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ABSTRACT: Amyloid fibrils are structurally heterogeneous protein
aggregates that are implicated in a wide range of neurodegenerative
and other proteopathic diseases. These fibrils exist in a variety of
different tertiary and higher-level structures, and this exhibited
polymorphism greatly complicates any structural study of amyloid
fibrils. In this work, we demonstrate a method of using polarization-
resolved microscopy to directly observe the structural heterogeneity of
individual amyloid fibrils using amyloid-bound fluorophores. We
formulate a mathematical quantity, helical anisotropy, which utilizes
the polarized emission of amyloid-bound fluorophores to report on
the local structure of individual fibrils. Using this method, we show
how model amyloid fibrils generated from short peptides exhibit
diverse structural properties both between different fibrils and within a single fibril, in a manner that is replicated for fibrils assembled
from longer proteins. Our method represents an accessible and easily adaptable technique by which polymorphism in the structure
of amyloid fibrils can be probed. Additionally, the methodology we describe here can be easily extended to the study of other fibrillar
and otherwise ordered supramolecular structures.

■ INTRODUCTION

Amyloid fibrils are water-insoluble protein aggregates. The
accumulation and deposition of these fibrils have been
implicated in several neurodegenerative diseases, including
Alzheimer’s, Creutzfeldt−Jakob, Huntington’s, and Parkinson’s
diseases, as well as other proteopathic disorders.1−3 Yet the exact
relation between amyloid aggregates and associated diseases,
and the cause of fibrils formation from the individual monomeric
proteins, remains unknown.4,5 Moreover, the fact that not all
amyloids are toxic complicates our understanding of amyloid-
associated disorders.6 Functional amyloid-like structures exist
across a wide variety of organisms, from humans to bacteria.7,8

What structural features determine the cytotoxicity of amyloid
fibrils and how certain amyloid fibrils are nonpathogenic are still
open questions with wide-ranging implications for biology and
human health.6,7

Because of their insoluble and non-crystalline nature,
structural studies of these amyloid fibrils using X-ray
crystallography and solution nuclear magnetic resonance
(NMR) spectroscopy have proven difficult. The majority of
the structural information for amyloids comes from solid-state
NMR (ssNMR), hydrogen−deuterium exchange NMR, and
cryo-electron microscopy (cryo-EM).9−12 Such studies reveal
that amyloid fibrils are structurally heterogeneous and exhibit

diverse polymorphic forms.9,12,13 The polymorphism arises from
the different three-dimensional (3D) arrangements in which
constituent protofilaments pack into themature fibril.14,15While
many different packing architectures may exist,16 the most
common one consists of (proto)filaments coiling along the
length of the fibril (Figure 1a, inset).17,18 The observed
polymorphism may originate from the differential packing of
the protofilaments, the pitch of the helix, and the number of
protofilaments in each fibril.14,18 Regardless of the origin,
structural polymorphism is a ubiquitous characteristic of
amyloids; fibrils made from the same monomeric polypeptide
in the same sample and even different regions in a single fibril
may be structurally heterogeneous.15,19,20 These considerations
greatly complicate studies of tertiary and higher-level structures
in all amyloid fibrils.14

In contrast to the heterogeneity in higher-level structures, the
secondary structure of amyloid fibrils is remarkably uniform.
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The protofilaments of amyloid fibers are composed of
characteristic “cross-β” sheets, where the monomeric polypep-
tides form β-strands in a sheet that runs perpendicular to the
protofilament axis (Figure 1a).3,21−23 The uniformity in the
secondary structure is utilized for the binding of a large number
of dyes to specific amyloid fibrils irrespective of their
polymorphic forms.24−27 One typical example of such a
fluorophore is the benzothiazole dye thioflavin-T (ThT).28,29

Computational studies suggest that the major binding mode for
ThT to amyloid fibrils is along “grooves” on the protofilament,
formed by alternating side chains on the cross-β sheets (Figure
1b).24,30 The presence of cross-β sheets, and thus the
corresponding grooves, in all polymorphic forms of amyloids
explain why ThT and other similar dyes, bind specifically to all
amyloid fibrils.30 Such characteristic binding of dyes like ThT to
amyloid fibrils organizes the fluorescent molecules into certain
orientations that reflect the underlying structure of the fibrils
themselves. Because the orientations of the fluorophores on the
fibrils are not isotropic, their excitation and emission responses
are polarization-dependent. This polarization dependence can
yield important information about the spatial arrangement of the
dyes, which serves as a proxy for the local structure of the
amyloid fibrils.31−33 Fluorescence-based structural studies of
amyloids can be performed at room or physiological temper-
atures and thus may be more biologically relevant than
techniques like ssNMR, cryo-EM, and others.27 Furthermore,
while the spatial resolution of optical measurements is lower
than the near-atomic resolutions offered by other techniques,
the high throughput of wide-field microscopy can yield much
greater information about the higher level amyloid structures
and on structural polymorphism in amyloid fibrils.
Such fluorescence measurements have previously been used

to demonstrate structural heterogeneity across similar amyloid
fibrils and even in the same fibril.32−36 These studies typically
measure the fluorescence emission of amyloid fibril-bound
fluorophores along two orthogonal polarizations by using a
polarizing beam splitter (PBS) and infer the orientations of the
fluorophores from the relative emissions in the two channels.
However, the low number of independent PBS orientations
makes these measurements very susceptible to experimental

uncertainties. Furthermore, in studies employing linearly
polarized excitation light, the photoselection of the excited
fluorophores makes measuring the polarization dependence of
their emission an analytically complex task. Additionally, in
experiments that investigate the location and orientation of
these fluorophores by using super-resolution microscopy, the
reconstruction of polarization-dependent super-resolved images
is computationally expensive and complicated. These consid-
erations make such studies of amyloid fibril structures
inaccessible to many in the field.31,33,34 In this work, we present
an adaptable and generalizable approach to polarization-
resolved imaging of amyloid fibrils, where we eliminate the
analytical constraints of previous work by using circularly
polarized excitation light and leverage a range of orientations of
the PBS (instead of just one or two) to get accurate information
about the structure of amyloids from multiple independent
measurements along two orthogonal polarization-resolved
channels. While the mathematical framework we develop may
be adapted for various fluorescence imaging modalities, here we
present proof-of-principle measurements where we use wide-
field epifluorescence microscopy to probe the structural
heterogeneity of amyloid fibrils generated from synthetic
amyloid-β (Aβ) fragments as well as from the full-length α-
synuclein proteins.

■ POLARIZATION-RESOLVEDHELICAL ANISOTROPY
IMAGING

Modeling the polarization-dependent fluorescence response of
dyes bound to ordered structures is a powerful and well-
established technique which has been used to extract structural
information for a wide range of systems.37−39 In the case of
amyloids, this ordered 3D structure is hierarchical, with the
linear cross-β sheets self-assembling into higher-order structures
by using noncovalent interactions.40,41 The exact terms used to
define these higher-order structure may vary.16 Here, we define
protofilaments as the basic tertiary amyloid structure, composed
of one or many cross-β sheets that the monomeric
amyloidogenic peptides assemble into (Figure 1a).14 Individual
ThT molecules bind to the grooves of the β-sheets and are thus
aligned to the axis of the protofilament (Figure 1a, inset).
Therefore, the fluorescence emission from these protofilament-
bound dyes is strongly polarized along the protofilament axis.
However, amyloid samples containing only such protofilaments
are unlikely. In most common cases, the protofilament strands
coil helically to form structures which we define as filaments.
Amyloid fibrils may consist of these filaments themselves ormay,
in turn, be formed by some helical or other higher-order packing
of the filaments. To simplify, we will use the terms filaments,
fibrils, and fibers interchangeably in this work to refer to these
higher-order structures without going into the exact details of
how these structures are arranged and formed. We assume that
even for more complicated structures, the arrangement of the
protofilaments is roughly helical, and so the results we derive can
model the structure of all fibrils. Because of the helical packing of
protofilaments, even though the emissions of amyloid bound
dyes are polarized along the direction of the individual
protofilaments, they are not aligned with the axis of the filament
itself. In fact, the deviation of the emission polarization from the
filament axis directly reports on the helical packing of the
constituent protofilaments. This deviation is utilized to
investigate the higher-order structures in our experiments.
The orientations of the fluorophores on the amyloid filaments

may be modeled by a conical distribution, characterized by the

Figure 1. (a) TEM image of amyloid fibril (left) and cartoon
representation (right) consisting of five filaments emphasizing the
intertwined arrangement of filaments. The inset shows the cross-β spine
structural motif in a filament. Other strands are not shown for clarity.
(b) Binding of ThT and its orientation on the grooves of the β sheet
surface formed between Ri and Ri+2 side-chains of the β-strands. (c)
Conical model for angular distribution of ThT proposed to investigate
the structural heterogeneity of amyloid fibrils. The cryo-EM micro-
graph was reproduced with permission from ref 14. Copyright 2013
United States National Academy of Sciences.
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half-angle θ (Figure 1c). In our experimental setup (Figure 2a),
we excited amyloid-bound fluorophores with circularly polar-
ized light, thereby avoiding in-plane photoselection, and used a
PBS on a rotatable mount to resolve the emissions from
amyloid-bound fluorophores into two orthogonal polarizations:
the s- and p-channels (Figure 2b). In the scenario where the cone
axis aligns exactly with the axis of the s-channel (s-axis), the
fluorescence emission intensities along the s- and p-channels (Is
and Ip, respectively) can be given by

I n E I n Ecos ;
1
2

sins p
2 2 2 2κ θ κ θ= =

(i)

where n is the number of amyloid-bound fluorophores in the
region of the fibril being observed, E is the electric field
associated with a single emission dipole, and κ is a
proportionality constant which depends on the emission
detection system.42 The normalized difference between the
fluorescence intensities in the two channels can then be
expressed as

r
I I

I I2
cos

1
2

sins P

s P
h

2 2θ θ=
−
+

= −
(ii)

The quantity rh, in this case, is a function of θ and thus reports
directly on the local helical packing of individual amyloid fibrils.
We have named this quantity helical anisotropy, based on the
analogous definition for fluorescence anisotropy. However, we
note that despite the similarities in their definitions, fluorescence
and helical anisotropies are distinct physical quantities which
arise from different underlying causes and therefore have
different interpretations. Helical anisotropy arises due to the
regular arrays of fluorophores bound to amyloid cross-β sheets
and is thus a measure of the underlying amyloid structure. The
experiments we describe in this work aim to measure helical

anisotropy for individual amyloid fibrils and use these
measurements to interpret their local structure.
The scenario in which the fibril axis exactly aligns with s-

channel of the PBS (Figure 2c, top) is unlikely in a regular
experiment, where the fibrils are arranged at random orientation
in the microscopic field of view (FOV). A far more likely
scenario is that individual fibrils are oriented at random angles to
the s-axis (Figure 2c, bottom). We define this tilt angle as α. In
such a scenario, the fluorescence intensity components that we
defined above can written as

I n E cos cos
1
2

sin sins
2 2 2 2 2i
k
jjj

y
{
zzzκ θ α θ α= +

(iii)

I n E cos sin
1
2

sin cosP
2 2 2 2 2i
k
jjj

y
{
zzzκ θ α θ α= +

(iv)

Consequently, the apparent helical anisotropy (rh,app), as
modulated by the tilt angle, is

r
r

r

cos 2

1 sinh,app
h,int

h,int
2

α
α

=
+ (v)

where ( )r cos sinh,int
2 1

2
2θ θ= − is the intrinsic helical

anisotropy of the fibril, dependent only on its structure, as
defined in eq ii. While rh,int is the objective of our experiments, in
most cases, we actually measure rh,app, which depends not only
on the amyloid structure but also on the measurement
configuration. This motivates the experimental approach that
we have adopted for this work. By imaging two orthogonal
emission components for the same FOV at different orientations
of the PBS (Figure 2d), we can measure helical anisotropies for
the same region of an individual amyloid fibril at different tilt
angles. Even though such images yield different values of rh,app
due to different α’s, these should all probe the same underlying

Figure 2. (a) Schematic representation of the polarization-resolved fluorescence microscopy setup employed to probe the anisotropic emissions of
amyloid boundThT. (b) Emission from a FOV is split into two orthogonal polarized channels, s (colored red) and p (colored green), using a polarizing
beam splitter (PBS). The PBS is placed on a rotatable mount (marked from 0° to 180). The s- and p- channels are imaged in the same sCMOS camera.
(c) Orientation of the cone axis and with respect to the experimental s-channel when the cone axis is coaligned with the s-axis (top) and when the
orientation of the s-axis is not aligned with the cone axis (bottom). (d) Sequence of fluorescence images collected by using the rotation of the PBS.
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array of fluorophores and thus have the same value of rh,int.
Fitting these independent measurements of helical anisotropy as
a function of PBS angle (and thus a function of α) to the above
equation will yield a more accurate and precise estimate of rh,int
(and thus the underlying amyloid structure) than any single
measurement alone. The fits will also inform us on deviations
from the helical model, if they are present in our samples.
From the above definition of rh,app, we see that it follows two

distinct behaviors as a function of α, depending on the sign of
rh,int. For positive values of rh,int, the maximum value of rh,app
occurs at α = 0°, i.e., when the s-axis of the PBS exactly aligns
with the cone axis of the fibril. Thus, in this regime, the value of
the PBS angle for which rh,app is maximized corresponds to the
orientation of the conical axis (as measured along the PBS s-
axis), and the corresponding value of rh,app is the rh,int value for
that specific region of the amyloid fibril. On the other hand, for
negative values of rh,int, the minimum value of rh,app occurs at α =
0°. Consequently, in this case, the value of the PBS angle for
which rh,app is minimized corresponds to the orientation of the
conical distribution, and this minimum value corresponds to the
value of rh,int. To capture this behavior, we have implemented a
two-step process in our data analysis pipeline, where we first
perform the fitting and maximization of rh,app assuming positive
values of rh,int and subsequently, if necessary, performing a
second correction step if our data indicate that rh,int is negative
(see the Supporting Information for further details). Interest-
ingly, in our samples, we only encountered the first case, and so,
for the experiments described below, we did not need to perform
the second corrective step. For the subsequent discussion, we
therefore proceed with the understanding that the values of rh,int
that we report are positive and do not need to be corrected for.
Below, we show how the experimental approach of polarization-
resolved helical anisotropy imaging and the subsequent data
analysis process that we describe above may be utilized to
investigate structural heterogeneity in amyloid fibrils, both
between individual fibrils in the same sample and between
different regions in a single fibril.

■ MATERIALS AND METHODS
Solid amyloidogenic peptides, in powder form, were suspended
in 20 mM sodium phosphate buffer, pH 7.4, at 6 mg/mL
concentration in a clean and dry glass vial, as previously
described.43 The suspension was heated over a reducing flame
until a clear solution was obtained. The solution was allowed to
cool without mechanical disturbance at room temperature for
more than 20 min. The solution turned into hydrogels
composed of amyloid fibrils, as previously observed.43 The
stock solution was diluted (typically 5−10 times) so that
individual fibrils become apparent in a FOV under the
microscope. Amyloid fibrils were then mixed with ThT dyes
(final concentration of 50 μM) and incubated for 10 min for
each data set.
Polarization-resolved fluorescence imaging of amyloid fibrils

was performed in a wide-field epifluorescence microscope as
previously described (Figure 2a).44 Briefly, ThT-bound amyloid
fibrils were spin-cast on glass coverslips and excited by a 405 nm
laser (Laserglow, model LRD-0405-PFR-00050-05) circularly
polarized light by using a quarter-wave plate. The excitation
beam was directed to the sample by using an objective (1.49NA,
60× Nikon, TIRF), which illuminated an 8 × 8 μm2 FOV. The
emission from the sample was collected with the same objective
and passed through an appropriate dichroic mirror (Semrock,
Di01-R405) and bandpass filter (445−530 nm). A PBS

(ThorLabs BD27) placed on a rotatable mount resolved the
FOV into two orthogonally polarized emission channels, which
were imaged on an sCMOS camera (Hamamatsu ORCA-
Flash4.0 V3). α-Syn data were collected by using a CCD camera
(DVC-1412AM). This configuration allowed for the rotation of
the orientation of the PBS, enabling the collection of images at
different s- and p-channel orientations (Figure 2b). The PBS was
rotated manually for angular increments. The laser excitation
was turned off between two consecutive images at different PBS
angles. Typically, movies were collected with an exposure time
of 100 ms and averaged before further image processing. It took
15 min for one complete data set acquisition. The excitation
power (50−200 μW) was varied by using neutral density filters
to minimize photobleaching. Averaging of the acquired movies
and generation of pseudocolor merged images were performed
in ImageJ (NIH). Further analysis was performed by using
MATLAB (R2016a). All measurements were performed at 295
K.
The direction of the allowed electric field along the s-axis was

calculated by detecting the s-channel emission intensity
maximum (and concurrent p-channel minimum) from a sample
that exhibits isotropic emission (polystyrene beads) while
exciting with linearly polarized light (Figure S1a). The inherent
intensity differences between the s- and p-polarizations
(characterized by the offset, G) at each angle of the PBS were
corrected (typically, by a factor of 0.97−1.03), based on
calculations from previous independent experiments. We found
nominal polarization distortion in our detection system (Figure
S1b).

■ RESULTS AND DISCUSSION
Previous studies on short fragments of amyloidogenic proteins
have shown that they form amyloid fibrils with similar
morphology and cytotoxicity to those formed from the full
protein.45,46 Consequently, as proof-of-principle experiments to
validate our approach, we investigated samples formed by using
two synthetic tripeptide fragments derived from the C-terminal
of Aβ. The first tripeptide consists of the last three amino acids of
42 residue Aβ protein (Aβ40−42), while the other fragment has its
C-terminal residue replaced with valine (Aβ40−41V). The N-
terminals of both of these peptides contain the Fmoc protecting
group (Figure S2a). Previous studies have shown that these
peptides are capable of forming amyloid fibrils similar to fibrils
derived from more biologically relevant amyloids.43 Preliminary
experiments using linearly polarized excitation demonstrated
that ThT binding to these synthetic fibers replicated the binding
modes to more natural amyloid fibrils (Figure S2b,c).
Subsequently, we imaged them using our polarization-resolved
microscopy setup (see Figure 2 andMethods section). Images of
amyloid fibrils of Aβ40−42 in the same FOV were captured at 10°
angular increments of the PBS mount. The images in the s- and
p-channels (in red and green, respectively), and the merged
images, are shown for the same FOV at different orientations of
the PBS (Figure 3). We observed that at any given PBS
orientation, the components of the fluorescence emission from
fibril-bound ThT molecules in the two channels depend on the
relative orientation of the fibril axes with respect to the PBS axes.
Upon a rotation of the PBS by 90°, the fibers, which were
predominantly visible in the s-channel (highlighted with
rectangles at 0° in Figure 3), became only visible in the p-
channel. This demonstrated that our samples roughly followed
the angular dependence that we laid out in our derived
expressions, and so we could proceed toward more quantitative
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analysis of our polarization resolved images. Incidentally, we
observed photobleaching of the ThT fluorophores in our FOV
for the higher PBS angles, caused by continuous exposure to the
excitation light (see Movie M1 and Movie M2). This further
validated our decision of using helical anisotropy as the
parameter of choice in our experiments, as the normalization
of the intensity difference in helical anisotropy removed the
effect of photobleaching from our calculations, apart from
considerations of photon budget and Poisson noise (see the
Supporting Information). While the errors caused by photo-
bleaching were not significant for our experiments (see below),
we note that the effect of photobleaching could be minimized in
future experiments by utilizing fewer orientations of the PBS for
imaging (albeit at the cost of lower coverage of the full angular
range) or other experimental protocols for prolonged imaging
such as use of oxygen scavenging system47 or supplementing
additional ThT.

Following the expressions derived above, we calculated the
helical anisotropies for the Aβ40−42 amyloid fibrils in the same
FOV shown in Figure 4. We generated helical anisotropy images
for each orientation of the PBS, for every pixel of the amyloid
fibrils that we imaged (Figure 4a). As expected, we saw values of
rh,app ranging from a minimum to a maximum at different
orientations of the PBS across the entire FOV. As an example,
the average rh,app values for three regions (highlighted in Figure
4a) as a function of PBS orientation are shown in Figure 4b. We
fit the rh,app values for these regions to eq v. It is seen that rh,app is
maximized at 8.5°, 44.4°, and 106.3° for regions 1, 2, and 3,
respectively. In a previous measurement, we had determined the
orientations of the s- and p-axes for any particular orientation of
the PBS in our experimental setup (Figure S1a). The orientation
of the allowed electric field’s direction in the s- and p-axes is
shown in Figure 3 at a 40° PBS angle (red and green arrows,
respectively). The experimental assignment of the axes allowed

Figure 3. Polarization-resolved fluorescence imaging of Aβ40−42 fibrils. The two orthogonal polarized emissions are simultaneously acquired at 10°
increments of the PBS angle. A pseudocolor merged image is generated at each PBS angle from the quantitative superposition of the s-channel (red, left
panel of each angle) and p-channel (green, right panel of each angle) orientation. Three diagonal fibers are highlighted with open boxes at 0°. The scale
bar is 1 μm and the same in each panel. The orientation of the s- and p-axes at 40° PBS angle is shown in the merged image with the red and green
double-headed arrows.
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us to independently determine the orientation of the conical
axes for the amyloid-bound fluorophores. We found that the
conical distributions aligned roughly (but not exactly) with the
fibril axes, which signified that the rh,int for these regions is
positive (see above). The respective values of rh,int for regions 1,
2, and 3 are 0.881, 0.879, and 0.728, which correspond to θ
values of 16.4°, 16.5°, and 25.2°, respectively. The adjusted R2

are 0.97, 0.97, and 0.95 for fits at regions 1, 2, and 3, respectively,
which suggests that ourmodel explains themajority of variability
in our data and that errors caused by photobleaching at long
exposure times are not a significant factor for these experiments.
This demonstrates that even amyloid fibrils formed out of the
short synthetic polypeptide Aβ40−42 exhibit structural poly-

morphism in a manner similar to larger amyloid proteins. We
show individual fibrils in the same sample have distinctly
different helical packing for their protofilaments, giving rise to
the differences in rh,int and θ that we see in our experiments.
Next, we turned to investigate the structural characteristics of

the individual fibrils themselves. Figure 5a shows rh,int for each
pixel in the same FOV as Figures 4 and 5b show the
corresponding PBS angle where rh,app is maximized. We saw
high values of rh,int for all of the fibrils in our sample. This
indicated that Aβ40−42 protofilaments typically assemble into
tightly packed fibrils. This is borne out in TEM images of
Aβ40−42 fibrils (Figure S3), which showed the formation of the
tightly packed long fibers that we saw in our fluorescence

Figure 4. (a)Heatmap of helical anisotropy at each PBS angle constructed from the s- and p-channel images shown in Figure 3. The double-headed red
arrow represents the s-channel orientation at each PBS angle. Three Aβ40−42 fibers are highlighted with white boxes. Three regions in the fibrils are
highlighted at 0° PBS angle. (b) Values of rh,app from the three highlighted regions in (a) at different PBS angles. The fitted curve is shown for each
region along with 95% confidence intervals.
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microscope. Interestingly, we saw variations in the value of rh,int
within a single fibril itself. Figure 5c shows the variation in θ for
fibril-bound ThT fluorophores along three representative fibrils
(boxes in Figure 5a). We saw that while the average θ values for
these fibrils were 18.5°, 16.5°, and 18.8° for fibrils 1, 2, and 3
respectively, the actual conical angles varied by as much as 10°
throughout the length of the fibrils. We also saw that the conical
axes for these fluorophore arrays (arrows in Figure 5b) were not
exactly aligned to the fibril axes. While some of the fibrils were
roughly aligned, fibrils 4 and 6 exhibited significant deviations
between the fibril axis and the conical axes for their bound
fluorophores. This illustrated that although the local structure of
these fibrils could be approximated by helical packing of the
constituents (which subsequently gave rise to the conical
distribution of bound dyes), these helices are not arranged
coaxially throughout the entire length of these fibrils. This is
most likely due to the higher level structures that are present in
these fibrils, highlighting that even short amyloidogenic peptides
like Aβ40−42 can self-assemble into complex fibrillar structures.
We also investigated the structural heterogeneity of amyloid

fibrils consisting of Aβ40−41V using our approach. We show that
in terms of both the rh,int (Figure S4a) and deviations between
the fibril axis and the conical axes of the bound fluorophores
(Figure S4b), these fibrils are similar to the ones assembled from
Aβ40−42 (Figure 5a,b). These observed similarities likely arise
from the fact that both of these peptides are derived from the C-
terminal of Aβ and thus are very similar in their chemical
properties. Additionally, their small size means that the
protofilaments for these amyloid fibrils are likely composed
entirely of cross-β sheets without random coils that are generally
present in larger amyloidogenic proteins. This should lead to
tighter helical packing for these fibrils, which, in turn, leads to the
high rh,int that we observe for them. In contrast, when we image
amyloid fibrils of α-synuclein, a larger protein (Figure S5), we
find that these fibrils are drastically different, in both size and
morphology. While a systematic investigation of these fibrils and
their structural heterogeneity is beyond the scope of this current
work, our preliminary results suggest that this observed
difference comes from the larger size of the α-synuclein, which
allows the formation of a less compact cross-β protofilament
structure with more coils and, thus, less tight fibrillar packing.
This difference that we observe between natural and artificial
amyloids with our techniques highlights the complexity
underlying amyloid structures with the same secondary
structure of cross-β sheets leading to very different higher-
order structures and, thus, the need for more studies into the
structures of a wide range of different amyloid fibrils.

■ SUMMARY AND PERSPECTIVE
In this work, we have developed a method where polarization-
resolved fluorescence imaging is used to evaluate helical
anisotropy, which can yield information about the structural
heterogeneity of amyloid fibers. We have demonstrated the
validity of our method using three types of ThT-bound amyloid
fibrils: Aβ40−42, Aβ40−41V, and α-synuclein.We show how the use
of polarization-resolved images from a number of different
orientations of the PBS can allow more accurate and precise
measurements of local structure of amyloid fibrils than those
using only a single or two polarizer orientations. Additionally,
our method allows us, through goodness-of-fit measures, to
determine if indeed our model is appropriate for the
experimental data, thereby lending further credibility to our
analysis. The experiments reported here show that our approach

reveals structural polymorphism between different amyloid
fibrils and within an individual fibril. Importantly, we show that

Figure 5. (a) Heatmap of rh,int constructed from rh,app images shown in
Figure 4a. (b) Heatmap of the cone axis orientation. The orientation of
the cone axis in each pixel is mapped with a semicircle color bar. A
double-headed white arrow shows the mean orientation of the cone axis
in each fiber. (c) Variation in cone angle along the length of the fibrils
highlighted by white boxes in (a).
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these structural characteristics may be rationalized by the
chemical properties of the constituent amyloidogenic peptides
for these fibrils.
While the proof-of-principle experiments we show here were

performed by using a wide-field epifluorescence setup (which we
believe is the most accessible for the average researcher), a key
strength of our approach is its adaptability and extensibility.
Because this method’s only unique instrumental additions are a
quarter-wave plate in the excitation path for generating circularly
polarized light and a PBS in the emission path for polarization-
resolved imaging, it can be integrated with multiple fluorescence
microscopy modalities. In our experiments, the normalization of
intensities in helical anisotropy removes the effect of photo-
bleaching (except for considerations of Poisson noise and
photon budget), thereby allowing this method to be extended to
super-resolution microscopy, albeit with lower throughput.
Because our experimental approach utilizes fluorescence
microscopy and can be executed in aqueous and ambient
conditions, this opens up the possibility of correlating
polarization-resolved structural assays with single-molecule
binding and biochemical studies, enabling entirely new avenues
of studies for amyloid fibrils. Finally, although we chose amyloid
fibrils as the model system for our experiments, any fibrillar or
other nanostructure that binds fluorophores in a specific ordered
binding mode should be amenable to structural studies using
such polarization-resolved imaging. Thus, we envision that the
method, developed and demonstrated here, is a key addition to
experimental techniques, which can probe the local structure
and structural heterogeneity in functional and pathologically
relevant amyloid fibrils in particular and in a wide variety of
ordered supramolecular assemblies in general.
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