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Introduction

Probing physical properties of single amyloid
fibrils using nanofluidic channels+

@ Quentin Lubart,® Sriram KK, (=2
® Elin K. Esbjorner (2 *@ and

Nima Sasanian,® Rajhans Sharma,
Marziyeh Ghaeidamini,® Kevin D. Dorfman,
Fredrik Westerlund (2 *?

Amyloid fibril formation is central to the pathology of many diseases, including neurodegenerative dis-
orders such as Alzheimer’'s and Parkinson’s disease. Amyloid fibrils can also have functional and scaffold-
ing roles, for example in bacterial biofilms, and have also been exploited as useful biomaterials. Despite
being linear protein homopolymers, amyloid fibrils can exhibit significant structural and morphological
polymorphism, making it relevant to study them on the single fibril level. We here introduce the concept
of nanofluidic channel analysis to the study of single, fluorescently-labeled amyloid fibrils in solution,
monitoring the extension and emission intensity of individual fibrils confined in nanochannels with a
depth of 300 nm and a width that gradually increases from 300 to 3000 nm. The change in fibril exten-
sion with channel width permitted accurate determination of the persistence length of individual fibrils
using Odijk’s theory for strongly confined polymers. The technique was applied to amyloid fibrils prepared
from the Alzheimer's related peptide amyloid-p(1-42) and the Parkinson’s related protein a-synuclein,
obtaining mean persistence lengths of 5.9 + 4.5 pm and 3.0 + 1.6 pm, respectively. The broad distributions
of fibril persistence lengths indicate that amyloid fibril polymorphism can manifest in their physical pro-
perties. Interestingly, the a-synuclein fibrils had lower persistence lengths than the amyloid-f(1-42) fibrils,
despite being thicker. Furthermore, there was no obvious within-sample correlation between the fluor-
escence emission intensity per unit length of the labelled fibrils and their persistence lengths, suggesting
that stiffness may not be proportional to thickness. We foresee that the nanofluidics methodology estab-
lished here will be a useful tool to study amyloid fibrils on the single fibril level to gain information on het-
erogeneity in their physical properties and interactions.

fibrils can also act as structural scaffolds, for example in bac-
terial biofilms,® as well as in novel biomaterials.”?

Protein aggregation and the formation of amyloid fibrils is
associated with more than 20 incurable disorders," including
severe neurodegenerative conditions such as Alzheimer’s and
Parkinson’s disease, where the process of amyloid fibril for-
mation has been shown to generate neurotoxicity.” Besides
being involved in the pathological development of disease,
amyloid fibrils can also have functional biological roles.>™ For
example, amyloid fibrils formed by the human Pmel17 protein
are important in the catalysis of melanin formation and pro-
tection against UV-mediated damage of the skin.” Amyloid
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To understand the role of amyloid fibrils in a biological
context, and to be able to tune their properties to be used as
functional biomaterials,”'° it is important not only to solve
their structures, but also to understand their mechanical and
physical properties. Single fibril level technologies are impor-
tant in this respect as they can account for polymorphism
within samples. Various techniques, such as atomic force
microscopy (AFM),""* transmission electron microscopy
(TEM),"® cryoEM,'*"® total internal reflection microscopy
(TIRF)'® and super-resolution fluorescence microscopy,'” have
been used to study the morphological, structural and physical
properties of amyloid fibrils. However, these techniques typi-
cally rely on the immobilization of the fibrils to a surface and,
in particular for AFM, drying of the immobilized sample. In
recent years, microfluidic and nanofluidic technologies have
introduced new and powerful platforms to explore bio-
molecules, including polypeptides, on a single molecule level
and in solution. Microfluidic chip-based methods have for
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example been used to study properties of amyloid structure
and their interactions with other proteins and
compounds.’®?' The dimensions of nanofluidic devices
confine biopolymers in an extended conformation, which
facilitates their visualization and analysis. Furthermore, the
confinement in a nanochannel keeps the object of interest in
focus, which means that standard epi-fluorescence microscopy
can be used for visualization with minimal background.
Nanochannel devices have been extensively used by us and
others to study basic polymer physics of single DNA molecules,
as well as their interactions with DNA-binding proteins.>? The
degree of stretching of a polymer in a nanochannel is mainly
governed by its persistence length and the dimensions of the
channels. Theoretical predictions of the extension of biopoly-
mers in different regimes were pioneered by de Gennes>* and
0dijk.>* Persson et al. have previously established a nanoflui-
dic device with funnel-like nanochannels that allows single
biopolymers to be studied at several different confinements as
they are moved along the nanochannel using pressure-driven
flow.?®> The device has been used to study DNA, and a similar
geometry was later implemented by us to determine the per-
sistence length of RecA filaments formed on dsDNA.*® Similar
approaches to study physical properties of biopolymers have
been demonstrated for actin®’>° and vimentin fibrils.*®

In this study, we extend the application of nanofluidic
channels with funnel-like dimensions to demonstrate that
amyloid fibrils can be confined in nanochannels and studied
at the single fibril level free in solution. We furthermore
address the physical properties of fibrils by studying their
extension as a function of degree of confinement, as well as
the mean fluorescence intensities per unit length. These data
allow us to probe the concept of polymorphism on the single
fibril level. We also compare amyloid fibrils prepared from two
different amyloidogenic proteins of different sizes and func-
tion; the ~4 kDa Alzheimer’s related peptide A(1-42) and the
~14 kDa Parkinson’s related protein a-synuclein. We envision
that this methodological platform can be extended to study
amyloid formation mechanisms and amyloid interactions on
the single fibril level in a semi high-throughput manner that,
moreover, requires very low sample volumes, opening possibi-
lities to study both in vitro prepared amyloid material and
samples retrieved from cells.

Materials and methods

Recombinant protein production

Wild-type (wt) AB(1-42) and a-syn were produced by recombi-
nant expression in E. coli. AP(1-42) was expressed as a fusion
protein to the His tag-labelled NT solubility tag®* and purified
by affinity chromatography, TEV (tobacco etch virus) enzymatic
cleavage and size exclusion chromatography as described in
ref. 32. The peptide was obtained in a 20 mM sodium phos-
phate buffer at pH 8.0 and freeze dried in small aliquots that
were stored at —20 °C until further use. a-syn was purified by
consecutive steps of ion exchange and size exclusion chrom-
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atography into 20 mM Tris-HCI buffer pH 7.4 as described in
ref. 33. The protein was aliquoted, snap-frozen in liquid nitro-
gen and stored at —80 °C until further use.

Preparation and handling of HF555-A(1-42) peptides

Synthetic N-terminal labelled HF555-AB(1-42) peptides were
bought from Anaspec Inc. as lyophilized powders and dissolved
in hexafluoro-2-isopropanol to disrupt aggregates and mono-
merize the peptide. The solutions were vortexed briefly and ali-
quoted at 4 °C. The solvent was removed by rotary evaporation.
The resulting peptide films were snap frozen in liquid nitrogen
and kept at —80 °C until further use. The concentration of
HF555-Ap(1-42) in the aliquots was determined by dissolving
one peptide film in 1% ammonium hydroxide (v/v) followed by
absorption measurements on a Cary 4000 UV-Vis
Spectrophotometer (Agilent Technologies). An extinction coeffi-
cient of 150 000 M™* em™ at 551 nm was used for the HF555
dye. Prior to each experiment, a new peptide film was dissolved
in a small volume of 1% ammonium hydroxide (v/v) and there-
after diluted with 20 mM sodium phosphate buffer pH 8.0.

Labelling of a-syn

a-Syn monomers labeled with ATTO488 (ATTO
Technology Inc.) using NHS-ester chemistry according to the
manufacturer’s protocol. The recombinant protein was trans-
ferred into a PBS buffer with 100 mM NacCl using Amicon Ultra
0.5 mL 10 kDa cut-off centrifugal filters. 5 mg ml™" of protein
was incubated for 1 h at room temperature with a 2-fold molar
excess of the ATTO-488 NHS-ester reagent. The a-syn protein
was separated from unreacted dye using a Sephadex G-25 gel
filtration spin column at 5000g for 5 min. The labeling ratio
was determined by absorbance (Fig. S41) and was approxi-
mately 90% (that is, on average 90% of the a-syn molecules
carried one dye molecule). The labelled protein was flash-
frozen on dry ice and stored at —80 °C.

were

Amyloid fibril formation

AB(1-42) amyloid fibrils were prepared by incubation of
90 mol% of recombinant Af(1-42) with 10 mol% HF555-
AP(1-42) in quiescent condition at 37 °C for 48 h. a-syn amyloid
fibrils were prepared by seeding using so-called PFFs (pre-
formed fibrils) that were prepared according to the Michael J.
Fox Foundation protocol.>* Briefly, a-syn was assembled in PBS
at 5 mg mL™" by incubation for 7 days at 37 °C under constant
agitation (1000 rpm, Benchmark Incu-Shaker Mini). The result-
ing PFFs were flash-frozen on dry ice and stored at —80 °C until
further use. The labelled a-syn fibrils were prepared by seed
amplification in a 100 pM solution containing 90% unlabeled
and 10% labeled monomeric a-syn and 5% of PFFs. The
samples were incubated in a Thermoshaker for three days at
37 °C at 600 rpm to elongate the seeds and obtain sufficiently
long fibrils for the nanochannel analysis.

Nanofluidic device

The nanofluidic devices used in this work were fabricated
using traditional semiconductor processing methods that are

This journal is © The Royal Society of Chemistry 2023
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described in detail elsewhere.*>*" Briefly, the design consists
of 80 nanochannels, that run between two microchannels,
each having two loading reservoirs. The nanochannels are
500 um long and 300 nm deep. The width of the nanochannels
increases in steps from 300 nm at one end via 600 nm,
900 nm, 1500 nm, 2400 nm and finally 3000 nm at the other
end (Fig. S1f). Each of the above regions spans over 80 um
with a smooth transition in between consecutive widths.

Lipid passivation

The nanochannels were passivated by creation of a supported
lipid bilayer (SLB) as described by Persson et al.*® Large unila-
mellar vesicles with 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC) and doped with 1% Marina Blue 1,2-dihexade-
canoyl-sn-glycero-3-phosphoethanolamine (Marina Blue DHPE)
for visualization purposes were used. To create the SLB, 5 pL
of a 1 mM solution of large unilamellar vesicles were added to
all 4 reservoirs. When the vesicles land at a sufficient density
they rupture and the SLB is formed. Remaining vesicles can be
flushed out and removed.

DNA preparation

60 uM of T4-DNA (Nippon gene) was stained with YOYO-1 dye
(1:5 dye: bp ratio) in 0.5x TBE buffer (10 ul total volume) and
incubated at 50 °C for 30 minutes. Then, 88 pl of MilliQ water
and 2 pl p-mercaptoethanol were added to a total volume of
100 pl. 15 pl of this solution was added into one of the loading
reservoirs and the other three reservoirs were filled with 0.05x
TBE buffer.

Data acquisition

The amyloid fibrils or the T4-DNA molecules were loaded into
the nanofluidic chips. The sample was driven from the reser-
voir to the microchannel by applying pressure to the inlet con-
taining the sample. The sample was then introduced into the
nanochannel array by applying pressure to both inlets connect-
ing that microchannel. The samples were imaged using an epi-
configured fluorescence microscope (Zeiss AxioObserver.Z1),
equipped with 100x TIRF oil immersion objective (Zeiss, NA =
1.46), a Colibri 7 LED light source (Zeiss) and an EMCCD
camera (Andor Ixon). YOYO-1 (for visualisation of DNA) was
excited in the 469/38 nm wavelength band and emission was
collected at 530/25 nm. ATTO488 (for visualisation of a-syn
fibrils) was excited in the 469/38 nm wavelength band and
HF555 (for visualisation of Ap(1-42) fibrils) in the 555/30 nm
wavelength band and emission from both fluorophores were
collected through a 90 HE multi bandpass emission filter
(Zeiss). The images were analyzed with Image] and a custom
written Matlab code.

Results and discussion

We prepared fluorescent AP(1-42) amyloid fibrils from a
9:1 mix of recombinant wild-type (wt) and synthetic
N-terminally labelled HF555-AB(1-42) peptides (as described

This journal is © The Royal Society of Chemistry 2023
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in Material and methods). The fibrils were first introduced
into the microchannels of the nanofluidic device (Fig. 1a),
where free-flowing fibrils could be visualized with high con-
trast using epi-fluorescence timelapse imaging (Fig. 1b, left
and Video S1t), thanks to the shallow channel depth (300 nm
in nanochannel and 1.2 pm in microchannels), which effec-
tively reduces out-of-focus fluorescence. As comparison, we
also analyzed a sample of T4-DNA (166 000 base pairs; contour
length ~56 pm*’) stained with YOYO-1 (1:5 dye: base pairs)
(Fig. 1b, right and Video S27). Significant differences in the
physical properties of the AB(1-42) amyloid fibrils and the T4-
DNA were observed, suggesting that the amyloid fibrils are very
stiff biopolymers, compared to the much softer DNA. The
ApP(1-42) amyloid fibrils were thereafter injected into the nano-
channels of the device (Fig. 1a) by applying pressure to both
inlets of one of the microfluidic channels (Video S37). The
nanochannels have a constant depth of 300 nm and a step-
wise increase in width from 300 to 3000 nm, as schematically
depicted in Fig. 1c. The change in the width of the nanochan-
nels alters the level of confinement of the amyloid fibrils and
in turn their extension, as shown for Af(1-42) amyloid fibrils
in Fig. 1d and Videos S4-S7;7 YOYO-1 stained T4-DNA was
included for comparison. The difference in the change in
extension when comparing the amyloid fibrils and the T4-DNA
at 300 nm and 3000 nm is apparent and supports that amyloid
fibrils are much stiffer than the DNA, even though the images
also confirm that the AP(1-42) amyloid fibrils are flexible
enough to be affected by the level of confinement.

a C d
Amyloid fibrils  DNA

300 >
am

Fig. 1 (a) Schematic illustration of the nanofluidic device, depicting
four loading reservoirs (grey circles), feeding into two horizontal micro-
channels (light blue), which are connected by multiple vertical nano-
channels with widths ranging from 300 nm to 3000 nm, see also (c). (b)
Snap shot epifluorescence images from time-lapse videos of HF555-
labelled Ap(1-42) amyloid fibrils (left) or YOYO-1 stained T4-DNA mole-
cules (right) residing in one of the microchannels of the device. (c)
Close-up schematic illustration of the nanochannels, illustrating the
principle of polymer stretching as function of degree of confinement.
(d) Epifluorescence images of a single AB(1-42) amyloid fibril and a
single T4-DNA molecule captured in the narrow (300 nm width) and
wide (3000 nm width) end of a single nanochannel, respectively. All
scale bars represent 4 um.
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To determine the variation in fibril extension at different
degrees of confinement, we recorded time-lapse movies of the
AB(1-42) fibrils in the nanochannels (Videos S4-S71) and
translated the data into kymographs, where each image is rep-
resented by one row, and the rows are stacked on top of each
other to represent the time dimension. Fig. 2a (left panels)
shows representative kymographs at 300 nm and 1500 nm
nanochannel width for the A(1-42) fibrils. To extend the
study, we included analysis of fluorescently labelled
a-synuclein (a-syn) amyloid fibrils (Fig. 2a, middle panels and
Videos S8-S11f%), prepared as described in the Methods
section to have a similar labelling density as the AP(1-42)
fibrils. We also, again, compared the amyloid fibrils to the T4-
DNA (Fig. 2a, right panels). It is again obvious that the
amyloid fibrils are much stiffer than DNA. Plotting the average
extension of each of the single polymers as function of the
degree of confinement (nanochannel width) further supports
this observation (Fig. 2b). The data for the Ap(1-42) and a-syn
amyloid fibrils have some resemblance to that of filaments of
the bacterial DNA-repair protein RecA, which have a persist-
ence length of ~1 um,*® whereas the persistence length of
double stranded DNA is around 50 nm.*®

Since the amyloid fibrils were much stiffer than DNA, the
extension of the amyloid filaments at the different nanochan-
nel geometries should follow the scaling proposed by Odijk**
for a biopolymer in a confined environment, as we have pre-
viously reported for RecA filaments.>® For rectangular channels
of dimensions that are smaller than the polymer persistence
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Fig. 2 Extension and persistence lengths of single amyloid fibrils and
DNA molecules. (a) Kymographs showing the polymer extension as
function of time for single AB(1-42) and a-syn fibrils and a T4-DNA
molecule confined in, respectively, the 300 nm and 1500 nm wide
regions of single nanochannels. All three kymographs are 3 seconds
long. All scale bars correspond to 4 pm. (b) Polymer extension as a func-
tion of channel width for the Ap(1-42) fibril, a-syn fibril, and T4-DNA
molecule shown in (a). (c and d) Fits of the data in (b) using the Odijk
theory (eqn (1)) for the Ap(1-42) fibril (c) and a-syn fibril (d), respectively.
(e) Persistence lengths of individual Ap(1-42) fibrils (n = 82) and a-syn
fibrils (n = 46).
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length, and where the polymer is thus fluctuating between the
channel walls, Odijk’s theory predicts:

fefere) o

where x is the measured extension of the biopolymer, L is the
contour length, L, is the persistence length, B is a constant
which has been numerically estimated to 0.085%° and D; is the
depth (300 nm) and D, is the width of the confined space; in
our nanofluidic device D, varies from 300 nm to 3000 nm. It
is, however, important to consider at what channel dimensions
the Odijk theory is valid. A thorough discussion on this can be
found in the ESI,{ where we conclude that only data for
channel dimensions of 1500 nm or smaller should be included
when fitting eqn (1) to data on the extension of single amyloid
fibrils. Fig. 2c and d show such fits to data, where the
Levenberg-Marquardt algorithm was used to determine the
two unknown parameters L and L, in eqn (1), for the single
AP(1-42) and the single o-syn fibrils in Fig. 2a and b. These
individual fibrils had persistence lengths of 8.4 + 0.3 um and
3.4 + 0.6 pum, respectively.

Using the above-described approach, we then determined
the persistence lengths of 82 individual Ap(1-42) fibrils and 46
individual a-syn fibrils (Fig. 2e). The persistence length for the
Ap(1-42) fibrils varied from 1.6 pm to 16.4 pm, with an average
of 5.9 + 4.5 um, whereas the persistence length for the a-syn
fibrils varied from 1.5 pm to 7.0 um, with an average of 3.0 +
1.6 um. The differences between the two fibril types are stat-
istically significant (¢ test, p < 0.0001), and indicate that
Ap(1-42) fibrils are stiffer than a-syn fibrils. Moreover, the
obtained values are in the same range as previously reported
persistence lengths for amyloid fibrils formed by for example
B-lactoglobulin,'® but considerably longer than the persistence
lengths of protofibrils formed by for example p-lactoglobulin'?
or the N-terminal domain of the hydrogenase maturation
factor HypF.”® The data can, furthermore, be compared to
reported persistence lengths of other protein polymers such as
RecA filaments (L, ~ 1 pm *°), actin filaments (L, ~ 17 pm *!)
and microtubules (L, > 5000 pm *?).

Next, we compared the persistence length data that were
obtained using the nanofluidic device and analysis of single
amyloid fibrils in solution to a more conventional method
based on atomic force microscopy (AFM) topographical images
of amyloid fibrils deposited onto mica and thereafter dried.
Representative images of the AP(1-42) and o-syn fibrils are
shown in Fig. 3a and b, confirming amyloid appearance and
typical unbranched filaments. Average persistence lengths of
4.9 + 2.2 pm for Ap(1-42) fibrils and 2.1 +
fibrils were determined using the Easyworm software
which is based on worm-like chain theory for semi-flexible
polymers and uses contour lengths and polymer end-to-end
distances obtained from the AFM images. The polymer flexi-
bility was also depicted by aligning the analysed fibril frag-
ments in contour plots (Fig. 3c and d). The average persistence
lengths, as determined by Easyworm, are in good agreement

1.5 pm for a-syn
43,44

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 AFM analysis of amyloid fibrii morphology and persistence
length. (a and b) Representative AFM image of Ap(1-42) (a) and a-syn (b)
amyloid fibrils. The scale bars are 5 um. (c and d) Contours of Ap(1-42)
(n = 310) (c) and a-syn (n = 341) (d) amyloid fibrils with their initial tan-
gents aligned. The average persistence lengths of depicted fibrils, calcu-
lated using the Easyworm software, are indicated in the figure. (e and f)
Histograms of fibril height distributions for the Ap(1-42) (e) and a-syn (f)
amyloid fibril samples, the numbers of analyzed individual fibrils are
indicated in each graph.

with those obtained by single fibril analysis using our nano-
channel-based method and Odijk theory (Fig. 2). The results
furthermore support the above conclusion that the o-syn
fibrils are less rigid than the Ap(1-42) fibrils (the L, difference
as measured by AFM is also statistically significant (paired
Student’s ¢-test; p < 0.0001)). However, the AFM-based analysis
may be prone to artifacts related to difficulties in preparing
samples such that the conformation, and hence end-to-end
distance, of each filament on the AFM substrate is entirely
equilibrated,*>*° and one can, at best, only obtain an ensem-
ble-averaged persistence length. Our solution-based nanoflui-
dic method avoids this problem and thereby provides single
fibril data. As will be further discussed below, this makes it
possible to analyse heterogeneity within fibril samples.

Since AFM probes the morphology of a surface with high
(sub nanometer) resolution in the Z direction, we also used
the AFM images to measure fibril height distributions (Fig. 3e
and f). The data in Fig. 3e show a broad distribution of
AP(1-42) amyloid fibril heights with a mode value of around
2.5 nm and a smaller shoulder around 4.2 nm, consistent with
previously reported fibril thicknesses.?”"*® There also appears
to be a minor fibril population with a height of 6.5 nm. This
digitation of thickness could indicate co-existence of fibril
polymorphs with different numbers of protofilaments as
observed by Meinhardt et al.*® for Ap(1-40) fibrils. The a-syn
amyloid fibrils were more homogenous with respect to height,
with a major population at 6.3 + 0.9 nm and a minor popu-
lation at around 3.0 nm (Fig. 3f), possibly corresponding to
fibrils consisting of two and one protofilaments respectively.

In the final part of the study, we took advantage of the fact
that the confinement of amyloid fibrils into the nanochannels
in our setup makes it possible to determine, in addition to per-
sistence lengths, both amyloid fibril contour lengths and their
mean fluorescence intensity per unit length (IPL); here defined

This journal is © The Royal Society of Chemistry 2023
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on a per pixel basis, and hence explore correlations between
different fibril properties on the single fibril level (Fig. 4). The
‘IPL’ should correlate to the fibril mass per unit length (MPL),
assuming an even distribution of fluorophores along the fibril
extension (which is reasonable given the kymographs in
Fig. 2a). MPL is related to fibril thickness and a common
descriptor of protofilament packing,"”*®* and has been
reported to vary between amyloid fibrils formed from different
proteins as well as between amyloid fibrils from a single
protein, reflecting their polymorphism.'>*® The IPL values
(Fig. 4c and d, y-axis) of the different fibrils are not directly
comparable as different fluorophores were used to label
AP(1-42) and a-syn, but the observed variations in IPL within
samples are still important. The contour lengths of the 82
AP(1-42) amyloid fibrils varied from 6.9 pm to 17.6 um, with
an average of 11.8 + 2.6 um (Fig. 4a, y-axis), whereas the
contour lengths of the 46 a-syn fibrils varied from 6.1 to
9.3 um, with an average of 7.3 + 0.7 um (Fig. 4b, y-axis histo-
gram) and with no detected fibrils longer than 10 pm.

Fig. 4 indicates that both the AB(1-42) and o-syn fibril
samples are heterogeneous with respect to persistence lengths
and IPL (intensity). A comparison of IPL (intensity) distri-
butions and fibril height distributions suggests that the para-
meters are correlated (Fig. S51) and that IPL can thus be used
as a reasonable proxy of fibril thickness in the common dis-
cussion of the results. The AP(1-42) fibrils (Fig. 4a and c)
appear to be more heterogeneous than the a-syn fibrils
(Fig. 4b and d), and we even observed a few fibrils with very
long persistence lengths of ~15 pm, suggesting that our
method can report on fibril polymorphism with respect to
fibril stiffness. The observation of polymorphism is in agree-

AB(1-42)

o

Contour length (um)
Contour length (um)

0 s 10 15 20 H 10 is 20
Persistence length (um) Persistence length (um)

Intensity (a.u.)

Gosd ..
i'i.;' [EIES %

10 15
Persistence length (pm)

°
<

20

10 15
Persistence length (um)

Fig. 4 Relationships between persistence length, contour length, and
fluorescence intensity per length unit for single amyloid fibrils. (a and c)
Scatter plots of contour length versus persistence length for Ap(1-42)
(@) and a-syn (c) amyloid fibrils. (b and d) Scatter plots of fluorescence
intensity per length unit (intensity) versus persistence length for
AB(1-42) (b) and a-syn (d) amyloid fibril.
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ment with previous reports on the heterogeneity of Ap(1-42)
amyloid fibrils.*®

In Fig. 4 we further explored the relationship between per-
sistence lengths and contour lengths. It should be noted that
we only included fibrils that were longer than 6 pm in the ana-
lysis to be able to accurately record the effect of the change of
nanochannel confinements on their extensions. We therefore
cannot exclude that short fibrils could have different mechani-
cal properties, even though the similarity in mean persistence
lengths estimated from the nanochannel recordings (Fig. 4)
and based on AFM analysis (Fig. 3, no restriction of fibril
length) are very similar. Starting with the AP(1-42) amyloid
fibrils (Fig. 4a), there was no apparent correlation between per-
sistence length and contour length. There was also no corre-
lation between IPL and contour length (Fig. S6). This is con-
sistent with a model of templated elongation, and hence perse-
verance of structure, as the underlying mechanism of the
growth of individual amyloid fibrils. However, it would also be
possible that structurally different amyloid polymorphs elongate
at different rates and thus give rise to populations that differ in
contour lengths. We therefore further explored the relation
between persistence lengths of the AP(1-42) and their IPL
(Fig. 4c). Considering the significant heterogeneity in both
measures and the fact that polymer thickness in homogenous
polymer materials correlates to stiffness, it is a bit surprising
that our data suggest the two parameters to be uncorrelated. A
possible explanation to this observation is that the persistence
length variation is mainly related to differences in the arrange-
ment of the p-sheet core of the fibrils (often reported to consist
of dimers)"*°">* and less dependent on the number of protofi-
laments in the fibril (hence its thickness).

The distribution of a-syn fibril persistence lengths (Fig. 4b,
top axis histogram) is, as mentioned above, less heterogeneous
than that of the Ap(1-42) fibrils. There is also clearer support
for the existence of a main population of fibrils with an average
persistence length of 2.2 + 0.7 um and a smaller proportion of
fibrils with longer persistence lengths. This could potentially
reflect the co-existence of two polymorphs with different fila-
ment packing as observed in recent cryo-EM studies.”>* As for
the AP(1-42) fibrils, there was no correlation between persist-
ence length and contour length (Fig. 4b) or IPL (Fig. 4d) or
between contour length and IPL (Fig. Sébt). Furthermore, the
IPL of the a-syn fibrils was significantly more uniform than for
the AB(1-42) fibrils, with one narrow single mode distribution
(Fig. 4d, y-axis histogram). This is consistent with the obser-
vation of a narrow height distribution in AFM (Fig. 3d) and
suggests that heterogeneity in the a-syn samples studied here
mainly manifests in relation to their rigidity, which, again,
appears to not be directly correlated to fibril thickness (IPL)
(Fig. 4d), but presumably more to filament packing.

Comparing the data for the AP(1-42) and o-syn fibrils dis-
played in Fig. 2 and 4, we conclude that there is a clear difference
in their mean persistence length (Fig. 2e and 4a, b). We note that
a-syn is a considerably larger protein than Ap(1-42) (14.5 kDa vs.
4.2 kDa) and that it has a distinctly different fibril fold with a
more complex topography'>***3* compared to AP(1-42)

Nanoscale

View Article Online

Nanoscale

fibrils.*”>* This is also reflected in the AFM data, showing that
the a-syn fibrils are thicker (Fig. 3e and f). This may allow for
greater conformational flexibility between the monomer ‘layers’
in the fibril, despite that the a-syn fibrils are likely to have a more
extensive network of cross-f core hydrogen bonds. Indeed, it has
been reported that there are additional constraints in packing of
larger proteins into an amyloid core that might destabilize their
fibril structure and make the fibrils softer** and an inverse corre-
lation between axial stiffness and cross-sectional area of amyloid
fibrils formed by different proteins have been reported.>® The
observation that the distributions of IPL and fibril thicknesses of
the a-syn fibrils (Fig. 4d and 3d) were much narrower than those
for the AB(1-42) fibrils (Fig. 4c and 3c) may be related to the
former being amplified by seeding, thus conserving to a larger
extent a pre-defined packing.

Conclusion

We have demonstrated that nanofluidic channels can be used
for multiparametric analysis of single fluorescent amyloid
fibrils in solution. We have determined the extensions, emis-
sion intensities (related to the mass per unit length of the
fibrils) and persistence lengths for fibrils formed by Ap(1-42)
and o-syn. As expected, the persistence lengths for fibrils
formed by both proteins are in the pm regime and consider-
ably larger than the persistence length of DNA. The AB(1-42)
fibrils are significantly stiffer than the a-syn fibrils, which may
relate to that they are formed from a shorter polypeptide chain
and hence have a more compact fibril core packing.
Interestingly, we observe that both AP(1-42) and a-syn fibril
samples are heterogeneous and that there is a significant vari-
ation in the persistence lengths of individual fibrils within
each sample. An interesting observation is that we did not
observe any correlation between IPL (which can be interpreted
as a proxy of fibril thickness). This suggests that the amyloid
core assembly and filament packing may be more decisive for
the stiffness of an amyloid fibril than its actual thickness
(number of filaments). Furthermore, the observations of per-
sistence length heterogeneity provide a complementary per-
spective to that of solving amyloid structures or using amyloid
sensitive dyes.”” It is also important to note that heterogeneity
manifests in the mesoscopic morphological characteristics
(persistence length) of the amyloid polymer and that this can
be detected and quantified using our nanofluidic-based
method. We foresee that nanofluidic channels can be a useful
future tool for analyzing single amyloid fibrils in solution and
to reveal how the principles that affect their physical properties
may relate to their pathological potential in a disease context.
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