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Abstract

The use of single track-etched nanopores to distinguish molecules is limited by the difficulty in comparing
independent experiments. This is mainly because the properties (size, surface state) among various
equivalent nanopores are not strictly identical. In this work, we propose a way to discriminate different
sized gold nanoparticles coated with PEG from 38 to 90 nm. using bullet-like shape nanopores with with
tip diameters of 100 and 130 + 30 nm, functionalized with polyethylene glycol (PEG) chains of different
lengths (5 and 20 kDa),.. We show that the two classical parameters of current pertubation (the relative
blockade amplitude and the dwell time) caused by the interaction of the nanoparticles with the nanopore
allow the discrimination of the nanoparticles using each nanopore independently. Indeed, both the
nanopore diameter and the PEG length influence the current blockade parameter. To concatenate data
from the different independent experiments, the current blockade were characterized by 8 features
including the amplitude relative, the dwell time, the area, the slope of the blockade and 3 features related
to the experimental conditions (applied voltage, the nanopore diameter and the PEG molecular weight).
The dataset was built by summing all the events of the different experiments. Using a supervised neuronal
network classification, we achieved 99.4% accuracy in learning and 100% in testing, showing that it is
possible to distinguish nanoparticles from independent experiments despite the inherent variability of the

track-etched nanopores.
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Introduction

Forthe last twenty years, artificial nanopores (solid-state or polymer) have provided an alternative tolabel-
free single-molecule detection [1-4]. A classical single molecule detection experiment consists of applying
a constant voltage across a single nanopore and recording the current generated by the transport of
electrolytes [5,6]. As an object crosses through the pore, it induces an ionic current perturbation whose
amplitude and time parameters depend on its intrinsic properties i.e. volume, shape, and charge [7,8], but
also on its position in the pore [9,10]. This technique called resistive pulse sensing allows the detection of
alarge number of analytesin solution at the single moleculelevel, as long as the sizeand charge of the pore
and the object are compatible [7,11-13]. Thus, by judiciously choosing the diameter, aspect ratio, and
surface state of the artificial nanopore, they become a powerful tool to analyse objects such as amyloids
[14,15], nanoparticles [13,16—21], and viruses [22,23].

Among artificial nanopores, those obtained from polymers by the track-etching technique are particularly
interesting since their geometries can easily be adapted by modifying the chemical etching conditions
[24,25]. To go into the details of the design of the single polymer nanopores, the technique consists of a
first step where the film is irradiated by heavy ion irradiation. The energy dissipated by this ion creates
defects in the material which are then revealed by an etching solution [24]. A chemical etching under
symmetrical conditions makes it possible to obtain cylindrical nanopores that are perfectly adapted for
fundamental studies ofionictransport[26,27]. Moreinterestingly, an asymmetricopening of the nanopores
allows the fabrication of conical or even "bullet-like" geometries that exhibit ionic diode properties [28,29].
To summarize, an ionic diode exhibit a non-linear current/voltage response induced by a heterogeneous
distribution of electrolytes in the nanopore [30,31]. This response is extremely sensitive to the surface
charge of the nanopore [32]. In the case of PET, the most widely used polymer to obtain ionic diodes, after
chemical etching the surface is covered with carboxylate groups which induce a negative surface charge
estimated to 0.01 C/m? from analytical models applied to cylindrical nanopores [26]. On the other hand,
these carboxylate functions serveas a reactive function for the chemical modification of the nanopore, thus
offering a wide range of simple chemical reactions in the aqueous phase, such as condensation with an
amine, which has been the most reported in the literature [33]. Thus, they have been widely exploited for
sensor design due to the simplicity to functionalize their surface and the sensitivity of the ionic diode to
surface modification [33,34]. Compared to solid-state nanopores and nanopipettes, the track-etched
nanopores are not widely used for resistive pulse sensing because of their low resolution to detect small
objects such as proteins or DNA. Nevertheless, they have shown their efficiency in the detection of amyloids
[35—-37] or nanoparticles [38,39]. The main limitation of track-etched nanopores for molecule identification
comes from the difficulty to reproduce experiments under strictly the same conditions. Indeed, it is difficult
to know the exact size of the nanopore for any etching condition because there is some variability in the
diameter and the angle. Moreover, for the asymmetrically shaped nanoporei.e. conical or bullet-like, the

non-linear current-voltage dependence makes it difficult to define the exact diameter. Particularly, in the



conical nanopore, it is impossible to know a priorithe diameter. This is not the case for the bullet shape
geometry because the chemical etching is performed under symmetrical condition and thus can be
calibrated. Nevertheless, a certain variability has to be taken into account. On the contrary, biological
nanopores, are always identical, which easily allows the summation of events from several independent
experiments of the same analyte. For the track-etched nanopores, a large number of nanopores have to be
open to obtain a significant number of similar ones, limiting their application. In this work, we aim to assess
the use of machine learning to circumvent the difficulty of nanopore reproducibility. In other words, is it
possible to discriminate nanoparticles using different nanopore sizes by applying different voltages from a
unique dataset?

The use of artificial intelligencetoimprove theresolution of solid-state nanopores involves two approaches.
The simplest consists to perform the data processing independently of the classification using machine
learning [40,41]. The second one involves deep learning where the data analysis is based on a recognition
of current blocking patterns and a classification phase [22,23,42]. This requires a completerethinking of the
signal processing approach. In this approach, the signal that comes from various nanopores should be
comparable to nanopores of similar chemistry and size. While the object in translocation creating the signal
should not interact with the nanopore surface. This necessitates to introduce the dwell time in the pattern
of the current blockade. Thus, it is not suitable for our purpose because we aim to demonstrate the
possibility of using different nanopores to detect the same sample. As such, we used machine learning for
the classification after the classical detection of events. Therefore, in the data analysis phase, this allows us
to get rid of the pattern problem since the experimenter does the signal processing. However, to increase
the accuracy of the classification, it becomes necessary to characterize the current blockade by several
parameters other than the classical Al/lp and AT [40,41].

In the present work, we aim to discriminate sub-100 nm nanoparticles by combining datasets from
independent experiments with different nanopores that present different diameters and polyethylene
glycol (PEG) functionalization. To this end, we selected a polymer nanopore with a bullet-like shape
geometry that allows obtaining more reproducible nanopores, while having a better signal-to-noise ratio
for the detection of nanoparticles. PEG functionalization was used to increase the lifetime of the nanopore,
and to reduce its surface charge thus limiting the current rectification. We also used gold nanoparticles
coated with PEG to prevent their aggregation under salt solution and applied voltage. The first section is
dedicated to the characterization of the nanopores and the nanoparticles. Then, the result of the detection
of the nanoparticle using a nanopore with different diameters and PEG chains will be shown and discussed.

Finally, the discrimination of the nanoparticles will be discussed using machine learning approaches.



Material and methods

1. Nanopore design and functionalization

The nanopores were obtained using a track-etched technique using polyethylene terephthalate (PET) film,
13 um thick with biaxial orientation (Goodfellow ref. ES301130). The first step was made by swift heavy ion
irradiation (Kr 7 Mev/nucleon) at GANIL (Grand Accélérateur National d'lons Lourds, Caen). The single
nanopore membranes were obtained by irradiating the membrane with a single heavy ion. Note that we
also used a multipore membrane for SEM analysis. The chemical etching was performed as follows; the PET
film was activated under UV light (A=312 nm) for 26 h on one side (called "base"). Then, the film is placed
for a few minutes (5 or 6 minutes for the nanopores used)in a NaOH (Sigma-Aldrich ref. S5881) 6 M solution
containing 0.05% Dowfax (EZkem ref. E060064) at 60 °C. The result is a track-etched nanopore that exhibits
a bullet-like shape. The single nanopores obtained are then functionalized by grafting polyethylene glycol
amine (PEG-NH;, —Nanocs ref. PG1-AM-5k-1 and PG1-AM-20k). To this end, the nanopore was immersed
in 5ml of a solution containing 95 mg MES hydrate (Sigma-Aldrich ref. M8250-25G) 0.1M, 37.5 mg
carbodiimide hydrochloride HCI (Anaspec ref. AS-29855) and 250 pl of 2M KCI (Sigma-Aldrich ref. P3911)
and a spatulatip of PEG-NH, (Mw 5000 of 20000 Da)for 12 h. The current-voltage (I-V) curve was measured
at pH 7 using several NaCl concentrations before and after PEG grafting using a patch-clamp amplifier (EPC

10 duo, HEKA electronics, Germany) with Ag/ AgCl electrodes.

2. Gold nanoparticle (AuNP) functionalization and characterization

The AuNP sample was prepared by mixing 2 mL of AuNP 10, 20, and 30 nm solution (Sigma-Aldrich ref.
741957, ref. 741965 and ref. 741973 respectively) with 10 mg PEG-SH (Mw 2000 or 5000 Da, Nanocs ref.
PG1-TH-2k-1 and PG1-TH-5k-1 respectively) solubilized in 500 ul of milli-Q water. The solution was stirred
for 1 hour. The AuNPs functionalized with PEG (AuNP-PEG) were characterized by UV-vis absorbance using
Jasco. Their hydrodynamic radius was determined by diffusion light scattering using PCCP Nanophox. The

autocorrelation curve was fitted with the NNLS model.

3. Nanoparticle detection

The nanopore functionalized with PEG moieties was mounted between two compartments of a Teflon cell
filled with buffered 1 M NaCl. The AuNP coated with PEG was added to the tip side toreach a concentration
between 4,4.10° and 1,7.10'%particles/ml. The resistive pulse experiments were performed using a patch-
clamp amplifier (EPC 10 duo, HEKA electronics, Germany) with Ag/ AgCl electrodes. The voltage was applied
to the working electrode placed in the base side compartment to drive the negatively charged AuNP by
electrophoreticforce. The ionic currents were recorded at 10 kHz. The signal is filtered at 10 kHz by a Bessel
filter. The resistive pulse detection was recorded for at least 30 minutes. The current traces were further
analysed to detect events using lab-made software “Peak Nano Tools” developed in Labview using a Bessel

filter of 5 kHz. The statistical analysis was then performed using Matlab (2022b) software. The machine



learning was performed using the “statistic and machine learning” toolbox of Matlab (2022b). The data was
split into two parts using a random function. In the first one, 80% of events were dedicated to the training

and in the second one, 20% of events were used to test the algorithm.

Results and discussion

1. Nanopore characterization

The nanopores were obtained in two steps, irradiation with heavy ions followed by chemical etching with
an alkaline solution. To obtain a bullet-like geometry, only one side of the PET film was activated by UV and
0.05% of Dowfax was added to the etching solution. The resulting geometry is due to the surfactant
protection of the side not exposed to UVs (called the "tip") that prevents it from chemical etching. To
estimate the diameter and the variability of the single nanopores, multipore membranes were produced
under strictly the same conditions. The diameter of the tip and base apertures were determined by SEM
and plotted on the distribution histograms (Figure 1). Without the addition of Dowfax, the nanopore
diametersarecentred at 530 nmand 680 nm for etching times of 5 minand 6 min respectively. The addition
of Dowfax and the activation of only one side slow the opening of the pores. After 5 minutes of etching, the
tip and base diameter are centred on 100 nm and 330 nm respectively. For an etching time of 6 minutes,
the diameters are logically larger: 130 nm and 330 nm for the tip and base respectively. The SEM of the
cross-sections allows us to characterize the bullet shape of the nanopore (Figure 1). The latter is composed
of a cone-like section of length around 500 nm and a cylinder on the rest of the length of the polymer film.

These characterizations are in good agreement with that reported by P. Apel [43].
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Figure 1: SEM Characterization of bullet-like shape nanopore obtain after 5 min of base (a), tip (e) and the corresponding
distribution histogram of nanopore diameter (b) and (f). SEM Characterization of bullet-like shape nanopore obtain after
6 min of base (c), tip (g) and the corresponding distribution histogram of nanopore diameter (d) and (h). SEM
Characterization of cylindrical nanopore obtain after chemical etching 5 min (i) and 6 min (k) and the corresponding
distribution histogram of nanopore diameter (j) and (I). (m) Cross-section of bullet-like shape nanopore.

After opening, the nanopores were functionalized with PEG chains of different lengths (5 and 20 kDa). To
confirm the success of the functionalization, the IV dependence before and after PEG grafting was
measured and plotted in Figure 2. After chemical etching, the nanopore exhibits negative surface charges
due to the carboxylate moieties inducing the ionic current rectification. The PEG grafting replaced the
negative charge with neutral moieties, and thus, the ionic current rectification becomes less pronounced
as shown in Figure 2. To evaluate the density of PEG, we measure the conductance at various salt
concentrations of cylindrical nanopores with adiameter of about 100 nm before and after functionalization
(Figure 2). The conductivity plateau observed at low salt concentration is mainly attributed to the cations
present in the nanopore that counterbalance the surface charge (o). A decrease of the value after PEG
grafting occurred meaning that the nanopore is less charged. This confirms the decrease of ionic current
rectification observed previously on the bullet shape nanopore. To go further we measure the PEG grafting
rate that can be deduced from the surface charge. The latter can be measured exactly from conductance

(G) as a function of salt concentration by the hybrid approach expression previously reported [27].
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G = Knyp 7~ 1)

where Ky, ,was previously given (see eq. 13 of ref [27]), R the radius, and L the length of the pore.

The fits performed on seven independent cylindrical nanopores show a surface charge of 0.012 +
0.002 C/m? after chemical etching. Assuming that the PEG is uncharged and has replaced the carboxylate
moieties, the grafting rate can be deduced directly from the ratio of surface charge measured after and
before functionalization. In our experiment 43 % and 27.5 % are found for PEG 5kDa and 20 kDa
respectively, correlate well with the results [26]. The lower value of the functionalization rate for the PEG

20 kDa can be directly correlated with its larger hydrodynamics volume.

a 50T Current (nA) b 50T Current (nA)

25

4 075 05 025 925 05 075 1 4 075 05 025 L 08 S0 98 ©F

Volatge (V) g" Volatge (V)

-25 25

-50 50

-75

75h

'
PEG 5 kD PEG 5 kD
-100 u 2

-100}

Conductance (nS)

Conductance (nS)

102" -

10 102 100 10120__4 U 102 S 100 ]
Concentration (mol.L.=") . . 1
Concentration (mol. L 1)

Figure 2: Characterization of nanopore PEG grafting. IV dependence recorded for NaCl 0.1 M before (blue, circle) and
after (red, circle) grafting PEG 5 kDa recorded for bullet shape nanopore etched (a) 5 min and (b) 6 min. Conductance

as a function of NaCl concentration before (red, circle) and (after, blue square) grafting PEG (c) 5 kDa and (d) 20 kDa
recorded for cylindrical nanopore with diameter about 100 nm.



2. AuNP-PEG characterization

AuNPs are known to aggregate in presence of salt even if they are stabilized by citrate [44]. This is the main
issuefor their detection by the nanoporetechnique, which consists of measuringanioniccurrent. To obtain
stable nanoparticles, the latter were functionalized with SH-PEG. After functionalization, the AuNP were
analysed by dynamic light scattering (DLS) to determine their hydrodynamic radius (Figure 3). From the
autocorrelation functions, we obtained a range of nanoparticles of 38 nm, 64 nm, 71 nm, and 90 nm. The
obtained diameters are larger than those of the starting nanoparticles. This increase is due to the
aggregation of the particles, but also by the polymer layer. We selected this set of 4 AuNPs because no
aggregation occurred after the addition of 1M NaCl as shown by both DLS measurements. In addition, no

shift in the surface plasmon resonance (SPR) band was observed in absorbance measurements.

Figure 3: AuNP characterization and evaluation of the stability. The absorbance of AuNP functionalized with PEG
diameter (a) 38 nm, (b) 64 nm, (c) 90 nm and (d) 71 nm under 1 M NaCl before (red) and after (blue) applying a voltage
3V across a multipore membrane for 1 H. Autocorrelation function of AuNP functionalized with PEG diameter (e) 38 nm,
(f) 64 nm, (g) 90 nm and (h) 71 nm under 1 M NaCl before (red, circle) and after (blue, circle) applying a voltage 3V
across a multipore membranefor 1 H.

The nanopore measurements were performed by applying a constant voltage between -1 Vand -3.5V. To
evaluate the impact of the voltage and salt on their aggregation, the nanoparticles were placed in a half-
cell containinga 1 M NaCl solution separated by a multipore membrane composed of a bullet-like shape
nanopore (tip diameter 100 nm). A current of -2V was applied for 10 minutes. DLS and absorbance
measurements were performed at the beginningand end of the experiment. The results show no significant
difference in the SPRband or the autocorrelation function for the nanoparticles of 38 nm, 64 nm,and 90 nm
diameter. Thus, we can conclude that the PEG-coated NPs are stable under the conditions of the resistive
pulse experiment. For the 71 nm nanoparticles, a shift in the SPR band and a shiftin the autocorrelation
function shows that the particles aggregate after 10 minutes. This may resultin clogging of the nanopore if

the detection experiment is too long.



3. Nanoparticles detection, impact of PEG chains
The detection of nanoparticles was achieved using two types of nanopores with tip diameters of 100 +
30 nm and 130 + 30 nm and the base around 330 nm. The AuNP-PEG was placed on the tip side and a
voltage between -1V and -3.5 V were applied on the opposite side. The passage of the AUNP-PEG induces
a blockage of the ionic current, which is characterized by its relativeamplitude (Al/1,,¢) and time (AT) (Figure

4).
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Figure 4: (a) Sketch of the AuNP-PEG detection using single bullet-like shape nanopore. (b) Zoom on an event and detail
of the features used forthe machine learning. (c) Examples of current trace obtained for the control. Examples of current
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trace obtained for: Detection of (d) AuNP-PEGss, (e) AUNP-PEGes, (f) AUNP-PEGy1, using nanopore 100 nm diameter
functionalized with PEG 20 kDa. Detection of (g) AuNP-PEGss, (h) AuNP-PEG71, using nanopore 100 nm diameter
functionalized with PEG 5 kDa. Detection of (i) AuNP-PEGss, (j) AUNP-PEGss, using nanopore 130nm diameter
functionalized with PEG 20 kDa. Detection of (k) AuNP-PEGes, (I) AuNP-PEGso, using nanopore 130nm diameter
functionalized with PEG 5 kDa.

First, we investigate the impact of the nanopore diameter and the length of PEG chains on the AuNP-PEG
detection. Indeed, we can hypothesize that the PEG will modify the nanopore diameter and its surface
charge (due to the different grafted ratio) and thus have an influence on both the amplitude of the current
blockage and the dwell time. To this end, the experiments were conducted with nanoparticles of diameters
64 and 71 nm using single nanopores of 100 nm and 130 nm tip diameter functionalized with either 5 kDa
or 20 kDa PEGs. In Figure 5, distribution histograms of the current blockade amplitude are reported, as well
as the scatter plot Al/I vs AT obtained AuNP-PEG;; (concentrateto 1,495.10% particles/ml) detected by a
nanopore of diameter 100 £ 30 nm. For the nanopore functionalized by PEG 5 kDa, the distribution of Al/I
is centred on a value of 0.192 whereas it shifts toward 0.223 for the nanopore functionalized with PEG
20 kDa chain. It is also interesting to note that the value of the dwell times is in the order of a second. This
is explained by the crowding of the nanopore induced by the polymer chain as shown previously with the
detection of amyloids [14]. A similar experiment with AuNP-PEGg, (concentrate to 4,475.10° particles/ml)
using a larger nanopores (tip diameter 130 + 30 nm) was performed. The results also show a shift in the
distribution of the Al/I distribution with the length of PEG. Typically, the distributions are centred on 0.092
and 0.179 for the nanopores functionalized with PEG 5 kDa and 20 kDa PEG respectively. In addition, we
observethatthese Al/lvalues are lower thanthose obtained for NPs of similar sizes with a 100 nm diameter
nanopore. This is in good agreement with the fact that the volume occupied by an AuNP-PEGg, inside a
nanopore with diameter 130 nm is lower than the one occupied by a AUNP-PEG>; inside a nanopore with a
diameter of around 100 nm. Interestingly, the dwell times are also dependent on the diameter of the
nanopores. Indeed, for a 100 nm diameter nanopore the median dwell times are in the order of a second
(2.3 and 1.7 for PEG lengths of 5 kDa and 20 kDa, whereas for a 130 nm diameter nanopore the residence
times are 0.48 s and 0.32 s). This can be attributed to the difference of crowding where the AUNP-PEG is
slowing down by the PEG chain when the nanopore is smaller. Unfortunately, it is difficult to determine the
capture under equilibrium to evaluate the impact of nanopore properties on the entrance energy of the
AuNP-PEG. However, we have demonstrated in this section that both the nanopore diameter and the PEG

length have an impact on the signal of the AUNP-PEG detection.
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Figure 5: Impact of nanopore diameter and PEG Mw on the AuNP-PEG detection. AuNP-PEG7: (concentrate to 1,495.1010
particles/ml) detection by nanopore diameter 100 nm * 30 nm functionalized with PEG 5 k Da (blue) and 20 kDa (green)
(a), (b) distribution histogram of Al/I and (c) scatter plot Al/lo vs At. AuNP-PEGss(concentrate to 4,475.10° particles/ml)
detection by nanopore diameter 130 nm # 30 nm functionalized with PEG 5 k Da (blue) and 20 kDa (green) (d), (e)
distribution histogram of Al/I and (f) scatter plot Al/lo vs At.

4. Nanoparticle discrimination

The different functionalized nanopores were then used to discriminate between nanoparticles of different
diameters. First, we considered the nanopores independently according to their diameter and the size of
the PEGs chain used for the functionalization. Indeed, we have previously shown that each of these
parameters has an impact on the amplitude of the Al/I vs At. The scatter plots representing the Al/Ivs At
are plotted in Figure 6 for nanopores of diameter 100 nm and 130 nm functionalized with PEGs of length
5 kDa and 20 kDa. The concentrations of nanoparticles were 1,635.10%° particles/m| for AuNP-PEG3s and
AuNP-PEGgo, 4,475.10° particles/m|for AUNP-PEGg and 1,495.10%° particles/ml for AuUNP-PEG7;.

Initially, we focused on the amplitude of the blockage to try to discriminate the different nanoparticles
analysed with the nanopores. This parameter is independent of the voltage applied for the same nanopore.
Then, the dwell time was taken into account since it depends on the applied voltage, the charge of the

nanoparticles, and their diffusion coefficient inside the nanopore.
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Figure 6: Scatter plot of Al/I vs At obtain by the detection of (a) AuNP-PEGss(green), AuNP-PEGss(red), AuNP-PEG
(blue), using nanopore 100 nm diameter functionalized with PEG 20 kDa, (b) AuNP-PEGss(green), AuUNP-PEGy: (bleu),
using nanopore 100 nm diameter functionalized with PEG 5 kDa, (c) AuNP-PEGss (green), AuNP-PEGes (red), using
nanopore 130 nm diameter functionalized with PEG 20 kDa, (d) AuNP-PEGg (magenta), AuUNP-PEGes (red), using
nanopore 130 nm diameter functionalized with PEG 5 kDa.

For the 100 nm diameter nanopore functionalized with 20 kDa PEGs, the Al/I distributions allow clear
discrimination of nanoparticles of AuNP-PEGsgand Au-PEG51. They overlap the Al/I distributions of AUNP-
PEGs4. Nevertheless, the centres of the distributions, 0.104, 0.137, and 0.224, for nanoparticle diameters of
38 nm, 64 nm, and 71 nm, respectively are significantly different. By functionalizing the nanopore with PEG
5 kDa, we also notice that the Al/I allow the discrimination of nanoparticles of diameters 38 nmand 71 nm.
The detections of the nanoparticles carried out with a 130 nm diameter nanopore functionalized with a
20 kDa PEG chain show, as for the 100 nm nanopore, an overlap of the Al/I distributions of AuNP-PEG35 and
AuNP-PEGe,4 even though the distribution centres of 0.125 and 0.1658 respectively are different. For the
nanopore functionalized with a 5 kDa PEG chain, the 38 nm nanoparticles could not be detected. However,
the Al/l distributions shifted tolarger values (0.092 and 0.156 for 64 nm and 90 nm diameter nanoparticles

respectively). Nevertheless, the distributions overlap, making it difficult to discriminate between samples

14



on this single parameter. Regardless of the nanopore, thediscrimination of the different AuUNP-PEG is better
once the dwell time is considered. Indeed, the At of AuUNP-PEGg, is shorter than the other. In this case, the

cloud dots are perfectly separated making the discrimination of the AUNP-PEG suitable.

5. Machine learning

We have demonstrated the possibility to discriminate different nanoparticles using nanopores of similar
diameter and functionalization. However, the problems that can be encountered with solid or polymeric
nanopores is the inherent variability of their size. That does not exist in biological nanopores. Thus, it is
essential to be able to discriminate between samples using nanopores with different diameters to expect
to mergeseveral experiments. To do this, a simpleanalysis of blockade amplitudeand timeis not sufficient.
The current blockages can be characterized by several parameters as we have previously reported [40]
(Figure 3). Thus, for each event we have reported the average (Ala/1) and maximum (Alnay/1) relative
amplitude. These two values differ since the maximum amplitude is assumed to be the one obtained when
the nanoparticleis located exactly at the entrance of the nanopore whereas the average takes into account
the passage of the entire asymmetric detection zone. In addition to the dwell time (At), we also noted the
right (tr) and left times (t.) which are those relative to the time it takes for the nanoparticle to reach the
entrance and to extract itself from the nanopore. These times make sense since the nanopore is
asymmetric. We also defined the right (Sg) and left slopes (Sg) which are relative to the decrease and
increase of the current as a function of time. The area (A) under the curve is a function of both the time and
the amplitude of the blockage.

Thus, we defined for each blocking a set of 8 features to characterize each blockade event. To build the
complete dataset using the different nanopores, it is important to include the diameter of the nanopore
and the Mw of the PEG used for the functionalization. In addition, the parameters involving the time (i.e.
At, tg, t, Sk, SL and A) are dependent on both the applied voltage and the properties of the nanoparticles. It
is therefore essential to add the applied voltage as a feature in the dataset. The latter was built by the
summation of all event parameters from the different nanopore. Then the datasets were split into two
groups where 80% of the events were randomly selected to train the learning algorithm. The remaining
20% were used to test the algorithm. In order to discriminate the samples, we used a neural network
classification learning. This supervised learning method is suitable for the present problem since it uses an
interconnected data set. The input parameters are combined to define a hidden layer with the output,
which in our caseis the diameter of the nanoparticle.

The first set of analysis consists of training a neural network model with a dataset obtained from the
detection of AuNP-PEGsg and AuNP-PEGgs using nanopore with diameters of 100 nm and 130 nm
independently. The confusion matrices reported in Figure 7 shows for the 100 nm nanopore an error rate
of less than 0.6% when training the algorithm. However, the accuracy of the test phase reaches 100%. For

the 130 nm nanopores the result shows the accuracy of 100% in both the training and test phases. This
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result is not surprising since the scatter plot shows a good discrimination of the nanoparticles. However,
the contribution of the learner classification makes possible the nanoparticles discrimination even if the
nanopore have different functionalization of applied voltage. Thus, it is possible to combine easily data
coming from different nanopore experiment as soon as their characteristicbecomes a feature implemented

in the algorithm.
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Figure 7: Confusion matrices (a) training and (b) test showing the capability to discriminate the AuNP-PEG 3s and AuNP-
PEG 64 using nanopore with diameter 100 nm. Confusion matrices (c) training and (d) tests showing the capability to
discriminate the AUNP-PEG 33 and AuNP-PEG s4 using nanopore with diameter 130 nm. Confusion matrices (e) training
and (f) tests showing the capability to discriminate the AuNP-PEG 3sand AuNP-PEG s4 using bullet shape nanopore with
different nanopore size, functionalization and voltage.

To go further, we trained the neural network algorithm with data from nanopores with different diameters
and functionalization. The interest here is to be able to accumulate independent experiments. The results
represented on the confusion matrix show that in the training session the accuracy is 95.4% for Au-NP-
PEGsg and 99.5% for AuUNP-PEGe4 nm nanoparticles. However, in the test phase the accuracy is 100%, i.e.
the algorithm correctly classifies both types of nanoparticles. This shows that even if track etched
nanopores are not a priory the most efficient choice for nanoparticle discrimination because of their
unpredictable geometry, when combined with machine learning they can be an ally of choice for the

development of precision analytical techniques.

Conclusion

To sum up, the present work was motivated in the overcoming of the limitation of the track-etched
nanopore to cumulate different independent experiments in discriminating the same sample. To this end
we have designed a bullet-like shape nanopore with diameter about 100 nm and 130 nm functionalized
with PEG 5 kDa and 20 kDa. The detection of a set of AUNP-PEG shows an influence of both the nanopore
diameter and PEG size. To discriminate the nanoparticle, the relative current blockade is not sufficient for
the nanopore with diameter 130 nm. However, the use of two parameters (Al,,/l, At) allows the sample
discrimination using each nanopore independently. We define each event from the independent
experiment with set of 8 and 3 features to define the blockade and the nanopore respectively. The use of
neuronal network classification shows the accuracy of 100% for the testing when all the independent
experiments are cumulated. This result proves that despite the variability of thetrack-etched nanopore size
and surface state, the use of machine learning allows discriminating samples from several independent
experiments as for the biological nanopore. Knowing that the variability of nanopore size after fabrication
alsoexist for theSiN drill by controlled dielectricbreakdown and the nanopore pulling, such approach could

be easily extended to all solid-state nanopores.
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