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Synchronized resistive-pulse
analysis with flow visualization
for single micro- and nanoscale
objects driven by optical vortex
in double orifice

Kichitaro Nakajima?, Ryoji Nakatsuka?, Tetsuro Tsuji?, Kentaro Doi' & Satoyuki Kawano'**

Resistive-pulse analysis is a powerful tool for identifying micro- and nanoscale objects. For low-
concentration specimens, the pulse responses are rare, and it is difficult to obtain a sufficient
number of electrical waveforms to clearly characterize the targets and reduce noise. In this study,

we conducted a periodic resistive-pulse analysis using an optical vortex and a double orifice, which
repetitively senses a single micro- or nanoscale target particle with a diameter ranging from 700 nm
to 2 um. The periodic motion results in the accumulation of a sufficient number of waveforms within
a short period. Acquired pulses show periodic ionic-current drops associated with the translocation
events through each orifice. Furthermore, a transparent fluidic device allows us to synchronously
average the waveforms by the microscopic observation of the translocation events and improve

the signal-to-noise ratio. By this method, we succeed in distinguishing single particle diameters.
Additionally, the results of measured signals and the simultaneous high-speed observations are used
to quantitatively and systematically discuss the effect of the complex fluid flow in the orifices on the
amplitude of the resistive pulse. The synchronized resistive-pulse analysis by the optical vortex with
the flow visualization improves the pulse-acquisition rate for a single specific particle and accuracy of
the analysis, refining the micro- and nanoscale object identification.

Identification of single particles with a micro- or nanoscale diameter, such as biological cells'™, pollen allergen
particles®”, viruses®~1%, and extracellular vesicles (i.e., exosomes)!""'?, has attracted much attention for important
applications, including environment surveys'*'* and medical diagnosis'>'®. Resistive-pulse analysis using on-chip
micro- and nanofluidic devices based on an ionic current’’™° or a tunnel current®*?! is a label-free method to
analyze the characteristics of such particles; the target particles suspended in an electrolyte solution are intro-
duced into a channel with a sensing structure such as a slit?, a pore*>*, or embedded counter electrodes with a
small gap*>?, whose representative lengths should be comparable with the equivalent diameter of target particles.
The translocation event of the particle across the narrowest part causes an abrupt current change that results in
a resistive pulse. The resistive-pulse waveforms reflect the characteristics of specimens, such as volume?, aspect
ratio?®, and surface charge®. Indeed, previous works*>*! have demonstrated that the nanopore-based resistive-
pulse analysis is a promising methodology for the detection and/or characterization of nanoscale materials. The
waveform thus contributes to the identification of the specimens.

The amplitude of the resistive pulse becomes smaller as the particle diameter decreases, such as for nano-
particles and biological molecules, e.g., DNA. Then, the influence of noise significantly increases for these small
particles. Thus, it is necessary to average the results from a sufficient number of waveforms to cancel out the
noise, which is attributed to the Brownian motion of the target particles and intrinsic electrical noise, to achieve
identification. However, the translocation event rarely happens, especially for low-concentration specimens,
which increases the time required for acquiring enough signals to average them and obtain a reliable result.
Furthermore, several forces, such as the electrophoretic force’>* and the drag force from surrounding fluid flows
caused by the pressure gradient and an electroosmotic flow**-%, act on the particle near the sensing structure,
and they modulate the trajectory and velocity of the particle translocation. As a result, the particle motion in the
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Figure 1. Concept of synchronized resistive-pulse analysis by an optical vortex in a transparent double orifice.
Both the height and throat width of the orifice are 3 um. (Details about the dimensions are described in the
Supplementary Information.) An orbital motion of a single target particle is driven by the optical-vortex beam
to periodically pass through the orifices. The translocation event is simultaneously observed by a microscope
with an ionic-current measurement. The synchronized resistive-pulse analysis improves the S/N ratio of the
resistive pulses by averaging a sufficient number of waveforms for a single particle. The coordinate system used
in this study is shown in the left image.

sensing structure causes an apparent modulation of the ionic-current waveforms, deteriorating the reproduc-
ibility of the resistive pulse®*®.

In previous research®, several methods were proposed to control fluid flows using electroosmosis caused
by the surface charges of micro- and nanochannel walls, which were expected to reduce the transport speed as
target particles moved against the fluid flows. We also have conducted electrical measurements of nanoparticles
using in-plane nanopores’ and nanopore channels*”*, by applying quadrupole electrodes and/or microscopic
visualization with a transparent channel. Furthermore, slowing down the transport speed is helpful for a detailed
analysis of a resistive pulse of targets that pass through a sensing structure, because the time resolution of the
electric measurement is insufficient when the target molecules traverse a thin sensing portion at high speed; such
circumstances are typical for the translocation of the DNA molecules across a nanopore membrane'. Herein,
we propose a novel method to improve the reproducibility and signal-to-noise (S/N) ratio of the waveforms of
specific single particles. This method will contribute to solving a common problem in the resistive-pulse analysis,
in which the signal waveform buried in the noise component must be salvaged for nanoparticles, to identify
single particles and molecules.

In this study, we developed a synchronized resistive-pulse analysis method using an optical vortex with an
in-plane double orifice for visualization of the target particles to improve the S/N ratio of the pulse waveforms.
As shown in Fig. 1, a microchannel with an in-plane double orifice with a throat width of & 3 yum was fabricated
as the sensing structure for the acquisition of resistive pulses of specific single particles. The transparent fluidic
device with in-plane double orifice enables us to visualize a particle inside the channel to evaluate its trajectory
associated with the electrical signals. Polystyrene (PS) particles with diameters ranging from 700 nm to 2 um
were selected as target particles to mimic dielectric biological particles, such as cells"* and pollen allergens®; the
surface of the PS particles, which is widely investigated regarding its electrical properties, was negatively charged,
as are the target biological particles.

Here, we adopted an optical vortex, discovered by Allen and his coworkers**~*, as a non-contact manipulator
of the particles. The optical vortex possesses a helical wavefront along the propagation direction, a ring-shaped
transverse intensity distribution at its focal plane*’, and an orbital angular momentum around the optical axis.
When a dielectric particle in a microfluidic channel is irradiated with an optical vortex, the particle is trapped
in a circular orbit by an optical gradient force generated by the incident beam**-*%. Furthermore, the particle is
driven into the orbital motion and pushed against the upper wall of the channel because of an optical scattering
force along the Poynting vector of the optical vortex**-*".

By optimizing the irradiation conditions for the optical vortex, single PS particles are manipulated to periodi-
cally traverse the double orifice embedded in a channel filled with an electrolyte solution, which leads to high-
throughput acquisition of a sufficient number of resistive pulses for specific single particles. Previous works**4°
indicated that the repetitive acquisition of the pulses improves reproducibility and resolution of the resistive
pulse analysis. Furthermore, we previously performed the repetitive pulse acquisition using a single-orifice device
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with a standard Gaussian optical tweezer™, which improved the S/N ratio of the waveform. The optical manipu-
lation helps stable translocation of the target particles; near the micro- and nanoscale structure, the complex
electrohydrodynamic flow is locally induced, often preventing the particle driven by the electrophoresis from
entering the sensing portion. Even in such a situation, the optical tweezer can manipulate the target particles as
they traverse the sensing portion.

In this study, we proposed another method to obtain high-resolution electrical signals of single particles focus-
ing on the optical-vortex manipulation. Particle passing through the double orifice was constrained to a circular
trajectory with a width on the order of tens of nanometers because the Brownian motion was suppressed by the
optical gradient force in the radial direction, thus achieving a high repeatability of the resistive-pulse analysis.
Furthermore, the pulses acquired from the translocation events were averaged to smooth the noise component
and the pulse variation attributed to Brownian motion; the pulses were synchronously superposed with reference
to micrographs of the particle motion.

We preliminarily analyzed the orbital motion of single PS particles driven by a focused Laguerre-Gaussian
(LG) beam, which has been widely adopted as an optical-vortex beam in experimental studies**¢. The focused
LG beam possesses a phase singularity on its optical axis and orbital angular momentum around the singular-
ity which induces the orbital motion of particles irradiated with an LG beam*. We confirmed that a single PS
particle, manipulated by the LG beam, periodically passes through the double orifice. Then, the ionic-current
measurement and the microscopic observation were simultaneously performed to improve the S/N ratio. The
amplitude of the acquired resistive pulse showed a correlation with the particle radius, which indicated not only
that the pulses were mainly attributed to the volume exclusion of the particles, but also that the other factors
affecting the pulse amplitude existed. The experimental results indicated that the change of the flow speed in the
orifices modulates the resistive-pulse amplitude. We improved the S/N ratio by synchronizing the ionic-current
measurement and the high-speed observation. In addition to the advantages in the resistive-pulse analysis, this
study will provide an idea of applications of an optical vortex.

Results and discussion

Analysis of orbital motion of PS particle in a double orifice. We first analyzed the orbital motion
of PS particles with a diameter, dp, of 1 um driven by the LG beam at an in-plane channel without an orifice as
previously reported*”>!. The appearance of the particle motion with a clockwise trajectory is shown in Fig. 2a.
The intensity distribution for the LG beam depends on the topological charge m, that is, as m increases, the
vortex ring radius becomes larger®. We here apply an LG beam with m = 8 to adjust the diameter of the orbital
motion to a distance between the two orifices of ~ 3 um, where the theoretical prediction of the orbital radius is
consistent with the experimental results***’.

In our experimental setup, the transverse intensity distribution in the x-y plane is slightly deformed from
a perfect circle and results in the particle traveling with an ellipsoidal orbital motion, as shown in Fig. 2b; the
deformation is attributed to the aberrations of the wavefront caused by an imperfection in the optical setup®*>*.
For example, Liang et al.> reported that the orbital trajectory of 1-um silica particles driven by an LG beam
with m = 10 had an elliptic shape, and its ellipticity, e, defined as e = (L, — Lp)/L, x 100% was 25.1%, where
Ly and Ly, denote the lengths of the major and minor axes of the ellipsoidal trajectory, respectively. In our setup,
the ellipticity of the trajectory is 14.1% as shown in Fig. 2b, which is a reasonable value. The transverse intensity
distribution also possesses a bias along the azimuthal direction*®*** defined in Fig. 1, leading to an angular
position dependency of the angular velocity of the orbital motion indicated by the results of particle tracking
analysis, as shown in Fig. 2c. As mentioned above, the orbital motion induced by the LG beam is not a perfectly
uniform circular motion because of the experimental imperfection. However, the ellipsoidal trajectory and
the angular-velocity inhomogeneity are not essential in the following ionic-current measurements because the
trajectory and velocity of the orbital motion are invariant in a series of electrical sensing events except for the
fluctuations caused by Brownian motion.

Because the fluidic device with a double orifice had the limitation of a fabrication accuracy of approximately
100 nm (see Supplementary Information), it was necessary to adjust the orbital radius of the particle manipula-
tion on the order of hundreds of nanometers. We then evaluated the dependence of the orbital trajectory on m.
As shown in Fig. 2d, the radial distribution of angular position shows a conformable profile for various values
of m from 7 to 10. Meanwhile, the average radius of the ellipsoidal trajectory indicated by dashed lines in Fig. 2d
increases in a positive correlation with m and changes in the range from 2.27 to 2.78 pm, which is enough to
cover the range of the fabrication errors. For each m, the standard deviation of the trajectories at each point
is approximately 30 nm, being 21% of the width of the orifice. The Brownian motion in the radial direction
contributes to the noise of the resistive pulses®”*. The optical-vortex manipulation, which suppresses the unde-
sired variation of the particle trajectory by the radial gradient force, will lead to determination of the accurate
characteristics of target particles from the resistive pulses.

Next, the orbital motion of a 1-yum PS particle was induced in the double orifices by an LG beam with m = 10
as shown in Fig. 3a. To measure the ionic current, it is necessary to apply an external voltage across the double
orifice in the x direction. We then analyzed the orbital motion under the application of a direct-current voltage
of 1 V across the double orifice. Under the voltage application, a modulation of fluid flow was observed. Such
a fluid flow has several components, such as pressure-driven and electroosmotic flows induced by applying the
external voltage*~, being the complex electrohydrodynamic phenomena. In addition, the PDMS channel is
deformed by the laser irradiation to the microstructure through the local temperature increase®, which is often
discussed as a drawback of the PDMS channel in the field of micro- and nanofluidic research. The deformation
possibly disturbs the flow field inside the channel, especially near the double orifice, which will take a relatively
long time to relax the deformation, i.e., to equilibrate the fluid flow. Because of the difficulties in controlling
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Figure 2. Orbital motion of single PS particle with a diameter of 1 ;um driven by the LG beam with a
topological charge m = 8 in a channel without orifices. (a) Snapshots of the orbital motion. The white dashed
ellipse represents the trajectory of the orbital motion. The scale bars denote 3 yum. (b) Trajectory of the orbital
motion acquired by the particle tracking analysis. L, and L, denote the lengths of the major and minor axes,
respectively. (c) Dependence of angular velocity on the angular position. Spatial average and error bars denote
the average value and its standard deviation among each 0.1 rad, respectively. The wg,. in (c) represents the
average among all values. (d) Profiles of the ellipsoidal orbit driven by the LG beams with various values of m
between 7 and 10. Each plot and corresponding error bar denote the spatial average and standard deviation of
the particle trajectories.

the electrohydrodynamic flow direction, it was randomly changed in the following experiments. Furthermore,
the applied voltage induces an additional electrophoretic force on a particle®** in the orifice. As a result, the
trajectory of the particle motion deformed as shown in Fig. 3b. The deformation is not observed in an in-plane
channel without orifices in Fig. 2b, which is attributed to the fluid flow and external voltage.

The particle angular velocity in the double orifice was also analyzed as shown in Fig. 3¢ with and without appli-
cation of the voltage. We then estimated the fluid flow speed in the orifices from the angular-velocity difference
between the upper and lower orifices. It is important to estimate the flow speed because a flow of an ionic fluid
with a net charge results in a streaming current. The flow speed vy was estimated as vy = 1, (a)ﬁ — a)}gj )/2~165u
m/s, where ,, b, and @Y denote the average radius of the orbital motion, the angular velocities at the lower
orifice, and the angular velocity at the upper orifice, in the case without application of a voltage. In addition, the
particle average velocity was ~ O(10~>) m/s, being of the same order as the magnitude of the fluid flow.

The electrophoretic effect results in further modulation on the particle velocity in the orifice on the order
of 10 um/s under the applied voltage of 1 V; the velocity of the electrophoresis, v¢p, is written as vey = U X E,
where U, and E = 0(10°) V/m denote the electrophoretic mobility of the particle and external electric
field, respectively. The U, is Uelp = Z€p€,/n based on the Smoluchowski equation, where { = O(1072) mV™,
€0 = 0(10712) F/m, ¢, = 0(10"), and n = O(1073) Pa-s denote the ¢-potential of the particle, the permittivity
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Figure 3. (a) Snapshots of the orbital motion of the 1~u m PS particle in the double orifice under an applied
voltage of 1 V. Scale bars denote 3 um. A corresponding video is provided as Movie S1. (b) Trajectory of the
orbital motion in the double orifice obtained by the particle tracking analysis. (i) and (ii) denote the width of the
multiple trajectories in the upper and lower orifices, respectively. (c) Angular position dependency of angular
velocity of the orbital motion with and without application of a voltage. Each plot and error bars again denote
the spatial average and the standard deviation of the angular velocity. The areas colored red and blue correspond
to the position of the upper and lower orifices, respectively. The inset shows the definition of each coordinate

to the double orifice. In this case, the fluid flow and electric field point in a negative and positive x direction,
respectively. The particle motion in the orifice is modulated by the external electric field and fluid flow with a
speed of O(10) um/s, showing the different speeds between the upper and lower orifices.

of vacuum, relative permittivity and viscosity of surrounding liquid, respectively. As a result v, is calculated as
vep = O(107°) m/s, which is on the same order of that caused by the fluid drag force. The O(10°) m/s modula-
tion of the particle velocity is also suggested by the different angular velocities between the voltage of 0 and 1 V
in the lower orifice, as shown in Fig. 3c. The particle velocity modulation of the fluid flow on the order of 10
m/s are included in the subsequent experimental results from ionic-current measurements.

Moreover, the variation of the trajectories along the radial axis in the upper and lower orifices indicated by
(i) and (ii) in Fig. 3b were 35.8 and 66.3 nm, respectively, remaining within a few tens of nanometers even under
the fluid flow. Therefore, we consider that the gradient force of the optical vortex maintains an orbital trajectory
even under fluid flow, which may highly influence the translocation velocity of the particle in the sensing struc-
ture. Although the orbital motion is affected by the fluid flow and external voltage, the LG beam manipulation
succeeds in creating the periodic translocation of a single particle with a reproducible trajectory.

Synchronized resistive-pulse analysis of micro- and nanoparticles. We performed the synchro-
nized resistive-pulse analysis by visualizing a single particle with a diameter of 1 um, as summarized in Fig. 4.
The particle periodically passed through the double orifice with a frequency of approximately 1.7 Hz, as shown
in Movie S1. Figure 4a shows an ionic-current waveform that was simultaneously acquired with the microscopic
observation. This current drop is attributed to the exclusive volume of the particle within the orifice volume. The
background ionic current, Ipg, was 131.8 nA at an applied voltage of 1 V. The change in the applied voltage affects
the orbital motion of the particles in the double orifice through the electrophoretic effect, which often prevents a
stable orbital motion. Thus, for each experiment, we selected the applied voltage value which allows us to acquire
the current pulse with a stable orbital motion of the target particle. Also, we confirmed that the relative pulse
amplitude with the different applied voltages remained unchanged, as shown in Fig. S3. We separately set the
applied voltage in the following experiments. Meanwhile, it should be noted that the ionic current value when
the trapped particle is out of the orifice is identical to that of the orifice without particles.

By the simultaneous observation of the orbital motion with the current measurement, as shown in Fig. 4b, we
confirmed that the ionic-current drops indicated by the red and blue arrows in Fig. 4a correspond to translocation
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Figure 4. Results of the synchronized resistive-pulse analysis using the optical vortex for a single particle with

a diameter of 1 um under an applied voltage of 1 V. (a) Ionic-current, I, waveform acquired with the orbital
motion through the double orifice. The red and blue arrows indicate the translocation of the particle through
the upper and lower orifices, respectively. (b) Snapshots of the translocation of the particle through the double
orifice. Scale bars in (b) denote 3 um. (c) 10 typical waveforms corresponding to the translocation through the
lower orifice, in which the ionic-current value is standardized by the background current. (d) Resistive-pulse
waveforms averaged over 70 translocation events for the upper and lower orifices. A and w respectively denote
the pulse amplitude and width which is defined as the full width at half maximum of the waveform. The gray
area from 0 to 0.1 s indicates the waveform range used for the analysis of the S/N ratio. (e) S/N ratio dependency
on the number of pulses N used in the synchronized averaging. The inset shows the decay of the noise amplitude
as N increases. In keeping with the theoretical estimation, the noise amplitude of the waveform for N averaged
pulses decays inversely proportional to /N, leading to improvement of the $/N ratio proportional to /N.
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through the upper and lower orifices, respectively. As shown in Fig. 4a, the amplitude of the resistive pulse of
each orifice was clearly different. The fraction of a resistive pulse AI, which is an absolute value of the pulse
amplitude, to the background current Ipg was AI/Ipg = 1.70 x 10~3and 1.85 x 1073 for the upper and lower
orifices, respectively. The width of the resistive pulse also differed between the translocation events through the
upper and lower orifices. This difference in the pulse width is attributed to the difference in the angular velocity
in each orifice, as illustrated in Fig. 3c. In this experiment, the fluid flowed in the negative x direction defined in
the inset of Fig. 3¢ with a flow speed on the order of 10 um/s, as discussed above. In contrast, the electric field
induced by the applied voltage was in the positive x direction. In this case, the faster translocation speed of the
particle resulted in a smaller amplitude of the resistive pulse. This point will be discussed later in this section.

The purpose of the synchronized resistive-pulse analysis with microscopic observation is to improve the S/N
ratio of the pulse waveforms. The noise reduction leads to an accurate evaluation of the amplitude and width
of the resistive pulses. For the synchronized analysis, the micrographs of the particle motion were analyzed to
synchronously average the current pulses; we detected the translocation event as a brightness-value increase in
each orifice through the image processing. A time t = 0 in each electronic pulse was defined as the time when
the brightness value reaches the maximum in each micrograph video. Then, the electronic pulses are superposed
to decrease the noise component and analyze the resistive-pulse amplitude and time width, that is, the full width
at half maximum. In this experiment, 70 translocation events were confirmed for each orifice by the high-speed
observation. It took 35 s for the acquisition of 70 pulses. A typical set of 10 raw waveforms at the lower orifice
and the waveforms averaged over 70 waveforms for each orifice are shown in Fig. 4c and 4d, respectively.

It should be noted that the resistive-pulse waveforms mainly include three kinds of waveform variation among
the translocation events, specifically the variation of (i) the pulse width, (ii) the pulse amplitude, and (iii) intrinsic
background noise of the electrical measurement system. Herein, the components of (i) and (ii) are essentially
attributed to the Brownian motion of the target particle during the translocation event. The Brownian motion
can be divided into the radial and azimuthal components, which are rigorously not independent components
that influence one another. The latter component causes the variation of the pulse width indicated as w in Fig. 4d,
leading to a variation with a coeflicient of variation (CV) of 9.80% for the pulse width among the 70 pulses, that
is, the average of N = 70 pulses. Here, the CV is defined as the fraction of the standard deviation to the average
value and is used as an indication of the reproducibility. In contrast, the Brownian motion along the radial direc-
tion caused the variation of the pulse amplitude indicated as A in Fig. 4d. The CV of the amplitude is 3.12% for
N = 70, which may be improved by the optical-vortex trapping force that restricts the radial Brownian motion.
These fluctuations can be canceled out by averaging a sufficient number of waveforms. Here, it should be noted
that the synchronized analysis of the pulse waveform with particle motion allows us to clarify the correspond-
ing particle trajectory for each pulse. Although the trajectory dependency of the pulse was not detected in the
microscale orifice, it may contribute to the investigation of the correlation between pulse amplitude and particle
trajectory in the nanoscale experiment, where the effect of Brownian motion becomes larger.

The background noise component (iii) can also be suppressed by averaging. Here, we defined the background
noise amplitude as 20, where o is the standard deviation of the ionic-current value in the gray area, as shown
in Fig. 4c¢, d, to analyze the S/N ratio of the pulse. In Fig. 4e, the S/N ratio for the pulse is plotted against N and
shows an improvement as N increased. Based on the central limit theorem, a random-noise amplitude 20 should
decay in proportion to N2 to be & 25 /+/N by averaging N pulses. In keeping with the theoretical prediction, the
noise amplitude decays in the manner of1/+/N as shown in the inset of Fig. 4e. Nevertheless, the pulse amplitude
remains unchanged within the synchronized averaging, which leads to an improvement of the pulse S/N ratio
proportional to N~ 2, as indicated by the dashed line in Fig. 4e. These experimental results represent the ability
of the synchronized resistive-pulse analysis to reduce the noise component.

To evaluate the accuracy of the periodic resistive-pulse analysis using the optical vortex, we measured the
ionic current of particles with diameters of 700 nm, 830 nm, and 2 pm in addition to the 1-um diameter dis-
cussed above. A goal of this experiment was to systematically investigate the relationship between the particle
diameter and the amplitude of resistive pulses. The raw waveforms and snapshots of the orbital motion for each
diameter are shown in the Supplementary Figures. Using the acquired waveforms corresponding to the particle
motion, which was synchronously observed, we again shaped the synchronously averaged waveforms for both
orifices, as shown in Fig. 5a-c, which correspond to diameters of 2 um, 830 nm, and 700 nm, respectively. For
all diameters, the presented waveforms are the result from averaging over N = 70. For a diameter of 2 ;um, the
directions of the fluid flow and the electric field were in the negative and positive directions along the x-axis,
respectively, as defined in Fig. 3c. The amplitude of the resistive pulse for the upper orifice where the particle
moves against the flow is larger than that for the lower orifice, which shows the same tendency as that for 1-um
particles.

In Fig. 5b, ¢ for the particles with diameters of 830 and 700 nm, although the waveforms are averaged, the
noise component, whose amplitude is on the order of 107> to 10~ in the background current, remains in the aver-
aged waveform. The result of the fast Fourier transform of the averaged waveform, as shown in Fig. S7, revealed
that the waveform of the 700-nm diameter particle includes a small noise component attributed to the electric
power supply with a frequency of 60 Hz. However, any other systematic components were not observed for all
particle diameters, which suggests that a noise on the waveform in the cases with 700- and 830-nm diameter
particles essentially arises from the strong Brownian motion of the nanoparticles. Moreover, the amplitude dif-
ference between the upper and lower orifices is not observed in these cases. We will discuss this phenomenon
later along with the cause of the amplitude difference.

When the double orifice is considered as its equivalent electric circuit (see Supplementary Note 1), the
amplitude of the resistive pulse can be determined by the product of C and AR/R, where C and AR/R denote
the voltage-drop ratio in the double orifice and the resistance change ratio during particle translocation. The
voltage drop ratio C is defined as the ratio of the voltage drop in the double orifice to the applied voltage. For
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Figure 5. Results of resistive-pulse analysis using the optical vortex for particles with diameters of (a) 2 pm,
(b) 830 nm, and (c) 700 nm. The applied voltages for the measurement of 2-yum, 830-nm, and 700-nm particles
are 0.3, 0.5, and 0.6 V, respectively. The waveforms are the synchronized averages of 70 pulses. The vertical axis
denotes the amplitude of the resistive pulse standardized by the background current. (d) Relationship between
the particle volume and the amplitude of the resistive pulse, which is averaged over the upper and lower orifices.
The slope of the fitted curve of 3.81 is not far from the prediction based on the exclusive volume of the particle
(a slope of 3), equally indicating the existence of the other factors affecting the resistive-pulse amplitude. The
error bars denote the standard deviation (n = 3), where 7 is a number of the independently analyzed particle,
not the number of averaging N.

double-orifice fluidic devices, voltage drops in the orifices depend not only on the dimensions of the double
orifice, but also on the positions of the inlet and outlet holes where the Ag/AgCl electrodes are inserted. These
holes were made by hand with a 3.5-mm hole punch, and thus precise positioning is difficult. The amplitude of the
resistive pulses in Fig. 5a—c involves components of the other parts except for the volume exclusion at the double
orifice and thus, the voltage-drop ratio is different for each particular fluidic device. To roughly compensate for
the fabrication error among each device, we here used the equivalent electric circuit model of the double orifice,
where we neglected the effects by a surface charge, an access resistance®’, and so on. Although the measurement
of various particles by a single device allows us to directly compare AI/Ipg, we here used different devices to
test whether a value of AI/Ipg has a reproducibility even using the devices which have the fabrication error.
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We then evaluated the relationship between the particle volume and the resistance change ratio, AR/R, associ-
ated with the particle translocation, as shown in Fig. 5d. The AR/R should be proportional to the particle volume
due to a decrease in the electrical conductivity by the exclusive volume. The dashed line in Fig. 5d is a fitting line
obtained by a power function, showing a slope of & 3.81. If the AR/R is only attributed to the exclusive volume of
the particle, the slope of the fitted line should be ~3. Also, it has been reported that a ratio of a particle diameter
relative to an orifice dimension affects a resulting pulse amplitude®®. If we assume the orifice as a cylinder with
a diameter of 3 um, a slope of 3.28 is acquired by the theoretical prediction in the range of the particle diameter
from 700 nm to 2 pum. The slope of 3.28 is larger than that of a simple prediction with a volume exclusion but
smaller than that of the experimental result. These facts indicate that parameters affecting the pulse amplitude
except the exclusive volume are included in the pulse waveform. The local charge separation in the orifice, which
is not considered in the theoretical model, should be one reason for the difference. Meanwhile, the difference
possibly arises from the fact that the theoretical model assumes that the sensing portion has a single cylindrical
geometry rather than a double orifice. However, the theoretical model suggests that the experimental gradient
should be more than 3, which is qualitatively consistent with our experimental result. Consequently, we succeeded
in distinguishing particles based on their diameter by reducing the noise component with a sufficient number
of averaged synchronized pulse measurements.

Next, we focus on the difference in the resistive-pulse amplitudes between the upper and lower orifices. This
difference may be problematic if a higher resolution for measuring a particle diameter is required, and thus the
cause should be clarified. We systematically investigated the relationship between the resistive-pulse amplitude
and the relative directions of the particle motion, electric field, and fluid flow, and resistive-pulse amplitude. In
the optical-vortex manipulation, the rotation direction can be reversed by changing the sign of m, the orbital
angular momentum, which enables us to change the direction of particle translocation through the orifices.

As shown in the insets of Fig. 6a,b, a doublet of 1-yum particles, which is a chain of two particles, was adopted
as the target to clearly capture the difference in the pulse amplitude between the upper and lower orifices: in the
experiment, single particles escaped from the optical-vortex trapping immediately after the sign of m was reversed
due to the small trapping stiffness. The experimental result is shown in Movie S2, in which the surrounding
fluid flows in the positive x direction defined in Fig. 3c. The resistive-pulse waveforms resulting from m = 10
and m = —10in a single run of the experiment are presented in Fig. 6a and 6b, respectively. The directions of
the particle motion and the fluid flow are schematically depicted in the insets of Fig. 6a and 6b, respectively. The
amplitude of the resistive pulse again shows a difference between the upper and lower orifices. For m = 10, the
doublet periodically traversed the orifices in a clockwise manner, and then the doublet moved against the flow
direction in the lower orifice. As a result, the amplitude of resistive pulses obtained at the lower orifice was larger
than that at the upper orifice. Conversely, for m = —10, the resistive pulse amplitude became larger at the upper
orifice than at the lower orifice. These results are consistent with the tendency seen in Fig. 4.

We summarize the dependency of the resistive pulse amplitudes on the directions of the particle motion in the
orifice, the electric field, and the fluid flow, in Fig. 6¢. The results indicate that the amplitude of the resistive pulses
is independent of the relative direction of the particle motion to the electric field, E. However, the amplitude of
the resistive pulse of a particle moving against the fluid flow is always larger than that of a particle following the
fluid flow. Moreover, it is confirmed that the difference between the amplitudes does not mainly originate from
the difference in the orifice dimensions due to the fabrication error. Then, we analyzed the dependency of the
amplitude on the width of the resistive pulses, that is, the time to transit the orifice, in case of the particle doublet.
Figure 6d shows the relationship between the amplitude and the width for 30 pulses for each case labeled as (i)
to (iv). This scatter plot indicates that the resistive pulse of particles that move against the fluid flow, (ii) and (iii),
shows amplitudes clearly larger than those of particles that follow the flow, (i) and (iv). Furthermore, the resis-
tive pulse of case (i) shows slightly larger amplitudes and larger widths compared with those of case (iv). These
results confirm that the orifice transit time of the particle has a positive correlation with the pulse amplitude by
the mechanism discussed in the next paragraph.

It is inferred that the difference in amplitude is attributed to the modulation of the advection of ions; that is,
in the micro-orifice, the electrolyte solution is positively charged due to the presence of an electric double layer.
The fluid flow, including the pressure-driven and electroosmotic flows, actually brings a net positive charge across
the orifices, affecting the resulting ionic-current value. Here, the pressure-driven and electroosmotic flows are
considered together because of difficulty in separating each other, where the only electroosmotic flow actually
transports the net charge. The change of ionic-current density caused by the modulation of the advection speed is
evaluated as Al,y; ~ Auc’, where Auis the modulation of the flow-advection speed due to the particle transloca-
tion and ¢’ is the net charge density of the ionic solution present in the orifice. Because the ionic solution adopted
in this study is electrically neutral, the net positive charge in the orifice may be mainly attributed to the electric
double layer formed by the countercations attracted to the orifice surface and PS particle surface. We assume
that the orifice wall and PS particle surface, which have negative ¢-potentials, induce the positive charges® in
the orifice with a density of ¢ = 0(10%) C/m3 (the estimation process is described in Supplementary Note 2).
Then, it follows that the fluid flow in the orifices modulated by the particle motion, Ay, is on the order of 100
nm/s. Here, the Au in the orifice is invisible in our experimental system. Thus, we assumed that the modulation
effect was a few percent relative to the original fluid flow with speed on the order of 10 um/s. As a result, Al 4 is
estimated between O(10~3) and O(10~*) A/m?>.

Such a small ionic-current density, corresponding to O(10) fA in this experiment, is quite difficult to measure
accurately. However, the visualization enables us to quantitatively evaluate the particle velocity and translate it
to a current difference. The background ionic current should be mainly associated with electrophoresis of the
ions, I, which is estimated to be on the order of O(10) A/m? using experimental parameters. (Details are also in
Supplementary Note2.) Thus, the amplitude modulation of the resistive pulse caused by the advection effect, Al,g,
is smaller than I, bya factor of 10~%. This estimation is consistent with the difference in amplitude observed in
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Figure 6. Resistive-pulse waveforms of the particle translocation driven by the LG beam with (a) m = 10
and (b) —10. The ionic current is acquired with an applied voltage of 0.3 V. Insets show the appearance of the
orbital motion in the double orifice. The blue, magenta, and yellow arrows represent the direction of the fluid
flow, electric field, and orbital motion, respectively. The scale bars denote 3 um. (¢) Schematic summary of
the relationship between the directions of the particle motion, electric field, and fluid flow, and the resistive-
pulse waveforms. U and E denote the direction of fluid flow and electric field in the orifice, respectively. Here,
the vector in a direction from left to light is defined as (4). The abbreviations CW and CCW in the figure
correspond to the rotation direction of the orbital motion being clockwise and counterclockwise, respectively.
Here, it should be noted that the directions and velocities of the pressure-driven flow were uncontrolled,
randomly changed for individual experiments, but were unchanged during the experiment. (d) Relationship
between the pulse width and amplitude for a particle doublet. Note that the data for the 1-um single particle
are not plotted on this figure, because the absolute values of pulse width and amplitude were very far from the
plotted region. Each plot color corresponds to the arrowheads in (c). The results indicate that a faster orifice
translocation leads to a smaller pulse amplitude based on a change in the relative velocity between the particle
motion and fluid flow.
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the experiments as shown in Fig. 4d, where the difference between the pulse amplitudes of the upper and lower
orifices is (1.70 — 1.85) x 1073 = O(10™*). The rough estimation of the advection effect on the pulse-amplitude
difference is that a faster velocity of the particle motion relative to the fluid flow results in a larger modulation
of the fluid flow in the orifice, which transports the net charge caused by the electric double layer, leading to a
change in the pulse amplitude. Furthermore, this theoretical estimation, resulting from the coordination of the
ionic current measurement and the particle tracking analysis, supports the contribution of the advection effect
to the amplitude difference, although it is much smaller than that of electrophoresis. It should be noted that, by
considering the advection effect as described above, we could determine its importance in the resistive-pulse
analysis by controlling the particle motion with the optical vortex. Thus, the accuracy of the fluid flow control
technique may be an essential experimental parameter toward a higher detection precision, and it remains as
our future work.

Concluding remarks

We developed a synchronized resistive-pulse analysis using an optical vortex in a double orifice to improve the
yield and accuracy of the resistive-pulse analysis for single micro- and nanoscale objects, which are affected by
strong Brownian motion. Target particles were manipulated by an optical vortex to periodically traverse the
double orifice and to suppress their Brownian motion. This manipulation achieved the high-throughput acquisi-
tion of resistive pulses for a specific single particle with high repeatability. By this method, the S/N ratio of the
waveforms was improved in proportion to the square of the number of averaged pulses, which was enabled by
the simultaneous observation of the orbital motion in the transparent fluidic device. For each waveform, the
reproducibility of the width and amplitude was 9.80% and 3.12% in the case of the particle diameter of 1 um,
respectively, according to their CVs. These sufficiently small variations are attributed to accurate control of the
particle velocity and trajectory by the optical forces. The discriminability of the synchronized resistive-pulse
analysis was demonstrated for a variety of particle diameters. It succeeded in distinguishing particles with diam-
eters of 700 nm, 830 nm, 1 um, and 2 um by the amplitude of the resistive pulse. In addition, our experimental
results provide a novel insight into the contribution of fluid flows to the resistive-pulse amplitude.

In this study, we fabricated a transparent double orifice with an orifice gap of 3 um and used an LG beam
with an azimuthal mode in the range from m = 7 to 10. The device provided a variety of orbital radii in the
orbital motion of target particles by changing the topological charge of the optical vortex and the optical setup.
These adjustments can be suitably made depending on the size of the target particles. For the application of this
method into biological particle identification, we need to downsize the device further to the nanoscale, where
the effect of the particle surface charge density should be one of the dominant factors on the resistive pulse. Thus,
our future work will apply the periodic resistive-pulse analysis by the double-orifice fluidic device to a nanoscale
experiment to distinguish biological nanoparticles, such as pollen allergens and viruses.

Methods

Fabrication of the double-orifice fluidic device. The transparent double-orifice fluidic device was
composed of a flat quartz-glass slide (24 x 36 mm?, No.1, Matsunami Glass Co. Ltd., Osaka, Japan) and a poly-
dimethylsiloxane (PDMS) block that has a channel pattern on its surface. The PDMS was purchased from Dow
Corning Toray Co., Ltd.(Sylgard®184, Japan). The PDMS block is made with a silicon mold fabricated by pho-
tolithography and a reactive ion etching process as previously described*. Dimensions of the PDMS block are
shown in Fig. S8a.

Holes with a diameter of 3.5 mm were made in the PDMS block with a biopsy puncher (BP-25F, Kai Industries
Co., Ltd., Japan) for setting electrodes to measure the ionic current. The glass slide was washed by ultrasonica-
tion for 10 min. The PDMS block and the glass slide were irradiated with an excimer laser (SVK111R-1N1-NFO0,
USHIO, Japan) for 2 min, modifying the surfaces to be hydrophilic. The PDMS block and the glass slide were
then bonded by heating them at 200 °C for ~ 2 min. The appearance of the device is shown in Fig. S8b.

Optical setup. In this study, we constructed an optical system that irradiated PS particles with an optical
vortex for simultaneous observation. Figure S8c is a schematic illustration of the optical setup. A continuous-
wave semiconductor laser with a wavelength of 1, 064 nm (ASF1JEO1, Fitel, Furukawa Electronics, Japan) was
adopted as the light source. The continuous-wave Gaussian beam from the light source passed through the half-
wave plate to align the direction of polarization. Then, the Gaussian beam was transformed into an LG beam,
which is the optical vortex used in this study, by a liquid-crystal-on-silicon spatial-light modulator (X13138-03,
Hamamatsu Photonics K. K., Japan) with computed holograms. The generated LG beam entered an optical sys-
tem consisting of an inverted microscope (IX-71, Olympus, Japan) with an oil-immersion objective lens with a
magnification of 40 (NA = 1.40, UPLXAPO40XO, Olympus, Japan). The laser power after the objective lens was
measured by a power meter (3A-QUAD, Ophir Optronics, Jerusalem, Israel), and it was approximately 300 mW.
This laser power was enough for the particle manipulation; higher laser power sometimes generated bubbles
inside the channel and thus was avoided. The device was placed on an autostage and irradiated with the focused
LG beam for manipulating the PS particles.

For observation of the particle motion in the fluidic device, the device was irradiated with transmission light
from a halogen lamp (U-HGLGPS, Olympus, Japan). The transmission light was observed by the objective lens,
which is identical to that for the LG-beam irradiation, and a complementary-metal-oxide semiconductor camera
(Zyla 5.5, Andor Technology, Northern Ireland). The frame rate of the microscopic observations was usually
set to be 100 fps. Especially for the measurement of the displacement of the Brownian motion, the frame rate
was set to be 1, 000 fps. The direction of the pressure-driven flow was judged by a wide field observation which
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observed a field of view as shown in Fig. Sla. By the observation, we confirmed that the direction of the fluid
flow was unchanged during the experiment.

lonic-current measurement. We built the ionic-current measurement system as shown in Fig. S8c. We
inserted a pair of handmade spiral Ag/AgCl electrodes into the holes of the double-orifice fluidic device as
shown in Fig. S7b. A direct-current voltage was applied to the electrodes by electric supply equipment (PMX18-
5A, KIKUSUI, Japan). We used an ammeter with a measurement accuracy of ~ 1pA (VersaSTAT 4, AMETEK,
USA). The sampling rate was set to 2 kHz. To decrease the noise component, the fluidic device and the electrodes
were covered by a laboratory-built electric shield gauge.

Preparation of the particle solution. Information about the particles is summarized in the Supplemen-
tary Information. The stock solution was diluted by a solution containing 1-mM KCl and 1 vol% Triton-X 100.
The concentration was adjusted to be 4 x 1072 vol%. Before introducing the solution into the fluidic device, the
solution was irradiated with ultrasonic waves for ~ 10 min to disperse the aggregated particles, if any, into single
particles.

Received: 27 July 2020; Accepted: 15 March 2021
Published online: 29 April 2021

References
1. Coulter, W. H. Means for counting particles suspended in a fluid (1953). US Patent 2,656,20.
2. Zheng, S., Liu, M. & Tai, Y.-C. Micro Coulter counters with platinum black electroplated electrodes for human blood cell sensing.
Biomed. Microdevice 10, 221-231. https://doi.org/10.1007/s10544-007-9128-5 (2008).
3. Satake, D. et al. A sensor for blood cell counter using MEMS technology. Sens. Actuators B83, 77-81. https://doi.org/10.1016/
$0925-4005(01)01045-0 (2002).
4. Yasaki, H. et al. Substantial expansion of detectable size range in ionic current sensing through pores by using a microfluidic bridge
circuit. J. Am. Chem. Soc. 139, 14137-14142. https://doi.org/10.1021/jacs.7b06440 (2017).
5. Tsutsui, M. et al. Identifying single particles in air using a 3D-integrated solid-state pore. ACS Sens. 4, 748-755. https://doi.org/
10.1021/acssensors.9b00113 (2019).
6. Jagtiani, A. V., Zhe, J., Hu, J. & Carletta, J. Detection and counting of micro-scale particles and pollen using a multi-aperture Coulter
counter. Meas. Sci. Technol. 17, 1706-1714. https://doi.org/10.1088/0957-0233/17/7/008 (2006).
7. Kawaguchi, C. et al. Electrical detection of single pollen allergen particles using electrode-embedded microchannels. J. Phys.:
Condens. Matter 24, 164202. https://doi.org/10.1088/0953-8984/24/16/164202 (2012).
8. Yang, L. & Yamamoto, T. Quantification of virus particles using nanopore-based resistive-pulse sensing techniques. Front. Microbiol.
7, 1500. https://doi.org/10.3389/fmicb.2016.01500 (2016).
9. Arima, A. et al. Identifying single viruses using biorecognition solid-state nanopores. J. Am. Chem. Soc. 140, 16834-16841. https://
doi.org/10.1021/jacs.8b10854 (2018).
10. Arima, A. et al. Selective detections of single-viruses using solid-state nanopores. Sci. Rep. 8, 16305. https://doi.org/10.1038/
541598-018-34665-4 (2018).
11. Lane, R. E., Korbie, D., Anderson, W., Vaidyanathan, R. & Trau, M. Analysis of exosome purification methods using a model lipo-
some system and tunable-resistive pulse sensing. Sci. Rep. 5. https://doi.org/10.1038/srep07639 (2015).
12. Vogel, R. et al. A standardized method to determine the concentration of extracellular vesicles using tunable resistive pulse sensing.
J. Extracell. Vesicles 5, 31242. https://doi.org/10.3402/jev.v5.31242 (2016).
13. Pope, C. A. Review: Epidemiological basis for particulate air pollution health standards. Aerosol Sci. Technol. 32, 4-14. https://doi.
org/10.1080/027868200303885 (2000).
14. Franklin, M., Koutrakis, P. & Schwartz, . The role of particle composition on the association between PM2.5 and mortality. Epi-
demiology 19, 680-689. https://doi.org/10.1097/EDE.0b013e3181812bb7 (2008).
15. Yurt, A., Daaboul, G. G., Connor, J. H., Goldberg, B. B. & Selim Unlu, M. Single nanoparticle detectors for biological applications.
Nanoscale4, 715-726. https://doi.org/10.1039/C2NR11562] (2012).
16. Bakshi, S., He, Z. L. & Harris, W. G. Natural nanoparticles: Implications for environment and human health. Crit. Rev. Environ.
Sci. Technol. 45, 861-904. https://doi.org/10.1080/10643389.2014.921975. (2015).
17. Panday, N. et al. Simultaneous ionic current and potential detection of nanoparticles by a multifunctional nanopipette. ACS Nano
10, 11237-11248. https://doi.org/10.1021/acsnano.6b06307 (2016).
18. Chuah, K. et al. Nanopore blockade sensors for ultrasensitive detection of proteins in complex biological samples. Nat. Commun.10,
https://doi.org/10.1038/s41467-019-10147-7 (2019).
19. Schneider, G. F. & Dekker, C. DNA sequencing with nanopores. Nat. Biotechnol. 30, 326-328. https://doi.org/10.1038/nbt.2181
(2012).
20. Tsutsui, M., Taniguchi, M., Yokota, K. & Kawai, T. Identifying single nucleotides by tunnelling current. Nat. Nanotechnol. 5,
286-290. https://doi.org/10.1038/nnano.2010.42 (2010).
21. Di Ventra, M. & Taniguchi, M. Decoding DNA, RNA and peptides with quantum tunnelling. Nat. Nanotechnol. 11, 117-126.
https://doi.org/10.1038/nnano.2015.320 (2016).
22. Fraikin, J. L., Teesalu, T., McKenney, C. M., Ruoslahti, E. & Cleland, A. N. A high-throughput label-free nanoparticle analyser.
Nat. Nanotechnol. 6, 308-313. https://doi.org/10.1038/nnano.2011.24 (2011).
23. Dekker, C. Solid-state nanopores. Nat. Nanotechnol. 2, 209-215. https://doi.org/10.1038/nnano.2007.27 (2007).
24. Shimada, T. et al. PM2.5 particle detection in a microfluidic device by using ionic current sensing. Anal. Sci.34, 1347-1349. https://
doi.org/10.2116/analsci.18C018 (2018).
25. Taniguchi, M., Tsutsui, M., Yokota, K. & Kawai, T. Fabrication of the gating nanopore device. Appl. Phys. Lett. 95, 123701. https://
doi.org/10.1063/1.3236769 (2009).
26. Tsutsui, M. et al. Single-molecule sensing electrode embedded in-plane nanopore. Sci. Rep.1, https://doi.org/10.1038/srep00046
(2011).
27. Kong, C. Y. & Muthukumar, M. Polymer translocation through a nanopore II excluded volume effect. J. Chem. Phys.120, 3460-3466,
https://doi.org/10.1063/1.1642588 (2004).
28. Yusko, E. C. et al. Real-time shape approximation and fingerprinting of single proteins using a nanopore. Nat. Nanotechnol. 12,
360-367. https://doi.org/10.1038/nnano.2016.267 (2017).

Scientific Reports |

(2021) 11:9323 | https://doi.org/10.1038/s41598-021-87822-7 nature portfolio


https://doi.org/10.1007/s10544-007-9128-5
https://doi.org/10.1016/S0925-4005(01)01045-0
https://doi.org/10.1016/S0925-4005(01)01045-0
https://doi.org/10.1021/jacs.7b06440
https://doi.org/10.1021/acssensors.9b00113
https://doi.org/10.1021/acssensors.9b00113
https://doi.org/10.1088/0957-0233/17/7/008
https://doi.org/10.1088/0953-8984/24/16/164202
https://doi.org/10.3389/fmicb.2016.01500
https://doi.org/10.1021/jacs.8b10854
https://doi.org/10.1021/jacs.8b10854
https://doi.org/10.1038/s41598-018-34665-4
https://doi.org/10.1038/s41598-018-34665-4
https://doi.org/10.1038/srep07639
https://doi.org/10.3402/jev.v5.31242
https://doi.org/10.1080/027868200303885
https://doi.org/10.1080/027868200303885
https://doi.org/10.1097/EDE.0b013e3181812bb7
https://doi.org/10.1039/C2NR11562J
https://doi.org/10.1080/10643389.2014.921975.
https://doi.org/10.1021/acsnano.6b06307
https://doi.org/10.1038/s41467-019-10147-7
https://doi.org/10.1038/nbt.2181
https://doi.org/10.1038/nnano.2010.42
https://doi.org/10.1038/nnano.2015.320
https://doi.org/10.1038/nnano.2011.24
https://doi.org/10.1038/nnano.2007.27
https://doi.org/10.2116/analsci.18C018
https://doi.org/10.2116/analsci.18C018
https://doi.org/10.1063/1.3236769
https://doi.org/10.1063/1.3236769
https://doi.org/10.1038/srep00046
https://doi.org/10.1063/1.1642588
https://doi.org/10.1038/nnano.2016.267

www.nature.com/scientificreports/

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

Arjmandi, N., Van Roy, W,, Lagae, L. & Borghs, G. Measuring the electric charge and zeta potential of nanometer-sized objects
using pyramidal-shaped nanopores. Anal. Chem. 84, 8490-8496https://doi.org/10.1021/ac300705z (2012)

Peng, R. & Li, D. Detection and sizing of nanoparticles and DNA on PDMS nanofluidic chips based on differential resistive pulse
sensing. Nanoscale 9, 5964-5974. https://doi.org/10.1039/C7NR0O0488E (2017)

Yazbeck, R., Alibakhshi, M. A., Von Schoppe, J., Ekinci, K. L. & Duan, C. Characterization and manipulation of single nanoparticles
using a nanopore-based electrokinetic tweezer. Nanoscale 11, 22924-22931. https://doi.org/10.1039/CONR08476B (2019)

Lee, J. S. et al. Multiple consecutive recapture of rigid nanoparticles using a solid-state nanopore sensor. Electrophoresis 39, 833-843.
https://doi.org/10.1002/elps.201700329 (2018).

Yalcin, S. E., Lee, S. Y., Joo, S. W, Baysal, O. & Qian, S. Electrodiffusiophoretic motion of a charged spherical particle in a nanopore.
J. Phys. Chem. B 114, 4082-4093. https://doi.org/10.1021/jp100784p (2010)

Laohakunakorn, N., Thacker, V. V., Muthukumar, M. & Keyser, U. E. Electroosmotic flow reversal outside glass nanopores. Nano
Lett. 15, 695-702. https://doi.org/10.1021/n1504237k (2015).

Yusko, E. C., An, R. & Mayer, M. Electroosmotic flow can generate ion current rectification in nano- and micropores. ACS Nano
4, 477-487. https://doi.org/10.1021/nn9013438 (2010).

Lin, D.-H.,, Lin, C.-Y,, Tseng, S. & Hsu, J.-P. Influence of electroosmotic flow on the ionic current rectification in a pH-regulated,
conical nanopore. Nanoscale 7, 14023-14031. https://doi.org/10.1039/C5NR03433G (2015).

Yukimoto, N. et al. Tracking single-particle dynamics via combined optical and electrical sensing. Sci. Rep. 3, https://doi.org/10.
1038/srep01855 (2013).

Tanaka, S. et al. Tailoring particle translocation via dielectrophoresis in pore channels. Sci. Rep.6, https://doi.org/10.1038/srep3
1670 (2016).

He, Y., Tsutsui, M., Fan, C., Taniguchi, M. & Kawai, T. Controlling DNA translocation through gate modulation of nanopore wall
surface charges. ACS Nano 5, 5509-5518. https://doi.org/10.1021/nn201883b (2011).

Allen, L., Beijersbergen, M. W, Spreeuw, R. J. C. & Woerdman, J. P. Orbital angular momentum of light and the transformation
of Laguerre-Gaussian laser modes. Phys. Rev. A 45, 8185-8189. https://doi.org/10.1103/PhysRevA.45.8185. (1992).

Barnett, S. M. & Allen, L. Orbital angular momentum and nonparaxial light beams. Opt. Commun. 110, 670-678. https://doi.org/
10.1016/0030-4018(94)90269-0 (1994).

Courtial, J., Dholakia, K., Allen, L. & Padgett, M. Gaussian beams with very high orbital angular momentum. Opt. Commun. 144,
210-213. https://doi.org/10.1016/S0030-4018(97)00376-3 (1997).

Zhang, J., Huang, S.-J., Zhu, E-Q., Shao, W. & Chen, M.-S. Dimensional properties of Laguerre-Gaussian vortex beams. Appl. Opt.
56, 3556-3561. https://doi.org/10.1364/A0.56.003556. (2017).

Zhao, Y., Edgar, J. S., Jeffries, G. D. M., McGloin, D. & Chiu, D. T. Spin-to-orbital angular momentum conversion in a strongly
focused optical beam. Phys. Rev. Lett. 99, 073901. https://doi.org/10.1103/PhysRevLett.99.073901 (2007).

Saito, K., Okubo, S. & Kimura, Y. Change in collective motion of colloidal particles driven by an optical vortex with driving force
and spatial confinement. Soft Matter 14, 6037-6042. https://doi.org/10.1039/c8sm00582f (2018).

Tsuji, T., Nakatsuka, R., Nakajima, K., Doi, K. & Kawano, S. Effect of hydrodynamic inter-particle interaction on the orbital motion
of dielectric nanoparticles driven by an optical vortex. Nanoscale 12, 6673-6690. https://doi.org/10.1039/CINR10591C (2020).
Nagura, R., Tsujimura, T., Tsuji, T., Doi, K. & Kawano, S. Coarse-grained particle dynamics along helical orbit by an optical vortex
irradiated in photocurable resins. OSA Continuum 2, 400-415. https://doi.org/10.1364/OSAC.2.000400 (2019).

Sen, Y.-H., Jain, T., Aguilar, C. A. & Karnik, R. Enhanced discrimination of dna molecules in nanofluidic channels through multiple
measurements. Lab Chip 12, 1094-1101. https://doi.org/10.1039/C2LC20771K (2012).

Kondylis, P. et al. Nanofluidic devices with 8 pores in series for real-time, resistive-pulse analysis of hepatitis B virus capsid assembly.
Anal. Chem. 89, 4855-4862. https://doi.org/10.1021/acs.analchem.6b04491 (2017).

Doi, K., Nito, E, Koyama, R. & Kawano, S. Repetitive electrical sensing of optically trapped microparticles in motorized liquid
flows. J. Phys. Chem. C 124, 10627-10637. https://doi.org/10.1021/acs.jpcc.0c00575 (2020).

Nito, F. et al. Quantitative evaluation of optical forces by single particle tracking in slit-like microfluidic channels. J. Phys. Chem.
C 122, 17963-17975. https://doi.org/10.1021/acs.jpcc.8b02701 (2018).

Phillips, R. L. & Andrews, L. C. Spot size and divergence for Laguerre Gaussian beams of any order. Appl. Opt. 22, 643-644. https://
doi.org/10.1364/A0.22.000643 (1983).

Chen, M., Mazilu, M., Arita, Y., Wright, E. M. & Dholakia, K. Dynamics of microparticles trapped in a perfect vortex beam. Opt.
Lett. 38, 4919-4922. https://doi.org/10.1364/OL.38.004919 (2013).

Chen, M., Mazilu, M., Arita, Y., Wright, E. M. & Dholakia, K. Creating and probing of a perfect vortex in situ with an optically
trapped particle. Opt. Rev. 22, 162-165. https://doi.org/10.1007/s10043-015-0031-7 (2015).

Liang, Y. et al. Aberration correction in holographic optical tweezers using a high-order optical vortex. Appl. Opt. 57, 3618-3623.
https://doi.org/10.1364/A0.57.003618 (2018).

Fukuyama, T., Nakama, S. & Maeda, Y. T. Thermal molecular focusing: tunable cross effect of phoresis and light-driven hydrody-
namic focusing. Soft Matter 14, 5519-5524. https://doi.org/10.1039/C8SM00754C (2018).

Hall, J. E. Access resistance of a small circular pore. J. Gen. Physiol. 66, 531-532. https://doi.org/10.1085/jgp.66.4.531 (1975).
DeBlois, R. W,, Bean, C. P. & Wesley, R. K. Electrokinetic measurements with submicron particles and pores by the resistive pulse
technique. J. Colloid Interface Sci. 61, 323-335. https://doi.org/10.1016/0021-9797(77)90395-2 (1977).

Schrott, W. et al. Study on surface properties of PDMS microfluidic chips treated with albumin. Biomicrofluidics 3, 44101. https://
doi.org/10.1063/1.3243913 (2009).

Acknowledgements

This study was supported by the Japan Society for the Promotion of Science (JSPS) KAKENHI under Grant
Number JP18H05242 for Scientific Research (S), JSPS Grant Number JP16H06504 for Scientific Research on
Innovative Areas (Nano-Material Optical-Manipulation), Japan Science and Technology Agency (JST) CREST
Grant Number JPMJCR1903, and JSPS Grant Number JP20H02067 for Scientific Research (B).

Author contributions

K.N. performed the particle manipulation experiment, analyzed data, and wrote the manuscript. R.N. constructed
the optical setup, performed the ionic-current measurement, and analyzed the resistive-pulse waveform. T.T. and
K.D. designed the double-orifice fluidic device, constructed the ionic-current measurement system, and discussed
about the experimental results. S.K. designed the principle of the optical-vortex-assisted fluidics, evaluated the
experimental results, and wrote the manuscript. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2021) 11:9323 | https://doi.org/10.1038/s41598-021-87822-7 nature portfolio


https://doi.org/10.1021/ac300705z
https://doi.org/10.1039/C7NR00488E
https://doi.org/10.1039/C9NR08476B
https://doi.org/10.1002/elps.201700329
https://doi.org/10.1021/jp100784p
https://doi.org/10.1021/nl504237k
https://doi.org/10.1021/nn9013438
https://doi.org/10.1039/C5NR03433G
https://doi.org/10.1038/srep01855
https://doi.org/10.1038/srep01855
https://doi.org/10.1038/srep31670
https://doi.org/10.1038/srep31670
https://doi.org/10.1021/nn201883b
https://doi.org/10.1103/PhysRevA.45.8185.
https://doi.org/10.1016/0030-4018(94)90269-0
https://doi.org/10.1016/0030-4018(94)90269-0
https://doi.org/10.1016/S0030-4018(97)00376-3
https://doi.org/10.1364/AO.56.003556.
https://doi.org/10.1103/PhysRevLett.99.073901
https://doi.org/10.1039/c8sm00582f
https://doi.org/10.1039/C9NR10591C
https://doi.org/10.1364/OSAC.2.000400
https://doi.org/10.1039/C2LC20771K
https://doi.org/10.1021/acs.analchem.6b04491
https://doi.org/10.1021/acs.jpcc.0c00575
https://doi.org/10.1021/acs.jpcc.8b02701
https://doi.org/10.1364/AO.22.000643
https://doi.org/10.1364/AO.22.000643
https://doi.org/10.1364/OL.38.004919
https://doi.org/10.1007/s10043-015-0031-7
https://doi.org/10.1364/AO.57.003618
https://doi.org/10.1039/C8SM00754C
https://doi.org/10.1085/jgp.66.4.531
https://doi.org/10.1016/0021-9797(77)90395-2
https://doi.org/10.1063/1.3243913
https://doi.org/10.1063/1.3243913

www.nature.com/scientificreports/

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-021-87822-7.

Correspondence and requests for materials should be addressed to S.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021)11:9323 | https://doi.org/10.1038/s41598-021-87822-7 nature portfolio


https://doi.org/10.1038/s41598-021-87822-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Synchronized resistive-pulse analysis with flow visualization for single micro- and nanoscale objects driven by optical vortex in double orifice
	Results and discussion
	Analysis of orbital motion of PS particle in a double orifice. 
	Synchronized resistive-pulse analysis of micro- and nanoparticles. 

	Concluding remarks
	Methods
	Fabrication of the double-orifice fluidic device. 
	Optical setup. 
	Ionic-current measurement. 
	Preparation of the particle solution. 

	References
	Acknowledgements


