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berrant aggregation of amyloido-

genic proteins and peptides is asso-

ciated with the pathophysiology of
several diseases including Alzheimer's dis-
ease, Parkinson's disease, Huntington's dis-
ease, and type Il diabetes mellitus.'™
Although these amyloid aggregates are as-
sociated with many cytotoxic effects,’ their
toxic form and pathogenic mechanisms
remain generally unclear.®” One reason
for the lack in understanding is that the
size and shape of amyloid oligomers are
typically heterogeneous and dynamic in
solution.2 Consequently, the potential toxic
effects of subpopulations of oligomers in
these heterogeneous preparations are diffi-
cult to discern as these subpopulations are
often masked in ensemble measurement
techniques.®® For example, Cabriolu et al.
recently developed a computational model
describing the size distribution of aggre-
gates of amyloid-£, the peptide implicated
with Alzheimer's disease,'® and reported the
occurrence of “magic” fibril sizes: preferred
aggregate sizes that appear as peaks in the
distribution.'"'? The authors could only qua-
litatively verify this result'® because of a “lack
of suitable experimental or simulation data for
the size distribution of amyloid fibrils”."" Here,
we make a first attempt to determine the size
and shape distributions of unlabeled AS aggre-
gates in solution by analyzing resistive current
pulses from hundreds of single aggregates
during their passage through an electrolyte-
filled nanopore. We propose that resistive pulse
sensing is an enabling technique for character-
izing aggregated amyloidogenic peptides,
since it is the only technique that measures
single particles volumetrically and is, therefore,
particularly well-suited for characterizing parti-
cles with irregular shapes.'

Increasing evidence indicates that certain
sizes of A oligomers, and possibly certain
shapes of these oligomers, are more neuro-
toxic than others and, thus, play different roles
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ABSTRACT Determining the pathological
role of amyloids in amyloid-associated dis-
eases will require a method for characterizing

the dynamic distributions in size and shape of
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amyloid oligomers with high resolution. Here,

we explored the potential of resistive-pulse sensing through lipid bilayer-coated nanopores to

measure the size of individual amyloid-3 oligomers directly in solution and without chemical

modification. This method classified individual amyloid-/3 aggregates as spherical oligomers,

protofibrils, or mature fibers and made it possible to account for the large heterogeneity of

amyloid-/3 aggregate sizes. The approach revealed the distribution of protofibrillar lengths

(12- to 155 -mer) as well as the average cross-sectional area of protofibrils and fibers.
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in the pathology of Alzheimer's disease.'®'> 2’

Aggregated forms of AB in the brain are
thought to stem from an imbalance between
the generation and clearance of A3 mono-
mers, which subsequently leads to their accu-
mulation and aggregation®?? to oligomers,'®
protofibrils,'”* fibers,'® and amyloid plaques.®
The sizes of AS oligomers range from the
monomer molecular weight of 4.3 kDa for
the 40 amino acid peptide to ~43 kDa,**
whereas protofibrils have molecular weights
greater than ~43 kDa and are approximately
5 nm in diameter and less than ~200 nm in
length.?*% Fibers result from the assembly of
protofibrils and have an average diameter of
approximately 7—10 nm and lengths up to
several micrometers,>>~%’ while senile pla-
ques are dense meshes of Aj fibers in the
brain.®’

One reason that the pathogenic role of
different Af3 aggregates in Alzheimer's dis-
ease is not understood stems from conflicting
reports and difficulties reproducing the exact
conditions of previous experiments.®’'?8
Conducting assays with reproducible distribu-
tions of Aj3 aggregates is challenging, since
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Figure 1. Synthetic nanopores with fluid walls make it possible to characterize individual A aggregates by resistive-pulse
recordings. (A) lllustration of the experimental setup with fluid access channels to a nanopore embedded in a silicon nitride
chip.”®>° Silver—silver/chloride electrodes immersed in the two fluidic compartments are connected to a patch-clamp
amplifier and used to measure the ionic current through the nanopore. Inset left: Cartoon showing a cross-section of a
nanopore that is coated with a fluid lipid bilayer, thereby enabling the translocation of AS aggregates without clogging the
pore. Inset right: Original current trace showing a characteristic resistive pulse with the parameters Al and t4. (B) Original
current traces recorded before and after adding AS that was permitted to aggregate for 1 or 3 days. The nanopore had a
length of 18 nm and a diameter of 28 nm before the lipid bilayer coating (length of 28 nm and a diameter of 18 nm after the

bilayer coating).

temperature, concentration, pH, solvent conditions,
solvent history, agitation, and air—water interfaces
strongly influence nucleation and aggregation rates
and the distribution of aggregate shapes and sizes.**
Consequently, methods for characterizing the distribu-
tion of aggregated species quickly, accurately, and in
solution are needed to interpret functional studies as
well as to determine the pathological role of amyloido-
genic peptides in Alzheimer's disease and other neu-
rodegenerative disorders.'%***°

Several techniques are currently being used to
characterize the aggregation and structure of A§ ag-
gregates. Gel electrophoresis with native gels and SDS
gels makes it possible to identify and separate low
molecular weight A aggregates; however, the tech-
nique can misrepresent the native aggregation state
and can accurately resolve only low-molecular weight
aggregates (i.e., less than decamers).2*?° Size exclusion
chromatography is considered the best non-SDS-
based method for identifying and separating Aj3 ag-
gregates, although, it is a relatively low resolution
method compared to SDS-PAGE.2?° Electron micro-
scopy and atomic force microscopy imaging techni-
ques provide the highest quality information on the
structure of A aggregates; however, they require
drying the sample and the results may be affected by
biased adsorption of the aggregates to the TEM
substrates.?5>”3%3 | ight-scattering techniques permit
in situ measurements, but they are ill-suited for mon-
itoring fibrillar objects and heterogeneous populations
such as those found in solutions containing AfS
aggregates.>*3? Circular dichroism,>2* thioflavin T
fluorescence assays,'> and surface-enhanced Raman
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spectroscopy>> monitor changes in the conformation
of AB during aggregation but do not provide informa-
tion on the size of aggregates.?®

Recently, the first attempts to apply single-molecule
techniques toward AfS aggregation and toxicology
studies emerged. Knowles et al. combined the thio-
flavin T assay with a microfluidic technique to follow
amyloid aggregation from single-aggregate nuclei>*
Schierle et al. used a super-resolution fluorescence
imaging technique to image, in situ and in live cells,
individual aggregates of A with sizes greater than
~20 nm.*® The technique requires covalent modifica-
tion of A monomers with a fluorophore or the binding
of fluorescently labeled antibodies to Aj aggregates.
Wang et al. used the resistive-pulse sensing technique
with the biological a-hemolysin pore to assess con-
formational changes in AfS;_4 aggregates that
were induced by Congo red or -cyclodextrin (two mol-
ecules with opposite effects on AB(;_42) aggregation).®®
Finally, Dukes et al, Schauerte et al, Ding et al, and
Johnson et al. used fluorescently labeled AS peptides
combined with single-molecule fluorescence spectrosco-
py to measure the aggregation of single Af;_4q) peptides
and the binding of single aggregates to model mem-
branes and cell membranes®3738 These techniques ex-
emplify the search for single-molecule techniques capable
of detecting individual aggregates of A3 in situ in order to
determine the heterogeneous size distribution of aggre-
gates, their kinetics of assembly, and their pathogenic
function.®

With the same goal in mind, we recently demon-
strated that lipid-coated, electrolyte-filled nanopores
in a resistive-pulse sensing configuration could be
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used to detect Af fibers in solution without drying,
chemically modifying, or labeling AS samples.>® Resistive-
pulse sensing?®~>? is an attractive technique to
characterize heterogeneous samples since the mag-
nitudes of transient changes in ionic current, Al, are
due to the translocation of individual particles
through the nanopore (Figure 1A) and are propor-
tional to the volume of electrolyte excluded by the
aggregate.>®°3>* Additionally, the duration of the
resistive pulse, ty, is related to the electrophoretic
mobility of the aggregate, and the frequency of
translocation events is related to the concentration
of the particles.3%%>~57

Here, we extend the use of lipid-coated, synthetic
nanopores from analyzing Af fibers to characterizing
the smaller and clinically more relevant soluble Aj3
oligomers. The lipid coating of the nanopore (Figure 1A
inset) is required for detection of A aggregates, since
synthetic nanopores without a fluid coating clogged
due to adsorption of A on the nanopore walls (see
Supporting Information Figure $1).3° We show that
resistive-pulse sensing with lipid-coated nanopores
can be used to track the time-dependent aggregation
of AB(1_40) by monitoring the size distribution of AS
aggregates in solution, and we validated this method
by analyzing transmission electron microscopy micro-
graphs of AB;_s0 aggregates from the same AfS
preparations.

RESULTS AND DISCUSSION

To perform nanopore-based detection of AS(1_40)
aggregates, we started from aqueous solutions con-
taining mostly monomers of A1 _40) as well as dimeric
and trimeric aggregates that are thought to be in rapid
equilibrium with the monomeric form** (Supporting
Information S2). We prepared aggregates of AS(1_40)
by incubating these solutions for zero to three days under
well-controlled conditions before adding 1—2.5 ulL of
these Af preparations to the electrolyte in the top
compartment of the recording setup (Figure 1A).2*°
Gel electrophoresis confirmed that this preparation
method resulted in increasing aggregate sizes over time
(Supporting Information 52).5° Additionally, circular di-
chroism spectroscopy and thioflavin T binding assays
showed an increase in f3-sheet content and fibril forma-
tion with increasing aggregation time (Supporting Infor-
mation S3). Cytotoxicity assays confirmed that this
preparation method resulted in aggregates that were
biologically active and yielded similar toxicity character-
istics to those reported in the literature (Supporting
Information S3).'06162

Figure 1B shows recordings of the baseline current
before and after adding Af(;_40) solutions that had
been permitted to aggregate for one or three days.
Consistent with time-dependent aggregation, the cur-
rent trace from the three-day sample shows resistive
pulses with increased frequency and larger amplitude
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than the current trace from the one-day sample.
Figure 2A shows scatter plots of Al versus tq values
for translocation events with a Al value greater than
250 pA (5 times the standard deviation of the noise)
and with a t4 value greater than 35 us (the smallest t4
value we could measure accurately).3%® As expected,
the values of Al, and hence the sizes of aggregates,
increased with increasing aggregation time. Interest-
ingly, the amplitude of Al values reached a maximum
at ~5 nA, which was only 19% of the 26 nA baseline
current magnitude, despite large variations in t4 values
(Figure 2B, cluster (iv)). This result is consistent with
translocation of cylindrical objects with similar di-
ameters but varying lengths that are longer than the
length of the nanopore, similar to the translocation of
DNA strands of varying lengths.>>*57 Protofibrils,
which have lengths up to 200 nm, and fibers, which
can reach lengths of several micrometers, have these
characteristics: both types of aggregates have nearly
constant average diameters along their widely varying
lengths,'>?*~2” and therefore, resistive pulses due to
their translocation will have a maximum A/ value and
broadly distributed t4 values.'*?

In order to distinguish among resistive pulses result-
ing from the translocation of spherical oligomers,
protofibrils, or fibers through the nanopore, we per-
formed a cluster analysis on a data set from all resistive
pulses (Figure 2B) based on the Al value for each
translocation event. To perform the cluster analysis,
we used the k-means algorithm in the open-source,
statistics software R (http://www.R-project.org) and set
the number of clusters to four, since we expected four
clusters of Al versus tq values that represented the
translocation of (i) spherical oligomers, (ii) cylindrical
protofibrils with lengths shorter than the effective
length of the nanopore, (iii) cylindrical protofibrils with
lengths longer than the effective length of the nano-
pore, or (iv) fibers with a length longer than the
effective length of the nanopore. The open and filled
symbols in Figure 2B illustrate the resulting cluster
assignment given to each recorded resistive pulse. To
test the robustness of this clustering procedure, we
performed bootstrap resampling combined with
k-means clustering to track the stability of the cluster
classification for each point.®® This analysis revealed
that 82% of the measured Al values were classified into
the same clusters at least 90% of the time. These points
are indicated by filled-colored symbols in Figure 2B
(Supporting Information S4).

Figure 2B reveals that cluster (iv) contains resistive
pulses with very long transit times (up to 200 ms) and
Al values that converge to a maximum value of 4 to
5 nA. This result would be expected for fibrils of varying
lengths but relatively constant diameters. Cluster (iii)
also contains pulses with long transit times (up to
60 ms) whose median is three times larger than the
median transit time in cluster (ii). In both clusters
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Figure 2. Scatter plots of Al values versus t4 values from the
translocation of individual Aj aggregates reveal clusters of
translocation events due to spherical oligomers, protofibrils
with lengths shorter than the length of the nanopore,
protofibrils with lengths longer than the length of the
nanopore, and mature fibers. (A) Scatter plots of Al(ty) from
aggregates of Af3(; _40) that were analyzed after 0, 1,2, and 3
days of incubation. (B) Scatter plot of all data combined and
color coded according to the results from statistical cluster
analysis.%® Open and filled symbols show the results of the
cluster classification based on the original data set. Filled
symbols indicate points that were classified in the same
cluster in more than 90% bootstrap resamples (Supporting
Information S4). Yellow stars indicate the mean Al value and
median t4 value based on the filled symbols in each cluster.

(i) and (iv), the range of t4 values is greatly distributed
over 2 to 4 orders of magnitude and toward longer
translocation times than those observed in cluster (i) or
(ii). Broad distributions of t4 values over a full order of
magnitude can be expected due to the stochastic
nature of molecular diffusion combined with biased
motion by electrophoresis.®””° Additional effects such
as nonspecific interactions between analytes and the
pore walls with various frequencies and strengths can
further increase the width of distributions of t4 such
that they range several orders of magnitude even for
the exact same analyte.***® In the work presented
here, the broadly distributed lengths of aggregates
have an additional effect on t4 values; for instance
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protofibrils can have lengths ranging from ~10 to
200 nm, and fibers can have lengths ranging from less
than one micrometer to several micrometers. The
combination of large variations in length, stochastic
elements of transit times through the pore, and po-
tential for nonspecific binding results in large varia-
tions in tq values. Despite these effects, several groups
showed that median t4 values of molecules that are
longer than the length of the pore increase with
aggregate length.>%4%¢ Indeed, the yellow stars in
Figure 2B show that median t4 values increased from
cluster (ii) to cluster (i) and cluster (iv), indicating the
expected result that cluster (iv) contains longer aggre-
gates than cluster (iii), which in turn contains longer
aggregates than cluster (ii). This result, the broadly
distributed t4 values in clusters (iii) and (iv), and the
convergent maximal Al values in cluster (iv) suggest
that the resistive pulses in these two clusters originated
from the translocation of protofibrils and fibers with
various lengths and nearly constant diameters.

To determine the size of Af; _40y aggregates in each
cluster, we used the value of Alfrom each translocation
event and considered two extreme cases yielding two
different equations.>***’° Equation 1 describes the
relationship between Al and the excluded volume,
A (nm3), of spherical oligomers,”'~"* whereas eq 2
describes the relationship between Al and the average
cross-sectional area, Ay (nm?), of aggregates with
lengths longer than the effective length of the

nanopore.®”7°
’)/VAA
Al = ———forly < 1
p(lp+1.6rp)2 M eff (m
VA
Al = — LN for > L 2)

~ pllp +1.6rp)

In these equations, y is a shape factor (with a value
of 1.5 for globular spheres and a value of 1.0 for
long cylinders that are aligned parallel to the electric
field),>>**7>=78 v, (V) is the applied electric potential
difference, p (2 m) is the resistivity of the electrolyte
solution, I (m) is the length of the nanopore, rp (M) is
the radius of the nanopore, and /y; (m) is the length of
the protofibril or fiber. The effective length of the
cylindrical nanopore, I, is defined by the term (lp +
1.6rp) in the denominator of eqs 1 and 2, and it
accounts for the extension of the electric field lines
from the nanopore into the bulk solution.”

Table 1 lists the mean value of Aland the range of Al
values that we measured for each cluster as well as
the values for the excluded volume that we calculated
using eq 1 for cluster (i) and the values for the cross-
sectional areas that we calculated using eq 2 for
clusters (iii) and (iv). Using bootstrap resampling
statistics,>®% we confirmed that the differences among
these four mean Al values are statistically significant at
the oo = 0.05 level, and we present confidence intervals
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TABLE 1. Average Values of Al, Excluded Volumes A, Diameters of Spherical Af(;_40) Aggregates s, and Cross-Sectional
Areas Ay As Well As Corresponding Cylindrical Diameters 6c of Rod-Shaped Af(1.40) Aggregates in Each Cluster
Compared to Equivalent Values Measured via TEM and Values Reported in the Literature

cluster (Aly (min, max), pA A (min, max), nm*
(i) spherical oligomers 383 (250, 777) 101 (6%, 205)
(ii) protofibrils fy < g 1177 (787, 1874) 403 (244, 683)
cluster (A, pA Ay, nm?
(iii) protofibrils fyy > It 2668 (1953, 3397) 24.5 (18, 31)
(iv) fibers fy > gt 4340 (3548, 9552) 40 (33, 88)

?Errors shown are standard deviations. ° Using the average molecular weight density of A1 _4q) aggregates of 0.81 kDa/nm

65 (min, max), nm TEM value,” nm literature value, nm
58(50,73) Os=62-+12 O = 3—5 " 80
Oc=65+20 O =5"232
6¢, nm TEM value, nm literature value, nm
56(438,63) Oc=64+15 O =5 5325
7.1 (6.4, 10.6) W, =56 & 0.8 W, = 66" 26
W,=115+15 W, =132 26

Ay~ 51 & 10 nm? Ay = 30—90 nm? " 26:27:31

? 2681 and the molecular weight of an AB(1_)

monomer of 4.355 kDa, the smallest spherical oligomers detected in cluster (i) corresponding to a molecular volume of 250 nm?, contained approximately 12 A3 monomers.
Completing this same calculation, A/ values in cluster (i) correspond to aggregates ranging from approximately 12 to 38 monomers, and A/ values in cluster (ii) correspond to
aggregates ranging from 55 to 156 monomers. © I¥; and W, refer to the widths of twisting A ;g fibers when the fibers are twisted or crossing over themselves, Wy, or when
the fibers are lying flat, W5, on the TEM grid (Figure 3).2° Values in brackets correspond to the minimum and maximum values.

for the mean values in Supporting Information S4.
Table 1 also compares the sizes of Af(;_40) aggregates
determined by resistive-pulse analysis with those deter-
mined by TEM from the same samples (Figure 3) as well
as with literature values. For instance, the mean Al value
of the resistive pulses in cluster (i) corresponds to a
spherical diameter of 5.8 nm (with a range of 5—7.3 nm),
and we measured by TEM that the smallest spherical
aggregates had an average diameter of 6.2 + 1.2 nm
(N = 18) (Figure 3A). Similarly, the mean Al value of the
resistive pulses in cluster (iii) due to protofibrils with
Im > legs corresponds to a cylindrical diameter of 5.6 nm
(with a range of 4.8 to 6.3 nm). In TEM micrographs, we
observed protofibrils with an average diameter of 6.4 +
1.5 nm (N = 117) and with lengths ranging from ~6 to
350 nm (Figure 3B and C); the reported diameter of
protofibrils in the literature is ~5 nm.>*?> Finally, the
mean Al value of resistive pulses in cluster (iv) due to
fibers corresponds to a cross-sectional area of 40 nm?
(with a range of 33 to 88 nm?). From the TEM micro-
graphs, we estimated the cross-sectional area of AS(; _40)
fibers to be 51 + 10 nm? (N = 27) based on the two
visible widths of the twisting fibers of 5.6 + 0.8 and
11.5 + 1.5 nm (Figure 3A: Day 3 and Figure 3D). The
literature values of the cross-sectional areas of amyloid
fibers range from 30 to 90 nm2.2%*”3! For these three
forms of AB(1_40 aggregates, the general agreement
among the sizes determined from resistive-pulse analysis
with those determined by TEM analysis and those re-
ported in the literature demonstrates that resistive-pulse
analysis makes it possible to characterize AS oligomers,
protofibrils, and fibers in solution. This agreement also
indicates that the cluster analysis in Figure 2 produced
reasonable assignments for the majority of the resistive
pulses. For instance, on the basis of values from TEM
analysis, the ratio between the cross-sectional area of
fibrils and protofibrils is 1.58 + 0.82* According to eq 2,
we expect the ratio between the mean Al value from the
translocation of Af fibrils in cluster (iv) and the mean
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Alvalue from the translocation of AS protofibrils in cluster
(iii) to have this same value, if the cluster assignment was
accurate and if the Af3 aggregates in clusters (iii) and (iv)
were longer than the length of the pore. Indeed, the ratio
of the mean Al values between clusters (iv) and (i) was
1.63 £ 0.3 and not statistically different from the expected
value of 1.58. We discuss additional evidence for the
accuracy of the cluster analysis in the Supporting Informa-
tion Section S3 and provide results from the bootstrap
resampling statistics in Supporting Information S4.

In order to estimate the excluded volume, A, of the
protofibrils with Iy, < I from the resistive pulses in
cluster (ii), we made two assumptions. First, protofibrils
pass through the nanopore with their long axis aligned
parallel to the electric field, resulting in a relatively
constant shape factor that can be approximated from
the shape factor of a prolate aligned parallel to an
electric field, yy. This alignment is predicted because
aggregates approaching the nanopore from the bulk
solution experience a strong converging electric field
gradient.>>7>~7785787 Aj and Qian recently modeled
the dynamics of nanorods (1 nm x 10 nm) approach-
ing a nanopore under similar conditions to those
reported here and demonstrated that rods will com-
pletely align with their length axis parallel to the
electric field prior to entering the nanopore.®® Further-
more, the distribution of translocation times in cluster
(i) was narrower than the distribution in cluster (i)
(Figure 2B). This result suggests reduced diffusive
spreading due to accelerated motion through the pore
as a result of reduced viscous drag on aggregates in
cluster (ii) compared to those in cluster (i) (see Support-
ing Information S6 for distributions of t4 values in clusters
i and ii).5”7° Indeed, prolate spheroids moving parallel to
their long axis experience less viscous drag than a
spherical particle of similar volume.®° These effects com-
bined with the strong electrophoretic force on an AS
aggregate due to the net negative charge of each
monomer of approximately —3 at pH 7.0'*%° and the
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Figure 3. Transmission electron microscopy (TEM) analysis of the size of AfB(;_40) aggregates. (A) Micrographs showing
aggregates with increasing size after incubation in water for 0, 1, 2, and 3 days. Histograms of the diameters (B) and lengths (C)
of all aggregates that were not mature fibers. Inset in C: Proportion of aggregates with lengths longer than 10 and 45 nm. (D)
Box plots characterizing mature fibers after 3 days of aggregation. The fibers were characterized by their apparent widths
when lying flat, W, (red arrows in A), on the TEM grid and when twisted or crossing over themselves, W, (blue arrows in A), on
the TEM grid.”° The box represents the range between the 1st and 3rd quartiles, the dashed line represents the median, the
dot is the mean, and the whiskers extend to the range of the data (minimum and maximum values) except for one outlier,

which is plotted as “x”.

high electric field in the nanopore (Va/leg=4.5 x 10°Vm™")
likely orient protofibril aggregates with their long axis
parallel to the electric field in the nanopore. The second
assumption, based on results by Kellermayer et al., was that
the elongation of AS protofibrils occurs at a constant
average diameter, O, for lengths greater than 6.5 nm.'?
We confirmed the validity of this assumption by TEM
analysis of the samples used here (see Figure 3 and
Supporting Information S7). Consequently, the excluded
volume of these protofibrils could be described by the
equation of a cylinder, A = 1/4 7 62l and calculated by
solving a system of equations that includes the shape factor
i as a function of the length of the aggregate, iy, and Al as
a function of y and ly. We summarized the details of these
equations, the resulting shape factors, and results of this
analysis in the Supporting Information S8. Solving this
system of equations while using the values of Al from the
resistive pulses in cluster (ii) and the average diameter of
protofibrils (6c = 5.6 nm, Table 1), this analysis returned
shape factors for each translocation event that ranged from
1 = 1.06 to 1.25 (average ) = 1.15) and excluded volumes
that ranged from 244 to 683 nm? (Table 1).

YUSKO ET AL.

As a first attempt at examining the peaks in the
distribution of AB(; _40) Sizes reported by Cabriolu et al.,
we determined the lengths of the protofibrils in clus-
ters (i) and (ii) by using the equations described in
Supporting Information S8. From the resulting data,
we generated an empirical cumulative distribution
(Figure 4 inset) of protofibril lengths in these two
clusters.”" In order to test if this cumulative distribution
of protofibril lengths was multimodal, we fit it with a
trimodal Gaussian cumulative distribution function
(trimodal CDF) and confirmed via a Kolmogorov—
Smirnov test that the differences between the two distri-
butions were not statistically significant (p = 0.28). This
result indicates that the trimodal CDF described the
empirical distribution very well. In contrast, differences
between the empirical cumulative distributions and best
curve fits to CDFs for the normal, log-normal, extreme
value, exponential, or Poisson distributions were all
statistically significant (p =0, p=3.2 x 1075, p = 0.001,
p = 0.0007, p = 2 x 107, respectively), indicating
that these unimodal distributions did not fit the
data well.
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Figure 4. Distributions of estimated lengths of AS(;_40) pro-
tofibrils in clusters (i) and (ii). The blue dotted lines indicate
the location of local maxima in the size distributions of
AB(1_a0) predicted by Cabriolu et al.'" The trimodal Gaussian
distribution was obtained by fitting the empirical cumulative
distribution shown as black symbols in the inset followed by
differentiating the best-curve fit to this cumulative distribu-
tion. Inset: Empirical cumulative distribution of protofibril
lengths (black points) and fit with a trimodal Gaussian
cumulative distribution function (red curve). Bootstrap re-
sampling and refitting procedures revealed that the mean
and 95% confidence interval for the means of each peakin the
PDF were located at lengths of 6.1 (6.06—6.13) nm, 7.4
(7.22—7.51) nm, and 10.3 (10.16—10.40) nm.

To test the robustness of the analysis of the data in
Figure 4, we used bootstrap resampling followed by
k-means clustering and protofibril length estimation. In
each resampling iteration, we generated an empirical
cumulative distribution and fit it with the trimodal CDF.
In each case the fitting procedure returned similar
values for the three modes of the distributions as well
as the standard deviations (Figure 4, caption).

For comparison, the dotted blue lines in Figure 4 indicate
the lengths of protofibrils at which Cabriolu et al. predicted
peaks in the distribution of sizes; these lengths are 6.6, 13.2,
and 192 nm."" Kellermayer et al. reported segmented
growth of Af protofibrils generated by the 25—35 amino
acid portion of AB; _40) that led to protofibril lengths of 6.5,
13.3,23.2,32.5,and 40 nm.'** These reports, together with
the observation of multimodal distribution in Figure 4,
suggest that protofibrils of AS(; 40 occur in solution with
certain preferred lengths corresponding to local minima in
the work for fibril formation as reported by Cabriolu et al.
and Kellermayer et al. In the work presented here, these
lengths correspond to oligomers composed of the follow-
ing numbers of monomers: 28, 34, and 47.

Since nanopore-based resistive-pulse sensing detects
single aggregates, the frequency of translocation events is
proportional to the concentration of the aggregates in
solution.”>?>~%° Therefore, monitoring the frequency and
magnitude of resistive pulses due to A3 aggregates has
the potential to reveal information on the kinetics of
aggregation. The frequency of events is, however, also a
function of aggregate diffusion to the pore and, hence,
the size and shape of the aggregates. Consequently, a
direct comparison between frequencies observed in dif-
ferent clusters is not possible. For instance, for identical
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Figure 5. Frequency of translocation events organized by
cluster classification reveals time-dependent aggregation. Mean
values and standard deviations were calculated by counting the
number of translocation events within a given cluster classifica-
tion during several recordings totaling 40— 100 s in duration.

concentrations of AS fibers and small A oligomers, the
frequency of fiber translocations would be significantly
lower than the frequency of oligomer translocations due
to the reduced diffusion constant of large fibers com-
pared to oligomers. Additionally, for long protofibrils and
fibers, the frequency of events may be affected by steric
and entropic effects that influence “threading” of these
rod-like species into the nanopore.”*%%” With these
limitations in mind, Figure 5 shows the frequency of
translocation events as a function of the aggregation
time within each cluster separately. Assuming that the
diffusion constant and barriers to entering the nanopore
are similar for all aggregates within a cluster, these four
plots provide an indication of the changes in the con-
centration of aggregates in each cluster. For instance,
Figure 5 reveals that the frequency of events due to the
translocation of large, mature fibers in cluster (iv) in-
creased over three days, while the frequency of events
due to small spherical oligomers in cluster (i) decreased
as expected for time-dependent aggregation of A3
Figure 5 also shows that the frequency of translocation
events of short protofibrils in cluster (i) remained rela-
tively constant within the error of the measurement. This
result is consistent with an intermediate species in a
nucleation-dependent process that has reached a steady-
state concentration. Combined with the decreasing fre-
quencies observed in cluster (i) and with the increasing
frequencies observed in clusters (iii) and (iv), it suggests
that the number of aggregates growing large enough to
move into cluster (ii) from cluster (i) was approximately
equal to the number of aggregates growing large en-
ough to move from cluster (i) into cluster (iii) during the
three-day aggregation process examined in this work.

CONCLUSIONS

We report the use of nanopores with fluid walls for
detecting and characterizing size distributions of
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unlabeled aggregates of Af(;_4q) in situ. These distri-
butions were obtained by measuring hundreds of
single aggregates, making it possible to characterize
the large range of Af aggregate sizes and shapes. The
results from this analysis agree well with those from
TEM analysis of the same AJ preparations and with
literature values. Several challenges remain, however,
including accurately applying the shape factor, y, to
estimate the distribution of protofibril lengths in clus-
ters (i) and (ii). To improve this analysis, it would be
helpful to account for possible rotation of short proto-
fibrils with a low aspect ratio while they move through
the confining pore as well as the corresponding electric
field lines around the molecule.”® Another challenge
involves the time and size resolution of the technique;
currently, A3 aggregates smaller than dodecamers could
not be included in the analysis due to resolution limits in
Al values and t4 values. Reducing the translocation speed
of AB(1_40) aggregates should improve the determination
of Al values, reduce the Althreshold, and ensure that all t4
values can be determined accurately. Inclusion of lipids in

EXPERIMENTAL SECTION

Preparation of AB Aggregates. We received Af3(;_4q) peptides in
powder form from GL Biochem Ltd. (Shanghai) with a purity
above 98% as determined by HPLC. To remove aggregates of
AB(1_40) and solubilize AS(; _40) in predominantly monomeric
form (see Supporting Information, Figure S3), we dissolved the
powder in hexafluoroisopropanol (HFIP) to a concentration of
1 mMofAf ,40,.28 After 24 h incubation in HFIP, we diluted this
solution with cold (4 °C) deionized water ata 2:1 (v/v) ratio (H,0:
HFIP). We then rapidly aliquoted the solution, immediately froze
it in a liquid nitrogen bath, and lyophilized the frozen aliquots
for two days. This procedure removes HFIP to amounts that
are below detectable levels of fluorine-NMR (Supporting Infor-
mation S2). To start the aggregation process of Af_40) pep-
tides, we dissolved the lyophilized powder in deionized water
to a concentration of 1 mg x mL™". We incubated these
samples in 0.5 mL closed siliconized plastic microcentrifuge
tubes (Fisherbrand low-retention siliconized tubes) on a tem-
perature-controlled shaker (Thermomixer, Eppendorf) set to
750 rpm at a temperature of 22 °C for zero, one, two, and three
days.

Nanopore-Based Sensing Experiments. To detect aggregates of
AB1-40), we first formed a supported lipid bilayer of 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine lipids (Avanti Polar Lip-
ids, Inc.) on a nanopore that was 28 nm in diameter and had
a length of 18 nm, resulting in a coated diameter of approxi-
mately 18 nm and coated length of 28 nm.3® We described
details of the bilayer formation in Yusko et al>° We added
solutions containing Af3(;_40) to the top solution compartment
of the fluidic setup (2 M KCl with 10 mM HEPES pH 7.4) such
that the final concentration of AB(;_40) ranged from 0.007 to
0.025 mg x mL~". We recorded resistive pulses at an applied
potential difference of —0.2 V with the polarity referring to the
top fluid compartment relative to the bottom fluid compart-
ment, which was connected to a ground. Recordings were
completed within 10 to 15 min of adding AB _40).

We used Ag/AgCl pellet electrodes (Warner Instruments) to
monitor ionic currents through electrolyte-filled nanopores
with a patch-clamp amplifier (Axopatch 200B, Molecular De-
vices Inc.) in voltage-clamp mode (i.e., at constant applied
voltage). We set the analog low-pass filter of the amplifier to a
cutoff frequency of 100 kHz. We used a digitizer (Digidata 1322)
with a sampling frequency of 500 kHz in combination with a

YUSKO ET AL.

the bilayer coating that preferentially interact with ag-
gregated forms of AS such as phosphatidylserine® or the
ganglioside GM1'%'" may be one strategy. Another
challenge is that the high ionic strength of the recording
electrolyte accelerates the aggregation of A3 (see Sup-
porting Information S2 and S9). Nanopores with smaller
dimensions than the pore used here combined with
techniques to increase translocation times may ultimately
enable the use of electrolyte solutions with physiologic
ionic strength in these assays.

Despite these challenges, we show that nanopore-
based resistive-pulse recordings made it possible to
characterize the size and shape of unlabeled aggre-
gates of disease-relevant amyloids in solution. The
particular strength of nanopore sensing lies in its ability
to characterize a large number of individual aggre-
gates. This capability for single-particle analysis is
required to characterize A aggregates with a wide-
ranging, dynamic heterogeneity in size and shape
as well as to correlate cytotoxicity and pathogenic
mechanisms with aggregate sizes and shapes.'®

program written in LabView to acquire and store data.'®? To
distinguish resistive pulses reliably from the electrical noise, we
first filtered the data digitally with a Gaussian low-pass filter
(f. =15 kHz) in MATLAB and then used a modified form of the
custom written MATLAB routine described in Pedone et al.®* We
modified the MATLAB routine to calculate the translocation
time, t4, as the width of individual resistive pulses at half of their
peak amplitude, also known as the full-width-half-maximum
value.3>7° From this analysis we obtained the Al and t4 values
for each resistive pulse.

Preparation of Transmission Electron Microcopy Samples. We pre-
pared samples for transmission electron microscopy (TEM)
analysis using a negative staining method and glow-
discharged, carbon-coated copper grids (Electron Microscopy
Sciences, cat no. FCF-200-Cu). We applied 5 uL of each AS
sample (1 mg x mL™"), which had been permitted to aggregate
in pure water for zero, one, two, or three days, to the glow-
discharged carbon-coated copper grid. After 2 min, we wicked
the fluid off the grids with filter paper and washed the grids with
a 5 uL drop of deionized water for 1T min. After wicking off the
fluid again, we applied a 5 uL drop of 2% uranyl acetate for
1 min, wicked off the excess fluid on the grids, and allowed the
grids to dry.
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of t4 values, equations to estimate the length of protofibrils from
Alvalues, and additional TEM micrographs and characterization
are provided. This material is available free of charge via the
Internet at http://pubs.acs.org.
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