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ABSTRACT

Ensembles of protein aggregates are characterized by a nano- and micro-scale
heterogeneity of the species. This diversity translates into a variety of effects that protein
aggregates may have in biological systems, both in connection to neurodegenerative diseases and
immunogenic risk of protein drug products. Moreover, this naturally occurring variety offers
unique opportunities in the field of protein-based biomaterials. In the above-mentioned fields, the
isolation and structural analysis of the different amyloid types within the same ensemble remain a
priority, still representing a significant experimental challenge. Here we address such complexity
in the case of insulin for its relevance as biopharmaceutical and its involvement in insulin-derived
amyloidosis. By combining Fourier Transform Infrared Microscopy (micro-FTIR) and
fluorescence lifetime imaging microscopy (FLIM) we show the occurrence, within the same
ensemble of insulin protein aggregates, of a variable -structure architecture and content not only
dependent on the species analyzed (spherulites or fibrils), but also on the position within a single
spherulite at submicron scale. We unambiguously reveal that the surface of the spherulites are
characterized by B-structures with an enhanced H-bond coupling compared to the core. This
information, inaccessible via bulk methods, allows us to relate the aggregate structure at molecular
level to the overall morphology of the aggregates. Our findings robustly solve the problem of
probing the ensemble and single particle heterogeneity of amyloid samples. Furthermore, they
offer a unique, scalable and ready-to-use screening methodology for in-depth characterization of
self-assembled structures, being this translatable to material sciences, drug quality control and

clinical imaging of amyloid-affected tissues.



Introduction

Over the last decades, understanding protein self-assembly has been a huge task in fields
as material sciences, neuroscience and drug developments. Indeed, due to their biocompatibility
and ease of functionalization, protein self-assembled structures have revealed their high potential
for design and realization of materials for drug delivery! and tissue engineering’* as well as

electronics and water purification®®.

Notwithstanding these interesting features, protein
aggregates may represent a bottleneck for efficient formulations of specific protein drugs, since
their occurrence can critically compromise the dosing of the specific treatment, potentially
increasing the immunogenic risk®. Finally yet importantly, a range of neurodegenerative disorders
such as Alzheimer’s and Parkinson’s diseases are associated with aggregates of normally soluble

proteins into elongated structures, named amyloid fibrils'*!2,

Amyloid fibrils are characterized by cross B-structures stabilized by H-bonds. This highly
repetitive structural arrangement is responsible for the physico-chemical properties and stability
of the fibrils'3. Interestingly, amyloid fibrils do not have a unique morphology, giving rise to the
so-called amyloid polymorphism:'# although sharing common features, different fibril polymorphs
may indeed present dissimilarities at the nano-, micro- or mesoscopic level. This is likely due to a
variety of distinct but simultaneous intermediate steps occurring within the same aggregation
reaction'’. Differences in morphology often reflect different molecular arrangements and physical-
chemical features'®~22, Variations in 1) the number of protofilaments constituting the mature fibril,
2) the relative arrangement of the protofilaments and 3) the molecular structure of the
protofilament are reported as the main sources of such variability?*4. While representing an
opportunity in material science in terms of tunability of the structures for specific applications>2>,

such a diversity in morphology poses a serious challenge when it comes to relate the subtle changes



in the 3D arrangement to the specific biological (mis)function. This is true in protein drug
development and immunogenity risk profile of protein particles, field in which a more thorough
analysis of particle characteristics is now required by the authorities’® as well as in
neurodegenerative diseases. In the latter case, this has indeed led to a massive effort to identify
various amyloid morphotypes and connect them to different etiological subtypes of diseases?327-8.
Either one looks at them in vitro or in vivo, multiple fibril morphologies can simultaneously occur
within the same protein ensemble, making the isolation and structural analysis of the different

amyloid types experimentally challenging?*?°.

To make more intricate this already complex picture, other amyloid-like species (named
superstructures) may occur, exhibiting a significantly different B-sheet packing when compared
to fibrils**33. Among others, amyloid-like spherical aggregates, named spherulites, ranging from
few micrometers to millimeters in diameter can be formed both in vivo and in vitro**3. This
aggregate is characterized by a fascinating core-shell morphology and seems to be the result of a
self-assembly pattern, which is common for proteins, synthetic polymers and minerals 333637,
Independent of their originating element, spherulites show a peculiar pattern named “Maltese
cross” when imaged via cross-polarized optical microscopy, which makes them readily detectable.
Protein spherulites have been observed in a number of protein systems including insulin, lysozyme,
amyloid 3 peptide and B-lactoglobulin (BLG), they occur simultaneously with amyloid fibrils and
are associated to Alzheimer’s disease**3%3°. Spherulites have a unique structure with a geometrical
arrangement lying in between soft matter materials and crystals, in which protein flexibility
coexists with a structural rigidity, conferred by nano-confined and ordered B-structures*’. As for

fibrils, protein spherulites can be functionalized showing potentials for drug release applications*.

They are detected in insulin drug formulations 2° and have tunable properties*!. Regarding the last



point, we have recently shown the possibility to form insulin spherulites with distinct
morphologies, different molecular structures and physical properties by controlled self-
assembly?>. Interestingly, order-disorder transitions in the formation of protein spherulites may
modulate the bio-crystallization of mineral structure*®. When it comes to the analysis of protein
spherulites-containing samples, the main challenge is the intrinsically heterogeneous nature of
both the structure of a single spherulite (i.e. core-shell morphology) as well as the simultaneous

occurrence of different types of spherulites within the same ensemble*?43.

From the above facts, it is clear that bulk analysis of amyloid formation (e.g. light scattering
or Thioflavin T fluorescence) may mask both the ensemble heterogeneity (spherulites and fibrils)
and the intrinsic structural heterogeneity at the single particle level (different types of spherulites
+ different types of fibrils). Therefore, methods of analysis of single aggregates are highly
desirable. To this aim, a series of effective approaches mainly based on force microscopy**,
microfluidics®, single molecule fluorescence microscopy*®, have been developed over the recent
years. While providing unprecedented hitherto information on the overall ensemble heterogeneity,
in most of the cases, these approaches require specific sample preparations including deposition
on specific surfaces*’ or, in general, conditions away from the ones in which the aggregates have
grown. This may potentially alter the physical properties of the structures, affecting the
characterization of the sample. Importantly, these approaches mainly apply for the detection of
amyloid fibrils!# and oligomeric species*’, leaving unsorted the detection and characterization of
other species significantly present in the ensemble. Finally, extracting information about the
mesoscopic physical parameters as viscosity and order of the structure with high spatial resolution
may require time-consuming processing of the data. In this context, advanced optical microscopy

methods have already shown their potential as they give the possibility to analyze spatially



48,49 50.51

heterogeneous samples, reveal intrinsic features of aggregates and separate multiple

species occurring in protein aggregation®>->3,

In the present work, we address the long-standing problem of disentangling the simultaneous
occurrence of different amyloid species, from nano- to micro-scale, and readily identify in solution
the presence of diverse morphotypes within the same ensemble without any sample manipulation.
We specifically focus on human insulin (HI) aggregation, for its relevance in pharmaceutical
industry and for its involvement in amyloid aggregate formation at the insulin injection sites during
therapy (named insulin-derived amyloidosis)>*. Insulin aggregation pathway is indeed considered
among the most variegated in vitro aggregation reactions. Depending on the physico-chemical
conditions of the formulation, insulin may self-assemble into different structures, from the nm to
the mm range and with protein molecules spanning different conformational states 3>3%°3, These
parameters may critically determine the immunogenic response induced by the insulin drug
product®®. For this reason, tailored experimental approaches are urgently needed to properly
retrieve information on the balance between different concurring aggregates, analyze their features
and identify the immunogenic potency for each structure. This would in turn help the pipeline for

the drug pre-formulation steps to enhance physical and chemical stability.

Coupling FTIR-microscopy with confocal fluorescence microscopy and fluorescence
lifetime imaging, we map the heterogeneity of an insulin spherulite-containing sample, both at the
level of spherulite-to-spherulite variation and structural heterogeneity of a single spherulite. Via
FLIM analysis of Thioflavin T (ThT) fluorescence and by means of the phasor approach>®, we also
identify distinct molecular features of “below resolution” amyloid fibrils, giving a comprehensive

and complete picture of the entire range of amyloids populations.



Results and discussion
Ensemble heterogeneity and aggregate-to-aggregate variability

The analysis of a heterogenous ensemble of protein aggregates (i.e. fibrils + spherulites) as well
as the intrinsic spatial heterogeneity in the structure at the level of single aggregate requires the
application of methods that allow spatial localisation of spectroscopic measurements. To this aim,
we exploit the potential of correlating structural information from micro-FTIR to the exquisite
sensitivity of fluorescence microscopy and fluorescence lifetime imaging. We use ThT as a
fluorescence probe for its ability to increase its quantum yield when it is bound to amyloid
aggregates. This feature, with some care/restrictions can be used to qualitatively evaluate the

amount of amyloid material in the aggregated samples>’-%.

Figure 1. Representative fluorescence images of HI aggregates formed by incubating a Smg/ml
HI in HCI solution (pH 1.85) and 0.25 M NaCl at 60°C for 24 hours and stained with ThT. a-d)
1024x1024 pixels representative images showing the large sample heterogeneity: both amyloid



spherulites and fibrils (cyan arrow in panel c) are present. €) 3D reconstruction of spherulites
structure. A lower fluorescence intensity is detected in the internal region of the spherulites
compared to the edge; fibrils (cyan arrow) are also detected and are characterised by slightly higher
intensity.

In figure la-d we report 1024 x 1024 pixels representative images of a typical HI sample
after incubation at 60°C and pH 1.85 for 24 hours. These experimental conditions are widely used
to study in vitro insulin aggregation®. The micrographs perfectly summarize the complexity we
face: a mixture of spherical aggregates (spherulites) of different sizes and with different capability
of being stained by ThT (i.e. difference in the ThT intensity among different spherulites and
different regions of the spherulites can be qualitatively observed (Figure la-c) together with
isolated fibrils (Figure 1c,e cyan arrow). The diameter range of the observed spherulites is between
few and hundreds of micrometers and their appearance resembles the classical core-shell
morphology, with fibril-like structures elongated from a central core. Interstingly, the 3D
reconstruction of a group of two spherulites surrounded by fibrils (Figure le, see Supplementary
Information, SI, for the video) better highlights that ThT fluorescence intensity along the spherulite
structure is not constant. It presents a minimum (nearly vanishing fluorescence) at the center/core
of the structure, suggesting a pronounced structural heterogeneity even within a single spherulite
(See Figure S1 in SI). Moreover, amyloid-like fibrils are again detected along the entire volume
scanned (Figure le, cyan arrow). ThT fluorescence intensity may depend on both affinity and
accessibility of binding sites. While affinity is mostly depending on the binding site structure
specificity (i.e. presence of B-sheet), the accessibility is dependent on both the specific geometrical

arrangement of the aggregate structure and the solvent conditions.



Due to the characteristic size of spherulites compared to the ones of fibrils, one can
qualitatively conclude that the formation of spherulites is not a minor pathway in insulin
aggregation. More quantitatively, in the case of bovine insulin and in conditions similar to the ones
used in the present study, approximately 80% of the total protein molecules is converted into
spherulites®®, emphasizing once more the importance to analyze this aggregation pathway to have
a realistic understanding of the whole aggregation process. Notwithstanding this, spherulites are
rarely described. This may be due to the fact that the kinetics of spherulite formation are
indistinguashable from the one for fibrils33-3%33-%, Moreover, due to their micrometric size, they
readily sediment and their presence may be hindered if the sample is not correcly handled. As an
example, sample preparations with dilution and drying procedures, as for the transmission electron
microscopy or atomic force microscopy, tend to irreversibly destroy their structures. For human
insulin in analogous conditions, the presence of spherulites has been previously highlighted via
approaches with no or minor sample treatment®. These aggregates are ideal samples for optical
microscopy techniques and can be imaged directly after formation; their 3D spatial organisation
can be readily investigated in aqueous solutions without further sample treatment, either by cross

polarized microscopy or ThT fluorescence microscopy>>-3%.

We analyze different spherulites using micro-FTIR. In Figure 2 we report representative
optical images of the sample (Figure 2, a-e) where the heterogeneity in size and morphology is
evident. Several large structures indeed occur: some of them are single large objects, others are
formed by clustering of multiple structures, this being in line with confocal microscopy
measurements. For each image, we select 50 um x 50 pm regions of interest (ROIs) within the

different spherulites (colored squares in Figure 2a-e). This technique allows to distinguish



secondary structural differences in selected areas of these large protein aggregates. Due to spatial

resolution of the image and low contrast, fibrillar structures are not detectable by micro-FTIR.

FTIR spectra of the Amide I’ region (1575 cm™'-1710 ¢m™!) acquired in the highlighted
ROIs and after normalization are reported in Figure 2f and 2g, respectively (following the color
code). These measurements allow one to obtain detailed information on the conformation of the
protein backbone in a specific region. Moreover, a detailed analysis of the band can provide 1) the
reciprocal orientation of B-strands forming the sheet in amyloids (parallel vs antiparallel), 2) the
strength of inter-strand hydrogen bonds or the number of strands composing the sheet and 3) the
twist and the hydration state of the polypeptide chains of strands®'. In the case of protein

aggregates, a peak centered at about 1620 cm™ is considered a fingerprint of amyloid structures®'~
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Figure 2 Ensemble heterogeneity of an HI spherulites sample. a-e): Representative optical images
of HI spherulites. The colored 50 um x 50 um squares represent the ROIs where FTIR spectra
were acquired. Light path is 17 pm. f) FTIR spectra in the Amide I’ region (1575 cm™'-1710 cm-
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1 acquired in each ROI of each image following the same color code. g) FTIR spectra normalised
by their maximum value.

As shown in Figure 2f and 2g, a quite pronounced heterogeneity, visible via optical microscopy,
is also reflected at the level of the secondary structure. Even if the FTIR spectra from different
spherulites share common features, clear differences in both the shape and intensity of the Amide
I’ band emerge. For each spherulite, the spectrum is mainly characterised by two large peaks
centered at 1620 cm™ and one at 1670 cm™!, respectively. In line with previous reports**->2, the
1620 cm™! peak is ascribable to the aggregated B-sheets characteristic of the amyloid structure,
while the other broad peak can arise from the presence of native and aggregate structures including
a-helices, turns and loops (1660 cm™) and antiparallel aggregated B-sheets (1670-1680 cm™')*-32,
As the spherulites are contained in a sample holder with fixed 17 pm pathlength, differences in the
intensity of the Amide I’ peak according to Lambert Beer’s law, stem for the different density of
the protein molecules within the spherulite in the ROIs. Moreover, the relative ratio between the
two peaks is not the same for the areas analyzed, indicating that the balance between native-like
and aggregate structural components is variable among spherulites within the same sample.
Interestingly, the bulk spectrum of the aggregated sample in the SI (Figure S2) presents a more
pronunced peak at 1620 cm™' compared to the one observed in figure 2 as both spherulites and
amyloid fibrils contribute to this peak, being the latter excluded when using the micro-FTIR setup.
The FTIR spectrum of native insulin in the same conditions is also reported, confirming an initial

dominant presence of a-helices and only a minimal amount of B-sheets®>. The comparison between

the two acquisition methods highlights the non ergodic behaviour of the presented sample.
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Normalised spectra in Figure 2 g allow the qualitative evaluation of the differences between
spheulites structures at secondary structure level. As can be seen, changes are not only detected in
the ratio between the two main peaks (1620 cm™' and 1670 cm™), but also in the width of the two
main peaks, depending on the spherulite under investigation. This indicates that each
subcomponent contributes to the spectrum in different extent and each structure presents different
levels of heterogeneity. Interestingly, the most pronounced spectral differences are detected in the
lower wavenumbers region (below 1630 cm™). The spectral component centered at about 1620
cm! accounts for the intermolecular B-sheets in amyloid structure and the peak position may vary
depending on the strenght of the H-bonds and on the lenght of the 3-chains. Indeed a shift toward
lower wavenumbers occurs when hydrogen bond strength in [-aggregate structures increases, or
when the number of B-sheets grows®!6%. This translates into the fact that a narrow peak would stem
for an overall structure characterized by a negligible variability in terms of intermolecular bonding,
while a large peak indicates the presence of multiple structures with different molecular packing
and robustness. It is worth noting that different levels of H2O/D2O exchange may also affect the
individual spectral component in Amide I/I’ band depending on the level of solvent accesibility®*.
However, this would only be a minor effect since the overall shape of the peak is similar and
present the same features both in small (<25um diameter) and large (>150pum diameter)
spherulites. Altogether, data in Figure 2 point out the pronounced ensemble heterogeneity with the
co-existence of not only spherulites with different sizes, but also with significant differences in 1)
the relative content of 3 structures compared to native-like structures, 2) the [-sheets strenght and

3) their intermolecular packing.

Intrinsic structural heterogeneity at single aggregate level revealed by micro-FTIR
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Due to the core-shell nature of spherulites, we cannot rule out that the spherulite-to-
spherulite structural differences in Figure 2 can arise by an intrinsic spatial heterogeneity within
the same spherulite. In Figure 3a we report a 460 x 350 pm optical image of a single large
spherulite. To investigate the structural heterogeneity of the spherulite, we acquired FTIR spectra
in the 50 um x 50 um ROIs indicated by the squares in the figure, from the inner to the external
part of the spherulite and report them in Figure 3b. We also report the spectra normalized by the
native like component at 1668 cm™! in Figure 3c. As can be seen, the intensity and shape of the
Amide I" present a gradual variation depending on the position on the spherulite structure. The
absorption peak intensity has its maximum at positions closer to the spherulite center and decreases
when moving toward the peripheral regions (Figure 3b). This suggests that the protein density
within the aggregate has its highest value at the center of the spherulite, while decreases when
approaching the edge of the structure. Spectra normalized by the native like component at 1668
cm! (Figure 3¢) also reveal that the amount of B-aggregate structures increases when moving from
the center of the spherulite to the edges, areas in which the B-aggregates content becomes
dominant. Within the same sample, we observe this trend independently of the size of the

spherulites (see SI figure S3 and S4).
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Figure 3. Structural differences within a spherulite: a) 460 pm x 350 um optical image of a single
large spherulite. The red 50 pum x 50 um squares represent the ROIs where FTIR spectra were
acquired from the center 1) to the external part of the spherulites 5). Light path is 17 um. b) FTIR
spectra in the Amide I’ region (1575 cm™'—1710 em™) acquired in the ROISs of each image, ¢) FTIR
spectra normalized at the value at 1668 cm’!.

Figure 4a shows the deconvolution of the spectrum nr. 5 in Figure 3 using 4 components, namely
1603 cm™, 1620 cm™, 1640 cm™ and 1670 cm™' with a spectral width of 20 cm™!. This heuristic
choice is aimed at comparing relative amounts of different structures (and not at identifying all
possible secondary structure components in the sample)32. The 1620 cm™ and the 1603 cm™! bands
are assigned to amyloid aggregate structures. The component at 1603 ¢cm™' is useful for the fit
description. Indeed, its growth describes the presence of larger amounts of intermolecular [3-
structures components with stronger H-bonds or longer B-chain. Finally, the peak at 1640 cm™ is
assigned to native-like components, while the peak at 1670 cm™! is related to the presence of non-

specific turns and loops.

In Figure 4b the fractional areas of the aggregated component of the spectra (obtained as the sum
of the fractional areas of the 1603 cm! and 1620 cm™) and of the native-like component (obtained
as the sum of the fractional area of the 1640 cm™! and 1670 cm™') are shown. The details of the
percentage fractions with respect to the total Amide I’ area for each component and for each

spectrum are also reported in Figure 4c.
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Figure 4. a) Representative spectral deconvolution in Gaussian components of FTIR spectrum of
the ROI nr. 5 in figure 3. Selected spectral components are centered at 1603 cm™, 1620 cm™, 1640
cm! and 1670 cm!. 20 cm™! Gaussian width is kept constant. b) Fractional areas of the spectral
components related to the aggregates and native-like protein (see text for the definition) as a
function of the position in the spherulite: from internal (1) to the external (5) regions. c) Fractions
of the total area of the Amide I’ band for each of the component used in the deconvolution. Moving
away from the spherulite center, a correlation exists between the reduction of native-like structure
and the appearance of the aggregate structure. The ratio between 1603 cm™ and 1620 c¢cm!
components also increases when approaching the spherulite edges.

A correlation between the reduction of the native-like fraction and the growth of B-aggregates is
evident. Moreover, the ratio between the 1603 cm™' and 1620 cm™! area increases while moving
away from the spherulite center (see Figure 4c). This result can be interpreted as a progressive
shift or broadening of the amyloid peak toward lower wavenumbers confirming that the H-bonds

coupling grows in the external regions of the spherulites.

15



The above reported results clearly show that the structural heterogeneity within a single
spherulite can be closely related to a well-defined spatial heterogeneity of the aggregate
morphology. Our experiments indicate that the dense core of a spherulite is rich in native-like
structure. Moving away from the central part, an increasing amount of B—structures is detected.
Moreover, the B—structures gradually change their nature while moving away from the core,
having a more pronounced H-bonds strength close to the edges of the spherulites. These results
are in line with a previous micro-Raman based work highlighting the significant presence of
amorphous material at the center of insulin spherulites responsible for the absence of birefringence
when spherulites are imaged via cross-polarized microscopy*?. Taken together, our findings show
that coupling imaging analysis and spectroscopy data provides details on the spatial distribution
of different aggregated structures. Future advances in technologies may also allow circular
dichroism microscopy®® on amyloid systems, which may constitute a good opportunity for the

analysis of nm- size species with an increased spatial resolution.

Mapping the intermolecular architecture of amyloid aggregates via fluorescence lifetime

microscopy

Micro-FTIR results are in line with the observation reported in Figure 1 showing that ThT
fluorescence intensity is not uniform within a single spherulite. ThT intensity is indeed dimmer at
the center and brighter in the external part. As mentioned above, the difference in ThT intensity at
different spherulite locations can be due to: 1) different affinity of the dye to the structure, 2)
different number of available binding sites for ThT, 3) different accessibility of these binding
sites®’ and 4) differences in the quantum yield (QY) of ThT modulated by different molecular

environments in its surroundings>®%. Combining the fluorescence microscopy data and the micro-
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FTIR analysis, we can safely conclude that the highest ThT fluorescence signals are detected away
from the core of the spherulite, where the -aggregate components are dominant. Moreover, in the
central areas containing a reduced content of 3-aggregate, we detect a low ThT fluorescence signal.
Not surprisingly, this confirms that the intensity of ThT fluorescence well correlates with the
presence of B-aggregate. However, the fluorescence of ThT may also contain further useful
information on the aggregate structure. ThT is a molecular rotor and its fluorescence signal growth
is likely determined by the steric hindrance of the internal rotation of the ThT aromatic rings
relative to each other, which blocks the transition to the non-fluorescent state®. This feature makes
ThT quantum yield also dependent on the solvent viscosity and on the rigidity of its

microenvironment©8:6°

. In addition, ThT binds perpendicularly to the long axis of the fibril and the
dimethylamino group of the molecule interacts with the fibril surface. This means that different
structural properties of the 3 aggregate structure (e.g. chain length or H-bond strength) may modify

the binding mode of ThT to amyloid structures’®~72. Specifically, charge, presence of specific

residues (e.g. aromatics) or spacing between the B-strands may alter the binding to ThT.

Based on the above facts, the detected ThT fluorescence properties are the result of
differences in affinities between the dye and binding sites and on the ThT interaction with the
environment. Thus a detailed analysis on the ThT signal may provide information on the different
binding modes or the physical properties of the environment experienced by the dye. However,
the evaluation of the ThT intensity alone would not allow such an in depth analysis. ThT
fluorescence lifetime can give separate indications of different binding modes and, in turn, on the
differences in the amyloid structures. Indeed, different architectures in A amyloid fibrils were
shown to lead to different ThT fluorescence lifetimes’ and, recently, Kuimova and coworkers

reported the formation and stabilization of micron scale structures accompained by an increase in
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the ThT fluorescence lifetime, which they attributed to an increase in the effective viscosity of the
environment in the proximity of ThT molecules®. Importantly, fluorescence lifetime
measurements present the great advantage of not being dependent on the chromophore

concentration (i.e. not depend on the number of molecules occupying the binding sites).

We perform ThT fluorescence lifetime imaging analysis of single insulin spherulites.
Specifically, we report FLIM analysis of measurements acquired at two different Z-quotes of the
sample, i.e. close to the equatorial line (Figure 5 a-d) and at the bottom (Figure Se-g) of a
spherulite. At the bottom of the sample smaller species, like fibrils, that precipitate in solution can
also be found. FLIM measurements reported in the following are analysed using the phasor
approach®®73, This method provides a global view of fluorescence molecules decays at each pixel
in the images not imposing any specific model as required by fitting procedures**-*%7376. When
using phasor analysis each pixel of the intensity images is mapped to a point in the phasor plot
corresponding to the measured fluorescence lifetime. Single exponential lifetimes lie on the so-
called “universal circle”; long lifetimes are located near the origin (0 on the x axis), while short
lifetimes are shifted on the circumference toward the bottom right intersection with the x axis (1

on the x axis) 49-°,

In Figure 5a and Se we present 256x256 pixels ThT fluorecence intensity maps of a spherulite
(diameter of ~50 um at the center of the field of view) at the equatorial plane and at the bottom of
the structure, respectively. Importantly, other species, namely other spherulites and fibrils, are also
detectable. The phasor plots corresponding to these measurements are shown in Figure 5b and 5f
together with magnifications of relevant areas (Figure 5c and 5g). Phasors lie inside the universal
circle indicating that ThT lifetimes in these conditions are characterised by non-single exponential

decay**-%%, The presented analysis immediately reveals a large fluorescence lifetime distribution
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appearing as a cloud of points extended along a straight line in the phasor plot (see the orange
dashed line in Figure 5c and 5g). In figure 5d and 5h pixels with specific lifetime selected in the
phasor plot using colored circles are mapped back in the image using the same colors. We here
qualitatively describe the large lifetime distibution in the phasor plot selecting 3 main components
with the colored circles. As observed in Figure 5d at the equatorial plane of the spherulite, the
distribution with longer lifetimes (pink) is detected at the edge of the spherulites, while signal
characterised by intermediate lifetime (green) is found in the central part of the spherulites .The
component with shorter lifetimes (yellow) seems to be related to well distinct structures with fibril-

like morphology being not part of the spherulites .
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Figure 5. Phasor analysis of 256x256 pixels FLIM measurements on ThT signal at the equatorial
plane a-d) and at the bottom e-h) of a spherulite stained with ThT. The sample is obtained by
incubating HI at 5Smg/ml in HCI solution, pH 1.85 and 0.25 M NacCl at 60°C for 24 hours. a) and
e) fluorescence intensity images, from low (blue) to high (red) intensity, image size is 96.3 pm x
96.3 um; b) and f) phasor plots obtained from measurements in a) and e), respectively. ¢) and g)
magnifications of the region highlighting that distribution maximum shifts along a straight-line in
the phasor plot (orange line is a guide to the eye). d) and h) Phasor color map: each pixel is colored
according to the color of the corresponding circle in the phasor plot. The choice of the size and the
position of the circles is arbitrary and it is used to highlight average properties of the lifetime
distributions, which are located on the same line.

If one moves to the bottom of the spherulite, as highlighted in Figure 5 g), we note that the
lifetime distributions lie on the same line as in Figure 5 ¢), being the shorter lifetime component
largerly populated. Using the same positions of coloured circles, yellow pixels are again related to
fibril-like structures well distinct from the spherulite (Figure Sh). Green and pink pixels are located
on the spherulite (Figure 51), with a large part of the image covered by the pink distribution. This
is not in contrast with the data in Figure 5a-d since this 2D section of the spherulite relates to an
area that is close to the edge/surface of the structure. We then expect this area to behave as the
external part of the spherulites, so that detecting areas with longer lifetimes seems to be a
fingerprint of the surface properties. Importantly, the shorter lifetime distributions (yellow) in
proximity of the spherulites edge (but not part of the structure), is located where fibrils are detected
(see also SI, Figure S5). As a reference we also report in SM in Figure S6 the phasor plot of ThT
self-fluorescence in conditions where it is not bound to amyloid structures. A unique lifetime
distribution with relatively low value of lifetime is observed and is well separated from the

distributions detected in the case of the ThT-spherulites system.

Data and interpretation presented in Figure 5 are fully supported by the quantitative

analysis of a z-stack acquired on a single spherulite. In Figure 6 we report quantitative FLIM
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analysis of measurements acquired along z-axis for a single spherulite (see schematics in Figure
6a). In Figure 6b the FLIM analysis of a section at the equatorial plane of the spherulite (z=14 pm,
see also Figure S1 in SI for the optical section) is based on the decomposition of the phasor plot

data using two principal lifetime components.

Indeed, the lifetime distribution cloud lies within the universal circle and on the same
straight line as the one higlighted in the phasor plot in figure 5c and 5h. The data trend, then,
suggests a double exponential decay and the two mono-exponential components can be identified
via the intersection of the straight line with the universal circle >, This is based on the fact that
phasors follow the vector algebra. Single lifetime species components are characterized by mono-
exponential decays and the related phasors lie on the universal circle. Phasor of complex species
are the result of a linear combination of the single lifetime species components. A double
exponential decay would lie within the universal circle and on the line connecting two mono-
exponential decays phasors. The distance between each point of the cloud in the phasor plot and
the single exponential phasors on the universal circle (F1 and F. in Figure 6b) represents the
fraction of each component 3. In our case and according to the used calibration, it is possible to
draw a straight line connecting the measured phasors to two points on the universal circles
representing single exponential decays with 11=0.6 ns and 12=2.5 ns (green and red cursors in
Figure 6b). 11 and 12 are identified as principal components. The analysis of ThT fluorescence
decays in terms of two components was previously performed in different systems>%"’, this being
the simplest model to describe the ThT fluorescence decay. The fractions F; and F> obtained for
the measurement at the equatorial plane (z=14 um) are mapped in false color in figure 6¢). The
scale goes from blue (pure fast component at t1 =0.6 ns) to red (pure slow component at 1.=2.5

ns). In particular, data are reported in terms of fraction of the 11 component. The fastest decay is
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dominant in small species not embedded into spherulite and resembling fibril-like material
(F1=0.53), while the core shows a faster decay (F1=0.43) when compared to the external surface
(F1=0.3). Similar maps are obtained for measurements at different quotes from the equatorial plane
down to the peripheral part of the aggregates (Figure 6d) together with the corresponding phasor
plots (Figure 6¢e). Approaching the bottom of the spherulites (z=1 um and z= 3 um) the distribution
characterizing the surface (i.e. with longer lifetimes) becomes dominant. The area corresponding
to the edges of the spherulites appears colored in yellow-red in Figure 6 d), this being in line with
the idea that the entire external part of the spherulite has a marked difference compared to the
internal part. Moreover, we note that at z=1 pum the lifetime distribution attributed to fibril-like
structures is well separated from the ones measured in the spherulites, as indicated by the arrow in
the phasor plot; the corresponding pixels appear colored in cyan in Figure 6d highlighting regions

where ThT is characterized by shorter lifetimes.
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Fibrils
F,=0.53

Figure. 6) Phasor analysis of 256x256 pixel FLIM measurements on ThT signal for a Z-stack from
the bottom to the equatorial plane of a single spherulite. a) Schematics of image acquisition along
the spherulite. b) Phasor plot from the analysis of the FLIM image at the equatorial plane (z=14
pm). c) Lifetime fraction map for the FLIM image at the equatorial plane. Lifetime principal
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components are 11=0.6 ns (blue) and 1=2.5 ns (red). F; is the fractional contribution of faster
component. Image size is 96.3um x 96.3um. d) lifetime fraction maps and phasor plots from the
same spherulite at different z-quotes. €) Qualitative analysis of these measurements with same
color code as Figure 6 is reported in Figure S7 in the SI.

ThT lifetime changes may be due to the superimposition of two main effects: the viscosity
of the enviroment®®%° and the specificity of the ThT binding to the amyloid structures. While the
first effect can be determined by the solvent and the overall density of proteins in the aggregate,
the second one is likely to be dependent on the the detail of the B-sheet architecture around the
ThT binding site®. In our specific case, the observed changes in the lifetimes may reflect variations
in the aggregate structure as highlighted by the micro-FTIR measurements. Higher content of
intramolecular B-structures on the edge of the spherulites (Figure 3) can indeed induce a modified
topology of the ThT environment. This is reported for amyloid systems in which the formation
and the stabilization of micron-scale structures lead to a shift of the lifetime distribution along a
straight line in the phasor plot and it is attributed to a modified viscosity of the ThT environment*’.
However, the specificity of ThT towards intermolecular 3-sheet structures stabilized by H-bonds
with different strengths should also be considered. Our micro-FTIR data clearly suggest the
occurrence at the surface of the spherulites of intermolecular -structures with either stronger H-
bonds or longer -chain compared to the ones in the internal part of the structure (Figure 4b-c).
This means that different ThT binding modes/affinities may occur in the different areas of the
spherulites, affecting the observed ThT lifetimes. More specifically, stronger H-bonds and/or
longer B-chains would probably add more constraints and less flexibility to the ThT binding site
with the result of inhibiting more efficiently the non-radiative ThT rotation and increasing the

fluorophore’s lifetime®. This picture is supported by Sidhu and co-workers, which employ the
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analysis of ThT fluorescence decays in terms of two components (both in the ns range) to
discriminate among different fibril polymorphs 78. Shorter lifetime components were attributed to
ThT binding sites characterized by larger flexibility, while longer lifetime components to tighter
binding sites. This means that observed differences in the ThT lifetimes between the aggregates
(fibrils and spherulite) and within single spherulites (Figure 6) are related to a difference not only
in the packing of B-sheet structure but also in the configuration of the single B-sheet structure. It
remains to be clarified if these effects can only be attributed to modified inter-proteins interactions

along the structures or they are mainly mediated by different level of hydration”-°,

Conclusions

Effective analysis of an ensemble of protein aggregates is strongly limited by the
prononunced heterogeneity in species, which is a result of a multiplicity of interconnected
aggregation pathways. Together with a large variety of high hierarchial structures, like fibrils and
spherulites, a not negligible microscopic polymorphism of the species occurs. While potentially
being a resource if one looks at amyloids in the context of materials*?>, the structural heterogeneity
at different levels may translate into a complex biological heterogeneity when amyloids are
investigated in relation to immunogenic risk of protein drug products’ or neurodegenerative

diseases!?. All this calls for approaches capable of disentangling such complexity.

We prove that coupling micro-FTIR and time resolved fluorescence microscopy can be
efficiently used as a tool for studying the intrinsic structural heterogeneity of the microscale
aggregates at two different levels: 1) structural diversity and aggregate to aggregate variability

(fibrils vs spherulites) and 2) structural variability within the same aggregate. In the specific case
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of spherulites, our results reveal a pronounced spatial heterogeneity in the fluorescence lifetime
distribution within a single spherulite. This arises from the heterogeneity of the structure as verified
by micro-FTIR, which leads to differences in the amount of bound ThT molecules and on their
quantum yield. Distributions of longer ThT fluorescence lifetime are observed in areas where FTIR
B-structure signal is more intense and where more pronounced strength in H-bonds/long 3-chains
are found. Our results unambigously show that the core-shell morphology of the spherulites is
related to a microstructure heterogeneity and that the surface has distinct properties compared to
the internal part of the aggregate. Moreover, a clear distinction between free fibrils in the sample

and the spherulites can be readily detected using ThT fluorescence and FLIM.

Besides sheding new light on the molecular architecture of insulin spherulites and their co-
existence with fibrils, we demonstrate that our approach can be used as a simple, reproducible and
artifact-free method of analysis of heterogeneous amyloid samples in solution without the need of
invasive sample preparation and time-consuming data processing. Importantly, looking also at the
lifetime rather than only the intensity of ThT fluorescence provides unreported information on the
correlation between the fluorescence properties of this dye and the detailed molecular architecture
of the stained amyloid aggregates®'. The proposed approach can be applied in vitro for the
detection of protein sub visible particles with size in the micrometer range this, being particularly
important in pharmaceutical product development 8!, Moreoever, the possibility to easily translate
this method to cell and tissue imaging may also pave the way to decipher the relation between
aggregate structure and immunogeneicity potency and the identification of the features

determining the risk profile of protein particles.

Methods

Chemicals and Sample preparation
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Human Insulin (HI, 91077C-purity >90%) and Thioflavin T (T3516-dye content >65%)
were obtained from Sigma-Aldrich and used without further purification. HI was dissolved in
solution of HCI (pH 1,85) (diluted from 37% HCI 30721-Sigma-Aldrich) and 0,25M NacCl (diluted
from powder S7653- Sigma-Aldrich- purity >99.5) at a protein concentration of 5 mg/ml and then
the sample was filtered through 0.22 mm filters (MS 16534; Sartorius). Protein concentration was
determined by UV absorbance at 276 nm using an extinction coefficient of 1.0 for 1.0 mg/ml.
Aggregation was thermally induced at 60 °C over a period of 24 hours in 1 ml Eppendorf (1.5 ml,
polypropylene, 20170-038, VWR). 5 samples were formed for each experiment, repeating the

process 3 times.

Fourier Trasmission Infra Red (FTIR) spectroscopy and micro-FTIR.

Aggregates were pelleted by centrifugation and re-suspended in D,O (Sigma-Aldrich 151882,
purity >99%, Sigma Aldrich) for 3 times. After this, samples were left to equilibrate for 12 hours
before measurements. Confocal microscopy measurements revealed that the treatment did not
change the overall appearance of the sample and spherulites and fibrils were still present in the

samples with no detectable changes.

Fourier transform infrared (FTIR) measurements in bulk were carried out with a Bruker Vertex 70
spectrometer equipped with a DTGS (doped triglycine sulfate) detector, in a sample compartment
under continuum purging in N> dry atmosphere. Aliquots of native HI and aggregate samples were
exchanged in D,0O and placed between two CaF, windows separated by a 25 um Teflon spacer.
Each final spectrum is an average of 128 scans in the 400-7000 cm'range with a spectral

resolution of 2 cm’!.
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Micro-FTIR measurements were performed at room temperature using a LUMOS Fourier
transform infrared microscope (Bruker), equipped with a photoconductive MCT detector with
liquid nitrogen cooling. Visual image collection was performed via a fast digital CCD camera
integrated in the instrument. Aliquots of aggregated samples diluted 1:50 in D>O were placed
between two CaF; windows separated by a 17 um Teflon spacer, this ensuring common path length
for absorption measurements. FTIR spectra were acquired in transmission mode, between 4000
and 700 cm!'. Each final spectrum is the average of 128 scans. The variable microscope aperture

was adjusted to squared region of interest with 25m x 25m or 50um x 50m size.

We performed fittings of the Amide I' bands in terms of 4 Gaussian components after suitable

baseline subtraction. The following expression was used:
n
1) = ) Aexpl—{(w - v)?}/207]
i=1

where v;, 0; and A;0;V 21 are the peak frequency, width, and the area of the i component. The

peak frequency of the selected four components was kept fixed at 1603 cm!, 1620 cm’!, 1640 cm-
"'and 1670 cm™! spectral width is fixed at 20 cm™'. We defined “fractional area” A (%) = A;0;V2m

/%=1 Ajo; V21, Each component is assigned to a specific backbone conformation; the fractional
area indicates the relative amount of protein secondary structure in each spectrum. This standard

type of analysis assumes identical extinction coefficients for the different structural element.

Two-photon excitation and Confocal Microscopy and Fluorescence lifetime imaging
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Spherulite samples were diluted 1:100 and stained with 26 uM ThT. Five hundred microliters of
stained samples were placed on microscope chambered slides and imaged at 1024 x 1024 pixels
resolution using a Leica TCS SP5 confocal laser scanning microscope, using a 63x or 40x
objective (Leica Microsystems, Germany). Importantly, we use protein/dye molar ratio so that
possible effect of dye self-quenching previously observed for ThT can be ruled out®?. Moreover,
this choice is also based on our previous work on insulin aggregation, in which we proved that
quencing effects are not significant at ThT concentration ThT < 40 pM and in a wide range of
protein concentrations (1-20mg/ml)3*.The two-photon excitation (Spectra-Physics Mai-Tai Ti:Sa
ultra-fast laser) for ThT was set at 885 nm emission was detected in the range 450-500 nm,

confocal imaging was performed using Aex=470 nm (Leica “white light laser) and fluorescence

was detected in the range Aem=485-585 nm.

Fluorescence lifetime imaging measurements were acquired in the time domain by means of a
picoHarp 300 standalone TCSPC module (Picoquant). 256 x 256 images were acquired at a

scanning frequency of 400 Hz, Leica “white light” laser was used in order to excite ThT (Aex=470

nm, Aem=485-585 nm).

FLIM analysis

FLIM data were analysed by the phasor approach*-%7 by the SimFCS software developed at the

Laboratory of Fluorescence Dynamics, University of California at Irvine (www.Ifd.uci.edu). FLIM

calibration of the system was performed by measuring the known lifetime of the fluorescein that

is a single exponential of 4.0 ns®4.

Phasor analysis is a Fourier domain technique, which allows the transformation of the fluorescence

signal from each pixel in the image to a point in the phasor plot. The coordinates g and s (sine and
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cosine transforms, respectively) of each point in the phasor plot are calculated from the
fluorescence-intensity decay in the corresponding pixel in the FLIM image. Each lifetime is
mapped in a phasor plot and all possible single exponential lifetimes lie on the “universal circle,”
defined as the semicircle going from point (0, 0) to point (1, 0), with radius 1/2. Point (1, 0)

corresponds to T = 0, and point (0, 0) to t= oo.

In the phasor coordinates, single lifetime components are additive because the phasor follows the
vector algebra. This means that the combination of two single exponential decays components will
generate phasors within the universal circle and lying on a straight line joining the phasors of the
two fixed components. The contribution (referred as fraction in the main text) from one component

to the lifetime is proportional to the distance of the phasor from the single components.
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