experiments were carried out at

the Nanoscopium beamline14 at the SOLEIL synchrotron
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(France). The S-XRF elemental distributions were acquired
using a 12.5 keV X-ray beam energy, which is above the K
absorption edges of the elements of interest in this study
(Cl, Fe, Cu, Zn). A Kirkpatrick–Baez nano-focusing mirror
pair was used to create a high-intensity nano-beam with
1010 ph s−1 intensity. The flexible optical design and multi-
length scale capability of Nanoscopium permitted the tun-
ing of the spatial resolution to O-PTIR, namely 300 nm.
The XRF spectra, one for each pixel, were measured with
silicon drift diode detectors (SDD, Fig. 1). The S-XRF multi-
elemental imaging technique enabled the simultaneous
detection of the subcellular distribution of phosphorous,
sulfur, potassium, calcium, iron, copper, and zinc. Elemental
distributions were mapped using the Flyscan continuous
sample scanning technique44. To map the trace element
distribution in single neurons with high analytical sensitiv-
ity, we used 300ms of dwell time per pixel. The subcellular
elemental distribution maps were reconstructed online
from the characteristic X-ray line intensities of the identi-
fied elements by a Matlab code created at Nanoscopium.
For imaging, we selected individual neurons to avoid sig-
nificant differences in sample thickness. The average size of
clusters was calculated in the whole area of the cell,
including axons and soma, using the software FIJI43.
Scanning X-ray fluorescence microscopy of the brain

tissue samples was conducted at the NanoMAX hard X-
ray nanoprobe beamline at the MAX IV synchrotron
facility (Sweden). An X-ray beam with a photon energy of
12 keV was focused to a probe size of 200 nm. The brain
tissue deposited on the Si3N4 membrane was raster
scanned perpendicular to the focused beam. XRF spectra
were recorded, one for each pixel, with a silicon drift
diode detector. Each tissue scan was a rectangular area of
80 × 100 μm2 acquired with 0.2 s recording time per pixel
and 200 nm pixel size. The photon flux incident on the
sample was measured with an X-ray intensity monitor,
simultaneously with the XRF signal. All measurements
were done in air. XRF spectra for all samples were nor-
malized to the photon intensity signal. XRF spectrum
fitting, calibration to the XRF standard, and generation of
elemental images for Cl, Cu, and Fe were done using the
software PyMCA 4.5.4 (2004–2019 European Synchro-
tron Radiation Facility (ESRF)).

Sample positioning
During O-PTIR microscopy, the (x, y) coordinates of

the regions of interest were recorded relative to the corner
of the Si3N4 membrane (Fig. S6). Using these coordinates,
the area of interest was found with a micrometer precision
at Nanoscopium using the optical microscope of the
nanoprobe station and was refined by fast XRF mapping
with micrometer spatial resolution. The precise location
of the single neurons of interest was then chosen from the

measured survey elemental maps for higher, 500 nm
resolution and high elemental sensitivity mapping.

X-ray absorption near edge structure (XANES)
The XANES spectra were measured at Balder beamline

at MAX IV Laboratory (Lund, Sweden). Each scan took
~7 s, and the return motion of the Si <111> mono-
chromator took ~3 s, making a 10 s spectrum-to-
spectrum time difference. For these measurements, the
monochromatic beam was focused to ~100 × 100 μm². For
analysis, the background has been subtracted, and spectra
were normalized.

Confocal microscopy
Immunolabeling was done as recommended by the

primary antibody manufacturer. Confocal images were
obtained using a Leica TCS SP8 confocal microscope
(Leica Microsystems) equipped with Diode 405/405 nm
and Argon (405, 488, 552, and 638 nm) lasers with an HP
PL APO 63x/NA1.2 water immersion objective.
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