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Amyloid fibres result from the self-assembly of polypeptides 
into high-aspect-ratio nanowires1–3. These supramolecular 
protein assemblies are studied for their biological roles1,2 and 

for their potential as new biomaterials4–6. They have been widely 
studied within the context of neurodegenerative diseases, such as 
Alzheimer’s disease and Parkinson’s disease, because they are the 
constituents of amyloid deposits, a hallmark of these disorders7,8. 
Amyloid deposits are also found within several tissues in relation 
to diseases such as type 2 diabetes and systemic amyloidosis9. So 
far, 36 amyloid fibre proteins have been identified in humans. As 
disease-related structures, special attention is given to their forma-
tion mechanisms with the ultimate aim to understand their rela-
tionships with disorder development10,11. It is indeed of paramount 
importance to decipher the key steps at the origin of their forma-
tion and accumulation into amyloid deposits, and to characterize 
the toxic species and their generation11. Another equally important 
research axis concerns the detection of amyloid deposits for the 
in vivo diagnosis of amyloidosis. Indeed, in the case of Alzheimer’s 
and Parkinson’s diseases, for instance, a diagnosis is needed not only 
for better medical care but also for the development of new thera-
pies12,13. Currently, the diagnosis is based on the detection of mild 
cognitive impairment, which is not without ambiguity. As a conse-
quence, biomarkers are sought to complete the diagnosis and target-
ing the amyloid deposits seems to be promising for that purpose.

Here, we describe intrinsic ultraviolet–visible–near-infrared 
(UV–vis–NIR) optical properties of amyloid fibres, drawn from 
the characterization of amyloid fibres made of 13 proteins either 
involved in diseases or not (Table  1). Besides the blue lumines-
cence that has been already described in vitro for amyloid fibres, 

other protein aggregates and within metabolite amyloid-like struc-
tures14–21, we report a NIR signal specific to the amyloid fibre struc-
ture. Although the underlying basic phenomena remain mostly 
unknown so far, these optical properties are of considerable interest 
for the investigation (both in vitro and in vivo) of amyloid-based 
disease development. The two types of optical signal not only allow 
label-free kinetic studies of the fibre self-assembly mechanisms but 
also the monitoring of the different key steps. The blue lumines-
cence allows amyloid deposits to be characterized within biological 
samples (mice and human) and their morphology to be assessed 
within the biological environment without the need for specific 
staining procedures. Ultimately, the NIR signal is of interest. We 
demonstrate that it allows for the detection of amyloid deposits 
within the brain of living rodents using in vivo, non-invasive, real-
time and contrast-agent-free imaging through the skull of mice. Its 
significance for application in human amyloidosis needs to be fur-
ther researched.

UV–vis–NIR properties of amyloid fibres
The luminescent properties of amyloid fibres spanning from the 
visible to the NIR are shown in vitro with the Het-s prion domain 
forming an amyloid fibre suspension (Fig. 1a) and by fluorescence 
microscopy of highly oriented amyloid fibres within a microwire 
(Fig.  1b), resulting from the self-organization of a drop drying 
between two tips (Supplementary Fig. 1). Depending on the excita-
tion wavelength, the microwire appears with colours ranging from 
blue (with an excitation in the near-UV) to the red-NIR (Fig. 1b). 
These observations performed on dry aligned fibres can be related 
to spectroscopic measurements on a suspension of amyloid fibres 
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made of the Het-s prion domain (Fig.  1a). On near-UV excita-
tion, blue luminescence is first detected. The emission peak is quite 
broad and its maximum experiences a bathochromic shift with exci-
tation of increasing wavelength. Luminescent properties can also be 
observed in the red-NIR range; the emission maximum depends 
drastically on the excitation wavelength. The intensity of the NIR 
signal is found to be approximately 30 times lower than the intensity 
of the blue luminescence; the exact ratio depending on the protein 
concentration.

Similar observations can be made with amyloid fibres made 
of Aβ1–42, both in vitro and within a biological context (Fig. 1c,d). 
In vitro, the optical properties of an Aβ1–42 amyloid fibre suspension 
(Fig. 1c) are similar to those described above. In vivo, Aβ1–42 forms 
amyloid deposits within the brain of aged mice with Alzheimer’s 
disease (18 months)22,23, overexpressing human Aβ1–42, that can be 
detected ex vivo within the cortex area on labelling with thioflavin S 
(Supplementary Fig.  2). These amyloid deposits can be detected 
without staining by fluorescence microscopy (Fig.  1d) using the 
same parameters mentioned above for the aligned amyloid fibres. 
Importantly, nothing noticeable can be seen in transmission. These 
stains are not seen on brain sections of middle-age control mice 
(Supplementary Fig. 3). Two different patterns can be distinguished: 
sharp spots and much broader stains with a denser centre and a 
more diffuse periphery (Fig.  1d). Only the last pattern is typical 
of amyloid deposits22,23. The sharper spots are barely detectable in 
the blue range (Fig. 1d), suggesting that they are not indicative of 
amyloid deposits. We tentatively linked them to lipofuscins, gran-
ules of lipids and pigments with a strong auto-fluorescence20,24,25, 

that are known to accumulate with age within several organs26,27,  
as observed in the control aged mouse brain (Supplementary  
Fig.  4), showing that their presence is not univocally related to 
Alzheimer’s disease28,29.

Blue luminescence in vitro and from human samples
In agreement with previous studies14–17, blue luminescence is 
observed for all amyloid fibres investigated here (Table  1). This 
luminescent behaviour is illustrated for representative proteins 
(Fig. 2 and Supplementary Fig. 5) as well as for proteins involved 
in diseases (Fig. 1c and Supplementary Fig. 6). Although the lumi-
nescent behaviour is not identical for every amyloid fibre (Table 1), 
generic characteristics can be determined (see Supplementary 
Information). The emission maxima are invariably located within 
the 430–450 nm spectral range and are dependent on the excitation 
wavelength for most fibres. A weak blue luminescence is usually 
detected for the monomeric polypeptides (Fig. 2 and Supplementary 
Fig. 5). However, a notable enhancement of the intensity is observed 
on fibre formation (Table 1). The excitation spectra are remarkably 
similar with a band centred at approximately 350–370 nm (Fig. 2a 
and Supplementary Fig.  5). When possible, estimations of the 
molar extinction (ε) for this transition give values of approximately 
300–450 M−1 cm−1 (Table  1 and Supplementary Fig.  5). The lumi-
nescence quantum yield is rather low30 (approximately 0.01) with 
typical lifetimes of approximately 1–3 ns (refs.14,16,17). Several tenta-
tive explanations have been proposed for this luminescence, such 
as the occurrence of quantum confinement due to the sub-10 nm 
size of the supramolecular assemblies18,31 or charge delocalization 
within the H-bond network stabilizing the fibres32. A similar blue 
luminescence, termed ‘non-traditional intrinsic luminescence’33, 
has been reported for supramolecular architectures lacking tradi-
tional luminophores, including amyloid fibres. This luminescence 
is related to the aggregation/confinement of electron-rich hetero-
atomic moieties33.

Strikingly, the blue luminescence we observed is intense enough 
to allow the monitoring of the structure of amyloid deposits by con-
focal microscopy within a human brain section from a patient with 
Alzheimer’s disease. Figure 3 shows 3D reconstructions of two amy-
loid deposits with different structures; typical sections are shown in 
the insets. The first (Fig. 3a) is a dense packing with fibrillary struc-
tures that can be distinguished on the periphery only, whereas the 
second (Fig. 3b) is a fibre embedded with a more homogenous dis-
tribution of fibres. Their surroundings can also be visualized. The 
first structure is surrounded by brain tissue and looks like a ‘pom-
pom’ associated with a blood vessel (Fig. 3a); very similar to depos-
its observed in brain tissue taken from human patients34 or mice35 
with Alzheimer’s disease. The second deposit seems more isolated 
(Fig.  3b). Videos showing the internal structures (Supplementary 
Videos 1 and 2) and the 3D external envelopes (Supplementary 
Videos 3 and 4) of both amyloid deposits have been built from the 
sequential confocal images.

In vitro NIR signal
The NIR signal is unequivocally linked to the supramolecular 
structure of the amyloid fibres (Supplementary Fig.  1) since no 
signal is recorded in the case of monomeric proteins (Fig.  2 and 
Supplementary Fig.  5). Within the wavelength range investigated 
here, the maximum of the NIR signal continuously shifts with a 
linear dependency between the excitation and the maximum emis-
sion wavelengths (Supplementary Fig.  7), indicating a constant 
Stokes shift of approximately 55–60 nm (Table  1). The origins 
of this luminescence, which is also present within amyloid fibres 
without aromatic side-chains (Supplementary Fig.  5), remain to 
be understood. This NIR signal has the following two remarkable 
features: (1) it is detectable within a very broad wavelength range 
with a constant Stokes shift and (2) it has a rather narrow emission,  

Table 1 | Change of luminescence properties of 13 amyloid 
proteins before and after fibre formation

Polypeptide Trp/Tyr/
Phe

Extinction 
coefficient 
(M−1 cm−1)b

Blue 
luminescence 
enhancement

NIR Stokes 
shift (nm) 
(exc., 
640 nm)

Disease related
 Aβ1–42 0/1/3 ×3 56

 htau 0/1/1 ×6 53

 α-Synuclein 0/4/2 ×3.5 58

 TTR (V30M) 2/5/4 ×3 55

 IAPP 0/1/2 ×3 55

Model proteins
 Het-s prion 
domain

1/1/1 ×8 60

 β-Lactoglobulin 2/4/3 ~450 
(340 nm)

×3.5 62

 α-Lactalbumin 4/4/4 ×1 52

 HSA 3/21/30 ×1 56

 Lysozyme 6/3/3 ~300 
(360 nm)

×4 63

 Insulin 0/4/3 ×36 56

Peptides
 CSNNFGAa 0/0/1 ~400 

(330 nm)
55

 NNLAIVTAa 0/0/0 58
aThe enhancement of the peptides CSNNFGA and NNLAITVA is unknown, due to the lack of lag 
phase and fast aggregation into fibres. (See Methods for details on the formation of the various 
amyloid fibres.) bThe numbers in brackets represent the respective maximum of the excitation 
band (at which the extinction coefficients are estimated) that differs for the model proteins 
β-lactoglobulin and lysozyme, and the peptide CSNNFGA. Trp, Tyr and Phe are the amino acids 
tryptophan, tyrosine and phenylalanine, respectively. HSA, human serum albumin.
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narrowing further as the width of the emission monochromator slit 
width decreases (Supplementary Fig.  8), suggesting that the NIR  
signal is due to an inelastic light scattering rather than from a relaxation  
of excited states within the fibres. This tentative explanation  

is further supported by the impossibility of determining lifetimes 
for the NIR signal (value lower than 0.1 ns), whereas expected 
values of lifetimes for singlet and triplet excited states (approxi-
mately 1 ns versus approximately 100 µs) could be measured for 
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Fig. 1 | UV–vis–NIR luminescence of het-s prion domain and Aβ1–42 amyloid fibres. a,c, Luminescence of dispersions of Het-s prion domain (a) and Aβ1–42 
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images with emission in the UV–vis (λexc = 390 ±10 nm, λem = 460 ± 50 nm) (top left), green (λexc = 475 ± 10 nm, λem = 530 ± 50 nm) (top right) and NIR 
(λexc = 620 ± 60 nm, λem = 700 ± 75 nm, false red colour) (bottom left). b, Aligned Het-s prion domain amyloid fibres. Scale bars, 100 µm. d, Sections of 
the cortex area of mice with Alzheimer’s disease. Scale bars, 50 µm. Amyloid deposits are visible without extrinsic fluorophores (arrows).
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lysozyme amyloid fibres (not shown). In addition, the Stokes shift 
is around 1,200–1,400 cm−1 (Supplementary Fig. 8), in good agree-
ment with the Raman shift of the amide I–III bands of proteins36. 
Moreover, the appearance of the NIR signal seems to be correlated 
with an enhancement of the Raman signal due to the organization 
of the proteins within the amyloid fibres37 (Supplementary Fig. 9). 
Similarly to the blue photoluminescence, the NIR signal intensity 
increases steadily with the protein concentration without aggre-
gation-induced quenching (Supplementary Fig.  10). Altogether, 
these observations point towards an enhancement of the Raman 
signal, due to protein self-assembly into highly organized amyloid 
fibres37 as an explanation for the NIR signal. To date, only a pre-
liminary correspondence between the position of the NIR signal 
and the Raman spectrum (several bands between 1,000 cm−1 and 
1,700 cm−1) has been observed. Unexpectedly for a Raman spec-
trum, the position of the NIR signal shifts with the excitation wave-
length: from 1,400 cm−1 to 1,160 cm−1 within the wavelength range 
investigated (Supplementary Fig.  8). This effect might be due to 
the fact that (1) these experiments were performed with a spectro-
fluorometer where the excitation is not monochromatic but has a 
finite bandwidth (slits), in contrast to a Raman spectrometer that 
uses monochromatic laser light, and (2) the NIR signal excitation 
seems to have a maximum (Fig. 2). When the excitation wavelength 
increases and moves away from its optimal value (as is the case in 
Supplementary Fig. 8), the contribution of high-energy photons to 
the emitted light will increase compared with that of lower-energy 
photons. This will result in an apparent decrease of the energy dif-
ference between the excitation spectrum and the emission spectra, 
that is, an apparent decrease of the Stokes shift as the excitation 
wavelength increases. Nonetheless, the correspondence between 
our NIR signal and Raman scattering is not unambiguously estab-
lished; other possibilities such as optical effects due to the size (hun-
dreds of nanometres) and shape (high aspect ratio) of amyloid fibres 
remains to be evaluated.

Kinetics of fibril formation without external probe
The investigation of amyloid fibre formation is of prime importance 
to unravel the molecular events at the origin of disease develop-
ment. To date, a fluorescent marker must be used to monitor fibre 
formation, the most commonly used being thioflavin T (ThT)10,11. 
However, several assumptions lie behind its use38 concerning (1) 
ThT effect on the amyloid fibril formation kinetics and (2) the pro-
portionality between the ThT signal and the amount of amyloid 
fibres. The blue luminescence and NIR signal should be valuable 

intrinsic probes of fibre formation. The possibility of using blue 
luminescence has already been demonstrated17. However, it remains 
ambiguous due to the fact that blue luminescence has been reported 
for other protein aggregates than amyloid fibres, such as crystals 
for instance19,33. The NIR signal, which is observed only on the 
formation of amyloid fibres, holds potential for becoming a truly 
unambiguous probe. The NIR signal and blue luminescence are 
proportional to the protein concentration (Supplementary Fig. 11); 
when Aβ1–42 fibres are depolymerized by adding 1,1,1,3,3,3-hexaflu-
oropropan-2-ol (HFIP), the NIR signal vanishes (Supplementary 
Fig.  11). As a proof-of-concept demonstration, the amyloid fibre 
formation of insulin has been simultaneously monitored by blue 
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Fig. 3 | Ex vivo confocal microscopy images of amyloid deposits in brain 
slices from pateints with Alzheimer’s disease within the hippocampus 
area. a,b, 3D modelling of the two amyloid deposits from 60 sections 
recorded through blue emission (λexc, 350–420 nm; λem, 440–500 nm) 
images. The 3D modelling images were analysed with the Vaa3D software. 
Insets: typical sections of the reconstructed amyloid deposits monitored in 
the blue range. Scale bars, 5 µm.
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Fig. 4 | Detection of amyloid deposits by 3D NIR imaging in mice with 
Alzheimer’s disease and control mice. a,b, Top: fDOT imaging on live 
animals (λexc, 690 nm (laser light) and λem, 730 ± 30 nm). Bottom: fresh 
brain sections from the cortex area were observed with the MacroFluo 
set-up with a 515–560 nm excitation and a 590-nm long-pass emission 
filter. c, Higher NIR signal intensities were observed in the brain volume 
of mice with Alzheimer’s disease (AD) compared with control (wild-type, 
WT) mice as measured in the 11 mice per group. d, Age distribution of both 
populations. The error bars correspond to the standard errors of the mean. 
*P = 0.044.
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luminescence and NIR signal changes (Fig. 2c). Obviously, the blue 
luminescence signal begins to appear before the NIR signal as seen 
after 2 h (Fig. 2c and Supplementary Fig. 12). This suggests that the 
phenomenon at the origin of the blue luminescence precedes the 
fibre growth, likely because of early intermediates. In a separate 
experiment, we checked that the NIR signal superimposes with the 
ThT fluorescence build up (Supplementary Fig. 13).

Imaging of amyloid deposits using in vivo NIR signals
The intrinsic NIR signal of amyloid fibres is of particular interest as 
it falls within the so-called ‘diagnostic windows’. NIR photons are 
attractive for non-invasive analyses as they can penetrate deep into 
biological tissues, opening the door towards non-invasive imaging 
for monitoring biological functions/dysfunctions within living tis-
sues longitudinally over time39,40. Owing to its particular nature, 
it was impossible to measure a quantum yield for the NIR signal. 
To estimate its intensity, we compared it with that of cyanine 5.5, a 
fluorophore used for in vivo NIR imaging and of known quantum 
yield41 (Supplementary Fig. 14). After normalization of the concen-
trations, the NIR signal of amyloid fibres seemed to be around three 
orders of magnitude weaker than that of cyanine 5.5. However, this 
low signal could be compensated in vivo due to the high density of 
amyloid deposits. Indeed, the in vitro NIR signal increases steadily 
with the protein concentration, that is, without aggregation-induced 
quenching (Supplementary Fig.  10), and the signal intensity of a 
dried droplet is high (Supplementary Fig. 14).

The use of continuous-wave NIR fluorescence-enhanced diffuse 
optical tomography (fDOT) allows for a fast, 3D and quantitative 

measurement of the NIR signal distribution in the scanned volume  
of interest at each time point. Disease progression can thus be  
precisely and accurately monitored in a given animal over time42,43. 
fDOT imaging (λexc = 690 nm and λem = 730 ± 30 nm) was performed 
on 11 advanced-age mice with Alzheimer’s disease and on 11 control 
wild-type mice (Fig. 4). Live animal imaging was performed non-
invasively and without the use of any contrast agent. Both popu-
lations had similar age distributions (18.4 ± 2.6 months for both 
groups) (Fig.  4d). Figure  4a,b (top panels) show typical 3D brain 
images (total integrated signal) of mice with Alzheimer’s disease and 
control mice. Overall, the NIR signal was 6 times more intense in 
mice with Alzheimer’s disease (Fig. 4c) compared with that in the 
controls (p < 0.05, Student t-test). Fresh brain sections from these 
same mice were then observed by epifluorescence in the visible 
wavelength range using a MacroFluo fluorescence stereomicroscope. 
Typical granular structures could be observed within the cortex area 
of mice with Alzheimer’s disease whereas the cortex area of control 
mice appeared completely devoid of particular patterns (Fig. 4a,b, 
bottom panels), indicating that the fDOT intensity increase was 
related to the accumulation of amyloid deposits. The excitation 
wavelength used for these fDOT experiments, 690 nm, together with 
that of the subsequent 2D NIR imaging, 780 nm, were far beyond the 
maximum of lipofuscin’s emission spectrum, 600–650 nm (refs. 20,30). 
Therefore, it is very unlikely that the NIR signal increase was due to 
lipofuscin. This illustrates an advantage of the amyloid NIR signal. 
It occurs in an extremely broad wavelength range (Supplementary 
Fig. 8) and, importantly, enables amyloid fibres to be distinguished 
from other possible sources of luminescence.
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The increased in vivo NIR signal measured using fDOT could 
also be seen using non-invasive 2D NIR imaging (Fluobeam800)44 
performed on the head of living mice under anaesthesia (Fig. 5a,b, 
top panels) as well as on extracted whole brains after the mice were 
killed (Fig.  5a,b, bottom panels). We then hypothesized that the 
NIR-signal-contrasted granular structures seen on the MacroFluo 
images (Fig. 4) should also be registered by Fluobeam800, although 
the presence of heterogeneities was not distinguishable by the naked 
eye in these images. This indeed occurred by mapping the NIR sig-
nal intensity distribution in the image in a 3D graph (Fig. 5c). By 
these means, mice with Alzheimer’s disease were shown to display 
both higher NIR signal intensities and increased speckles compared 
with the control group. The variation of intensity of each pixel was 
compared to its closest neighbours (mean local standard deviation, 
MLSD), or as a function of the slopes of variations (mean gradient, 
MG), on brain regions-of-interest (see Methods). These methods 
of analysis allowed us to demonstrate that we could detect speck-
les due to pixel-to-pixel heterogeneities more often in mice with 
Alzheimer’s disease than in the wild-type group, both in images 
taken non-invasively in living animals (Fig. 5d, top panels) and in 
images taken ex vivo of whole brains removed after the mice were 
killed (Fig. 5d, bottom panels). Thus, by using MLSD and MG, two 
populations stood out and mice with Alzheimer’s disease could be 
distinguished from the control mice (Fig. 5e) with only two excep-
tions (one in each panel, either ‘AD’ or ‘control’). In particular, one 
mouse with Alzheimer’s disease displayed several dark skin marks 
that definitely interfered in the NIR signal evaluation and led to 
misattribution.

Conclusions
In summary, we describe two optical signatures of amyloid fibres: a 
luminescence in the blue and a NIR signal, which can be observed 
in vitro and in vivo from tissues. These features allow for the direct 
detection of amyloid structures without labelling. In  vitro, this is 
of particular interest to monitor the fibrillation kinetics without 
the need of an extrinsic probe that can possibly interfere with the 
reaction. Moreover, it seems that the two types of signature reflect 
different phenomena involved in the self-assembly mechanism. 
Furthermore, such detection and quantification could allow also 
investigations on ex vivo thick tissue sections without staining 
procedures. The NIR signal is of particular interest for the in vivo 
detection of amyloid deposits that should be further investigated 
in the human brain39 and also in other organs where amyloidosis 
is involved. This could establish this amyloid-specific NIR signal 
as a new blueprint for the study of amyloidosis. We indeed show 
that the aged mouse model of Alzheimer’s disease has a strong and 
heterogeneous NIR signal that can be detected by 3D imaging in 
the NIR but also by using non-invasive and real-time 2D NIR imag-
ing on live animals. In case the NIR signal would correspond to 
an enhancement of spontaneous Raman scattering, this would be 
of high interest not only for detecting but also for characterizing 
in situ amyloid deposits, in particular via stimulated Raman scat-
tering approaches45,46. Moreover, as amyloid fibres attract consider-
able interest for the design of functional bionanomaterials, taking 
advantage of their peculiar optical properties described here can be 
envisioned47–49. This would extend the scope of the results presented 
here beyond neurodegenerative diseases, opening the door to bio-
inspired photonic devices exploiting the so far vastly unexplored 
visible-to-NIR luminescent properties of proteins self-assembled 
into amyloid fibres.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of code and data availability and 
associated accession codes are available at https://doi.org/10.1038/
s41566-019-0422-6.
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Methods
Fibril growth. The amyloid fibres of the Het-s prion domain were obtained as 
previously described3. The Aβ1–42, IAPP and TTR(V30M) fibres were formed as 
previously described50. The CSNNFGA peptide (Genecust) is a derived sequence 
from IAPP, so CSNNFGA fibres were formed following the same protocol as for 
IAPP fibres. The hTau and α-synuclein fibres were formed as previously described51. 
Lyophilized lysozyme (Sigma-Aldrich, L-6876) and human serum albumin 
(Sigma-Aldrich, A-3732) were directly dissolved in a 50 mM glycine, 88 mM NaCl 
buffer and adjusted to pH 2.7 to obtain, respectively, a final concentration of 1 mM 
and 250 µM, incubated at 65 °C over 3 days. For lysozyme fibrillation, a rotating 
shaker (500 r.p.m.) was used52. Insulin fibres were formed using lyophilized insulin 
(Sigma-Aldrich, I6634-1G) in a 20% acetic acid buffer, adjusted to pH 1.7 at 40 °C 
on a rotating shaker (500 r.p.m.) over 10 h. Lyophilized β-lactoglobulin (Sigma-
Aldrich, L3908-5G) was dissolved in deionized water (2 mM), adjusted to pH 2 
and 335 K, filtered through a 0.22 µm filter before 10 days of incubation, adapted 
from published protocols53. The α-lactalbumin (Sigma-Aldrich, L6010-1G) fibres 
were obtained as previously described3. The NNLAIVTA (Proteogenix) fibres were 
formed in a HEPES 10 mM buffer at a final concentration of 1.5 mM at pH 7.4 (ref. 54).  
All fibre morphologies were confirmed using transmission electron microscopy 
(TEM) analysis (performed on a Tecnai 12 microscope).

Fluorescence spectroscopy. Measurements on amyloid proteins were carried out 
using JASCO FP-8500 and Fluorolog FL3-22 spectrophotometers from Horiba-
Jobin Yvon-Spex (equipped with a double grating excitation monochromator and 
an iHR320 imaging spectrometer). Each spectrum was recorded in a 1 cm path 
length quartz cell, with a response time of 1 s, an excitation bandwidth of 5 nm 
and an emission bandwidth of 10 nm. Excitation spectra of lysozyme, insulin 
and NNLAIVTA fibres were recorded at the maximum of the emission peak for 
each emission spectra, with the same parameters. Kinetic studies of insulin fibre 
formation were carried out using 200 µM of insulin either in the absence or in 
the presence of 30 µM ThT. For UV–vis and NIR emission spectra, excitations at 
360 nm and at 640 nm were used, respectively. For the emission spectra of ThT, an 
excitation at 440 nm was used, and the emission intensity at 485 nm was used to 
record the kinetics. Absorption spectra were recorded using a JASCO J-815 CD-
spectrophotometer, using a 1 cm path length quartz cell, with a response time of 1 s, 
a bandwidth of 4 nm, each 1 nm between 190 and 700 nm.

For lifetime measurements, excitation of the amyloid fibres was accomplished 
by a using (1) a nanoLED source with a laser diode head N-375L (full-width at 
half-maximum (FWHM) < 10 nm, pulse < 88 ps), (2) a nanoLED source with a 
laser diode head N-650L (FWHM < 10 nm, pulse < 70 ps) or (3) a nanoLED source 
with a LED head N-740 (FWHM 20 nm, pulse < 800 ps) from Horiba Scientific. 
The nanoLEDs were coupled to a Jobin Yvon NL-C2 pulse diode controller and a 
DH-HT time-correlated single-photon-counting (TCSPC) controller allowing the 
measurement of fluorescence lifetimes <100 ps and connected to the Fluorolog 
FL3-22 spectrometer from Horiba-Jobin Yvon-Spex. The output signal of the 
photomultiplier was fed to a PC and controlled and analysed with the Data Station 
(v2.7) and Decay Analysis (v6.8) software from Horiba Scientific. Lifetimes are 
averages of three independent determinations with a calculated chi-square <2.

Raman microspectroscopy. Raman spectra were recorded using a Jobin Yvon/
Horiba LabRam spectrometer equipped with a liquid-nitrogen-cooled charge-
coupled device (CCD) detector. The experiments were conducted in the micro-
Raman mode at room temperature in a backscattering geometry. The 632.8 nm line 
from a HeNe laser was focused to a 1 µm2 spot on the sample surface using a ×50 
long working distance objective with an incident laser power close to 5.3 mW. Raman 
spectra were calibrated using a silicon reference spectrum at room temperature.

Wide-angle X-ray scattering. Aligned amyloid fibres made of the Het-s prion 
domain were obtained by drying a highly concentrated fibre suspension between 
two tips. The X-ray diffraction pattern was recorded at ESRF (Grenoble) on the 
microfocus beamline ID13 using a 2 × 2 µm2 X-ray beam (energy E = 13 keV, 
wavelength λ = 0.9537 Å).

Brain sections of mice with Alzheimer’s disease. Brain sections of APPswe/
PSEN1dE9 mice (kindly provided by B. Larrat, Saclay, France) with Alzheimer’s 
disease (aged 18 months) were mounted on slides without labelling. As the control, 
brain sections from C57/Bl6 mice were used (12 months old). Mice were deeply 
anaesthetized with an intraperitoneal injection of a mixture of xylazine/ketamine 
(3× the normal anaesthesia dose) before exsanguination under anaesthesia. 
Animals were intracardially perfused with phosphate buffer saline (PBS), followed 
by administration of a solution of paraformaldehyde (PFA; 4% in PBS) fixative 
solution. After the animals were killed, their brains were removed from the skull 
and post-fixed 24 h at 4 °C in PFA 4% and then transferred to PBS buffer with 
0.1% sodium azide (NaN3), before microtome sectioning (20 μm, Leica, VT 1000E) 
and being conserved mounted on a glass slide at −20 °C. All of the procedures 
involving animals were carried out in accordance with the European Community 
Council Directives. Intrinsic fluorescence properties were recorded with a Zeiss 
microscope Axiovert 200 M, at various wavelengths, with emission in blue 
(λexc = 390 ± 10 nm, λem = 460 ± 50 nm), green (λexc = 475 ± 10 nm, λem = 530 ± 50 nm),  

yellow (λexc = 545 ± 25 nm, λem = 605 ± 70 nm) and in the NIR with false red colour 
(λexc = 620 ± 60 nm, λem = 700 ± 75 nm). Images were analysed with Carl Zeiss 
software and Image I 1.50 software.

Human samples. Brains were obtained by autopsies from the Department of 
Internal Medicine, Rehabilitation and Geriatrics, Division of Geriatrics, and 
the Department of Readaptation and Palliative Medicine, University Hospitals, 
Geneva with the approval from the Ethics Committee of the University of Geneva. 
We included tissues from two brain autopsies performed in 2015 on patients 
without (control) and with Alzheimer’s disease. For neuropathological analysis, 
tissues blocks were taken from the hippocampus with the inferior temporal cortex 
(Brodmann area 20). Brain tissue was fixed in buffered formaldehyde 4% for 
4 weeks. From paraffin-embedded blocks, adjacent sections 30-μm-thick were 
obtained and paraffin was removed using successive xylene/ethanol baths. The 
floating slices were conserved in phosphate-buffer saline (sodium azide 0.05%) 
until histological treatment. Intrinsic luminescence properties were recorded  
with a Zeiss confocal LSM800 microscope, at various wavelengths, in blue  
(λexc = 350–420 nm, λem = 440–500 nm), green (λexc = 450–500 nm, λem = 480–550 nm),  
and NIR (λexc = 620–700 nm, λem = 640–750 nm). Images were analysed with 
Carl Zeiss software, Vaa3D and Image I 1.50 software. Vaa3D is an open source, 
award-winning visualization and analysis software suite created mainly by Janelia 
Research Campus, HHMI and Allen Institute for Brain Science55–57.

Immunohistochemistry. Frozen sections were processed for 
immunohistochemistry for amyloid burden staining with thioflavin S 
(λexc = 450 nm, λem = 488 nm) (Sigma, T1892) according to standard practice. 
Fluorescent images were obtained using either a Zeiss confocal LSM800 
microscope or Zeiss microscope Axiovert 200 M for human and rodent tissues, 
respectively. Images were analysed using Carl Zeiss Zen software and Image  
J 1.50 f software.

In vivo and ex vivo imaging. All animal experiments were performed in 
accordance with the European Economic Community guidelines and the Principles 
of Laboratory Animal Care (NIH publication N 86-23 revised 1985). The protocols 
were approved by an animal ethics committee and received the authorization of 
the French Ministry of Higher Education and Research (authorization number 
8854-2017031314338357).

Female APPswe/PSEN1dE9 and C57/Bl6 mice (n = 11 per group) were 
bred until they were 18.4 ± 0.7 months old. The day before imaging, mice were 
anaesthetized (isoflurane/air 4% for induction and 1.5% thereafter) and their heads 
shaved. For non-invasive, continuous-wave NIR fDOT imaging, anaesthetized 
mice were placed in a previously described prototype imaging system42. Briefly, the 
heads were illuminated with a monochromatic 690 nm laser light. The irradiance 
on the imaging field was 14 mW cm–2. The re-emitted signal was filtered with a 
band-pass 730AF30 filter (30 nm band cut centred at 730 nm), placed in front of 
a NIR-sensitive CCD camera (Hamamatsu ORCA AG) mounted with a f/15-mm 
objective (Schneider Kreutznach). For all mice, a 2 cm2 rectangle area on the head 
was scanned and a dedicated algorithm generated a 3D reconstruction of the NIR 
signal distribution in the head43. The total NIR signal within the reconstructed 
volume (arbitrary units) was quantified for all mice.

Mice were then imaged—live animals and brains that had been removed after 
the mice were killed—using Fluobeam800 (Fluoptics, France) (λexc = 780 nm, 
λem > 820 nm; 500 ms exposure time). The irradiance on the imaging field was 
10 mW cm–2. Note that for both imaging systems exposure times may vary from 
100 ms to 10 s. These combinations of power and exposure times correspond to a 
maximum energy of 140 mJ cm–2, which is far lower than the maximum permissible 
exposure limit for skin at these wavelengths (2 J cm–2). For each individual, a region 
of interest was defined manually. Two analysis methods were used to quantify the 
grey level variations within each region of interest. The first analysis corresponds 
to the local standard deviation between a given pixel and its neighbouring pixels 
delimited by a circular region of a given radius (here r = 3). For each individual, 
the average value of these standard deviations was calculated within the MLSD. 
The second analysis corresponds to the MG measurement. The gradient is 
conventionally estimated by convolution with the partial derivatives of a Gaussian 
kernel parameterized with σ = 1.

For ex vivo fluorescence microscopy, mice were euthanized and their brains 
removed, coronal slices were cut using a brain matrix (1.0 mm, Stoelting, USA) 
and mounted between the slide and coverslip. Macroscopic fluorescence imaging 
was performed with a MacroFluo (Z16 APO, Leica, Germany) fluorescence 
stereomicroscope, equipped with a highly sensitive CCD camera (iKon-M, Andor, 
Northern Ireland) with a 515–560 nm excitation and a 590 nm long-pass emission 
filter. Images were acquired with an objective ×0.8 at ×2.5 magnification.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author upon reasonable request.
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