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Fibrilization of peptides leads to formation of amyoid fibres that in large aggregates are
responsible for such diseases as Alzheimer's and Rmson’s™™. We show here that
amyloids possess strong non-linear optical absorpim which is not present in native non-
fibrillized protein. Z-scan® and pump-probe experiments indicate that insulin ad
lysozyme B-amyloids, as well asa-synuclein fibres, exhibit either two-photon, three
photon or higher multi-photon absorption processesdepending on the wavelength of
light. We propose that the enhanced multiphoton almgption is due to a cooperative
mechanisn? involving through-space dipolar coupling between xxited states of
aromatic amino acids densely packed in the fibroustructures. The finding is creating
the opportunity for non-linear optical techniques b detect and study amyloid structures
and is also suggesting that new protein-based matals with sizable multiphoton
absorption could be designed for specific applicatns in nanotechnology, photonics and

optoelectronics.



Fibrilization of peptides or polypeptides leads ftsmation of amyloid structureS The
process is promoted by certain mutations that affeotein folding which may result in
erratic structures, such as self-assembled isokdgeegates believed responsible for various
diseases including the Alzheimer’s, the Parkinsamid the (contagious) Creutzfeldt—Jakob
diseas&*’. Amyloid fibrils are generally composed of antipiéel p-sheets oriented
perpendicular to the long-axis of the fibril whichn be as long as several micrometres but
with a diameter of only some 8-10 finfor certain systems mixed unstructuseldelixes and
B-sheet fibrous structures may co-exist in equilibri(e.g. fora-synuclein). Such natural
biopolymer aggregates often exhibit unusual mdteraperties: pull strength comparable to
steel, mechanical shear stiffness similar to tHasil& and extreme persistence length and
mechanical rigidit). Amyloid fibrils have attracted considerable ier lately because of
their proven medicinal relevance, both as for ulyttey mechanistic relations to disease and
for the development of new diagnostic tools. Framther angle, protein fibrils may also be
considered a new class of self-assembling nanobaagdelymer materials with properties that
could be useful, for example, in various photomipplications as suggested by the non-linear
phenomena reported here.

We report the discovery that amyloid fibrils exhil@nhanced multiphoton absorption
properties apparently directly related to the fibation. The parameters characterizing the
non-linear absorption and its character (FigurewBre determined using the Z-scan
techniqué in the wavelength range from 530 to 950 nm, amdfitbrils were compared with
native protein monomers of equimolar concentratidimsee kinds of fibre-forming proteins
were investigated and all, to greater or less éxteare found to exhibit enhanced non-linear
properties. Insulin fibrils were also examined bg pump-probe technique at 800 nm and
confirmed to display signals that can be attributedenhanced multiphoton absorption

(Figure S6).



Normalized Transmittance (a.u)
=
62
o
[N
5
o
a1
o
o
a1
o
=
O -
o

- 150
1.05
1.00
0.95
0.90
0.85
] T T T T T T T T T T T ]
-150 -100 -50 0 50 100 150
Z (mm)

Fig 1. Example of Z-scan measurement of non-limefactive index (a) and non-linear absorption
coefficient (b) of amyloid sample. Femtosecond @rsusing 100 GW/cfrirradiation at 930 nm with
closed (a) and open (b) apertures. Amyloid fibfiguares) are compared to native protein (circles).
Theoretical fits are shown for two-photon absompti@PA, light-grey solid curve), three-photon

absorption (3PA, dark-grey solid curve) and fivetam absorption (5PA, red solid curve).
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Fig 2. Wavelength dependence of expome(the apparent number of photons taking part in the
non-linear absorption procgselefined from t/dz= -ki" with | denoting light intensity and
propagation distanceNote the steps marked with vertical arrows: beB®5 nm, two-photon

absorption and below 850 nm, three-photon absarptio

Pure two-photon absorption (2PA) was only obsemtethe shortest wavelengths applied in
our experiments, as judged by the criterion offthieetween experimental open aperture scan
and theoretical line shapes for different numbefsplotons assumed to be absorbed
simultaneously (Figure 1 and S2 - S5 in Supplenmgniaformation}®. These results are
summarized in Figure 2. It can be seen that 2Rfominant in the range 525-600 nm, while a
three-photon absorption (3PA) process appears toirdde in the range 700-750 nm in
agreement, for example, with the position of thedst single photon transition of tyrosine
occurring at 275 nm. At the longest wavelengthsvidlae ofn needed to fit the experimental

data is close to 5.



Figure 3 shows non-linear absorption spectra ptedeas two-photon and three-photon
absorption cross-sections versus wavelength, réepgtc where appropriate, and as an
apparent two-photon cross section (see Sl for diefi) corresponding to the typical light

intensity of measurements (100 GWfnfor regions where neither clean 2PA nor 3PA
behaviour was observed. Within the region where@photon process dominates there is a
prominent maximum at 550 nm with = 2600 GM (calculated per insulin monomer, 1 GM=
10°° cms), in good agreement with the true linear (onetghabsorption) spectrum re-

plotted in the figure versus the wavelength nunmbeltiplied by a factor of two.

Table 1
Amyloid fibril | Number of aromati¢ Molecular weight 2PA max. | o [GM] | o2/ M
type amino acids in monomerof monomer unif wavelength
unit (Y, F, W) [g/mol]
insulin 4x Y, 3x F, Ox W 5733,5 550 nm 2600 0.45
lysozyme 3xY, 3xF, 6xW 14307 570 nm 1640 0.11
a-synuclein 4x Y, 2x F, Ox W 14460 550 nm 5250| 360.

To appreciate the strength of the non-linear optiesponse, and compare it among various
species, it is useful to consider certain meritdes; e.g., to scale the two-photon absorption
cross-section by the molecular wefdHt of absorbing species. In the case of insulin I8bri
we find that at 550 nmy,/M = 0.45, a value three orders higher than foreptyrosine
oJ/M = 0.13 x 10°, ** and comparable to those reported for good twoguhdies. This is

indeed an unexpectedly large value, especiallylinegahat no two-photon absorption could



be recorded under the same conditions in the dasative insulin protein i.e. the same amino
acid sequence.

In order to get further support for the hypothdbet it is the fibrillar state that is specifically
enhancing multiphoton absorption, we performedstiae experiments also on lysozyme and
a-synuclein fibrils which have different composit®af aromatic residues (see Table 1). Both
showed enhanced 2PA but, upon scaling, lysozymefovasl to be a 3-4 times weaker two-
photon absorber than the richer in tyrosine prateirsynuclein and insulin.

In the wavelength range of the dominant three-pihgicocess (from 700 to 750 nm) a
maximum at 725 nm for insulin (Figure S3) and 75@ for a-synuclein (Figure S4)
corresponds to the three-photon absorption crastoascs= 3.3 x 10’’ cn’s’ ando5=1.4 x
10"°cm®s, respectively, which are, again, notably high ealuSome caution is in order when
assigning the origin of the effect, i.e. the thpé®ton active transition, as the data points
corresponding to the 3PA spectrum do not perfeflpw the pattern of the one-photon
absorption spectrum wavelength-scaled by a fadtdhree: a substantial blue shift is seen
when comparing the spectra. Note that a blue-shifpredicted for side-by-side exciton
models for two-photon absorption (see Supplemeritdoymation). The data collected in the
intermediate region and at longer wavelengths 2<ar8 3<n<5 (Figure 2) where a mixture
of two or more processes may occur also show apgmecmulti-photon absorption. It is
interesting to realize that the multiphoton abdorpprocesses actually lead to the fraction of
incident photons absorbed comparable to that eggdot strong two-photon absorbers at the
same light intensities.

Our results for amyloids stand out when one ndtasamong natural biopolymers only rather
modest non-linear optical properties have beenrtegoso far, for DNA’ and isolated
aromatic amino acid§ It is, therefore, not surprising that proteinghieir native states show

negligible 2PA*. Probably as a result of a relatively small numtfesromatic amino acids in



protein sequence and, hence generally, quite iatge-molecular separations between them
in the monomer protein structure there is no paldiccommunication between the aromatic
amino acids in the non-fibrillized state. Howeviefluence of protein conformation on 2PA
has been considered previously as an importanorfa¢® The non-linear absorption
exhibited by the aggregated state of proteins msimscent of non-linearity enhancements
reported for extended-electron systems like in dendrimers®® and porphyrins® where
strong enhancement of 2PA is observed upon praggedsom the zeroth to the first
generation of dendrimer or conjugation of porphyrimto ladder type structures.
Unfortunately, the complexity of the amyloid fibslstems, as compared to the structurally
relatively well-defined dendrimers or porphyrinegéther with a general lack of structural
information about their internal organization of@mophores in the fibres, makes it difficult
to deduce the mechanisms and parameters of theinsdhat will determine the overall non-
linear response. However, in contrast to the demehs and porphyrins, our protein fibrils are
all lacking m-conjugation. This fact together with the generalgry large separation of the
aromatic chromophores when counted along the peptidins, make us dismiss the through-
bond cooperative effects as major origin of enhdrReA. As inferred from a more detailed
discussion in Supplementary Information, insteagrimolecular interactions are operative
and it is proposed that an exciton type of inteoacis the origin of strong two-photon
absorption.

Aggregation-induced enhancements of 2PA were ricextiewed and discussed in terms of
co-operative effects of intra- and inter-molecutharge transfer transitichslt is plausible
that similar cooperative mechanisms may be alsooresble for the strong enhancement of
non-linear optical response in compacted structofeammyloid fibrils leading to large non-
linear absorption cross section values. Our resullisate that also the sequence composition

is important, and probably possible modificationfs amino acids such as nitration or



phosphorylation may influence cooperative enhancém&/e note that lysozome that
contains more trypthophans dominating one-phot@omion (OPA) spectrum in a sequence
is found to exhibit significantly weaker 2PA thamsulin anda-synuclein. However, this is
not surprising since trypthophan itself has onlyaw€@PA when compared to tyrostfie
present in larger amounts there. Thus, the scdd@operty indicates that tryptophan-rich
amyloids do not a show non-linear absorption enbdras effectively as tyrosine-rich fibril
structures. Another aspect to note may be disteagations between tyrosines in a monomer
sequence, although we consider that of minor inapae for a cooperative mechanism that is
based on through-space rather than through-boneractton. Comparing tyrosine-rich
amyloids it is reasonable that 2PA of insulin igg&x than that ofi-synuclein because the
tyrosine content is higher and the monomer urainsost three times smaller allowing denser
packing. To sum up, the three different proteimdibril state, insulin, lysozome ang
synuclein, all exhibit multiphoton properties tregtpear to be related to tyrosine content,
whereas other aromatic amino acids seem to playitegortant roles in inducing enhanced
non-linear response. Finally, linear dichroism sadof tyrosine-containing amyloid fibres
indicate a common behaviour: a preferential origmaof the transition moment of the first
symmetry-forbidden 1PA transition, lalong the fibre axis and more perpendicular oaeom

of the next transition dipole moment. By contrast, the J-transition, occurring at 275 nm, is
allowed in 2PA and the cause of reasonably stramglimear effects in isolated tyrosines.

In the case of amyloid fibrils no significant coggtion or delocalization of electrons occurs
along the peptide chain and any further enhanceefétts, we propose, therefore must be
due instead to intermolecular (through-space) aatigzns. Based on more detailed arguments
given in Supplementary Information we suggest thatcooperative effects in the amyloid
fibres are predominantly of excitonic nature suchtlae symmetric combinations of, L

transition dipole moments schematically illustratedcheme 1.



Scheme 1. Schematic illustration of proposed cape&r enhancement of multiphoton
absorption by exciton coupling among tyrosins thay interact in all three dimensions in the

amyloid structure.

Existing preparation routes for amylofds where length, thickness and amino acid
composition can be reasonably accurately predieted controlled at an early stage of
assembly, are appealing for the fabrication of mo@ar absorbers with tunable properties.
The material properties of such biopolymers couldkenthem excellent candidates for
developing new non-linear self-assembling nano-tatap for, e.g., plasmonic nanoparticle
wires? or, if combined with addressable DNA origami gffdsunctional opto-electronic
components in molecular “integrated circuits”.

In parallel with advancing the fundamental insigitb structure and physical properties of
amyloid fibrils, these often also represent a stdtenisfolding and subsequent aggregation
that can occur among virtually any protein in nettirThere is a demand for localizing
positions along the amino acid sequence whereipsotend to aggregate which could prime
the development of serious diseases. There areveasdasitive methods for detecting the

specific aggregation that lie behind formation okit fibres and the kinetics of their



formation. But most of them are invasive and regadditional sample treatment such as
labeling with organic dyé3 or metalé® that is often cytotoxic and not applicaibtevivo. An
example of a non-invasive absorption-based metbodilril formation detection is linear
electronic circular dichroism (CB)and we envisage that our discovery may open a@sacc
to an alternative multiphoton-based methods such“remn-linear circular dichroism”
(NLCD)?®, NLCD could open the possibility to investigatenfarmational changes of
proteins just like linear electronic CD (for exampimisfolding) but in the near infrared
transparent region above 700 nm, where cells a&sdds are not prone to photo-damage and
exhibit less light scattering. The cooperativityhancing non-linear absorption of fibres may
be also useful in photo-acoustic tomograiwhere in multiphoton process only aggregation
states would be visualized whereas non-aggregatdalgr proteins would remain optically
invisible.

Envisaging using advanced multiphoton technolodoegh for diagnostic as well as
therapeutic, even prophylactic, methodologies ssugxtiting but also brings new kinds of
limitations and problems. Other fibrillar proteisach as collagen known to exhibit second
harmonic generatici may interfere with detection of amyloids. Thusrttier research

concerning sensitivity and background effects sessary.
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Figure 3 Diagram representing the values of noedirabsorption at different wavelength in visible
and infrared region. Two-photon absorption of anuyfibrils (black squares) between 530 and 600
nm, together with one-photon spectrum (solid greyplotted from normal absorption spectrum with
the wavelength multiplied by a factor of two andmalized to the same peak height for comparison.
Three-photon absorption (red crossed squares)eimraghge 700-750 nm of amyloid fibrils and one-
photon spectrum (dashed grey) re-plotted with tlerelength multiplied by a factor of three and
normalized to the same peak height for compariddre non-linear absorption data points for
processes between 2PA and 3PA and 3<n<5 in rariger@® 930 nm (cf Figure 2) are plotted as the

“effective 2PA” and denoted by blue triangles.
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Two-photon absorption — imaginary part of 2° hyperpolarizability.

Two-photon absorption (2PA), predicted theoretical0 years ago by Goppert-Mayerwas
experimentally observed much Igterith the advent of lasers able of creating condgiwith enough
radiation intensity for achieving noticeable 2PAedpite that basic principles were understood,
successful attempts to theoretically deal with brggystems than atoms or small molecules have been
made first recently. Still, problems remain, depegdon the approximations made and methods
applied, as to conclusions what variations at aemgdhr level are the origin of enhanced 2PA

observed in more complex systems of molecules asthose reported here.

For one-photon absorption (OPA) first-order peratidn theory is used to derive the equation fag rat
of change. Two common approximations are: 1) neéglequadratic term of vector potential (A:A)
and 2) the dipole approximation. The latter mayrddexed, for example when considering circular
dichroism for electric dipole-forbidden, magnetipale-allowed transitions, by introducing magnetic-
dipole and quadrupole transitions. The various ca$a¢wo-photon absorption and emission are most
easily dealt with using Feynman diagrdméere the terms in A:A, in first order, for theaywhotons

cases are:



<m |A:A |In>

[ Wmn+ (wW2+ w1) |

and

<m |A:A |In>

[ Wmnt+ (W1— w3) ]

(2)

Here Eq (2) corresponds to two-photon absorpti8y. contrast, the A:A term in the interaction is
ineffective in two-photon absorption in the caseEof (1) which corresponds to elastic (Rayleigh)
scattering.

Macroscopically two-photon absorption is related ttee imaginary part of the “third-order

susceptibility”, i.e. the coefficient in the powexpansion of the electric field dependent polaidirat

P=¢gy(yVE + yPE?+ y®E3 ) (3)

On the molecular leve{" corresponds to the polarizabilityandx to the hyperpolarizabilit$ and

X" to the "second hyperpolarizabilityf which is developed in Luo et al. 2060Summation over

states provides:

Y(—wp, w1, w5, w3) = h73Y P_gq1323 X

<O0|ulk><k|u|l><l|jpm><m|u|0>

k—wot+ i T)(wr— wy— w3+ iTMN)(wWm—w3+iTy)

2 <Olu|lk><k|pulo><0|u|l><l|u|0>
kl (Wrg—wo+ IiTR(W+ Wr— w3+ iT)(wW—w3z+iTy)

As shown by Perez-Moreno et’ala generalized Thomas-Kuhn sum rule may be usetbtive a

correspondence of Eq (4) without dipole approxiorati

Before we elaborate on cooperative effects thatdcenhance the hyperpolarizability, let us note an

interesting connection between the non-linear phrama of two-photon absorption and the optical



Kerr effect (OKE) i.e. the effect that strong phofelds induce anisotropy in polarizable media.EFOK
is a refractive correspondence to the non-lineasogdtive effects defined by the second
hyperpolarizability. The effect, sometimes called tBuckingham effect", was first predicted by A.D.
Buckinghani in England in 1956 and experimentally pioneere&bikielich in Poland in 1959. Part
of the OKE is due to (instantaneous) electron jadsion along the electric field vector of the lase
light, part is due to molecular orientation: thelgoizable molecule gets upon interaction with the

photon field a transient induced dipole momentilegtio an orientational Boltzmann redistribution to
minimize the energy-E between the molecular induced dipole moment anadptieal field. Just like
the normal linear absorption coefficient is projmral to the imaginary part of the (complex)
refractive index, there is a relation between tbfeactive nonlinear effect of®® and the nonlinear
(two-photon) absorption: the latter is given by thmaginary part of the former. Thus, in molecular

terms 2PA is the imaginary part of the second Ipygarizability.

Cooperative enhancement of 2PA.

Without going into any detailed mechanisms it hagrb observed that molecules with high and
anisotropic polarizability rapidly increase theieléctric permittivity when in concentrated comgghre
to dilute form: carbon disulfide was early obsertedncrease its macroscopic permittivity (real as
well as imaginary parts of the refractive index@qumably by a cooperative effect to self-polararati
due to mutual interaction of transient induced Wippi.e. by dispersion forded ikewise we can
expect that dimers, oligomers and aggregates darigable molecules will display cooperativity

effects, both in their linear optical propertiesagd| as in their non-linear properties.

Following the formalism above (Eq 4), applying sedoorder perturbation theory and the dipole
approximation, we have for the 2PA (second hypemimdbility) a product of four transition

moments. In the simplified case of three stateg,dhk ground state 0, some intermediate staté i an
the final state f, which is a one-photon-forbidden two-photon-allowed symmetric (g) state, the 2PA

cross section has been derived as proportiofid to

[<i|u|0>? |<f|u|i>|*cos’a
-1 %Iy
17]’-'0




With <m|u|n> the corresponding electric transition dipole momieettween state m and w,, the
corresponding transition frequency, dnds the line width of staté a is the angle between the two

transition moments in the expression.

Obviously, the mutual orientations of the transitimoments by through-bond interactions in a
molecule can tune the size of 2PA. As will be irddrbelow an analogous relationship to transition
moments of separate chromophores could explainneehgent from through-space intermolecular
interactions. Indeed, theoretical studies indidht the cooperative effects due to such excitonic
interactions are more efficient in enhancing twotoh absorption than are various extensions of the

electronic (through bond) system of singular molest:

Consider two chromophores that are arranged inreerifi structure side by side, for example, two

benzoic acid molecules.

M1 )

Fig. S1 Dimeric structure of benzoic acid. Symneetrkciton combination, forbidden in OPA but
allowed in 2PA.

The first excited state |i> has charge-transferastiar and a transition mometitp| 0> directed from
the nucleus of the benzene ring towards the catboogd. The (through-space) dipolar exciton

interactions give rise to two new excited statgmested in energy by

_2<i|u|0>|?
= e

V

The low-energy state is accessible by OPA and witinansition moment equal to the sum of the

monomeric transition moments. It accounts for astitial red-shift of the normal absorption



spectrum of benzoic acid upon dimer formation. frhasition to the high-energy state should be OPA
forbidden but 2PA allowed, providing an exampléofv side by side structures like that above could
give rise to combined excitonic transitions witpaxity promoting two-photon excitation (to our best

knowledge benzoic acid dimer has not yet beenetinith respect to 2PA). The excitonic model can

be extended to large aggregates as have been egvignCollini and othets

For the case of the protein fibres any discussfgpossible mechanism for enhancement of 2PA will
necessarily be very speculative since detailedrimftion about their structures is generally missing
However, we have some indications about the avesagatations of tyrosines in some of those fibres
obtained by flow linear dichroism (LD) spectroscapyperiments?® which indicate that the benzene
ring has a preferred orientation with its planeafial with the fibre dimensions (positive LD sighlg,
transition) while the supporting bond to the amiacid backbone is at a more perpendicular
orientation to the fibre axis (negative LD of lhand). Interestingly, at least qualitatively qustmilar
orientations have been recently also found fori@sef prion yeast mutant (A. Reymer, K. Frederick
S. Lindquist and B. Nordén, to be published) intiicpaverage orientations of the (277 nm) and L
(230 nm) transition dipole moments at about 40-&0d 60-70° to the fibre axis, respectively. Our
2PA results suggest that it is the first transit{bp = Aig — By,) of tyrosine that is the one being
strongly enhanced. This observation is in agreenbeih with the fact that Lbeing symmetry
forbidden in benzene for normal absorption, althowgoronically allowed by an ,g 606 cmt
vibration, is allowed for 2PA: coparallel or neaparallel transition moments will increase the efffe
(see Eq (5) ) both in through-bond as well as thhespace (exciton) mechanisms. In the benzenoid
chromophore the next transition with a transitioanment parallel with the vibronically allowed, L
(B, one, is the B transition at 200 nm, which is also vibronicalljoaled by vibrations (1595 ¢t
coupling it with a symmetry-allowed transition &80Lnm. While there is experimental evidence for
through-bond interactions leading to cooperativdhageement of 2PA in various conjugated
aggregates of aromatic compoulids™® and theoretical support t8p the importance of internal
cooperative 2PA enhancement within the tyrosine dibrer aromatic chromophores) seems less
probable for various reasons, one being the langegy separation between the mixing states, another

being the fact that the effect is so much weakénenisolated chromophore system.

We also consider through-bond cooperative effeetavden different chromophores as less efficient,
since the distances between adjacent aromatic dpioones through the peptide chain is too long and,
furthermore, the conjugation broken in many plagesduding at the connections of the aromatic side
groups. Experimental studies of conjugated porphginmers suggest that both extended conjugation

and resonance three-level conditions are contrigut 2PA enhancemént®



Against this background we propose the exciton meism, schematically suggested above, as the
remaining most plausible explanation of 2PA enhare@ in protein fibrils. In view of the
preferential alignment toltransition moments parallel with the fibrous axi® tentatively propose a
cooperative effect operating via exciton combinagiof L, transition moments as sketched in Scheme
1 in the text. Many different exciton coupling medevolving different number of chromophores may
contribute. The figure just represents one casymwinetric (in-phase) combinations which we believe

could be efficient.

Fibrils preparation for Z-scan measurements

Insulin from bovine pancreas and lysozyme from lodic egg white was purchased from Sigma
Aldrich dissolved in pH=2 (0.01M HCI) water buffemd used without further purification-
synuclein was purchased from rPeptide and dissolmedxPBS buffer. Fibrils were prepared
according to the protocols described elsewhét® Samples concentration for nonlinear experiments
were adjusted to 5mg/ml if not otherwise statednliear absorption experiments were carried out
using a laser system consisting of a Quantroniegi#-C regenerative amplifier operating as an 800
nm pump and a Quantronix-Palitra-FS BIBO crystaldahoptical parametric amplifier. This system
delivers wavelength tunable pulseslaf30 fs length and was operated at the repetititmafl kHz.
Samples were placed in 1 mm path length Starnatzjgéass cuvettes, stoppered, and sealed with
Teflon tape. Results obtained on the cells withulins(from bovine pancreas), lysozyme (from
chicken egg white) and@-synuclein solutions were calibrated against Z-so@asurements performed
on a fused silica plate (4.66 mm thick) and compavigh the measurements on an identical glass cell
filled with the solvents alone: pH=2 water buffer finsulin and lysozyme and 10 mM PBS fer
synuclein respectively. The output from the Palimathe range from 525 nm to 950 nm was
appropriately filtered using wavelength separatamsl colour glass filters to remove unwanted
wavelength components, attenuatedudfpulse range and used as excitation source fartsineous
recording of standard open-aperture (OA) and clegeture (CA) Z-scan traces. The beam was
focused so as to provide a focal spot in the ramge25 - 50um (giving the Rayleigh range which
was always taken well in excess of the total thidaof the cell or the reference silica plate) ted
cuvette was made to travel in the Z- directionjagly from -15 to 15 mm. The data were collected
using three InGaAs photodiodes (Thor Labs Inc.) thanitored the laser input, the OA signal and the
CA signal, respectively. The outputs were fed tht@e channels of a digital oscilloscope and tha da
were collected by a computer using custom LabVIEM#ngare. The traces of the CA and OA scans
obtained by dividing each of them by the laser trrpference were analyzed with the help of a custom
fitting program that used equations derived by BlBzihae et al’ (Figs S2 and S3 show examples of
fitted closed aperture and open aperture curvethibcase of predominantly 2PA and 3PA character

of the absorption). The NLO properties of the fidrwere computed assuming additivity of the



nonlinear contributions of the solvent and the oland the applicability of the Lorentz local field
approximatioR’. The nonlinear absorption was calculated as valfiise two-photon cross section
and, where the shapes of the Z-scans indicatedmiednce of the three-photon absorption process,
as values of the three-photon cross sect@n3he two-photon absorption cross sections werkedca
using the molecular weight M, inte/M values as discussed recefitly

The open aperture curves in the wavelength randesrevneither two-photon nor three-photon
behaviour provided a good fit were treated in ti®¥ing manner. First, an “effective” value of the
two-photon absorption cross section was determinyeddjusting the theoretical curve in such a way
that the depth of the dip corresponded to the @xgatal curve and neglecting the inadequacy of the
width of the dip. Subsequently, the width of the dias adjusted by treating the exponeni the
nonlinear Beer's law lddz=-kI" as a fitting parameter. The valuesnafequired to reach a good fit are
presented in Fig. 2. The “effective” valuesafobtained in the previous step were then adjusied t
their expected values at the intensity of 100 G\¥/chine required values of the actual peak light
intensities in the Z-scan experiment were compéiteith the closed-aperture Z-scan results obtained

for the fused silica plate.
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Fig. S2 Closed (a) and open (b) aperture Z-sc&b@nm of amyloid fibrils (black squares) and
theoretical 2PA (red solid line) fit.



5 e
©
N—r
]
o
c
s
=
£
U) T T T T T
S -150 -100 50 0 50 100 150
@ - ;
T 108 (d) 3PA
5 I . | » .
L L] -
£ 1oo-l.|.r.-“4III R e yr s ., S
3 s "ran nemd
L ]
0.95
0.90
T T T T T
-150 -100 -50 0 50 100 150
Z (mm)

Fig. S3 Closed (c) and open (d) aperture Z-scd2%ainm of amyloid fibrils (black squares) and
theoretical 3PA (red solid line) fit.
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(a) 2PA of a-synuclein at 550 nm
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Fig. S4 Open aperture Z-scan at 550 nm in 2PA re@p and 750 nm in 3PA region (b) of amyloid
fibrils from a-synuclein protein (black squares) and theorefitéled solid line).



1.05

2PA of lysozyme at 570 nm
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Fig. S5 Open aperture Z-scan at 570 nm of amylbiild from lysozyme protein (black squares) and
theoretical fit (red solid line).
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Pump-probe experiment

The Z-scan experiment is essentially lacking thepieral resolution and thus not allowing to
distinguish between instantaneous multiple photasogption processes and those involving slower
effects. Therefore, a preliminary time-resolved pypnobe experiment has been performed to prove
the instantaneous character of the absorptioneXperiment was carried out using both the pump and
the probe at 800 nm. The beam originating fromitihegra regenerative amplifier was attenuated and
split into two parts, one of them providing the puthe other being the probe. The probe beam path
involved a computer controlled delay line and thenp beam was modulated by a mechanical
chopper. Both beams were focused with a single B0dimameter lens onto a 1 mm cell containing the
sample. The transmitted probe modulation was tletected by a photodiode and a lock-in amplifier.
Fig. S6 shows the time-resolved pump-probe sighalas verified that this signal was much stronger
than any signals obtainable from the cuvette withdolvent alone. The shape of the signal waslfitte
assuming that the laser pulse is of 3éghe with the FWHM of 159.6 fs. Only a slight asyetry of

the signal was detected which was accounted fozdmywoluting in a small admixture of a delayed
component (modeled as a multiphoton excited sthseration process) with the relaxation time of
797 fs. Since the signal is mostly composed ofitiseantaneous components, it can be attributed to

multiphoton absorption occurring on the temporartap of the pump and probe beams.
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Fig. S6 Example of pump-probe experiment on inglltinls at 800 nm
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Sequence composition

Insulin

A-Chain:

GIVEQCCASVCSLYQLENYCN

B-Chain:
FVNQHLCGSHLVEALYLVCGERGFF/ TPKA
a-synuclein:

MDVFMKGLSK AKEGVVAAAE KTKQGVAEAA GKTKEGVL YV GSKTKEGVVH
GVATVAEKTK EQVTNVGGAV VTGVTAVAQK TVEGAGSIAA ATGFVKK DQL
GKNEEGAPQE GILEDMPVDP DNEAEMPSE EG' QDY EPEA

Lysozyme

KVFGRCELAAAMKRHGLDD YRGY SLGDWVCAAKFESDFDTDRDTDGSTLY GILEID
SRWWCDDGRTPGSRDLCDIPCSALLSSDITASVDCAKKIVSDGDGMDAWVWRDRC
KGTDVEAWIRGCRL
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