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Abstract. Nanopores constitute devices for the sensing of nano-objects such as ions, polymer chains, proteins
or nanoparticles. We describe what information we can extract from the current trace. We consider the entrance
of polydisperse chains into the nanopore, which leads to a conductance drop. We describe the detection of
these current blockades according to their shape. Finally, we explain how data analysis can be used to enhance
our understanding of physical processes in confined media.

PACS. 71.20.Rv Polymer condensed matter — 82.37.5j Single-molecule kinetics

1 Introduction

At the cell scale, many ions and biomolecules are trans-
ported through channels in the cell membrane. These
channels consist of membrane proteins. Each of them
has their own insertion mechanism into the cell mem-
brane. [1-3] While the study of ion channels is common in
electrophysiology, confinement phenomena involved in
these nanometric holes are less understood in soft matter.

Since the seventies, economic interest in oil extrac-
tion required the understanding of physical or chemical
processes involved during the drilling of oil wells. One
current technique uses drilling muds to increase the well
production. These fluids interact with the reservoir. They
lead to instability birth in porous media, similar to the
viscous fingers observed in a Hele-Shaw cell. [4,5] The
viscosity of these muds was controlled by addition of ad-
ditives, such as polymers. In this context, understanding
the interactions between these polymer chains and lime-
stone or sandstone rocks was a source of scientific ques-
tioning on the confinement in porous media and gave
rise to numerous theoretical works by P. G. De Gennes
or F. Brochard-Wyart. [6-10] These results could be ex-
tended to size exclusion chromatography, [11] capillary
electrophoresis [12] or DNA transfection. [13,14]

Despite these numerous theoretical works, their exper-
imental validation is rare and requires neutron scattering
techniques. [15-17] In this context, L. Auvray was really
interested by Kasianowicz’s and colleagues” work. [18]
The latter showed that DNA translocation through a pro-
tein channel could be observed by electrical measure-
ments at the single molecule scale. The great benefit from
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this method is to be able to observe the conformation of
each macromolecule in the nanopore such as polyelec-
trolytes, [19-21] DNA, [18,22] polysaccharides, [23] pro-
teins, [24-26] nanoparticles. [27-29]

When one of these analytes is in the vicinity of the pore
or enters into it, the ionic conductance suddenly decreases
and such events are referred to as blockades. Their detec-
tion is of interest. Following an approach initiated by Loic
Auvray, in this publication, we describe some algorithms
used to detect and characterize current blockades accord-
ing to their shape (short, long, one or multi-step). Then,
we illustrate our discussion from the trace obtained with
poly(ethylene glycol) chains in presence of an Aerolysin
channel from Aeromonas hydrophila. [30-32]

From the distribution of blockade frequency, duration
or amplitude, we perform a statistic data analysis to cal-
culate the characteristic frequency or dwell time. These
parameters lead to the knowledge of the magnitude of the
energy barrier, which governs the confinement and the
transport into the nanopore. [33-35]

2 Experimental section

2.1 Chemicals and solutions

KCl and decane are bought from Sigma-Aldrich. Diphytanoyl-

phosphocholine (DPhPC) lipids are furnished by Avanti
Polar Lipids Inc. Electrical signals are measured by an
Axon Patch 200 B (Molecular devices) amplifier. Data
are acquired with a PCI-6251 National Instruments card,
managed by an homemade software. Data are processed
according to functions written with Igor Pro software
(Wavemetrics Inc). Aerolysin is synthesized following the
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method described in [36] by Manuela Pastoriza-Gallego.
[25]

2.2 Channel insertion

We use a device previously described. [37-39]. Briefly, we
consider two compartments separated by an insulating
lipid bilayer and filled with an electrolyte solution, such
as KCl buffer. The bilayer is prepared from a 1% of DPhPC
lipids diluted in decane and is spread over a pinhole. The
potential difference is applied with two Ag/AgCl elec-
trodes. The transport of PEG 1500 chains into Aerolysin
channel are performed by using 3 M KClI buffered with 5
mM HEPES, pH = 7.5 (fig. 1(a)).

3 Results and discussion
3.1 Blockade detection

The reliability of blockades detection is crucial in the
nanopore technique, which has known a strong devel-
opment for twenty years. [18,40] We can find some com-
mercial (Clampfit, Molecular Device) or free softwares
(WIinEDR, University of Strathclyde), but they are mainly
dedicated to electrophysiology applications. Currently,
in the nanopore community, each team designs its own
solution developed by using data analysis software (Mat-
lab, Igor Pro, Origins), while using mainly the same algo-
rithms. For some years, several publications have espe-
cially been dedicated to data analysis, [26,41-45] which
was previously shortly described in the “Set up and Mate-
rial” part of publications or in their supplementary data.
[46]. Shortly, data analysis contains three steps: 1) block-
ade detection, 2) blockade relevancy, 3) blockade char-
acterization. After this step, we shall describe how we
plot data distribution to extract an understanding of the
physical processes involved in confined media.

Ionic current traces are usually acquired with a fixed
sampling rate fs,,,. This frequency is currently about 250
kHz, [22] [25] but can go up to 4.19 MHz. [48] For this
work, we consider just the usual value fs,,, = 250 kHz,
allowing a sampling time of 4 ;is. When we measure the
ionic current trough the nanopore, we observe a noisy
baseline characterized by its average value I, and its stan-
dard deviation o. Considering that the blockade ampli-
tude exceeds the noise level, we reject all the fluctuations,
which amplitudes are smaller than an arbitrary threshold
ko, where k is a positive constant (fig. 1(b)). We can arbi-
trary choose k = 2 to reject 95.5% of the signal, [19,42],
or k = 6 to reject more than 99.9% of the signal. [41] If
this threshold criterion is too large, we can miss some
blockades with small amplitudes. In the case of baseline
fluctuations, this method is applied on multiple small
windows inside the waveform. [41,44] While Pedone et
al. use a small window (typically 100 data points), Plesa
et al. use a larger one (typically 1000 data points). Usu-
ally, the Bessel low-pass filter cut-off frequency is about
10 kHz, i.e. a 100 ps critical event duration. Considering
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Fig. 1. Macromolecule transport through a single Aerolysin chan-
nel. (a) (above) Electrical detection of a poly(ethylene glycol)
chain (PEG 1500) through an Aerolysin channel. (below) Elec-
trical circuit model of the channel inserted in a membrane. R,
and Cy, are the channel resistor and the membrane capacitor
respectively. R.is and Rirans are the access resistance on the cis
and trans side respectively. [47] (b) Trace of the ionic current
through this channel of a 10 xM PEG1500 solution in a 3 M KCI
buffered with 5 mM HEPES at pH = 7.5, under a -120 mV voltage.
(c) Focus on two blockades. The dwell time T3 is defined as the
duration between the Start point (S1) and the End Point (E1).
The inter-event time T; is the duration between two successive
blockades (S2 and S1). Ip and I, correspond to the base current
and the blockade one respectively . k o is the magnitude of the
detection threshold.

the above-mentioned sampling rate, this period is corre-
sponding to 25 data points. Then, the Pedone’s criterion
calculates the average and standard deviation ¢ by using
four periods and the Plesa’s one uses 40 periods. Nev-
ertheless, if the blockade frequency is higher than 250
Hz, the moving average is slightly modified by the pres-
ence of these blockades. That’s why Plesa et al. developed
a clever recursive algorithm combining average calcula-
tion and blockade detection. [44] Another method is to
directly erase the noise component from the trace with a
non-linear filter. The CUSUM method is an efficient algo-
rithm allowing to transform a raw trace into a succession
of line segments. [49] The remaining fluctuations are cor-
responding to the blockades, provided the good choice of
just one filtering parameter.
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3.2 Blockade relevancy

After the blockade detection step, we observe that the lat-
ter could have several origins 1) electrical noise, 2) the “at-
tacks” due to the interactions between the nanopore and
the macromolecules, which do not succeed in overcom-
ing the entrance energy barrier [25] 3) the macromolecule
transport through the nanopore. The blockades of type 1)
could be removed by using a higher amplitude threshold:
30,[19]50,[49,50] 6 0. [41] Nevertheless, “attacks” and
“transport” through the nanopore could not be discrim-
inated by using just amplitude threshold. This discrimi-
nation step could be performed by taking both blockade
amplitudes and durations into account (fig. 4). We can
note an interesting method proposed by A. Radenovic
and colleagues, who use a duration threshold to discrimi-
nate between relevant blockades and short pulses. [49]

Finally, we can cite an interesting algorithm developed
by J. Behrends and colleagues, which is described in de-
tail in the supporting information of ref. [46]. Here, the
threshold is not based on the current amplitude, but on
its variation i.e. the current derivative. This method was
developed to quickly detect the negative or positive tran-
sitions. Considering that the baseline fluctuations are rela-
tively smooth, while the blockade transitions are sharper,
the discrimination is performed with a variation magni-
tude threshold: all the variations between two successive
points smaller than 15 pA (or 3 pA/pus according to the
sampling rate) are rejected. [46] The advantage of this al-
gorithm is that we don’t need to define a moving window
to detect the blockades if the baseline fluctuates. Now, we
shall see what kind of information we can extract from
this blockade discrimination.

3.3 Blockade characterization

Each blockade is defined by its duration 7} and amplitude
Al It begins when the current is equal to the average
one [ calculated in the moving window just before the
blockade (Start point, S; in fig. 1 (c)). It ends at the end of
the plateau or at the minimum position of the blockade
(End point, £ in fig. 1 (c)). [41] Another parameter to take
into account is the inter-blockade time T; between two
successive blockades (start points Sy and S in fig. 1(c)).

This blockade sensing could be enhanced by a second-
order-differential-based calibration (DBC) method, which
is based on the determination of the inflection points of
the blockades. [43] To avoid the influence of the noise,
this calculation uses a Fourier series fit of each blockade.
Another point of view is to consider that the blockade
duration is equal to the Full Width at Half Maximum
(FWHM). [44] Finally, both points of view lead to the
same result. [41] This approach is available for most of the
blockades, but sometimes we have to improve it to take
short or multi-level blockades into account (fig. 2).
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Fig. 2. Short blockades and multi-level analysis. (a) Poly(DA)60
through a a-Hemolysin channel. Measure of the blockade cur-
rent Al by an integration method. The blue integrated area of
the trace corresponds to the Event Charge Deficit (ECD) and
is equal to the box area of duration T and amplitude Al 1M
KCI. AV=100mV (adapted from [43]) (b) PEG 1500 through an
Aerolysin channel. The current blockade is fitted by two expo-
nential functions (adapted from [42]). 3M KCI. AV=-100 mV.
(c) Detection of DNA blockade through a solid-state nanopore.
The first current level I; corresponds to a single DNA inside the
nanopore, the second one /> when two DNA chains enter the
nanopore. The integrated area of the trace between these both
levels (ECD) is painted in red. Iy is the local base level of the
trace. 1M KClI (adapted from [44]).
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3.4 Short blockades

Now, we can focus on the short blockades. We suppose
that the signal is filtered before the acquisition. Consider-
ing a low-pass filter characterized by its cut-off frequency
fe, the bandwidth of this filter (i.e. f.) and rise time T,
are related according to the relation : f. x T, = 0.33 for a
fourth-order low-pass Bessel filter. [43] Then, blockades
shorter than 2 x T, = 0.66/ f. are distorted by the filter.
Thus, some methods were developed to overcome this
limitation.

A first one is to calculate the integrated area of the
blockade, which is also equal to the Event Charge Deficit

(ECD, [43,44]) and reads ECD = [ (I, —i(t)) dt (fig. 2(a)).

During a blockade, the charge gy inside the nanopore
reads gy = Al x T;, where AI is the unmodified current
amplitude of the blockade. [43] As the channel is electri-
cally modeled with a capacitor in parallel with a resistor,
this charge leads to the load and unload of the capacitor
leading to a signal distortion. As there is charge conserva-
tion between the beginning and the end of the blockade,
the ECD is equal to ¢n. The advantage of this method
is that it is easy to use. Nevertheless, it is based on the
assumption that the blockade duration remains constant
despite the low-pass filter. The uncertainty increases when
the blockade duration is reduced by the low-pass filter.
Nevertheless, this ECD method allows to obtain an ap-
parent cutoff frequency two times greater than that of the
conventional method, which is a great improvement. [43]

A second method was implemented by Balijepalli and
colleagues in the ADEPT algorithm. [42,51] It is based
on the assumption that the channel and membrane are
described as an electrical circuit analog where the chan-
nel resistance increases when a polymer chain enters the
pore (fig. 1 (a)). [42] Then, the Laplace transformed cur-
rent I(s) = V/Z(s), where Z(s) is the circuit impedance,
reads :
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_a(s+b)
= SeTm

where a = V/(Reis + Rirans), b = 1/(R, Cy,), and
T = Rp Cm (Rcis + Rtrans)/(Rp + Rcis + Rtrans)' [42] The
inverse Laplace transform leads to an exponential decay
fort >0:

1)

i(t) = a exp(—t/7) + i (2)

where o = a (1 — b7) and iy = ab7 is the empty chan-
nel current. Then, this relation could be generalized by
considering N conductance states :

I(t) ZIQ—‘y-Zaj

j=1

(1-ow-"=) He-) @

Tj

where a; the amplitude of the j'" step, 7; the time
constant of the system, p; the start point of the step and
H (t) the Heaviside step function. Following this model, a
blockade is described by two steps (N = 2). In the case of
short durations, this model returns the “true shape” of the
blockade (T and AI) (fig. 2(b)). In a context of fast DNA
sequencing, and current traces containing complex multi-
level blockades, this model allows the determination of
each discrete step (N = 26). [42] The advantage of this
method is that it is adapted to long and short-lived events.
In the case of short-lived events, the sampling frequency
must be increased (fs = 500 kHz instead of 200-250 kHz)
to reduce the uncertainty on the fitting parameters.

Long and his colleagues have developed a new al-
gorithm to avoid the data filtering and signal distortion.
They successfully apply a Modified Hidden Markov Model
(MHMM) to a raw signal, characterized by low current
blockades and strong signal-noise rate (SNR =~ 3). [45]
This method at least doubles the number of detected
events with duration shorter than 2 x 7). (see above) com-
pared to previous methods. [41,43] Recently, the same
team has developed an analysis method based on the
Hilbert-Huang Transform to study single analytes through
the confined space of an Aerolysin channel. [52]

Another type of complex blockades analysis is the
discrimination between two situations: a single or two
macromolecules enter the pore together (fig. 2(c)). In the
first case, the current trace is composed by one step at the
current level (I7). In the second case, the trace is described
by two steps : the first one at the level (/1) due to the
dwelling of a single chain, the second one at the level (I5)
due to the presence of two chains inside the nanopore
at the same time. [44] The discrimination between both
these blockade types is performed by the calculation of
the area of the current trace between theses levels I; and
I,. Drawing the distribution of these areas allows the
determination of the area threshold between both local
structures of the macromolecule. The blockade detection
leads to a great amount of data, which must be statistically
processed to broach the physical processes involved in
confined media.

=
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Fig. 3. Macromolecule entrance into a confined channel. Dis-
tribution of the time T; between two following blockades. The
distribution is fitted with an exponential function exp(—f x T}).
Aerolysin channel in presence of 10 pM PEG1500 solution in a 3
M KClI buffer at -120 mV.

3.5 Physical processes in confined media
3.5.1 Polymer chain confinement

The inter-blockade time T; is related to interactions be-
tween macromolecules and the entrance of the nanopore.
As there is no correlation between two following cur-
rent blockades, this distribution follows a Poisson statis-
tic. This one decreases according to an exponential law
exp(—f.T;), where f. is the characteristic blockade rate
(fig. 3). When poly(ethylene glycol) chains (10 uM, PEG
1500 in 3M KCI, AV = -120 mV) is in presence of an
Aerolysin channel, we measure an average frequency of
fe = 73.3 £ 0.8 blockades/s (fig. 3). Now, we can eval-
uate the magnitude of this frequency from the Fick’s
law. [20, 25, 53, 54] Briefly, the diffusion flux vector J is
proportional to the concentration gradient according to
the relation : J = —D grad(c) where D is the diffusion
coefficient, ¢ the PEG concentration. At first glance, we
could assume that this gradient is constant, then we write
grad(c) = —C/£ where C is the bulk PEG concentration
in the cis compartment and ¢ the channel length. In this
calculation, we neglect the concentration in the trans side
compare to the one in the cis side. Then, J = D C/¢. Fi-
nally, the number of particles entering the channel per
second is given by : v = J x A where A is the internal sec-
tion area of the Aerolysin. Finally, we write the relation :

v=CDA/L (4)

D is evaluated from the Stokes-Einstein equation :
kT

67Tjj,7 R, where. R, = a/v/6 N5 is the gyration

radius of the PEG chain, where a is the length of the

monomeric unit and N the number of these units. If C' =

10mM, D = 31071 m2s™ !, 4 =810 m? and ¢ =
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10 nm [30, 32], then » = 140103 blockades/s. This fre-
quency is higher than the one we measure, because we
must take the confinement into account. During this pro-
cess, the polymer chain must overcome an energy barrier
to enter the channel. Then, the frequency reads for neutral
chains :

fe=v exp(=U*/kpT) (5)

where U* = 7.6 kT is the confinement energy or barrier
height. This amplitude is larger than the one measured
with unfolded protein MalEwt in 1 M KCl and 1.5 M
guanidium (= 4 kgT’) [25] or the one with pertactinin 1 M
KCl and 1 M guanidium (=~ 2.5 kgT') [54]. Nevertheless, it
is similar to the one measured with PEG 2000 in 2M KC1
in presence of an a-Hemolysin channel (6.41 kgT). [55]
In this situation, PEG chains can not be considered as
neutral chains and are slightly positively charged, due
to their affinity with K* ions. [56] Then, the magnitude
of this barrier could be increased by electrostatic repul-
sion between the confined chain at the entrance of the
nanopore. Moreover, the electro-osmosis flow is opposed
to the electric force, which is the driving force for charged
chains. [57] This equilibrium between these both processes
modifies the height of the energy barrier U*, which is low-
ered by the electrostatic energy U, = ze AV /kgT where
z is the apparent number of elementary charges e of the
PEG chain. [25,53,55]

3.5.2 Polymer chain Transport

Now, we perform a scatter plot of the current blockade I,
as a function of dwell time T}. This graphic representation
allows to have a look at transport phenomena inside the
nanopore (fig. 4 (b)). Nevertheless, the physical param-
eters are measured from the statistical distribution of I
and T;.

Considering the first parameter, the blockade current
histogram does not lead to a Gaussian distribution (fig.
4(a)), but shows several peaks. Each of them could be asso-
ciated to the chain length in the polydisperse PEG solution.
This graph is similar to the mass-spectrogram, previously
obtained at the single molecule scale. [37, 46, 56, 58, 59]
As each peak matches with a precise chain length, we
discriminate each component of a polydisperse mixture
with a precision of one monomer (fig. 4(a)). As we did not
use a monodisperse polymer, we do not know the exact
number of monomeric unit. Nevertheless, according to
these previous works, we can use a relative number of
units. In figure 5(a), we observe that the blockade ratio
iy /io decreases with the chain size, as it was previously
observed with a-Hemolysin channel. [56,59]

Now, we study the average dwell time distributions of
all the blockades. First, we can plot a linear distribution,
which is fitted with an exponential function exp(—t/T;)
where T, = 830 4 10 us is a characteristic dwell time (fig.
4(c)). Another way is to plot a logarithmic distribution.
Then, the fit function changes with a modified exponen-
tial function ¢t x exp(—t/T). [60]. This distribution is fitted
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Fig. 4. Macromolecule transport : data analysis (a) Histogram of
the blockade current I;. The distribution is fitted with a Gaussian
curve. (b) Scatter plot of the blockade current I as a function of
the corresponding dwell time T; of each blockade. (c) Linear dis-
tribution of the dwell time, fitted with an exponential function
exp(—t/Tc). (d) Logarithmic distribution of the dwell time, fit-
ted with a log normal function exp(—[In(t/T)/c0]?). Aerolysin
channel in presence of 10 pM PEG1500 solution in a 3 M KCl
buffer under a -120 mV applied potential.
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buffer at a -120 mV applied potential.
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with a log normal function exp (— [ ) and is lo-

calized at the mean dwell time 7} = 800 = 50 s (fig. 4(d)).
T. and T; have the same magnitude and are often cor-
related. [22] These distributions of all the polydisperse
chains follow the same behavior as one monodisperse
chain whereas we expect one time distribution for each
polymer size.

Then, we consider each monodisperse population sep-
arately from the scatter plot (fig. 4(b)) to calculate each
characteristic dwell time. The figure 5(b) shows that these
dwell times increase exponentially with the number of



6 Jean Roman et al.: From current trace to the understanding of confined media

monomeric units as it was previously observe with a-
Hemolysin or Aerolysin. [56,59] Nevertheless, they reach
a steady state at 839 & 9 us for higher relative monomeric
unit numbers leading to an apparent dwell time plateau.
This behavior could explain that we observe an appar-
ent monodisperse distribution of dwell times (fig. 4(c)-
(d)). This limitation could be overcome by increasing salt
concentration up to 4 M KCl, [59] or increasing tempera-
ture. [37]

4 Conclusion

Conductance measurements through nanopores allow to
study physical processes in confined phenomena. The de-
tection of its variation is not so simple. Thus, some teams
have developed specific algorithms to overcome exper-
imental obstacles. In presence of a polymer chain, the
conductance variation leads to the understanding of its
interactions with the nanopore in terms of confinement or
transport energies. [61] We could perform size discrimina-
tion of polydisperse PEG chains. We are able to detect each
polymer chain according to their length from the current
blockades measurements. Nevertheless, the sensitivity to
dwell times in 3 M KCI must be enhanced by increasing
salt concentration. Loic Auvray showed us that the un-
derstanding of these fundamental processes is necessary
to design and enhance new nanopore based devices as
nanosensors or nanotools.
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