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ABSTRACT: Histone proteins assemble onto DNA into
nucleosomes that control the structure and function of
eukaryotic chromatin. More specifically, the structural integrity
of nucleosomes regulates gene expression rates and serves as
an important early marker for cell apoptosis. Nucleosomal
(sub)structures are however hard to detect and characterize.
Here, we show that solid-state nanopores are well suited for
fast and label-free detection of nucleosomes and its histone
subcomplexes. (Nucleo-)protein complexes are individually
driven through the nanopore by an applied electric field, which
results in characteristic conductance blockades that provide
quantitative information on the molecular size of the
translocating complex. We observe a systematic dependence of the conductance blockade and translocation time on the
molecular weight of the nucleosomal substructures. This allows discriminating and characterizing these protein and DNA−
protein complexes at the single-complex level. Finally, we demonstrate the ability to distinguish nucleosomes and dinucleosomes
as a first step toward using the nanopore platform to study chromatin arrays.
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Nucleosomes are dynamic structures of fundamental
importance in DNA packaging and DNA-based cellular

processes such as transcription, replication, and repair.1,2 In a
nucleosome, four types of histone proteins (H2A, H2B, H3,
and H4) come together in a hierarchical fashion. Two copies
each of H3 and H4 proteins bind to form a (H3−H4)2
tetramer to which two H2A-H2B dimers bind to in order to
complete the octamer. About 146 base pairs (bp) of DNA
tightly wraps around the positively charged core of histone
octamer to form the complete nucleosome.3 Nucleosomes have
two primary functions: first, to structurally package DNA to fit
into the cell nucleus, and second, to regulate gene expression by
controlling the DNA accessibility to the genetic machinery such
as polymerases and transcription factors.
Structural reorganization (assembly, partial disintegration

into subcomplexes or complete removal) of nucleosomes and
histones oligomers (histone monomers, dimers, tetramers, and
octamers) is essential for chromatin dynamics.4,5 Changes in
stoichiometry of histone complexes and nucleosomes are
involved in a wide variety of cellular processes from controlling
gene expression patterns to regulating progression of cell
apoptosis. There is a multitude of reasons why one would like
to accurately detect nucleosomal substructures. Inside the cell
nucleus, histone oligomers are extensively exchanged on highly
active genes.6 This dissociation and association of histone
oligomers from/to nucleosomes occurs both spontaneously and
with the aid of ATP-driven chromatin remodelers and histone

chaperones. The thermodynamic and kinetic description of
nucleosome assembly and unfolding depends on the relative
abundance of the various types of histone oligomers in the cell
nucleus.7−12 Accumulation of histones and nucleosomes in cell
lysates, for example, in human lymphoblasts,13,14 has been
shown to be early markers of cell death. Rapid and sensitive
detection of histone oligomers and nucleosomes is essential to
mark these early signatures of autoimmune diseases like
systemic lupus erythematosus.15 An important result of the
dynamic un/refolding of nucleosomes is the mixed population
of fully and partially formed nucleosomes on chromatin that
collectively modulate actively transcribed or repressed states of
a particular gene region. A detection method to measure
patterns of nucleosomal substructures along a gene is currently
unavailable.
Western blots, ELISA, and gel-shift electrophoresis16−18 are

widely used to detect and analyze histone proteins. These
methods require large sample volumes as well as labeled
secondary antibodies to achieve a measurable contrast between
different protein complexes. Fluorescence of labeled histones
and nucleosomes in solution19−21 has been used to study their
diffusion properties but this requires either specific fluorophore
labeling of purified histones or genetic manipulation of cell lines
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to add fluorescent protein tag to histones.22,23 AFM imaging
can also be used to study nucleosome and chromatin fibers but
these scanning-probe results suffer from uncertainties caused by
the proximity of the deposition surface that are particularly
pronounced for histones and nucleosomes. Here we present
solid-state nanopores as a novel method to detect nucleosomes
and its substructures down to the single-molecule level.
Nanopores provide a fast, sensitive and label-free detection
platform to detect histone oligomers and nucleosomes, which
opens doors to study early apoptotic markers as well as higher-
order chromatin structure.
A nanopore is a nanometer-size hole in a thin solid-state

membrane. When assembled in a flow cell, the membrane
divides the ionic buffer solution into two chambers with the
pore being the only opening that connects the fluids on its
either side. Under an applied potential, ions that flow from one
side of the membrane to the other through the pore are
measured as open pore current. Biological molecules (DNA,
proteins, protein complexes, or DNA−protein assemblies) are
charged macromolecules that translocate through the pore
under the applied voltage (see Figure 1b). Translocation of

single biomolecules through the nanopores is detected as
transient blockade events in the pore conductance. These
events are characterized in terms of the depth of conductance
blockade, ΔG, and its duration, the dwell time, Δτ (see Figure
1c).24 These translocation events are characteristic of the
molecular size and charge of the translocating biomolecule.
Statistical analysis of many hundreds of these single-molecule
translocation events is used to distinguish and characterize
biomolecular populations of different molecular sizes. Nano-
pores have proven to be excellent at detecting DNA, proteins
and recently protein−DNA complexes at the single molecule
level.25−28 Here, we use solid-state nanopores to detect
nucleosomes and differentiate them from subtly distinct
nucleosomal substructures.
Figure 1a shows the schematic of the various protein

complexes and DNA−protein assemblies that are investigated

in this work, namely, histone monomers, (H3−H4)2 tetramers,
(H2A−H2B−H3−H4)2 histone octamers, mononucleosomes
made on 344bp DNA with one “601” nucleosome positioning
sequence, and dinucleosomes made on 1027bp DNA with one
601 nucleosome positioning sequence. The histone monomers
and complexes are positively charged, whereas the DNA-
histone assemblies (mono- and dinucleosomes) have a net
negative charge. For translocation experiments, sample is added
in the chamber with appropriate polarity, where the molecule of
interest is driven through the pore electrophoretically.
Nucleosomes were assembled by a slow dialysis of DNA with

histone octamers as indicated in Figure 2a (see Methods for
details).29,30 To optimize assembly conditions and maximize
the yield of fully assembled nucleosomes, it was important to
do a careful titration of the DNA to histone−octamer molar
ratio, as shown in Figure 2b. The fully assembled nucleosomes
were purified from free DNA and histone proteins by
fractionating on a glycerol gradient (see Methods). Figure 2c
shows a 6% PAGE gel of purified nucleosomes, demonstrating
a high yield. To form dinucleosomes, 1027bp DNA with a
single nucleosome positioning 601 sequence was used. DNA
and histone octamers were assembled with molar ratio of 1:2.
After assembly, DNA with zero, one (mononucleosomes), or
two (dinucleosomes) nucleosomes were separated by fractio-
nating on a glycerol gradient. Purified sample was inspected by
gel electrophoresis. Figure 2d shows 0.8% agarose gel of the
fractionated samples. Fractions containing only dinucleosomes
were pooled and concentrated using 100 kDa centrifuge filters.
These purified nucleosome/dinucleosome samples were stored
at 4 °C and used as is in nanopore translocation experiments.
We verified the stability of nucleosomes in our experimental
buffer containing 1 M KCl for the duration of a typical
translocation experiment (20 min) by gel electrophoresis. Upon
incubation in buffers with 0.2 to 1 M KCl, nucleosomes were
found to either be fully complexed or disintegrate completely
into histones and DNA in an all-or-none process. No DNA-
bound partial histone complexes were detected by gel
electrophoresis (see Supporting Information, Figure S1).
Importantly, during translocation of nucleosomes, only the
negatively charged complete assemblies will be electrophoreti-
cally driven through the pore whereas the positively charged
free histone protein and histone complexes will be pushed away
from the pore. Finally, we note that translocation of the
relatively small (344bp and 1027bp) free DNA through a 20
nm diameter pore is practically invisible within the time
resolution (∼100kHz) of our experiments.31,32
Upon addition of histone oligomers or nucleosomes to the

nanopore chamber, we detect transient current blockade events
that signal the translocation of individual complexes. Such
measurements yield important information about the trans-
locating molecule in particular its molecular volume. Figure 3a
shows typical conductance blockade events for histone
monomers and nucleosome complexes. Depending on the
translocating complex, we see clear blockade events with a ΔG
of 3−10 nS and dwell times of 0.1−0.5 ms, that are well
distinguishable from the noise of open pore current baseline.
We observe that the structurally smaller histone proteins
display shorter dwell times as well as smaller conductance
blockades (Figure 3a top row) when compared to translocation
events of fully assembled nucleosomes (Figure 3a bottom row).
Many hundreds of these events are used to quantitatively
analyze their statistical characteristics. Figure 3b shows a scatter
plot of 1250 events with conductance blockades that signal the

Figure 1. (a) Schematic of the histone oligomers and nucleosome
assemblies investigated in this study. (b) Schematic of a typical
translocation experiment using a 20 nm pore in silicon nitride
membrane. Inset shows a TEM image of a 20 nm nanopore. (c)
Example of a typical blockade event due to translocation of a histone
octamer, indicating the conductance blockade (ΔG) and dwell time
(Δτ).
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translocation of individual nucleosome molecules through a 20
nm diameter nanopore. In such a scatter plot, the conductance
blockage ΔG is plotted against the dwell time Δτ of individual
events. Corresponding histograms of ΔG and Δτ are shown to
the right and top of Figure 3b, respectively. We confirmed
translocation of mononucleosomes through the nanopore by

monitoring “recaptured” translocation events33 when the
potential was reversed. All measurements were done in
identical experimental buffer (10 mM Tris, 1 mM EDTA,
and 1 M KCl) with 100 mV applied potential across 20 nm
diameter silicon nitride nanopores.

Figure 2. Nucleosome assembly on 344bp DNA. (a) Schematic of nucleosome assembly procedure. (b) Dependence of the yield of nucleosome
assembly on histone octamer concentration. Lane 1, marker; Lane 2, blank; Lane 3, control DNA (344bp DNA); Lanes 4−8, [octamer]/[DNA]
ratio of 0.6, 0.8, 0.9, 1.0, and 1.2, respectively. For all subsequent experiments, a ratio of 1.2 was used. (c) Purification of assembled nucleosomes over
a 10−30% glycerol gradient. Lane 1, marker. Lane 2, purified mononucleosomes. (d) Agarose gel (0.8%) showing bare DNA (1027bp) and DNA
with 1 or 2 nucleosomes, labeled as 1-Nuc and 2-Nuc respectively. Lane 1, marker. Lane 2, pooled fractions of purified dinucleosomes. Lane 3, mix of
bare 1027bp DNA, DNA with 1 and DNA with 2 nucleosomes, as indicated by the arrows.

Figure 3. Translocation of nucleosomal substructures. (a) Typical translocation events of histone monomers (top) and mononucleosomes (bottom)
through a 20 nm pore at 100 mV applied across the pore. (b) Scatter plot of mononucleosome translocations events (N = 1250). ΔG and Δτ
histograms are plotted on the right and top, respectively. (c) Conductance blockade (ΔG) histograms of histone monomers (black, squares), histone
tetramers (red, circles), histone octamers (blue, triangles), mononucleosomes (magenta, stars), and dinucleosomes (green, diamonds). For
comparison all histograms are normalized by the total number of counts. Solid lines are Gaussian fits to the histograms. (d) Dwell time (Δτ)
histograms of translocation events for histone monomers (black, squares), histone tetramers (red, circles), histone octamers (blue, triangles),
mononucleosomes (magenta, stars), and dinucleosomes (green, diamonds). Solid lines are log-normal fits to the histograms.
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We next quantitatively compare histograms of conductance
blockades ΔG of the five different molecular complexes that we
have investigated. For each complex, we measured hundreds of
translocation events and the corresponding ΔG histograms are
shown in Figure 3c. For example, translocation of mono-
nucleosomes through a 20 nm pore yields a ΔG of 8.0 ± 1.5 nS,
where the error bar denotes the standard deviation of the fitted
Gaussian distribution. These values were found consistent
when measured in 12 different 20 nm diameter pores,
demonstrating the repeatability of this method. Similarly, ΔG
distributions from translocations of histone monomers,
tetramers, and octamers were measured, as shown. The mean
ΔG values from these distributions are listed in Table 1.
Interestingly, we note that the order of the peak maxima of
conductance blockades histograms follows the order of the
molecular sizes.
From the conductance drops in nanopore current, we can

estimate the molecular volume of the translocating complexes.
Unlike for most nanopores experiments on DNA, the
nucleosomes are smaller than the height of the nanopore
(the thickness of silicon nitride membrane is 20 nm). The
conductance blockade is therefore proportional to the volume
of ionic solution excluded from the nanopore by the molecular
volume of the complex (not its crosssection). The drop in open
pore conductance due to excluded volume of the translocating
nucleosome can be estimated by the following expression34,35

γσΔ =
+ π( )

G
V

h d
f d d( , )excluded

p 4 p

2 p m

(1)

where Vexcluded is the ionic volume excluded by the translocating
protein complex, γ is the shape factor36 of nucleosomes, σ =
10.5 S/m at 23 °C37 is the bulk conductivity of 1 M KCl, hp and
dp are height and diameter of pore, respectively (both fixed at a
value of 20 nm), and f is a correction factor that depends on the
relative values of pore diameter and the diameter of molecule,
dm. We adopt a value of f = 1, as commonly used in
literature.35,38−40 We estimate that γ = 1.9 by approximating a
nucleosome as oblate spheroid of principal axes (a,b,b) with a =
6 nm and b = 10 nm. Using the measured mean ΔG of
nucleosomes, we can subsequently estimate the molecular
volume of translocating nucleosome to be VNucleosome = 509 ±
89 nm3. This is in very good agreement with the value of 532
nm3 for the nucleosome volume as measured by X-ray
crystallography3,41 and 580 nm3 as measured by atomic force
microscopy (AFM).42,43 Comparing ΔG histograms of each
molecule and following a similar calculation, we can estimate
the molecular volumes of each of these histone oligomers. We
list these calculated values in Table 1 along with their molecular

weights. Monomeric histone proteins are the smallest in size
(275 nm3), followed in increasing order by histone tetramers,
histone octamers, and finally the mononucleosomes and
dinucleosomes (801 nm3). We find, as expected, that the
larger the molecular size of the complex, the deeper the
conductance blockade during translocation. This is quantita-
tively shown in Figure 4a, which displays the monotonous
increase of ΔG with the molecular mass of the protein complex.

Next we compare the statistics of the dwell times of these
complexes. In Figure 3d, we show the dwell time histogram for
nucleosomes and compare them to dwell times for various
histone oligomers. We find that the dwell time histograms are
well fit by a log-normal distribution (i.e., a Gaussian on a log
scale). For nucleosomes, a most probable dwell time Δτ of 0.15
(−0.08/+0.16) ms was measured, where the error denotes the

Table 1. Calculation of Molecular Volumes of Translocating Biomolecule through the Nanoporea

molecule molecular weight (kDa) Δτ (most probable, ms) ΔG (nS) molecular volume (nm3) (calculated from ΔG)

histone monomer 13.56 0.03 (−0.02/+0.04) 3.4 ± 1.7 275 ± 138
histone tetramer 53.02 0.11 (−0.07/+0.18) 4.8 ± 0.8 389 ± 64
histone octamer 108.5 0.10 (−0.04/+0.07) 6.0 ± 0.7 473 ± 57
nucleosome 335.53 0.15 (−0.08/+0.16) 8.0 ± 1.4 509 ± 89
dinucleosome 894.8 0.25 (−0.15/+0.39) 9.9 ± 0.9 801 ± 76

aThe complexes studied and their molecular weights are listed in columns 1 and 2 respectively. Column 3 has the most probable dwell time as
estimated by lognormal fits to the Δτ distributions. The hwhm spread of these distributions is listed as errors in parentheses. Mean ΔG is listed in
Column 4 with standard deviations as error bars. Column 5 lists the calculated molecular volume from ΔG values (see text). The shape factor γ was
estimated to be 1.9 for mononucleosomes (a = 6, b = 10) and 1.54 for histone octamer (a = 6, b = 6.4) by assuming them to be oblate spheroids. For
rest of complexes, γ was set to 1.5, value as expected for spheroids.

Figure 4. (a) Mean conductance blockades, ΔG (black circles, left
axis) and most probable dwell times, Δτ (red squares, right axis) are
plotted against molecular weight of the various complexes. (b) Scatter
plots of conductance blockades (ΔG) versus dwell times (Δτ) of all
the different assemblies studied. The distributions are plotted as
contour plots for clarity (for full scatter plots with all separate data
points, see Supporting Information). Histone monomers (black),
histone tetramers (red), histone octamers (blue), mononucleosomes
(magenta), and dinucleosomes (green). All molecular species can be
well separated based on ΔG or Δτ.
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half width and half-maximum (hwhm) of the distribution. This
value is much larger than the ∼4 μs dwell time anticipated for a
bare 344bp DNA under similar solvent conditions as estimated
by the power-law dependence of dwell time on DNA length
that was measured previously.44 From the translocation across
the 20 nm nanopore height in a dwell time of 0.15 ms, we
estimate a typical mean speed of about 135 μm/s. This velocity
is about ∼40 times slower than that of the estimated mean
velocity of bare 344bp dsDNA (∼5 mm/sec). This slowing
down of nucleosomes can be attributed to two effects: first,
when moving under the applied potential, the bulky disk-
shaped nucleosomes will experience a higher fluidic drag when
compared to a bare dsDNA. Second, and likely most important,
nucleosomes contain a positively charged histone protein core
leading to a lower net charge density than bare dsDNA, thus
retarding the translocation speed in electrophoresis.45 Figure 3d
compares the dwell time histograms of nucleosomes with its
histone protein subcomplexes. We find that histone complexes
translocate faster than mononucleosomes. For each distribu-
tion, we estimate the most probable time of translocation by
fitting with a log-normal distribution. We find that the most
probable dwell time ranges from Δτ ∼ 30 μs for histone
monomers to Δτ ∼ 100 μs for histone octamers, see Table 1.
Interestingly, even with the complex charge distributions and
shape differences in these protein and DNA−protein
assemblies, we find a systematic dependence where the larger
the size of the biomolecular complex traversing through the
pore, the longer the corresponding dwell times (see Figure 4a).
Next, as a first step in the direction of measuring on

nucleosome arrays, we compare translocation of mononucleo-
somes to that of dinucleosomes, which is a linear array of two
nucleosomes. Figure 3c (green diamonds) compares the
conductance blockade of dinucleosomes with the ΔG histo-
grams of all other assemblies. For dinucleosomes, we measure
mean ΔG of 9.9 ± 0.9 nS. Using a similar analysis as in the case
of mononucleosomes and histone oligomers, we estimate the
molecular volume of dinucleosomes that occludes ionic
conduction of nanopore to be 801 nm3, which is a factor of
1.6 higher than that measured for mononucleosomes (see
Table 1). A similar distinction between mono- and
dinucleosomes is visible when we also consider the dwell
times (Δτ-histograms, Figure 3d). The most probable trans-
location time of dinucleosomes was measured to be 250 μs, a
factor of ∼1.7 higher than that measured for mononucleo-
somes.
We can understand the difference between the translocation

characteristics of mono- and dinucleosomes based on their
structural features. Because of its overall larger molecular size,
dinucleosomes translocate slower through the nanopore as
compared to mononucleosomes. Mono- and dinucleosome
assemblies differ in their lengths. Within the 1027bp long DNA
used in assembling dinucleosomes, one nucleosome binds to
the single nucleosome positioning 601 sequence while the
other is randomly placed on the remainder of the DNA. Each
complex has 147bp of DNA wrapped around it, leaving 733bp
of free dsDNA which corresponds to a contour length of about
250 nm. Dinucleosomes can thus translocate through the pore
in a linear configuration, which would yield a similar ΔG and
longer Δτ than the values for mononucleosomes, or in a
configuration where the free DNA (partly) folds back on the
nucleosomes, giving rise to a larger cross section and a higher
ΔG. The larger value for ΔG that we observe for
dinucleosomes provides evidence for the latter. By comparing

the translocation events on a two-dimensional parameter space
of ΔG and Δτ, populations of mono- and dinucleosomes can
be well distinguished. This indicates that nanopore studies bear
potential for rapid characterization of arrays of nucleosomes.
In Figure 4b, we finally show scatter plots where the

conductance blockades are plotted against the dwell times for
all the complexes in our study. For clarity, we show these
scatter plots as isodensity contour lines of the data (see
Supporting Information for scatter plots with all data points,
Supporting Information Figure S2). We clearly see the different
molecular complexes separated as different populations.
Histone monomers form the population at the left-bottom
corner with the smallest dwell times and lowest conductance
blockades. Histone tetramers, octamers, and nucleosomes have
similar dwell times but these complexes can be well separated
based on their different conductance blockades. Finally, mono-
and dinucleosomes are distinguished based on conductance
blockades but more importantly on the translocation dwell
times. These measurements demonstrate the ability of the
nanopore platform to distinguish between subtle structural
differences in various subnucleosomal complexes.
In conclusion, we present here the first report on

translocation of nucleosomes and its substructures through
solid-state nanopores. Under an applied potential, we trans-
locate histone oligomers and nucleosomes through 20 nm
diameter silicon nitride nanopores. Analysis of the translocation
events revealed conductance blockades and dwell times that are
characteristic of the complex under study. From the mean
conductance blockades, we estimated molecular volumes of the
protein, protein complex or DNA−protein assembly traversing
through the pore. We find that larger complexes lead to deeper
conductance blockades and longer translocation times. By
characterizing translocation events on a 2D parameter space of
conductance blockade and dwell time parameters, we showed a
clear distinction of populations of histone monomers,
tetramers, and octamers. This was furthermore realized for
mono- and dinucleosomes, which shows that this approach can
be expanded to study larger nucleosome arrays. From a
practical perspective, our findings of fast and sensitive
characterization of nucleosomes and histone oligomers open
up new avenues for early detection of apoptotic states and
cancer markers in blood plasma of patients. Our findings also
provides the possibility of sensing nucleosome positioning on
chromatin fibers by controlled threading of nucleosomal arrays
into a nanopore using, for example, an integrated optical
tweezers. Overall, the data show that nanopores are a new
platform to differentiate subnucleosomal structures, providing a
new way to study chromatin at the single-molecule level.

Methods. Nucleosome Preparation. Histone octamers and
tetramers (chicken erythrocyte) were purchased from Abcam
(Abcam, MA USA). The 344bp and 1027bp DNA with a 601
nucleosome positioning sequence was extracted from pGEM
plasmid (gift from Widom lab). Histone monomers (H2A,
H2B, H3, and H4, a gift from the P. Verrijzer lab) were purified
from Drosophila and stored at 4 °C at subnanomolar
concentrations to reduce any nonspecific aggregation. Nucle-
osomes were reconstituted by mixing DNA and histone
octamers at appropriate molar ratio (1:1.2 for mononucleo-
somes on 344bp DNA and 1:2 for dinucleosomes on 1027bp
DNA) in high salt buffer (2 M KCl, 20 mMTris-Hcl, 1 mM
EDTA, pH 7.5, 1 mM DTT, and 0.5 mM benzamidine) and
lowering the ionic strength in a 60 h dialysis against a low salt
buffer (250 mM KCl, 10 mM Tris-HCl, 1 mM EDTA, 1 mM
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DTT, and 0.5 mM benzamidine). Finally the nucleosomes were
dialyzed against TCS buffer (20 mM Tris-HCl, 1 mM EDTA,
and 1 mM DTT) for at least 4 h.29,30 Reconstituted
nucleosomes and dinucleosomes were purified from free
proteins and DNA by fractionating in 10−30% glycerol
gradient for 16.5 h at 35 000 rpm. Nucleosome containing
fractions were pooled and checked by running 6% PAGE gel
(stained for 20 min in SybrGold, Invitrogen) and stored at 4
°C.
Nanopore Experiments. Silicon wafers with a triple layer

consisting of 20 nm silicon nitride, 100 nm silicon oxide, and
500 nm silicon nitride were processed with standard optical and
e-beam lithography to fabricate free-standing silicon nitride
membranes (with a window of 5 μm diameter and 20 nm
thickness). A focused TEM beam was used to drill 20 nm pores
in these membranes.46−48 These nanopores were mounted in a
fluid cell separating the cis and trans chambers filled with buffer
(1 M KCl, 10 mM Tris-EDTA, pH8). All experiments were
performed at on 20 nm pores at 100 mV bias voltage applied
across the nanopore membrane using Ag/AgCl electrodes.
Nanopore current was measured using Axopatch 200B (Axon
Instruments) set at full bandwidth (100 kHz). A 0.1−1pM
sample was introduced in the flow chamber and events were
observed. Low-sample concentrations ensured reduction in
pore clogging and aggregation of proteins. Data was recorded
using a DAQ card (NI-PCI 6251, National Instruments) at
acquisition rate of 200 kHz. For analysis, data was filtered at
35kHz. All data acquisition and event detection in current
traces was done by custom written software in LabVIEW
(National Instruments).44,49
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