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Abstract: The optical properties of amyloid fibers are often distinct from those of the source
protein in its non-fibrillar form. These differences can be utilized for label-free imaging or
characterization of such structures, which is particularly important for understanding amyloid
fiber related diseases such as Alzheimer’s and Parkinson’s disease. We demonstrate that two
amyloid forming proteins, insulin and S-lactoglobulin (5-LG), show intrinsic fluorescence
with emission spectra that are dependent on the excitation wavelength. Additionally, a new
fluorescence peak at about 430 nm emerges for 5-LG in its amyloid state. The shift in emission
wavelength is related to the red edge excitation shift (REES), whereas the additional fluorescence
peak is likely associated with charge delocalization along the fiber backbone. Furthermore,
the spherulitic amyloid plaque-like superstructures formed from the respective proteins were
imaged label-free with confocal fluorescence, multiphoton excitation fluorescence (MPEF), and
second-harmonic generation (SHG) microscopy. The latter two techniques in particular yield
images with a high contrast between the amyloid fiber regions and the core of amorphously
structured protein. Strong multiphoton absorption (MPA) for the amyloid fibers is a likely
contributor to the observed contrast in the MPEF images. The crystalline fibrillar region provides
even higher contrast in the SHG images, due to the inherently ordered non-centrosymmetric
structure of the fibers together with their non-isotropic arrangement. Finally, we show that MPEF
from the insulin spherulites exhibits a spectral dependence on the excitation wavelength. This
behavior is consistent with the REES phenomenon, which we hypothesize is the origin of this
observation. The presented results suggest that amyloid deposits can be identified and structurally
characterized based on their intrinsic optical properties, which is important for probe-less and
label-free identification and characterization of amyloid fibers in vitro and in complex biological
samples.
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1. Introduction

There are many proteins that misfold and aggregate into amyloid-like fibrillar structures upon
mild denaturation. [1,2] Such fibers vary in size, but are typically 5 to 15 nm in diameter, have
typical persistence lengths in the um regime and are chemically and mechanically stable. [3-5]
This family of fibers has backbones of intermolecular 3-sheets that run along the fiber axis. [6]
Amyloid fibers are found in a wide range of severe conditions, many of which are becoming
increasingly prevalent. Some examples include: Alzheimer’s disease, diabetes mellitus type 1II,
and Parkinson’s disease - for which the associated proteins are Af, islet amyloid polypeptide,
and a-synuclein, respectively. [7-11] Other examples of amyloid-forming proteins are insulin
and B-lactoglobulin (5-LG), [12—-14] which to date have not been shown to induce degenerative
conditions. As a result, these amyloids are well-suited to be used in basic research that aims
to develop strategies for identification and characterization of amyloid structures. Additionally,
the unique chemical, mechanical, and optical properties of amyloids make them interesting
for practical use in engineering applications, such as organic light-emitting diodes, conducting
nanowires, drug-delivery systems, among others. [15-21]

It has been shown that lysozyme and Ap, as well as a few engineered protein sequences,
develop intrinsic fluorescence in the visible regime upon aggregation into amyloid fibers. [22-25]
In a few cases, electrical conduction through the amyloid fibers has been reported as well. [22,26]
The origin and specific characteristics of the fluorescence and charge transport of these structures
may be complex and multifaceted; [27,28] however, as these properties can arise even without
any ring-structures in the peptide sequence, one mechanism that has been hypothesized for their
emergence is charge delocalization along the fiber backbone due to long-range hydrogen bonding
of the peptide units. [22,23,29,30] The double-bond form of the resonance structures in a peptide
bond resembles a unit that one would expect to be conjugated in a long S-sheet sequence, which
grants credibility to this hypothesis. [31] The fact that this resonance form would be highly
discouraged in hydrophobic environments further corroborates this theory, since it has been
shown that low humidity and vacuum conditions diminish both the fluorescence and charge
transport of amyloid fibers. [22,23] A recent study demonstrated that the intrinsic fluorescence
from amyloid fibers is also highly dependent on the pH. [32] This observation was attributed to
proton transfer in the fibers, which may modulate the charge delocalization through them and
affect the absorption and emission characteristics.

The amyloid deposits in brain tissue from patients with Alzheimer’s disease consist of various
types of amyloid fiber aggregates, including a spherical superstructure called amyloid spherulites.
[33—41] In these structures, amyloid fibers grow radially from the center, where one may find
an amorphous core. The existence, size, and, morphology of the amorphous core is dependent
on the source protein and the conditions under which they are formed. [43] It was previously
demonstrated that the AS protein associated with Alzheimer’s disease can form spherulites in
vitro, [41] but until recently [42] the procedure has not been time-efficient and the yield has been
moderate. However, insulin and 8-LG form both amyloid fibers and amyloid spherulites within
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hours and with high yields — therefore these proteins were used in this study. The assembly
process depends on several factors, such as the protein concentration, temperature, pH and ion
concentrations, and has been described elsewhere. [43—51] The microscopy efforts in this work
focused on spherulites prepared from these proteins and the intrinsic optical properties of these
amyloid structures were utilized in label-free imaging applications.

Most studies of amyloid structures by multiphoton excitation fluorescence (MPEF) and second-
harmonic generation (SHG) imaging have relied on external probes, [S2—57] while only a few
have been label-free. [S8—60] In this paper, we show that these techniques produce images with
high contrast for the amyloids. This can be attributed to the previously demonstrated multiphoton
absorption (MPA), [61] being as effective for insulin fibers as for typical two-photon dyes.
Furthermore, the nonisotropic organisation and inherent noncentrosymmetry of the fibers in the
crystalline fibrillar regions enhance their SHG susceptibility. In the following sections, we first
briefly describe the preparation procedures that lead to either individual fibers or spherulites. The
fibers were visualized by atomic force microscopy (AFM), while the spherulites were identified
with cross-polarized microscopy. We then present the ultraviolet-visible (UV-Vis) absorption, as
well as the fluorescence spectra and fluorescence lifetimes of the native proteins and the amyloid
structures. Finally, we show images of the spherulites produced by confocal fluorescence, MPEF,
and SHG microscopy without using any probes or labels.

2. Materials and methods
2.1. Chemicals
Bovine insulin (I5500) and 5-LG from bovine milk (L0O130) were purchased from Sigma Aldrich.

2.2. Preparation of the fibers and spherulites

Insulin fibers were prepared by dissolving 10 mg insulin in 4 mL 25 mM HCI, followed by 18h
incubation at 70 °C while stirring with a magnetic stir bar at 300 rpm. 8-LG fibers were prepared
by dissolving 20 mg B8-LG in 4 mL 25 mM HCI, followed by 42h incubation at 85 °C while
stirring with a magnetic stir bar at 300 rpm. Insulin spherulites were prepared by dissolving
5 mg insulin in 1 mL 25 mM HCI and 5 mM NaCl, followed by 6h incubation at 70 °C without
stirring. 8-LG spherulites were prepared by dissolving 20 mg 8-LG in 1 mL 25 mM HCI and
5 mM NaCl, followed by 18h incubation at 85 °C without stirring. MilliQ water (18.2 MQ) was
used in all solutions and the prepared fibers and spherulites were stored in 4 °C. Before use, each
sample was centrifuged (5000g x 5 min for the fibers and 200g x 2 min for the spherulites) and
resuspended twice in 25 mM HCI post-assembly, to reduce the amount of non-assembled protein.

23. AFM

The amyloid fiber solutions were diluted with 25 mM HCI to a final concentration of about
1 mg/mL followed by adsorption on clean Si substrates during 3 min. The surfaces were then
rinsed by submersion into MilliQ water for 5 min. After drying with N; gas, the surfaces were
imaged with PeakForce AFM (Bruker-ICON).

2.4. Cross-polarized microscopy

Droplets containing spherulites (undiluted) were put on microscope slides with coverslips on top.
An in-house microscopy setup was used, with the sample between orthogonal linear polarizers.
The images of the spherulites were captured with a charge-coupled device camera.

2.5. UV-Vis absorption, fluorescence spectroscopy and decay

Solutions with about 5 mg/mL protein in 25 mM HCI were prepared for all the amyloid samples
and the native proteins. Absorption spectra from 240-500 nm were measured with a UV-Vis
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spectrometer (Varian Cary 5000) with a 25 mM HCI solution as the blank. Baseline correction
was made with a model according to Eq. (1),

I

‘ B
Abs = —1og[~22] + log[1 — A] + log[1 — —1]. 1))
Iy A4

where I, is the measured intensity for the sample, Ij is the intensity for the blank, 1-A is the
transmittance due to reflection/blocking at large structures, and 1-B/A* is the transmittance due
to wavelength dependent scattering. The A and B factors were optimized to accomodate a flat
baseline at zero at 4 > 430 nm, for which little absorption was expected. All absorption spectra
were normalized at 278 nm. The fluorescence spectra were acquired with a spectrofluorometer
(Tecan, Infinite M1000), with Ay ranging from 310 nm to 450 nm. The relative signal intensities
for the various A.x. were noted for each sample and the spectra were normalized to their maximum
values. The fluorescence decays were measured with a time-correlated single photon counting
spectrometer (Picoquant, FluoTime 100) and the instrument response function was captured
with 250 nm poly-L-lactic acid particles at low concentration. For all decay measurements, the
integration time was adjusted so that the maximum count for each sample reached 10,000 and all
results were fitted with double-exponential functions.

2.6. Confocal fluorescence, MPEF, and SHG microscopy

Droplets of the spherulites (undiluted) were placed on microscopy slides with cover slips on top,
and then imaged. The fluorescence images were captured with a 40X/1.30 Plan-Neofluor oil
immersion objective on a confocal microscope (Zeiss LSM 510 Meta) operating with Aexc at
405 nm from a diode-pumped solid-state laser. The detection channel had a photon multiplier
tube (PMT) and a longpass filter with a cut-on wavelength at 420 nm. The MPEF and SHG
images were acquired with a multiphoton microscope (Olympus, FV1000 MPE BX61) pumped
with a tunable nIR laser (Spectra-Physics Mai Tai HP) with 80 MHz repetition rate and 100 fs
pulse width. Unless otherwise noted, dexc Was 910 nm and the excitation laser power was
680 mW at the sample. No photodegradation was observed during acquisition for excitation
powers below 1.2 W. Both detection arms had PMT detectors and included bandpass filters
at 420-460 nm for the SHG channel and 495-540 nm for the MPEF channel. A 25X/1.05 XL
Plan water immersion objective was used and the images were scanned at 100 us/pixel, with
pixel sizes <200 nm. For all the MPEF and SHG images in this work, the expected pump laser
polarization orientation is 45° clockwise. When A¢x. was moved to 930 nm with the same pump
power and detector settings, the intensity in the SHG channel decreased to about 5 % while over
90 % of the signal in the MPEF channel remained. This procedure was used as a confirmation
that a majority of the signal detected in the SHG channel originates from SHG processes, while
MPEF is detected in the MPEF channel. We also meassured MPEF in both channels with a range
of Aexc to observe how the relative intensities are dependent on the wavelength. For these studies
we made additional measurements with another filter setup, allowing 460-500 nm in one detector
arm and 520-560 nm in the other.

3. Results and discussion
3.1.  Preparation and identification of fibers and spherulites

When proteins are brought to mild denaturation, they reach a flexible state that allows misfolding,
reorganization and subsequent aggregation that may result in amyloid-like fibers. Insulin and
B-LG are two proteins that form these fiber structures when heated close to their melting
temperatures in acidic conditions. [62, 63] Thus, we dissolved bovine insulin and 8-LG from
bovine milk in 25 mM HCI water solutions and heated them to 70 °C and 85 °C, respectively. To
promote fiber formation, lower concentrations (2.5 mg/mL for insulin and 5 mg/mL for 5-LG)
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Fig. 1. Preparation and characterization of amyloid fibers and spherulites. (a) Insulin [64] and
B-lactoglobulin [65] form fibers or spherulites, depending on the experimental conditions.
AFM images of amyloid fibers from bovine insulin (b) and 8-LG from bovine milk (c);
bars are 500 nm for both images. Cross-polarized microscopy of the spherulites from
insulin (d) and B-LG from bovine milk (e); bars are 150 um for (d) and 200 um for (e).
Normalized absorption spectra of the native proteins (black), amyloid fibers (red), and
amyloid spherulites (blue) from the bovine insulin (f) and the 8-LG from bovine milk (g), in

25 mM HCI solutions at ~5 mg/mL protein concentration.

were used and 300 rpm stirring was applied to the solution. In contrast, higher concentrations
(5 mg/mL for insulin and 20 mg/mL for 5-LG) with additional 5 mM NaCl (not stirred) were
the conditions used to favor spherulite formation (Fig. 1(a)). [48,49] Successful amyloid fiber
formation was confirmed with AFM of the fibers adsorbed onto Si surfaces (Fig. 1(b),1(c)).
When spherulites are imaged with cross-polarized microscopy, a characteristic Maltese-cross
pattern appears due to the birefringent nature of amyloids, for which the optical axis is along
the fiber. Therefore, the spherulites were imaged with a home-built cross-polarized microscopy
setup to confirm their formation (Fig. 1(d),1(e)). At the center of the insulin spherulites, a dark
region is observed in the structures, for which an associated large amorphous core has been
suggested. [43—45,48] For 5-LG spherulites, the corresponding dark region at the center is small,
which implies a small or non-existent amorphous core. Finally, UV-Vis absorption spectra were
captured and the expected absorption of the ring-structures in the proteins at about 278 nm was
detected for all samples (Fig. 1(f),1(g)). A slight peak broadening for the fibers and spherulites
was observed for both proteins, which may be related to either residual scattering that could
not be compensated for, or a small change in the local environment for the amino-acids with
ring-structures. At about 360 nm, a weak peak was observed for the insulin spherulites. This
may be an effect from phonons being formed due to the rigid nature of the long amyloid fibers in
the spherulites; however, further investigation of the details in this observation is needed and is
beyond the scope if this paper.

3.2. Characterization of the intrinsic fluorescence

Before proceeding to imaging the spherulite structures, we thoroughly investigated the intrinsic
fluorescence of the fibers, spherulites and native proteins of the insulin and 5-LG. For all these
samples, intrinsic fluorescence was observed and the emission spectra were dependent on the
excitation wavelength (Fig. 2(a)-2(d),2(g)-2(j)), which is in conflict with Kasha’s rule. Raman
scattering moves with the excitation wavelength, but cannot account for all the observed features
and Raman microscopy of the spherulites could conclusively exclude this as a viable explanation.
However, this effect is based on another well-documented phenomenon - the red edge excitation
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Fig. 2. Intrinsic fluorescence. The data for the intrinsic fluorescence from the S-LG from
bovine milk (a-f) and bovine insulin (g-1), at ~5 mg/mL in 25 mM HCI water solutions.
Fluorescence emission spectra are shown for the native proteins (a, g), the amyloid fibers (b,
h), and the amyloid spherulites (c, 1), when Aexc ranges from 310 to 450 nm. The emission
peaks are plotted versus the Aexc for both S-LG (d) and insulin (j) for the respective types of
samples: native proteins (green, A), amyloid fibers (red, o), and amyloid spherulites (blue,
0). The fluorescence decays for Aexc at 375 nm (e, k) and 470 nm (f, 1) are presented for
the native proteins (green), the amyloid spherulites (blue), and the amyloid fibers (red) —
as well as the instrument response function (black) measured with 250 nm poly-L-lactic
acid particles. The lifetimes (ns) and fractional intensities for double-exponential fits of the
decays are shown for both the 5-L.G (Table 1) and insulin (Table 2) samples with Aexc at
375 nm and 470 nm. The 95 % confidence intervals for the fitted parameters are included.

shift (REES). [66,67] Solvent interactions result in a statistical distribution of the ground state
(Eg) and the first excited state (E.) energies for the fluorophores. Of this distribution, only the
fluorophores having E, above the mean (Eg) and E. below the mean (EC) will be probed when
they are excited with light at the red edge of the absorption spectra. If the solvent relaxation
(reorientation) is slower than the fluorescence decay, this will lead to a red-shifted emission
spectrum, compared to the scenario when the excitation wavelength is sufficient for transitions
beyond the gap between Eg and E.. Usually, REES is not observed for fluorophores in liquid
solvents at room temperature, since the solvent relaxation in such cases is sufficiently rapid to
consistently yield a transition to the same E. distribution before radiative decay occurs. However,
the dynamics of water and other molecules surrounding the intrinsic fluorophores within proteins
are slow enough to allow a substantial wavelength-dependent REES. The absorption peaks
for the amino-acids with ring-structured side-chains (which are typically responsible for the
intrinsic fluorescence in proteins) are at about 280 nm. The Ay used in Fig. 2 (310 - 450 nm)
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is therefore far out on the red edge. Conforming with the REES discussed above, an excitation
wavelength dependence of the emission was observed for the native proteins for both the g-
LG and insulin. However, when Aex. is decreased to 300 nm and below, the emission obeys
Kasha’s rule. When we made similar measurements for free tyrosine amino acids in 25 mM HCl
solutions, the emission peaks were at no point dependent on Ax. (data not shown). This further
corroborates that the mechanism for the observed results is REES, since the solvent relaxation
for the free tyrosines is expected to be fast. REES is also largely observed for the fiber and
spherulite structures; however, in the case of the amyloids from S-LG, a static weak emission
peak appeared at about 430 nm with Aexc at 360 - 400 nm (Fig. 2(b)-2(d)). This observation is
most likely associated with additional fluorescence arising from charge delocalization along the
backbone of the fibers in the amyloid structures, as discussed in the introduction.

To confirm that this is indeed a new fluorescence not present for the native protein, the
fluorescence decays were measured for the native protein and the amyloid structures for S-LG.
When Aex. was 470 nm, similar decays for the native proteins and the amyloid analogs were
observed (Fig. 2(f)), while faster decays were measured for the amyloids when Aex, was 375 nm
(Fig. 2(e)). This shows that the faster decay is not an omnipresent feature for the fibers and
spherulites throughout the excitation spectra, but is rather indicative of a specific and additional
fluorescence pathway when Aexc is 375 nm. Interestingly, a corresponding fluorescence was not
readily observed for insulin amyloids, for which the emission spectra (Fig. 2(g)-2(j)) exhibited
features similar as for the native protein throughout the range of excitation wavelengths used
in this work. However, the fluorescence decays (Fig. 2(k),2(1)) show a slightly faster decay
for the insulin amyloids compared to the native protein when excited at 375 nm. This may
indicate that insulin also develops intrinsic fluorescence in the amyloid state, but with a very
low absorption cross-section and/or quantum yield. It is not easy to conclusively determine the
origin of the distinctions in the intrinsic optical properties for the amyloid states of 8-LG and
insulin. However, it is likely that the detailed organizations in these superstructures affect the
prospects of charge delocalization in them, for instance via their proton transfer capability. [32]
It is therefore not surprising that amyloids from insulin do not exhibit the exact same optical
properties as those from S-LG, even though the specific details for the origin of this observation
are currently unknown.

It has been shown that the intrinsic fluorescence decays from the ring-structures in proteins
often require at least double-exponential functions to produce sensible fits. The origin of this
feature is non-trival and depends on the specific positioning of the fluorescent amino acids,
possible energy transfers between them, as well as transitions to more than one excited electronic
state. [67-69] Accordingly, double-exponential fits were used for all samples, which yielded
short (71) and long (7;) decays (Table 1 and 2 in Fig. 2). With Ade at 470 nm, both 71 and 7,
were quite similar across the samples for each protein and no clear and interpretable trend is
observed. For insulin, the fluorescence lifetimes for the amyloid structures were slightly shorter
compared to the native protein when Aex. was 375 nm. It seems like 7, with the range 2—4 ns, is
the main reason for this. A larger distinction in the decay times between the amyloids and the
native protein for the same A¢y was observed for S-LG. Both 7| and 7, were longer for the native
protein, however the main difference was again measured for 75, which was 4.75 ns and 3.95 ns
for the amyloid spherulites and fibers, while it was 8.5 ns for the native protein. The fluorescence
lifetimes measured for the S-LG amyloid structures conform with the corresponding values
measured for amyloid-specific intrinsic fluorescence of other proteins. [24] The fluorescence
with longer lifetime for the native protein is likely from tryptophan, which has been shown to
exhibit a wide range of decay times that depend on the environment. For insulin, the main origin
of the observed fluorescence for all samples is likely from the tyrosine residues in the protein
sequence, which lacks tryptophanes.
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Fig. 3. Label-free imaging of amyloid spherulites. Spherulites from bovine insulin (a-d)
and S-LG from bovine milk (e-h) imaged with confocal fluorescence (a,e - red), MPEF (b,f
- green), and SHG (c,g - blue). MPEF and SHG were imaged simultaneously in different
channels (420-460 nm and 495-540 nm, respectively) and overlays of the two are shown
(d,h). Scale bars: 25 um (a,e), 20 um (b-d), and 40 um (f-h). The Adexc were 405 nm (a,e)
and 910 nm (b-d,f-h). The power dependences for SHG and MPEF were measured for
four replicates of both structures with powers ranging from 425-1190 mW. The error bars
represent the St. Dev. and the slopes were obtained with least square fits.

3.3. Label-free imaging of amyloid spherulites

The intrinsic fluorescence investigated in the previous section can be utilized for label-free
imaging of the amyloid spherulites in solution. Scanning confocal fluorescence microscopy
with Aexe at 405 nm was used to image the insulin and S-LG spherulites (Fig. 3(a),3(e)). Also
MPEF and SHG microscopy with dexe at 910 nm, produced clear images of the spherulites
(Fig. 3(b)-3(d),3(f)-3(h)). Power dependence plots for the average pixel intensity of the spherulite
structures revealed a quadratic relationship (1.95 and 2.05 for insulin and S-LG, respectively)
for the SHG images, which was expected. A nearly quadratic relationship (1.78 and 1.86 for
insulin and 8-LG, respectively) for the MPEF images was measured. The slightly lower power
dependence for the MPEF images indicates that a larger relative contribution of linear processes
(e.g. linear fluorescence or scattering) is present in this channel. The amorphous cores for the
insulin spherulites were large and had quite irregular shapes, while they were non-existent for the
B-LG spherulites. Another distinction was that many heterogenous features can be discerned in
detail for the insulin spherulites, whereas a homogenous morphology was obserev for the 3-LG
spherulites. A clear contrast between the amorphous core and the surrounding crystalline fiber
region in the insulin spherulites was observed for all three techniques. The line-intensities for
representative regions of interests are plotted for comparable insulin spherulites to quantify these
contrasts (Fig. 4(a)-4(c)).

The fiber regions had a 2 - 3x higher intensity for the confocal fluorescence. Based on the
analysis in the previous section, the origin of this contrast is likely not due to new fluorescence
pathways for the fibers. One contributing factor could be a distinction in protein density, however,
it is unlikely that this alone would yield a 2 - 3 times higher intensity. However, it is possible that
the packing and rigidity of the fiber regions discourage non-radiative decay pathways in favor
of radiative pathways. This would lead to a higher quantum yield for the fiber region without
affecting the overall fluorescence decay. Additional contrast was obtained for the MPEF, which
had a 6 - 8x intensity difference. After excluding the possibility of hyper-Raman contributions, it
was concluded that this is likely due to a strong MPA for insulin amyloids. It has been shown
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Fig. 4. Contrast between the amorphous core and fibrillar region. For the bovine insulin
spherulites, the relative intensities for the core and the fibrillar regions were evaluated by
taking regions of interest (dashed blue boxes) linescans for the confocal fluorescence (a -
red), MPEF (b - green) and SHG (c - blue). The scale bar is 25 yum for all spherulites and
the Aexc were 405 nm (a) and 910 nm (b, ¢), respectively.

that insulin amyloid fibers exhibit a MPA cross-section comparable to those for good two-photon
dyes. [61] In that study, the MPA order exhibited a strong wavelength dependence and was >3 for
insulin fibers when Aeye = 910 nm, which deviates from the order we have measured for MPEF
at this wavelength. This indicates that the features that give rise to the wavelength dependence in
MPA are not coupled to emissive decay pathways. However, despite this distinction between
the previous study and our findings, a strong nonlinear absorption cross-section exclusively for
the fibrillar structures is a likely explanation for the higher contrast in MPEF compared to the
confocal fluorescence. As a 40 nm window is relatively large for SHG imaging, there is a risk
that some MPEF could emerge in the channel for SHG detection (with a bandpass filter at 420 -
460 nm). Therefore, Aex. Was shifted from 910 nm to 930 nm as a control, which would have
a limited effect on the observed MPEF, while the SHG signal would vanish completely as it
shifts out from the bandpass region for the filter setup. Indeed, the vast majority of the signal
disappeared (results not shown), demonstrating the contribution of SHG processes to the SHG
images. For the core in the insulin spherulites, one would likely find proteins that are isotropically
arranged with a random coil conformation, [42] and the SHG susceptibility would thus be low
there. Therefore, the 14 - 20x intensity difference in the SHG image is a clear indication that
the cores of the insulin spherulites are indeed amorphous, as has been previously hypothesized.
A final comment to make is that the confocal fluorescence response seems uniform for the
fiber region in the insulin spherulites, while the responses for the MPEF and SHG are more
heterogeneous. This is because the excitation light is polarized in the latter two techniques, which
favors fluorescence from fibers with the optical axis aligned with the polarization of the light.
Such artifacts can be alleviated by the use of circularly polarized light. However, the polarization
dependence can also be utilized to make conclusions about the detailed structure of the sample
under study. In our case, the results indicate that the fibers mainly grow radially outward from
the spherulite cores, which agrees with previous studies.

These imaging techniques can also be used to sample various cross-sections of the spherulites,
which provides information on their 3D-structure (Fig. 5). A z-stack of cross-sections from an
insulin spherulite was collected, from which four 3D animations were made. The results can be
found in the supplementary material: Visualization 1 and Visualization 2 show half of a 37 um
spherulite imaged with SHG and MPEEF respectively, while Visualization 3 and Visualization 4
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Fig. 5. Various cross-sections for the spherulites. Cross-sections of a spherulite from §-LG

from bovine milk (a) at 0 um (top row) and 12.5 ym (bottom row) from the center with

SHG (blue/left), MPEF (green/middle), and overlays (right); the scale bar is 25 um. Cross-
sections of a spherulite from bovine insulin (b) at O um (top row), 21.3 ym (middle row),

and 27.5 ym (bottom row) from the center with SHG (blue/left), MPEF (green/middle), and

overlays (right); the scale bar is 25 um. Adexc Was 910 nm in all cases. 3D-animations created

from a z-stack of a 37 um insulin spherulite are provided in the supplementary material.
Both half the spherulite imaged with SHG (Visualization 1) and MPEF (Visualization 2), as
well as the entire spherulite imaged with SHG (Visualization 3) and MPEF (Visualization 4)
are shown.

show the corresponding SHG and MPEF images of the entire spherulite. The amorphous core
can easily be identified as a "cavity" in the structure. Finally, to further demonstrate the ability
of these techniques to detect detailed features in the spherulite structures, some pressure was
gently applied on the spherulites to induce cracks in them. The samples were then placed in the
microscope and imaged with MPEF and SHG (Fig. 6), with Adexc at 910 nm. The SHG approach
in particular was able to display the cracked features with high contrast. This is due to the high
contrast for SHG demonstrated above, in combination with the fact that the microscope was used
in back-scattering mode. The SHG signals are mainly produced in the forward direction (due
to the conservation of momentum), which means that the signals need to be back-scattered to
reach the detector. Consequently, enhanced scattering at cracks and defects make these features
more pronounced. However, also the MPEF image exhibit enhanced signals close to some of the
defects. This is also reasonable, because when the focus of the excitation light is close to defect
sites, on would epect to get the regular MPEF signal and potentially additional signals from light
that travels in the direction of the defects that subsequently scatter it to the detector.

Lastly, REES in linear fluorescence has been readily demonstrated for these structures above.
As far as we know, there are no conceptual reasons why REESs would not be possible to observe
for MPEF as well. However, little research has been devoted to this and we are not aware of any
studies of this kind. In order to investigate if REES may be found in the MPEF from our insulin
spherulite structures, a range of different excitation wavelengths that would yield only MPEF
and no SHG in both the detection arms were used. Thereafter, ratios of the average intensities of
the images in the respective channels were formed. The results show that up to about 790 nm, the
excitation wavelength has limited effect on the relative intensities in the two channels. Thereafter,
the signal in the channel for the lower wavelength starts to decrease relative the one for longer
wavelengths (Fig. 7(a)). This is consistent with the REES phenomenon. However, since 790 nm
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Fig. 6. Imaging of cracked spherulites. SHG images (a, d - blue), MPEF images (b, e -
green), and overlays (c,f) of cracked spherulites from bovine insulin (a-c) and 8-LG from
bovine milk (d-f); the scale bars are 25 ym (a-c) and 50 um (d-f), and Adexc was 910 nm.
Note that the images of the insulin spherulite were not recorded at its center and, therefore,
lack the amorphous core.

is relatively close to the lower window boundary, the experiment was repeated with a second filter
setup, with 460-500 nm and 520-560 nm windows (Fig. 7(b)). Again, the decline started at about
790 nm, which shows that it cannot be an effect from hyper Raman scattering. To conclusively
determine that the observed behavior really is REES, it would be necessary to measure the MPA
spectra as well as complete MPEF spectra for several excitation wavelengths. That is beyond the
scope of this work, but we hypothesize that the obtained results are due to REES in MPEF. In
such a case, a wavelength of 910 nm (the typical A¢xc in this work) is far out on the red-edge of
the MPA. This would explain why this wavelength allowed very high excitation powers without
photodegradation, while the higher MPA cross-sections for shorter wavelengths required lower
excitation powers (e.g. <100 mW for Aex<800 nm).
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Fig. 7. Excitation wavelength dependence in MPEF images. Ratio of average intensities for
the insulin spherulites in the two detector channels. The bandpass filters windows compared
are (a) 420-460 nm vs. 495-540 nm and (b) 460-500 nm vs. 520-560 nm. The error bars
are St. Dev. from measurements on four spherulites and the excitation laser power was
80—400 mW, depending on the wavelength. The dashed red lines are splines intended as
visual guide.
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4. Conclusion

In this paper, the intrinsic fluorescence of amyloid structures from insulin and §-LG was
investigated in detail. Fibers and spherulites from both proteins exhibit enhanced fluorescence.
However, only the S-LG structures develop an additional fluorescence decay pathway in the
visible regime that could be readily detected with fluorescence spectroscopy. The origin of the
new intrinsic fluorescence for 8-LG is likely due to charge delocalization, while the origin of
the enhanced signal for the insulin amyloid structures in confocal fluorescence microscopy is
likely due to a transition from non-radiative to radiative pathways for the tyrosines in the peptide
sequence. The ability to image amyloid spherulites with confocal fluorescence, MPEF, and SHG
microscopy without the use of any probes or labels was also demonstrated. In particular, the
nonlinear techniques provide images with excellent contrast for the fibrillar regions within the
spherulites. This work provides a first demonstration of the virtue of multiphoton absorption in
MPEF microscopy of amyloid structures. Additional contrast was obtained in the SHG images,
thanks to a high SHG susceptibility exclusively for the ordered fibrillar regions. Also, it was
demonstrated that these techniques can be used to obtain 3D-images of amyloid spherulites
and display detailed information about their structure, including cracks and defects. Finally,
we showed that the MPEF exhibits a spectral dependence on the excitation wavelength. We
hypothesize that the REES phenomenon is responsible for this effect, since the observed behavior
is consistent with this mechanism. As far as we know, REES in MPEF has not previously been
reported, but additional investigations are needed at this time to confirm the existence and use of
REES in nonlinear optical spectroscopy and imaging. Enhanced intrinsic fluorescence, strong
MPA and intrinsic molecular ordering are a combination of features that likely distinguishes
amyloids from most other structures in normal tissue. [58—60] A visualization strategy including
all these features would be a helpful tool to selectively find and characterize amyloid deposits in,
for example, brain tissue from patients with Alzheimer’s disease, without the use of any labels or
probes. As a result, non-destructive identification of amyloids in such tissues becomes possible
without introduction of any contaminating agents. This subsequently allows chemical analyses
of the identified amyloid structures by vibrational sum-frequency scattering spectroscopy, [70]
coherent anti-stokes Raman scattering microscopy, [60, 71] and time-of-flight secondary ion
mass spectrometry, [72] among other techniques. The fundamental optical properties of amyloids
discussed and presented in this paper are essential for continuing efforts with the goal of providing
innovative strategies for the study of amyloid fiber structures. An improved pathway for making
amyloid spherulites from AB].49 was recently developed. [42] As the presence of such structures
has been demonstrated in the brain tissue of patients with Alzheimer’s disease, they have a
potential to become important in vitro models for Alzheimer research. This emphasizes the
need in biomedical research for noninvasive techniques that can provide detailed information on
amyloid spherulites.
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