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ARTICLE INFO ABSTRACT

Keywords: Alzheimer’s disease and other neurodegenerative disorders are becoming more prevalent as advances in tech-
Nanopore nology and medicine increase living standards and life expectancy. Alzheimer’s disease is thought to initiate
a-hemolysin development early in the patient’s life and progresses continuously into old age. This process is characterized
f:;g::;lt(ijon molecularly by the amyloid hypothesis, which asserts that self-aggregating amyloid peptides are core to the
Dynamics pathophysiology in Alzheimer’s progression. Precise quantification of amyloid peptides in human bodily fluid
Biosensor samples (i.e. cerebrospinal fluid, blood) may inform diagnosis and prognosis, and has been studied using

established biosensing technologies like liquid chromatography, mass spectrometry, and immunoassays. How-
ever, existing methods are challenged to provide single molecule, quantitative analysis of the disease-causing
aggregation process. Ultra-sensitive nanopore biosensors can step in to fill this role as a dynamic mapping
tool. The work in this paper establishes characteristic signals of f-amyloid 40 monomers, oligomers, and soluble
aggregates, as well as a proof-of-concept foundation where a biological nanopore biosensor is used to monitor the
extent of in vitro p-amyloid 40 peptide aggregation at the single molecule level. This foundation allows for future
work to expand in drug screening, diagnostics, and aggregation dynamic experiments.

1. Introduction spoken and written word, confusion with time and location, and loss of

fine motor dexterity [3]. Due to the progression of AD over one’s life-

The amyloid hypothesis argues Alzheimer’s disease (AD) molecular
pathophysiology is associated with two primary mechanisms: (1) the
accumulation of insoluble neuronal cell surface deposits (senile plaques)
- manifested via amyloid precursor protein (APP) cleavage to from
B-amyloid peptides (Af) that then aggregate and subsequently precipi-
tate onto the neuron surface; and (2) the accumulation of neurofibrillary
tangles — via intracellular degradation of cytoskeletal elements that play
a crucial role in maintaining structural integrity and support of the
neuron [1]. The senile plaques negatively interfere with neurotrans-
mitter transport, causing motor and sensory signal transmission in-
efficiencies. Neurofibrillary tangles describe neurons that have
atrophied from their intracellular unraveling and are degenerating [2].
The phenotypical manifestation of these molecular phenomena is dis-
played in the plethora of AD symptoms: memory loss, difficulty forming
new memories, difficulty completing familiar tasks, problems with

time, beginning as early as young adulthood, it is desirable to quanti-
tatively study the aggregation of A early in the patient’s life to inform
appropriate preventative actions or drug candidates to be explored.

AP is the natural molecular product from the turnover of neuronal
transmembrane protein, amyloid precursor protein (APP) [4]. Due to the
multiplicity in ways APP is enzymatically cleaved there exists a myriad
of different sized Af peptides yielded, among which the most common
peptides contain 40 and 42 amino acids — hence AB40 and Ap42
nomenclature, respectively [5]. These peptides stoichiometrically
aggregate into larger entities that range in size from soluble dimers and
trimers (oligomers) to insoluble aggregates (fibrils) bearing numerous
individually associated monomers [6]. The aggregation is a dynamic
process that begins with the spontaneous self-association of A} mono-
mers into oligomers, and then continues by the stoichiometric addition
of monomers or other near-by aggregated oligomeric species to form
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larger, highly ordered, soluble aggregate species. An increasing body of
evidence suggests that neuronal cell toxicity from A peptides is due to
the presence of these intermediate sized, oligomeric and soluble Ap
aggregates [7-9]. Although off-pathway oligomeric species are also
produced due to imperfections in the aggregation process, these species
do not yield higher ordered soluble or fibrillar species [10]. The end of
the aggregation process is characterized by the presence of large,
insoluble, fibrillar species that deposit between neurons in vivo as senile
plaques (Fig. 1a).

Herein, we focus our attention on mapping the aggregation dynamics
of AP peptides using a nanopore biosensor. Electrochemical nanopore
systems made from pore-forming proteins have attracted tremendous
attention in the biosensing field for their single-molecule sensitivity,
reproducibility, robustness, and tailorable constituency [11]. The
widely utilized protein nanopore, a-hemolysin («HL), is a naturally
occurring pore forming toxin secreted in monomer form by
Gram-positive Staphylococcus aureus and preferentially oligomerizes into
a heptamer on the surface of rabbit red blood cells, inducing cell lysis
[12]. Biosensors based on aHL have been applied to sequencing nucleic
acids, characterizing functionalization or conformational changes of
proteins, peptides, and polyelectrolytes, and detecting small molecules
and ions [13-20]. The pore-forming protein, «HL, has a sensing region
of ~1.4nm in diameter and can therefore translocate analytes with
smaller dimensions from one side of the electrochemical cell to the other
[21]. Species with a molecular diameter greater than 1.4 nm, although
not able to translocate, can still interact with the nanopore to generate
characteristic signals [22]. The AD AB40 peptide forms a natural hairpin
from the hydrogen-bonded self-interactions of residues 18-26 with
31-40 [23]. This naturally increases the molecular diameter along the
length axis of the polypeptide, effectively being folded in half. The
consequence of this hairpin formation phenomena is observed in the
output oHL nanopore signal which is characterized by full ion exclusion
from the nanopore sensing region during monomeric Af40 trans-
location. Due to the transit size limitations of the incredibly narrow oHL,
aggregate species any larger than the monomer are unable to transit the
nanopore but, collectively, can produce a distinct signal identified as a
bumping event.

The utility of oHL is harnessed in this study to probe the aggregation
dynamics of freshly purified AD associated AB40 monomer at different
temperatures (4 °C and 37 °C) over a 20-day period. Nanopore signal
characteristics involve observing current blockades (amount of elec-
trolyte excluded from sensing region — I/Ij) and dwell times (how long
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the analyte interacts with the sensing region) of translocating and
bumping species in solution [15,22,24]. This level of direct molecular
quantification is not attainable with bulk spectroscopic, gel electro-
phoretic, or ELISA-based sensing techniques. Previous work on amyloid
particle biosensing has been demonstrated using different nanopore
configurations. Wang et al. have utilized biological nanopores for
probing induced conformational changes imposed on Ap42 peptides by a
known aggregation promoter (cyclodextrin) and a known aggregation
inhibitor (Congo red) [25]. Houghtaling et al. have demonstrated the
utility of lipid coated solid-state nanopore sensing of oligomeric species
over a small size range, but the inherent complexity of solid-state
nanopore systems compounded with the need to apply a lipid coating
to reduce fouling of the solid-state membrane is not as straightforward
or desirable for rapid and reproducible applications [5]. Yu et al. have
utilized a confined glass solid-state nanopore system for the monitoring
of Ap42 monomer, oligomer, and fibrillar species by establishing their
characteristic signals [26]. While these studies represent significant
advancement of nanopore-based amyloid peptide biosensing, there is
still a need for the application of robust biological nanopores to identify
different amyloid peptide species and to thoroughly understand the
aggregation dynamics of AB40 over time and at different temperatures.
The results from this study demonstrate the ability of «HL nanopore to
play arole in the detection of AD associated peptides and monitoring the
chaotic oligomer reordering process of aggregating Ap40 along the AD
progression pathway through observing and quantifying single molecule
interactions directly. Additionally, due to the extreme sensitivity of the
nanopore system, there is a great potential for clinical uses. The
proof-of-concept experimenting in this paper lays the foundation for
future, more comprehensive probing into early AD detection, drug
screening, and fundamental studies in other dynamic peptide aggre-
gating disorders.

2. Results and discussion

2.1. Establishing nanopore reference signals for A40 monomer,
oligomer, and larger soluble aggregate

In a previous work, aHL nanopores were employed to study Ap42
peptide aggregation [25]. Here, we chose AB40 as the study model for
two reasons: (1) it presents a bigger challenge for obtaining data on
AP40 early aggregation dynamics as it does not form stable oligomers;
(2) although the mechanics of aggregation between the two peptides are
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Fig. 1. a: Cellular and molecular schematic of AD progression from the amyloid aggregation perspective, juxtaposed with subsequent neuronal surface deposition. b:
Interactions of various AB40 species with the «HL nanopore. ¢: Characteristic signals of AB40 monomer (blue), oligomer (pink), and large soluble aggregate (orange)
samples. d: Definition of nanopore sensor signal characteristics: current blockade (I/Ip) and dwell time. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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similar, AB40 has been demonstrated to aggregate over a longer time
scale to allow for more insightful aggregation dynamics study [27]. To
demonstrate that AB40 peptide aggregation dynamics can be visualized
with higher resolution, reference signals must first be established using
our nanopore biosensor. Monomeric Ap40 species were isolated via size
exclusion chromatography (SEC) purification (Figure S1). Oligomers
were obtained by allowing monomer fractions to aggregate for 24h
[28]. When tested with a nanopore, these different aggregating molec-
ular species produce distinct signal events due to various interactions
with the pore (Fig. 1b). Monomeric AB40 peptide translocations through
the oHL nanopore exhibit long dwell times and full current blockades
and are easily distinguishable from the brief, partial current blockades
observed when oligomer or larger soluble aggregate entities bump into
the pore and reverse back (Fig. 1c). The current blockade represents the
capture of an individual molecule within the sensing region of the
nanopore, which results in the exclusion of some current conducting
ions and is mathematically defined as a relative dimensionless value to
the open pore current (I/Ip: I represents the current excluded from the
nanopore by a translocating analyte, and I, represents the average
baseline current through a stable open nanopore when no analyte is
present). The dwell time signifies the amount of time an analyte oc-
cupies the sensing region of the nanopore and implies the effective
interaction between the nanopore and the single analyte molecule
(Fig. 1d). Signals observed when testing the purified monomer fractions
were long dwell time, full current blockades with occasional bumping
events mixed in (Figure S2a). The bumping events observed in the
monomer fraction can be attributed to the fact that AB40 monomer
begins immediate aggregation upon elution from SEC [29]. Within 1 h,
aggregation in the monomer fraction is inevitable [30]. After a 24 -h
incubation to promote more aggregation, significantly fewer monomer
events and a larger relative number of bumping events were detected by
nanopore (Figure S2b). Conversely, when testing the large soluble
aggregate species eluted within SEC void volume, virtually absent were
long dwell time, full current blockades characteristic of monomer
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translocation — only brief, small blockade events characteristic of species
too large to transit the pore were observed (Figure S2c).

2.2. Quantitative characterizations of nanopore reference signals

To verify the existence and purity of AB40 monomer, oligomer, and
large soluble aggregate molecular species in each reference sample,
dynamic light scattering (DLS) analysis was performed (Fig. 2a-c). DLS
scan of freshly purified monomers depicts a gaussian distributed peak
centered at 0.6 nm (Fig. 2a). A downfield shift of the parent gaussian
peak centered at 1.0 nm and the evolution of a second, more downfield
peak centered at 8 nm are observed after a 24 -h incubation, which
confirms the presence of oligomers (Fig. 2b) [28]. DLS scan of Ap40
large soluble aggregates from SEC void volume displayed a single, large
gaussian peak centered at 100 nm (Fig. 2c). To quantify each species,
scatter plots of current blockade (I/1y) against dwell time (ms) were
established for all valid signal peaks on their nanopore sensorgrams. An
abundance of full translocation signals (long dwell times and full current
blockades) and bumping signals (short dwell times and partial current
blockades) were observed for both purified monomer and 24 -h incu-
bated samples due to the immutable oligomerization process (Fig. 2d
and e), whereas the large soluble aggregate scatter plot only depicts
bumping events exclusively (Fig. 2f). Histograms of relative event fre-
quency versus current blockade and dwell time can further elucidate
distinctions in signal characteristics of these molecular species. We
observed an overall shift in relative event frequency (abundance) of total
current blockades characteristic of monomers (I/Iy: 0.8-1.0) (Fig. 2g), to
a mix of monomer events and increasing oligomer bumping events
(Fig. 2h), and finally to partial current blockades characteristic of olig-
omers and large soluble aggregates (I/Iy: 0.25—0.35) (Fig. 2i). A similar
changing trend is observed for dwell time where relative event fre-
quency for long dwell time events decreases as sampling moves from
monomers (Fig. 2j) to oligomers (Fig. 2k) to large soluble aggregates
(Fig. 21). Reproducibility of the nanopore biosensor was confirmed by
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Fig. 2. a-c: Dynamic light scattering results of AB40 monomer (a), oligomer (b), and large soluble aggregates (c). d-f: 2D scatter plots of current blockade versus
dwell time of valid events from nanopore results of AB40 monomer (d), oligomer (e), and large soluble aggregates (f). g-i: Histograms of normalized event frequency
versus current blockade for AB40 monomer (g), oligomer (h), and large soluble aggregates (i). j-1: Histograms of normalized event frequency versus dwell time for

Ap40 monomer (j), oligomer (k), and large soluble aggregates (1).
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results from three different nanopores including >500 individual
sensing events per run (Figure S3). As confirmed with DLS analysis,
these nanopore results established quantitative profiles of AB40 mono-
mers (~0.6nm), oligomers (~8nm), and large soluble aggregates
(~100nm) based on their sizes, which are fundamental to studying
Ap40 peptide aggregation dynamics.

2.3. Temperature dependent aggregation dynamics at the single-molecule
level

To probe its aggregation dynamics, freshly purified AB40 monomers
were incubated at both 4°C and 37 °C and sampled by the nanopore
biosensor over a 20-day period. A qualitative comparison between the
2D kernel density scatter plots (current blockade vs. dwell time) of the
aggregating monomers at 4 °C (Fig. 3a) and at 37 °C (Fig. 3b) reveals a
vacillation between relatively high and relatively low monomer events
in the early aggregation time points that is followed by, at later time
points, a more complete and stable state of aggregation. Further
deduction from this qualitative comparison of the scatter density plots
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leads one to immediately recognize that the monomer aggregation at
37 °Cis not only more complete but also occurs faster than at 4 °C, which
can be attributed to the fact that aggregation dynamics and molecular
encounterings in solution are largely governed by temperature [31].
Quantitative analysis of relative monomer and oligomer event fre-
quencies at each time point depict the overall trend of Ap40 aggregation
dynamics at 4 °C and 37 °C (Fig. 3c&d, S4, and S5). A monomer event is
defined as having a current blockade value ranging from 0.8 to 1.0,
while an oligomer event is defined by current blockade between 0.3 and
0.6. Both monomer and oligomer event frequencies at 4 °C and 37 °C
were fit with 2nd power polynomial. Observed in the early time points is
an oscillating above and below the fitting line and can be described by
the solution approaching a dynamic equilibrium that it continually over
and under shoots along the aggregation pathway. We anticipate this
observed oscillation can be further explained by the fact that high en-
ergy, unstable, off-pathway oligomers are formed [32-38], and that
these off-pathway oligomers reorder continuously along the aggregation
pathway, liberating and absorbing free floating monomers in large
numbers as the more favorable, lower energy, highly ordered large
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soluble aggregate and fibril structures are spontaneously yielded [4,9,
39-44]. Eventually, aggregation plateaus were observed under both
temperatures. The sample aggregating at 37 °C undergoes a more com-
plete and stable aggregation, while the 4 °C sample in dynamic equi-
librium has much more free-floating monomer available in solution.

3. Conclusion

This work demonstrates the proof-of-concept of a biological nano-
pore as a dynamic peptide aggregation biosensor at the single-molecule
level. AD symptoms are thought to begin early in one’s life and progress
as the individual senesces — hence, understanding early aggregation of
AP peptides that correlate with the state of AD development is highly
desirable. The benefit of using single molecule biosensors like the aHL
nanopore lies in its ultra-sensitivity to conformational changes of ana-
lytes. Due to the simplicity, robustness, reproducibility, and cost-
efficiency in system configuration, as well as similarity of cell chemis-
try in the sensing environment, nanopore biosensors open up new pos-
sibilities for in-depth studies of Af aggregation that other common
analytical chemistry technologies like ELISA, mass spectrometry, and
HPLC may miss. However, for future clinical applications, immunopre-
cipitation is necessary to separate AP peptides and aggregates from
clinical specimens, as nanopores only have moderate selectivity and
may foul due to other biomolecules in the specimen. Our future work
involves: (1) expanding the current work towards utilizing the nanopore
system as a drug screening device to study influences of small molecule
drugs to the aggregation dynamics for possible AD therapeutics; (2)
detecting low concentration AD biomarkers that can be extracted from
common body fluids like blood, urine, and cerebrospinal fluid to inform
early diagnosis.
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