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ABSTRACT: Resistive pulse sensing (RPS) is an analytical
method that can be used to individually count particles from a
small sample. RPS simply monitors the physical characteristics of
particles, such as size, shape, and charge density, and the
integration of RPS with biosensing is an attractive theme to detect
biological particles such as virus and bacteria. In this report, a
methodology of biosensing on RPS was investigated. Polydop-
amine (PD), an adhesive component of mussels, was used as the
base material to create a sensing surface. PD adheres to most
materials, such as noble metals, metal oxides, semiconductors, and
polymers; as a result, PD is a versatile intermediate layer for the
fabrication of a biosensing surface. As an example of a biological
particle, human influenza A virus (HIN1 subtype) was used to
monitor translocation of particles through the pore membrane. When virus-specific ligands (6-sialyllactose) were immobilized on
the pore surface, the translocation time of the virus particles was considerably extended. The detailed translocation data suggest that
the viral particles were trapped on the sensing surface by specific interactions. In addition, virus translocation processes on different
pore surfaces were distinguished using machine learning. The result shows that the simple and versatile PD-based biosensor surface
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design was effective. This advanced RPS measurement system could be a promising analytical technique.

KEYWORDS: resistive pulse sensing, biosensor, polydopamine, virus, machine learning

B INTRODUCTION

Resistive pulse sensing (RPS) is a candidate for early diagnosis.
RPS, also known as the Coulter principle,' can detect particle
translocation through a pore membrane by monitoring the
ionic current flow. This technique can obtain information on
the number of particles and their size, which are useful for the
measurement of biological molecules or particles.” Therefore,
artificial pores for RPS measurement have been developed for
the detection of nucleic acids,”* peptides,” proteins,®’
viruses,'°* bacteria,'>'® and extracellular vesicles.'’~*° An
advantage of RPS is that the particles can be analyzed
individually, which allows for monitoring the physical
characteristics of the analytes such as size, shape, and charge
density.”' 7> Dynamic light scattering, particle tracking
analysis, differential centrifugal sedimentation, and trans-
mission electron microscopy (TEM) are conventional particle
measurement techniques. RPS can be used to calculate the
particle size distribution using an individual particle analysis
similar to techniques such as TEM.”' However, RPS cannot
usually monitor the biological information of the particles. For
example, particle analytical methods, such as microcapillary
electrophoresis with a laser dark-field microscope'’ and
asymmetric flow field-flow fractionation,”” can be used to
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evaluate the characteristics of biological particles. Therefore,
integration of biosensing on RPS is an attractive theme to
expand the scope of the RPS application.

Typical detection methods for biomolecules, such as western
blotting and enzyme linked immunosorbent assays, use specific
interactions for target detection. The core technology for
specific detection is the design of a biosensing surface, which
affects the detection performance. For example, the sensing
performance of a label-free biosensing system, such as surface
plasmon resonance (SPR), quartz crystal microbalance
(QCM), and surface acoustic wave (SAW)-based biosensor,
strongly depends on the biosensing surface fabricated on a gold
sensor chip.””** Therefore, a methodology for a biosensing
surface integrated with RPS may be an advanced analytical
technique.
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Figure 1. Conceptual rendering of this work. (a) Polymerization scheme of PD. 3-Hydroxylthyramine (dopamine) becomes S,6-dihydroxyindole
through oxidization. The PD layer is formed by oxidation polymerization from $,6-dihydroxyindole. (b) Strategy of surface modification on the
pore surface. The polyurethane nanopore was immersed in a dopamine solution to form a PD layer on the surface. PD is a melanin-like structure on
the pore that was clearly stained dark. AOUT was immobilized on the PD layer via Michael-type addition. 6’-siallylactose was immobilized on an
aminooxy-moiety on the surface via glycoblotting. (c) Illustration of the viral particle measurement. If a particle is trapped on the biosensing
surface, differences in the translocation process cause differences in the waveform compared with the untrapped case.

A common method to monitor specific interactions using
RPS is the conjugation technique. For example, antigen and
antibody interactions form conjugates, which produce a size
change in the analytes.'””” It is also possible to prepare
particles immobilized with ligands that bind specifically to the
analyte and then confirm the presence of the analyte by
aggregation or complex formation.”””*" Nanocarrier-based
detection systems have also been reported. In this technique,
sensing ligands, such as nucleic acid and peptides, are
immobilized on the nanoparticles (nanocarriers); the surface
characteristic changes on the nanocarriers derived from the
detection of analytes were evaluated using RPS measure-
ments.””** The other approach is immobilization of ligands on
a pore surface) #473¢ This technique generates biological
interactions between the pore surface and analytes, which are
recorded as changing the ion current or the translocation
time 3638

Functionalization of pore surfaces has been emphasized
along with the development of RPS, and various functions,
such as rectification, can be introduced to the pores.””~** The
materials of the pores used for functionalization are also
diverse, including semiconductors, ' glass,40 and various kinds
of polymer membranes.*"**~*

Based on the above reasons, an investigation of pore
functionalization can enhance the value of RPS."*** One
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problem is the fabrication process of a biosensing surface on a
pore because the surface modification is restricted by the base
material of the pore surface. In previous reports, pores were
prepared in a variety of materials, such as quartz, semi-
conductors, and polymers, making it difficult to simplify the
surface modification process. Development of a versatile
fabrication methodology to create a biosensing surface on a
pore surface could make the RPS measurement an advanced
biosensing system.

A polydopamine (PD) layer-based biosensing surface is a
promising candidate to fabricate the biosensing surface on a
pore surface. PD is an adhesive component of mussels, and it
can adhere to most materials such as noble metals, metal
oxides, semiconductors, and polymers.48 In addition, PD can
be further immobilized using amine- or thiol-terminated
molecules via a Schiff-base reaction or Michael-type addition.*’
Therefore, PD may be a versatile intermediate layer for the
fabrication of a biosensing surface. The validity of this
functionalization method on extremely small 5gore surfaces
for RPS was confirmed in our previous reports.

In this report, the fabrication of a PD-based biosensing
surface on a pore for RPS was investigated. The experiments
were performed using qNano, a platform for tunable resistive
pulse sensing (TRPS). TRPS can control the pore size by
tensile force (called stretch) to optimize the measurement
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Figure 2. Illustration of the RPS measurements and histograms of the duration of ion current pulses. Viral particles were measured using a () bare
polyurethane and (b) 6’-siallylactose-immobilized pore. As a control, polystyrene particles were measured using the same surfaces (c,d). (e—h)
Baseline and (i—1) fwhm duration histogram of each experimental result.

condition for the target particle size,”” which is suitable for
biological particles such as viral particles and bacteria that are
approximately a hundred nanometers to several micrometers in
size.>*** Human influenza A virus (HIN1, PRS strain) was
used as a model of biological nanoparticle. The influenza virus
*° and it

has hemagglutinin spike protein that binds sialic acid expressed

is an envelope virus with a diameter of 80—120 nm,

on a cell surface for infection.”® For example, human influenza
virus recognizes the NeuSAca(2—6)Gal moiety on a cell
surface. Therefore, 6'-sialyllactose (NeuSAca(2—6)Galf(1—
4)Glc) was immobilized on the pore surface for biosensing.
Recently, machine learning for RPS has emerged as a
technology for analytical systems.'””'*'® Interestingly, this
technique uses the information of a waveform (measured pulse
shape) to distinguish analyte types. Machine learning is
accurate enough to identify subtypes of influenza viruses that

3

. . . P 1
are nearly identical in characteristics. © Therefore, trans-
location processes of virus particles on a PD-based biosensing

pore surface were also evaluated using machine learning.
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B RESULTS AND DISCUSSION

Immobilization Strategy of a Ligand on the Pore
Surface and Virus Measurements. A conceptual rendering
of this work is shown in Figure 1. The key PD layer material
was immobilized on the pore surface by oxidation polymer-
ization.””" When dopamine is dissolved in Tris-buffer, it starts
to oxidize immediately. Oxidized dopamine became S§,6-
dihydroxyindole and then formed PD by oxidation polymer-
ization (Figure la).

In this report, the RPS measurement was performed using
“gNano Gold,” a commercially available nanoparticle analyzing
system. The pores for qNano are prepared by penetration of a
polyurethane membrane using a needle;>” therefore, the
materials of the pores are completely polyurethane, and the
shape of the pore is conical.”* Most material types, including
noble metals and polymers, can be coated by a PD layer when
the materials were immersed in a dopamine solution.’® After
soaking in the dopamine solution, the polyurethane pore was
stained dark color because PD is a melanin-like structure
(Figure 1b). Therefore, the PD coat can be confirmed visually.

After immobilization of the PD layer, the pore was immersed
in a 11l-aminooxy-1-undecanethiol (AOUT) solution (etha-

https://doi.org/10.1021/acsami.1c25006
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Figure 3. Result of the virus measurements using a (a) 6'-siallylactose (specific) and (b) 3'-siallylactose (nonspecific)-immobilized pore surface.
(c—e) Baseline duration histograms of 6'-siallylactose (red), 3’-siallylactose (blue), and merged. (f—h) fwhm duration histograms of 6’-siallylactose
(red), 3'-siallylactose (blue), and merged. 76 and 62% of the area overlapped on the baseline and fwhm duration histograms, respectively. (i,j)
Scatter plots of individual measured pulse on 6'-siallylactose (n = 566) and 3’-siallylactose (n = 1433). The average baseline ion current values were
56.5 and $9.8 nA, respectively. (c,f) are the same data from Figure 2fjj used to compare the results.

nol). In this process, the thiol moiety of AOUT reacts with the
PD layer via Michael-type addition.”” The validity of this
technique for pore immobilization was previously re-
ported.””" 6'-Sialyllactose was immobilized on an aminooxyl
moiety via the glycoblotting technique.”® To confirm 6'-
sialyllactose immobilization on the PD layer, the same
experiment was performed on a QCM sensor chip. After
immobilization of the PD layer on the QCM sensor chip (4.21
+ 0.08 ng/mm’ n = 3, Table S1), 6'-sialyllactose was
immobilized on the PD layer. As a result, 2.15 + 0.09
molecules/nm? (n = 3) of 6'-siallylactose were immobilized on
the PD layer (Table S2). This result is not necessarily the same
on PD layers formed on pore surfaces; however, it is useful for
understanding the binding of 6'-sialyllactose to the PD layer.

The baseline ion current value was reduced from 82.4 + 0.6
to 55.3 + 3.1 nA (n = 3), which is due to the pore closure
following the pore immobilization procedure. The size of the
nanopore for qNano is not uniform because pores are prepared
by penetration with a polycrystalline tungsten needle.”> Pore
geometries and current value characteristics have been
previously described for measurements of 100 nm polystyrene
nanoparticles.59 In this study, the diameter of the narrowest
part of the pore is approximately 1 ym in a stretched position,

59,60
pm.””’

and the thickness of the pore is approximately 160—200
In addition, the resistance of the conical pore depends
on the diameters of the narrowest and widest part.”” Therefore,
the change in pore diameter due to layer formation can be
estimated from the change in ion current. Since the diameter of
the widest part is several tens of micrometers, the effect of the
current value change by layer formation is almost negligible,
and the diameter change of the narrowest part affects the
current value change predominantly. As a result, the ion
current value is proportional to the diameter of the narrowest
part almost linearly. In this immobilization procedure,
approximately 30% of ion current was reduced after pore
immobilization, which indicates that a biosensing film with a
thickness of approximately 150 nm was formed on the pore
surface. Although not a model for conical pores, another
previous report has also shown that the ion current value is
proportional to the pore diameter linearly.”' Therefore, this
estimation would be reasonable.

Human influenza A virus (HIN1, PRS strain) was measured
using this pore surface to evaluate the prepared biosensing
surface on a pore (Figure 1c). When a particle traversed the
pore membrane, the ion flow blocked by this translocation
changes the ion current, which is called a pulse. If the viruses

https://doi.org/10.1021/acsami.1c25006
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Figure 4. Extracted individual pulses measured on the (a—o) 6’-sialyllactose-immobilized pore (red) and (p—y) 3’-sialyllactose-immobilized pore

(blue).

interacted with the biosensing surface, the virus particles were
trapped during the translocation process, which extends the
translocation time.

The results are shown in Figure 2. In this experiment, the
virus particles were measured using an intact bare polyurethane
pore (Figure 2a) and a 6'-siallylactose-immobilized pore
(Figure 2b). As a control experiment, standard polystyrene
nanoparticles (mode size: 110 nm, mean size: 110 nm) were
also measured using the two pores (Figure 2c,d). The qNano
particle measurement system provides two time parameters
from the obtained pulses (Figure 1lc). One is a baseline
duration that represents the time until the current value returns
to the baseline. The other is the full width at half-maximum
(fwhm) duration, which is calculated by the pulse half-width
relative to the pulse wave height. Both time parameters depend

20172

on the translocation of the particles; the fwhm duration is
especially used as a translocation time of the particle through a
pore.”®” The baseline duration and fwhm duration of each
result are shown in Figure 2e—L

According to this result, both the baseline and fwhm
duration times of the virus measurement considerably
increased when 6'-siallylactose ligands were immobilized on
the pore surface. The average of the translocation time of the
virus particles increased from 0.28 to 1.74 ms. The mode peak
in Figure 2i completely disappeared in Figure 2j, which means
that nearly all of the translocation processes of the virus
particles were affected by the biosensing surface on the pore.
The dissociation constant (K;) between the influenza virus and
sialic acid immobilized surface is 1 X 10~7 M;®* therefore, virus
particles trapped by this interaction increase the translocation
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ACS Appl. Mater. Interfaces 2022, 14, 20168—20178


https://pubs.acs.org/doi/10.1021/acsami.1c25006?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c25006?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c25006?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c25006?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c25006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

time. Note that the fwhm duration time of some virus particles
was greater than 3.0 ms (outside of the graph), indicating that
several particles were trapped by the specific interaction. The
complete dataset is shown in the Supporting Information as
scatter plots (Figure S1).

As a control experiment, polystyrene standard nanoparticles
were also applied to the same pore surfaces. The average
translocation time was slightly increased (Figure 2k]1), though
not remarkably, compared with the virus translocation time.
There are some possible reasons for this result. The pore size is
reduced because of the immobilization of the sensor surface,
which creates a slight delay in passing the particles. The
presence of electroosmotic flow could also be a reason for this
delay. In the case of the 6'-siallylactose-immobilized surface,
the surface charge becomes anionic in the neutral condition
because the pK, value of sialic acid is 2.6.°* The generated
electroosmotic flow by the counter cation layer opposes the
pressure-driven flow and any electrophoresis for the particles
and may cause a delay of translocation. Nonspecific weak
interactions, such as van der Waals force and hydrogen bonds,
are also potential reasons for this delay. In any case, strong
trapping was not observed in the case of polystyrene particles.

Translocation Difference between Specific and Non-
specific Surfaces. The previous results confirm that the
measured particles interacted with the biosensing surface,
which increases the translocation time. Alternatively, the pore
size decreased by the modification process, which may affect
the translocation time. This reduction is derived from the pore
closure by the modified sensing layer. To more clearly
understand the specific interaction between the virus and the
biosensing surface on a pore, 3’-siallylactose, a known receptor
of the avian influenza virus, and a similar chemical structure to
6'-siallylactose (Figure 3a,b), was immobilized for nonspecific
experiments. The average ion current value of the prepared 3’-
siallylactose-immobilized pore was 55.0 = 4.4 nA (n = 3),
which is near the value of the 6'-siallylactose-immobilized pore.
Both the baseline and fwhm durations of the 3’-siallylactose-
immobilized surface (Figure 3d,g) were shorter than that of 6’
siallylactose (Figure 3c,f), which indicates that the specific
interaction affected the translocation process of the virus
particles. The average fwhm translocation time was nearly 3
times longer than the nonspecific interaction. To confirm the
reproducibility, the same experiment was repeated three times
using different pores, and similar results were observed (Figure
S2). However, the distribution area of the translocation times
for 6'-siallylactose and 3'-siallylactose widely overlapped
(Figure 3eh); therefore, whether a pulse is specific or
nonspecific cannot be simply distinguished by the translocation
time. The trapping of the viral particles on the biosensing
surface is a stochastic phenomenon; some particles are trapped
over a long time and some particles are trapped over a short
time. Therefore, a more detailed evaluation of the extended
translocation time because of the particle—surface interaction
is needed.

The individual pulses obtained from the translocation of the
viral particles were evaluated to understand the translocation
process of each viral particle. Figure 4 shows the representative
measured pulses using a pore immobilized with 6’-sialyllactose
(specific, red) or 3'-sialyllactose (nonspecific, blue), which can
demonstrate the interaction with the pore visually. The
transition of the current stopped temporarily in the trans-
location process when the viruses were measured using the 6'-
sialyllactose pore (Figure 4a—o). For example, the pulses in

Figure 4a—j showed that current values had temporarily
stopped at the bottom and then returned to the initial level.
Accordingly, it is expected that viral particles were trapped by
the 6’-sialyllactose surface. As mentioned in Figure 3, the
translocation time was statistically longer on specific surfaces
(6'-sialyllactose) than on the nonspecific surface (3'-
sialyllactose). Alternatively, there are some cases where the
translocation time of virus particles is long even though the
surface is nonspecific (Figure 4p—y). The waveforms of these
two groups are different.

The expected translocation processes of the viral particles
are shown in Figure 5. A typical case is the transition of current

2 2

Figure 5. Expected translocation processes of a viral particle from the
pulse shape. (a) Translocation type of Figure 4a—j. The virus particles
were trapped at the narrowest point of the pore surface by a specific
interaction. (b) Type of Figure 4k]; the virus pulses were trapped
inside from the narrowest point of the pore. (c) Behavior type of
Figure 4m—o. The virus particles were captured on the pore surface
multiple times and then released from the pore. (d) Translocation
type of Figure 4p—y. The viruses were not trapped on the nonspecific
pore surface.

changes that stopped temporarily at the bottom (Figure 4a—j),
which indicates that the viruses were trapped at the narrow end
of the conical pore (the point where the pore cross-sectional
area is the smallest, Figure Sa). Consequently, the current
stopped when the ion blockade was maximized. As shown in
Figure 4k, the current changes did not stop at the bottom,
which indicates that the virus was not trapped at the narrowest
point and instead trapped inside the pore. As a result, the
current-stopped area in the pulse shape appeared at slightly
higher than bottom (Figure Sb). Moreover, trapping of the
virus particles did not always occur only one time. Figure 4m—
o shows that the current changes stopped a few times,
indicating multiple entrapments of the virus particles on the
pore surfaces in the translocation process (Figure Sc). In
contrast, current changes did not stop in the translocation
processes when viral particles were measured using the 3'-
sialyllactose-immobilized pore (Figure 4p—y). The nonspecific
interactions of the pore surface showed the extension of the
translocation time compared with the bare polyurethane
surface (Figure 2i); however, this interaction was not strong
enough to trap viral particles on the pore surface.

Note that the pulses in Figure 4 were captured where the
interaction is clearly visible. The interaction is stochastic, and
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Figure 6. Scatter plots of pulse width (ms) vs height (nA). (a) Red dots describe the pulses generated by the translocations of virus through the 6'-
sialyllactose-immobilized pore (specific). (b) Blue dots are generated by the translocation through the 3'-sialyllactose-immobilized pore
(nonspecific). (c) Merged data of (a)b). (d) Confusion matrix of the pulse discrimination by the trained machine learning model. Upper left and
lower right are the numbers the model successfully classified to true. The accuracy and F-measure values were 0.835 and 0.835, respectively.

there are cases where the interaction is weak or absent.
Therefore, there is a limit to classifying these interactions
visually, and a more developed evaluation method is needed to
solve this problem.

Advanced Evaluation of the Virus Translocation
Process. A biosensing technique on RPS is a promising
method to selectively detect target particles. Target particles
are trapped on the pore surface, which can be monitored by
pulse shapes. This translocation process is a stochastic
phenomenon in which the translocation time of the particles
has a large distribution range. As previously mentioned, the
dissociation constant (K;) between influenza virus and a sialic
acid-immobilized surface is 1 X 1077 M;63 however, this
interaction strength is caused by multivalent bindings. For
example, the equilibrium dissociation constant (K;) range of a
lectin—carbohydrate binding is 107 to 10~ M.*> Therefore,
the binding strength depends on the degree of multivalent
bindings. For example, the trapped time of the virus particle in
Figure 4j is longer than 10 ms, while the trapped time in Figure
4k is less than 2 ms. As a result, more than 60% of the
translocation time distribution histograms overlap between
specific and nonspecific binding (Figure 3h), which makes it
difficult to use the simple translocation time parameter to
divide the specific and nonspecific groups.

Various approaches may be considered to improve the
measurement result. One is to increase the binding strength for
detection. For example, increasing the density of a ligand on a
surface will increase multivalent bindings, reducing the
overlapped area between specific and nonspecific bindings.
In this method, the risk of pore clogging, one of the most
significant problems of the RPS measurement, also increases.

20174

Once a clog has occurred, the measurement will stop
completely until the clogging problem has been removed.
Particle trapping on the pore surface shows a traffic jam of
translocations, which is a risk to inducing a pore clog. In our
experiment, the pore was clogged immediately at the viral
particle measurement when the 6'-siallylactose immobilization
efficacy was increased. As a result, this approach is not suitable.

The other approach is detailing the time traces of individual
events measured by qNano via Al. The measured pulses have
the information for classifying specific and nonspecific binding
during the translocation process. However, analysis software
for qNano (Control Suite) can only export a limited number of
parameters such as the translocation time and pulse wave
height. Therefore, a machine learning technique was used
instead of the default software. Al technology, including
machine learning, is an emerging method to classify measured
particles. For example, an ultrathin nanopore (low aspect ratio
nanopore) with machine learning can distinguish measured
viral particles'*~"* because the ultrathin nanopore can measure
the cross-sectional information of particles by blocking the
current changes.n’66 In this method, the feature values
extracted from the obtained pulses then apply to the
classification model (i.e., support vector machine, random
forest, rotation forest, or neural network). Finally, optimization
of the decision boundary was performed for the identification
of particle species.

In the case of nanopores for gNano, the thickness of the
nanopore membrane is several tens of micrometers,”* which is
much larger than the nanoparticles (high aspect ratio pore).
Although not as accurate as low aspect ratio pores, high aspect
ratio pores can also be used to determine particle shape
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information and other information from the pulse shape.”**

Therefore, it can be effectively used for machine learning even
at high aspect ratios. In addition, an extremely thick pore
membrane has a greater chance to interact with measured
particles when a biosensing surface is fabricated on a pore
surface. Nearly all of the particles are affected by the pore
surface according to the translocation time of the viral particles
(Figure 2ij). Therefore, machine learning was applied to
pulses measured from 6'-siallylactose- and 3’-siallylactose-
immobilized surfaces to investigate the usability of this
approach.

In this evaluation, 267 pulses were obtained as feature value
sets from the influenza virus translocations through the 6’-
sialyllactose-immobilized pore for the machine learning
training. 334 pulses obtained as feature value sets from the
3'-sialyllactose pore translocation were used for the training as
well. Many of the pulses identified by the pulse extraction
procedure for the gNano include fluctuations in the current
value and noise so that it is difficult to visually judge whether
they are pulses or not. For machine learning, the baseline
estimation was performed using a Kalman filter to remove the
noise and extract the pulses from current data. Because
machine learning identifies pulses by their waveforms, the
criteria for being processed as a pulse is stricter than for the
gNano. As a result, the number of pulses used for machine
learning is fewer than for the qNano. The average baseline
duration time for machine learning was 5.08 ms, which differs
from that for qNano of 7.02 ms. The result shows that the
pulse selection made by the machine learning is systematically
different from gqNano.

The pulses were then used for machine learning. This
algorithm has been implemented in the Aipore-One, an Al
particle analysis software, as previously reported.®” The feature
value sets (i.e., measured pulses) were randomly selected so
that the number of feature value sets of the two trainings were
the same to create a fair discriminator. A series of machine
learning algorithms based on the shape of waveforms have
been previously described.”” Figure 6 shows the plots of the
height and width of the pulses used for the training.
Distributions of the 6'-sialyllactose (Figure 6a) and 3’-
sialyllactose (Figure 6b) plots overlapped extensively, and it
was difficult to draw a boundary to divide the two groups
(Figure 6¢). Note that the pulse widths (baseline duration)
estimated by the qNano and those estimated for machine
learning were not the same because of the different baseline
estimation methods.

Because the obtained feature space is multidimensional, it is
difficult to visually identify the classification boundaries as
shown in the scatter plot in Figure 6¢. Therefore, the confusion
matrix of the cross validation is shown in Figure 6d as an
evaluation of machine learning. The accuracy of the
discrimination, the number of pulses correctly predicted by
the trained model divided by the total pulse number, was
0.83S5. The F-measure, the harmonic average of the precision
and recall, is commonly used to evaluate the accuracy of a
model on a dataset, and the result was 0.835. The F-measure is
the discrimination accuracy for a single pulse, namely, the
confidence interval will be infinitely close to 1 by increasing the
number of pulses for identification. Therefore, the result
indicates that nearly certain identification can be obtained by
several pulses.

Prospects of PD-Based Biosensing on RPS. According
to these evaluations, biosensing on RPS is a promising

technique to detect the specific interaction. The translocation
processes of viral particles change according to the surface type
of pores, such as 6'-sialyllactose and 3’-sialyllactose (Figure
3a,)b), which can be recorded as pulse shapes. Therefore, the
measurement results of the virus particles could clearly
distinguish the difference between the two surfaces. The
simple and versatile PD-based biosensor surface design worked
effectively. This biosensing technique is a fundamentally
different mechanism than conventional biosensing systems,
which would be a breakthrough of biosensors. For example, a
sensing system for monitoring intermolecular interaction such
as SPR, QCM, and SAW sensors measures collective
adsorptions and dissociations of analytes, while RPS monitors
a translocation process of analytes individually, which will work
well for trace analysis. However, the obtained translocation
processes including specific interaction of these particles are
stochastic, and there are cases where the interaction is long and
cases where it is very short or absent. Consequently, the
translocation time of viral particles varies over a very wide
range depending on the degree of interaction, and the particles
cannot be simply classified by the presence or absence of
interactions. Therefore, RPS needs to be improved to identify
individual particles and details of their interactions such as the
kinetic parameter.

A goal of RPS is to identify pathogenic particles for
diagnostic purposes. While the results of this study clearly
confirmed the existence of virus—pore surface interactions, the
stochastic nature of the virus—pore surface interaction makes it
difficult to identify particles one by one in the current method.
To detect a specific virus among the foreign particles, it is
necessary to improve RPS including a design of pores that can
generate interactions efficiently. Additionally, there have been
attempts to identify this solely through AI particle analysis
without any interaction such as biosensors.'>' >’ If biosensing
on a pore surface is incorporated, the identification perform-
ance would be further improved by the addition of specific
interactions. In most cases, the RPS measures at least a few
dozen particles, so even if it is not possible to identify each
passing particle individually, it is possible to determine the type
of pathogenic particles in a sample. A PD-based biosensing
surface may be a versatile technique to support the
identification of particle species on RPS.

B CONCLUSIONS

In this report, a methodology of biosensing on RPS was
investigated. An important process for biosensing on RPS is
the preparation of the pore surface. As a versatile surface
modification method, a PD-based layer was fabricated on the
pore surface, and then sialic acids were immobilized for
influenza virus detection. The measured viral particles were
trapped on the biosensing surface and the translocation time of
the particles increased. According to the measured RPS data,
the translocation processes showed different trends for specific
and nonspecific surfaces. In our experiment, the difference was
evaluated using machine learning; however, any method will
work if the difference of the translocation processes can be
evaluated. Biosensing on RPS can detect a target via a
mechanism different from conventional analytical techniques,
which can expand the research area of biosensors.

B EXPERIMENTAL SECTION
Materials, Reagents, and Equipment. 3-Hydroxytyramine
(dopamine) hydrochloride, AOUT, 6'-sialyllactose (NeuSAca(2—
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6)Galf(1-4)Glc) sodium salt, and 3'-sialyllactose (NeuSAca(2—
3)Galf(1—4)Glc) sodium salt were purchased from Tokyo Chemical
Industry Co., Ltd.,, Tokyo, Japan. The particle measurements were
performed using a qNano nanoparticle analyzer, NP100 (nanopore,
conical hole formed on a polyurethane membrane), and CPC100B
(standard polystyrene nanoparticles for calibration, mode size: 110
nm, mean size: 110 nm, raw concentration: 1.0 X 10'3 particles/ mL)
purchased from Izon Science Ltd., Christchurch, New Zealand.
Human influenza A virus subtype HIN1 (A/PR/8/34) was grown in
embryonated chicken eggs. This growth was carried out in a biosafety
level 2 laboratory. The collected virus solutions were detoxified using
a 0.05% formaldehyde solution. The characteristics of the virus and
the specific interaction between the virus and 6’-sialyllactose were
previously reported.’>*® A NAPiCOS (QCM, Nihon Denpa Kogyo
Co., Ltd., Tokyo, Japan) system was used.

Preparation of the Biosensing Surface on the Pores. The
preparation of the PD layer on a nanopore was previously
reported.’”' A pore was soaked in 2 mg/mL dopamine solution
[10 mM of Tris-buffer (pH 8.5)] for 15 min in a 25 mL conical tube.
This operation was performed on a microplate mixer (shaker) to fill
the pore with solution. TRPS can adjust the pore size by applying a
stretch; however, the process of surface modification was carried out
without the stretch. The pore was washed with deionized (DI) water
and then soaked in 1 mM AOUT ethanol solution (15 h, 4 °C) to
immobilize AOUT molecules on the PD layer via Michael-type
addition.”” The pore was then washed by ethanol and DI water. The
pore was immersed in 0.1 mM 6'-sialyllactose solution (pH S.3, acetic
acid) for 30 min at RT for 6'-sialyllactose immobilization via a
condensation reaction between the aminooxyl group and glucose.””*
As a control experiment, 3’-sialyllactose-immobilized pore was also
prepared using the same method.

QCM Measurements. To estimate the amount of immobilized 6’-
sialyllactose indirectly as supplementary data, the same experiment
was performed using QCM measurements. The surface immobiliza-
tion procedure was the same as the case of the pore. The gold sensor
chips were exposed in 2 mg/mL dopamine solution [10 mM of Tris-
buffer (pH 8.5)] for 1S min. The relative frequency changes were
converted to the immobilized amount of the PD layer (Table SI).
PD-immobilized QCM sensor chips were soaked in 1 mM AOUT
ethanol solution (15 h, 4 °C). These sensor chips were then exposed
to 0.1 mM 6’-sialyllactose solution (pH $.3, acetic acid) for 30 min at
RT for 6'-sialyllactose immobilization via a condensation reaction
between the aminooxyl group and glucose.””* The relative frequency
changes were converted to immobilized amounts of 6-sialyllactose
molecules (Table S2).

Measurement of Human Influenza A Virus Subtype HIN1. A
6’-sialyllactose-immobilized pore was placed on a fluid cell of the
gNano particle analyzer, and both sides of the pore were filled with
%x0.33 PBS (1/3 PBS). After conduction of the device, the virus was
placed on a fluid cell for measurement (2.08 X 10° particles/mL). The
applied pressure, stretch, and voltage were 1 kPa, 47.01 mm, and 1.5
V, respectively. These parameters affect the measurement conditions.
For example, an applied stretch changes the ionic current by
controlling the pore size.”* The pressure was applied to force the
nearly electrically neutral virus particles to pass through. As a control
experiment, a 3’-sialyllactose-immobilized pore was used for the virus
measurement under the same condition. Virus particle measurements
were performed once per pore. The experiment was conducted several
times using different pores, including a reproduction experiment. The
minimum wave height, baseline duration, and fwhm duration
identified as pulses in the particle measurements were 0.01 nA, 0.2
ms, and 0.05 ms, respectively.

Machine Learning Procedure. The pulse extraction procedure
was previously reported.®” The baseline current curve, which is the
current without particle translocation, was calculated using the
Kalman filter algorithm. The pulses generated by translocation of
viruses through a pore were extracted by the baseline. Feature values,
which describe the pulse shape, were calculated from each pulse. The
feature values calculated from a pulse were called a “feature value set.”
Many pulses and feature value sets were obtained from a

measurement because the samples contained a lot of particles. The
details of the definition of the F-measure (F,.,) are shown in the
Supporting Information.

The machine learning model was trained using 267 pulses of 6'-
sialyllactose and 334 pulses of 3'-sialyllactose as feature value sets.
Here, training describes the optimization of the parameters in the
machine learning model. The extraction procedure of the feature
value from the pulse shape is also based on a previous report.”” The
classification model which was implemented in the Aipore-One,”” an
Al particle analysis software provided by Aipore Inc., Tokyo, Japan,
was used in this study.

To prevent bias in the results of machine learning, the number of
pulses in each group was aligned. Namely, 267 pulses of 3'-
sialyllactose were selected randomly for machine learning. A 10-fold
cross-validation method was used to evaluate the discriminability of
the trained model. Ninety percent of the extracted pulses were
randomly selected and used for training, and the remaining 10% of
extracted pulses were used for validation for each measurement. The
trained model was validated by the remaining 10%, and this validation
was repeated 10 times by shifting the feature value sets. The validation
result is shown in Figure 6d as a confusion matrix (267 + 267 = 534
events).
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