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Abstract: Nanopores have been implemented as nano-sensors for DNA sequencing, 

biomolecule inspection, chemical analysis, nanoparticle detection, etc. For high-throughput 

and parallelized measurement using nanopore arrays, individual addressability has been a 

crucial technological solution in order to enable scrutiny of signals generated at each and 

every nanopore. Here, an alternative pathway of employing arrayed nanopores to perform 

sensor functions is investigated by examining the group behavior of nanoparticles 

translocating multiple nanopores. As no individual addressability is required, fabrication of 

nanopore devices along with microfluidic cells and readout circuits can be greatly simplified. 

Experimentally, arrays of less than 10 pores are shown to be capable of analyzing 

translocating nanoparticles with a good signal-to-noise margin. According to theoretical 

predictions, more pores (than 10) per array can perform high-fidelity analysis if the noise 

level of the measurement system can be better controlled. More pores per array would also 

allow for faster measurement at lower concentration because of larger capture cross-sections 

for target nanoparticles. By experimentally varying the number of pores, the concentration of 

nanoparticles or the applied bias voltage across the nanopores, we have identified the basic 

characteristics of this multi-event process. By characterizing average pore current and 

associated standard deviation during translocation and by performing physical modeling and 

extensive numerical simulations, we have shown the possibility of determining the size and 

concentration of two kinds of translocating nanoparticles over four orders of magnitude in 

concentration. Hence, we have demonstrated the potential and versatility of the 

multiple-nanopore approach for high-throughput nanoparticle detection. 

 

Keywords: Nanopore sensor, multiple nanopores, nanoparticles, group behavior, 

translocation, ionic current  
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Nanopore technology, with a focus on correlating the detected pulses of ionic current 

through a nanopore to the properties of translocating molecules, has been widely studied for 

DNA sequencing
1,2

, biomolecule inspection
3–6

, chemical molecule/ion sensing
7–9

, and 

nanoparticle detection
10–12

. With the development of micro/nano-fabrication technologies
13–15

, 

smaller-size pores can be drilled in thinner membranes of solid-state materials
16,17

 and the 

sensing resolution is consequently enhanced. As another family of nanopores, biological pores 

naturally 1-4 nm in diameter, such as α-hemolysin (α-HL)
18

, Mycobacterium smegmatis 

protein A
19

, Phi29 connector
20

, Aerolysin
21

, Cytolysin A
22

, Outer Membrane Protein G
23

, etc., 

have been explored for biosensing applications especially in DNA sequencing. In order to 

improve the sensing performance, efforts have been pursued with respect to novel device 

structures such as field-effect transistor (FET)-nanopore devices
24,25

, pore-cavity-pore 

device
26

, and zero-depth nanopore
27

, to new detection method such as plasmonic nanopore
28

 

and scattering nanopore
29

, as well as to unconventional signal pick-up circuits and data 

processing algorithms
30–32

. These attempts have an implicit focus on boosting the capability of 

single nanopores in sensing. In contrast, simultaneous translocation of a multitude of 

nanopores or nano-channels by a large number of nanoparticles for high-throughput and 

low-cost parallelized sensing has received much less attention. 

Several fabrication methods are available for production of solid-state nanopore arrays, 

e.g., photolithography with silicon on insulator (SOI) wafers
33

, electron beam lithography
34

, 

lift-off by polystyrene
35

, and controlled breakdown
36

. Moreover, protein nanopores, e.g., 

α-HL, can self-assemble on a lipid membrane to form multiple nano-channels
37

. However, the 

signal readout solutions developed for nanopore arrays are mainly based on individual 

addressability employing either multiple electronic amplifier cells
31,38,39

 (including MinION 

sequencer
2
), optical fluorescence microscopy

40,41
, or mechanically moving and contacting 

stage
42

. Individual addressability implies that events at each and every nanopore of a 

nanopore array can be independently captured and analyzed, since the nanopores are accessed 

through separate electrodes, microfluidic cells, and readout electronics. It sets high 

engineering demands on the integration density, particularly by the resource-demanding 

microfluidic cells. To offset this challenge, it is valuable to explore the possibility of 

accurately interpreting the measured ionic current that represents a superposition of the ionic 
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currents from a multitude of nanopores. As shown is Figure 1(a), the output ionic current is 

contributed by all the pores in the membrane simultaneously. The stochastic nature of such an 

output ionic current has been considered
43

 in the similar vein to a multi-channel patch in cell 

biology technology
44

. However, these previous studies focus on signals consisting of 

distinguishable individual translocation peaks or steps when the translocation events 

occurring at each pore are of relatively low probability
37,43,45–47

. This is graphically presented 

as case I in Figure 1(b). If the number of the pores is larger and/or the translocations are more 

frequent, the blockage events from different pores can severely overlap thereby making the 

output signal indiscernible for the established tools based on the stochastic process theory. 

This situation is shown as case II in Figure 1(b). 

In this study, group translocation is investigated by examining how the ionic current is 

varied with increasing the number of nanopores from 1 to 100. Clear trends in average ionic 

current (Iave) and its standard deviation (STD) are observed when changing the concentration 

of translocating nanoparticles and bias voltage. An analytical model is established to describe 

the characteristic behaviors of ionic current when numerous nanoparticles simultaneously and 

randomly translocate multiple nanopores. By virtue of statistics, this model captures the 

characteristics of group translocation in form of Iave, STD and power spectrum density (PSD). 

An excellent agreement of the model prediction with the experiment confirms the validity of 

the model. Further validated by numerical simulation, the model is used for additional 

translocation scenarios to project the capability and potential of multiple-nanopore devices for 

parallelized nanoparticle sensing based on analysis of Iave and STD. Finally, employing 

arrayed nanopores is obviously advantageous over using a single large pore of equivalent total 

opening area, because the array exhibits a much higher signal-to-noise ratio (SNR) and larger 

capture cross-section for the translocating nanoparticles. As a result, the array can detect 

particles at lower concentration within shorter time interval (Supporting Figure S1). 

 

Results and discussion 

Ionic current for translocation with different number of pores 

Ionic currents for the translocation of 30 nM SiO2 nanoparticles of 160 nm in diameter, 

with a spread of ±22 nm determined by means of dynamic light scattering (DLS), through 
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SiNx pores of 400 nm in diameter were measured in a KCl solution with the resistivity of 2.8 

Ωm and at 200 mV bias voltage. For this set of experiment, the number of pores N on a device 

was successively increased from 1 to 10. The distance between adjacent pores in the array 

was larger than 2 μm in all devices, which, according to the COMSOL simulation, was 

sufficient for the 400-nm pores to form an identical distribution of electric field regardless of 

their position in the membrane (see Supporting Figure S1). By increasing the number of pores, 

current spikes generated by individual translocation events, shown as current traces in Figure 

2(a), become increasingly difficult to separate and distinguish. Note that “spikes” and “peaks” 

are used in this work to describe sharp valleys in ionic current observed experimentally and in 

theoretical calculations. For the device with a single pore, there are numerous spikes in the 

1-s-current segment shown in Figure 2(a). Three of the spikes are relatively high in amplitude 

and they could result from the translocation of multiple stuck-together particles or from 

nanoparticles briefly adhered around the nanopore. However, the spikes become hardly 

discernible when the number of pores is larger than five. In order to show the details of the 

waveform, the traces are displayed in Figure 2(a) after subtracting from their respective 

average value. The superposition of the individual ionic currents makes the (total) output 

current fluctuate severely. 

The PSD curves of these current traces were calculated by means of Fast Fourier 

Transform (average of the PSD of six 1-s-current segments) and shown in Figure 2(b). It is 

obvious from the PSD curves that the current fluctuation increases with increasing the number 

of pores, which is consistent with the observation in Figure 2(a). The results of Iave and STD 

for the different devices are depicted in Figure 2(c) and (d), respectively. For each device with 

a definite number of pores, six 1-s-current segments are selected arbitrarily from the trace 

records. The squares represent the mean values with their STD to define the error bars, while 

the solid lines are the results of our analytical model that will be discussed in a separate 

section below. While Iave increase linearly with increasing the number of pores, the variation 

of STD with the number of pores follows a square root law. The agreement between 

experiment and model for both Iave and STD is good. It should be mentioned that the 

uncertainty of STD (shown by the error bars) is smaller than the spread of nanoparticles size. 

This observation indicates that the discreteness of nanoparticle size did not cause a major 
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effects in our measurements.  

Both the background noise from the pores themselves along with the electrolyte system 

they are in and the current fluctuation generated by the stochastic translocations are increased 

by further increasing the number of pores per device. The former increases faster than the 

latter and becomes totally dominant in the low-frequency domain of PSD
48

 (see more in the 

“potential applications and signal-noise properties” section below). Under this condition, the 

information about translocation is hidden in the background noise and the device loses its 

function as a sensor. In our experiment, a significant difference in PSD between the open pore 

case without translocating nanoparticle and the nanoparticle translocation case is not observed 

when the number of pores is above 30 (see Supporting Figure S2). 

 

Group behavior of five pores 

Considering the noise issue, a five-pore device was chosen as an example to study the 

properties of group behavior of nanoparticle translocation. The traces of ionic current were 

retrieved at bias voltage ranging from 100 to 500 mV and with concentration of nanoparticles 

ranging from 0.03 to 30 nM (i.e., 1.8·10
10

 to 1.8·10
13

 nanoparticles/ml). Both Iave and STD are 

given in Figure 3, and as previous each data point with error bars is determined using six 

1-s-current segments randomly selected from the current traces. The solid lines represent 

predictions of our analytical model and they are in good agreement with the experimental data. 

It is clear that increasing the concentration of nanoparticles leads to a decrease in Iave. 

However, STD shows a more complex trend in Figure 3(c), first with an increase with 

increasing the concentration until it reaches a maximum. It then falls off at higher 

concentrations. This maximum appears at lower concentrations at higher bias voltages, 

moving from >30 nM at 100 mV to 0.1 nM at 500 mV. This behavior indicates synergistic 

effects of voltage and concentration on STD, because both can enhance the capture 

probability of nanoparticles. When the same group of data is plotted with bias voltage as the 

x-axis in Figure 3(b),(d), both Iave and STD increase monotonously with voltage within the 

studied interval. The increases coincide well with the trends predicted by the model.  

 

Analytical model for the group behavior 



6 
 

It is seen from the waveform of ionic current that the randomly generated blockage spikes 

resemble those of random telegraph noise (RTN)
49

 when nanoparticles translocate a single 

nanopore. The occurrence of nanopore blockage is random and governed by the Poisson 

process. As the schematic diagram in Figure 1(b) shows, the ionic current appears in two 

states with time, i.e., the open pore state and the blockage state, denoted “o” and “b” in the 

subscript of related variables, respectively. The dwell time of these two states obey 

exponential distribution
49,50

. Following the expression of the PSD value of RTN
49

, the PSD of 

the translocation waveform of ionic current can be written as 
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where, f is frequency and ΔI is the current difference between the two states (i.e., the 

amplitude of blockage), and τo and τb are mean dwell time in open pore state and blockage 

state, respectively.  

For devices with multiple nanopores, the additivity for a linear system leads to the 

following relationship: 
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where, N is the number of pores, SN(f) is the total PSD, Si(f) is PSD of the ionic current from 

the i
th

 pore, and Si,j(f) is the cross PSD of ionic current from i
th

 and j
th

 pores. A reasonable 

assumption for multiple nanopores is that the translocation events at different pores are 

independent and there is no correlation among one another. Thus, Si,j(f) is always equal to zero 

and SN(f) is simply the algebraic addition of all Si (f). Furthermore, STD of the total current 

can be acquired by integrating the spectra over the entire frequency range: 
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It can be easily shown that STD reaches its maximum when τo=τb, and the maximum 

STD is equal to 2I N /  (see detailed derivations in Supporting Note 1). 

On the other hand, Iave can be calculated straightforwardly by averaging the current: 
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where, Io is the open-pore current. 

The time interval between two consecutive translocation events τo is shown in the 

literature to be the reciprocal of capture probability P
51

. The latter, P, describes the probability 

of a nanopore capturing a nanoparticle in a unit time span. It is proportional to the 

concentration of nanoparticles and exponentially proportional to the bias voltage
50–53

. The 

blockage duration τb is set to constant in the model fitting, since τb has a much weaker 

dependence on the bias voltage than τo does
52,53

 (see Supporting Note 2). Specifically, τb = 2 

ms is chosen by referring to the statistical results for the experiment of 160 nm SiO2 

nanoparticles translocating a single 400 nm pore. In the model, Io and ΔI are determined by 

the size of nanopores and nanoparticles
54

: 
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where, G is the nanopore conductance, U is the bias voltage, ρ is resistivity of the electrolyte 

in the pore, Leff is the effective transport length of the nanopore along which the highest 

electric field is measured
54

, and dp is diameter of nanopore. If a nanoparticle with diameter of 

dNP translocates the nanopore, the blockage current level can be simply determined by the 

ratio in cross-section area of the nanoparticle to the nanopore
55

: 
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By specifying the bias voltage, nanoparticle concentration, size of nanopores, and size of 

nanoparticles, the four input variables, τ0, τb, Io, and ΔI, can be determined. Then, Iave, STD, 

and SPD can be calculated according to the model. The good agreement between model and 

experiment verifies the validity and efficiency of the model. More importantly, it indicates 

that the model captures the physics process and represents the essential properties of the 

group behavior of multiple nanopores translocated by numerous nanopores simultaneously 

and randomly. 

 

Simulation of ionic current 
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A simulation platform is developed and implemented on MATLAB to perform theoretical 

experiments in order to explore additional features of the group behavior. The simulation is 

based on stochastic processes and applied by the following steps. 1) A time step Δt, i.e., 

sampling rate, is first specified in the simulation. 2) A state of either “open pore” (o) or 

“blockage” (b) is randomly generated for each pore at each Δt according to a two-point 

distribution based on the capture probability P. 3) Io is assigned for pores in state “o” and Ib = 

Io – ΔI for pores in state “b”. 4) The total current is calculated by summing up the individual 

currents from all pores. It is worth to mention that a pore cannot change to state “o” until 

lasting for τb, once it is in state “b”. 5) Steps 2-4 are repeated to acquire the total current for 

the next time point, wherein the current trace is simulated over the time span equal to the 

inverse of the lowest frequency of noise PDS. 6) Iave, STD, and PSD are calculated using the 

generated current traces in the time domain.  

The simulated waveform of the output ionic current for a single pore being translocated 

by numerous nanoparticles shows the expected pattern of blockage spikes in Figure 4(a). The 

results also reproduce well the experimental observations for multiple nanopores in Figure 

2(a). The PSD calculation was performed by averaging ten 1-s-current segments and the 

results are displayed in Figure 4(b). Overall, the simulation agrees well with the modeling. A 

typical Lorentzian PSD coincides excellently with the model (Eq. 1). The corresponding Iave 

and STD as a function of number of pores are summarized in Figure 4(c). The simulation is 

found to agree excellently with the modeling for both Iave and STD. Similarly to the 

experimental observations in Figure 2(c),(d), Iave increases linearly with increasing the 

number of nanopores while STD follows a square root law, at the given bias voltage and 

concentration of nanoparticles.  

As discussed earlier, both bias voltage and concentration of nanoparticles can affect the 

capture rate. Hence, both Iave and STD are sensitively dependent on these parameters. As 

shown in Figure 4(d), Iave increases continuously with bias voltage while STD firstly increases 

to a maximum value and then decreases at high bias voltages. The observed behavior of STD 

can be understood with the assistance of the model. At low bias voltages, the capture rate 

increases with increasing bias voltage. Yet, τb is still kept below τo. The relatively shorter τo 

pushes up the fluctuation level. However, the capture rate can reach a very large value by 
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further increasing the bias voltages, to the extent that τb becomes longer than τo. In this case, 

the shorter τ0, the lower fluctuation level of the ionic current is. It is seen that the agreement 

between simulation and modeling is excellent for Iave. Although the comparison is somewhat 

compromised for STD, it is important to note that both simulation and modeling capture the 

basic feature of how fluctuation evolves with bias voltage. 

The variation of Iave and STD as a function of the concentration of nanoparticles in Figure 

4(e) shows that Iave keeps decreasing with increasing the concentration of nanoparticles and 

this decrease becomes accelerated above 1 nM. The behavior of STD is similar to its variation 

with bias voltage; STD increases under the condition τo > τb but it declines when τo < τb. While 

STD is characterized by a maximum when either bias voltage or concentration of 

nanoparticles is varied, the distinct behavior of Iave with these two experimental parameters, 

which is consistent with the experimental observations in Figure 3(a),(b), can be useful in 

guiding the experimental design. 

 

Potential applications and signal-noise properties 

The potential of utilizing the group behavior of multiple nanopores to decipher the 

translocation properties is further explored for several application scenarios. It shows the 

potential to discriminate two kinds of nanoparticles of distinct diameters in dispersions and 

gauge their concentration ratio. The experiment data of Iave and STD are shown as discrete 

dots in Figure 5 for various mixtures of SiO2 nanoparticles of 20±2 and 160±22 nm in 

diameter translocating a five-pore device. An almost linear increase in Iave is observed when 

varying the ratio of these two kinds of nanoparticles from 100% 160 nm diameter 

(CNP1/(CNP1+CNP2)=0) to 100% 20 nm diameter (CNP1/(CNP1+CNP2)=1). In contrast, STD, as 

expected, displays a bell shape with a maximum around the 50-50 mixture corresponding to 

the maximum chaos or current fluctuation. The corresponding simulation results shown as 

continuous lines in Figure 5 coincide very well with the experimental data. Moreover, by 

analyzing the details of Iave and STD, lots of information, such as diameter and concentration 

of nanoparticles, become possible to be inferred (see Supporting Figure S4 and Supporting 

Table S1).  

Theoretically, when a device with a larger number of pores is employed with a higher 
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bias voltage, more significant changes in Iave and larger STD (fluctuations), both indicating 

stronger signals, are obtained. However, in practice, some subtle details can impede the signal 

boost, in particular a rapid growth of noise level and a saturation of capture rate. For 

low-frequency noise, three components need to be considered
48,56

: thermal noise, flicker noise 

and electrode noise from the interface of Ag/AgCl electrode to the electrolyte. With the 

increase of number of nanopores, the power of thermal noise and flicker noise increase 

linearly at the same speed of signal enhancement
57

. Hence, SNR will not be worsened. 

However, the electrode noise component increases at a higher pace since it grows in a 

quadratic fashion with the number of nanopores
48

. Consequently, the noise level will override 

the signal beyond a certain number of nanopores (see detailed derivations in Supporting Note 

3). 

In the model, an important assumption is the independence of the translocation events, 

including the independence in space (i.e., the events at different pores are not correlated) and 

time (i.e., one event does not influence the next one at the same pore). Thus, this stochastic 

process is stationary and ergodic, which is a prerequisite for the Lorentzian PSD of the ionic 

current of the nanopore being translocated by nanoparticles. However, if the concentration of 

nanoparticles is large and/or the bias voltage is high, the previous translocation event may 

retard the following one and they are not independent any more. Moreover, the nanoparticles 

may adhere on the mouth/wall of a pore, become conjugated and partially clog the pore 

(Supporting Figure S3). Under such circumstances, the translocation event at a chosen pore is 

not entirely isolated from those at adjacent pores.  

In experiment, additional factors could induce uncertainties and lead to results departing 

from the model predications. Size distribution of the nanoparticles can introduce additional 

fluctuations in amplitude and duration of the translocation current spikes. Consequently, it can 

inevitably complicate STD of multiple-pore devices. Furthermore, inadequate cleaning and 

incomplete wetting of nanopore could mess the random translocation and induce an unstable 

open pore current, which can lead to an increase of the background noise. Keeping raising the 

concentration of nanoparticles and bias voltage can lead to saturation of the capture rate. In 

other words, the rate limiting step is the translocation speed not the capture rate. In this case, 

Iave and STD become unconnected to the concentration of nanoparticles and the sensing 
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function is defeated. Considering this extreme situation, the detection limit of nanoparticle 

concentration can be worsened by increasing number of nanopores (see detailed discussions 

in Supporting Note 3). 

 

Conclusions 

The present work attempts to establish the foundation for the group behavior of numerous 

nanoparticles translocating multiple nanopores simultaneously and randomly. Higher pore 

number promises faster measurement at lower concentration of nanoparticles, as a result of 

larger capture cross-sections for the target nanoparticles. The systematic study presented in 

this work reveals that Iave and STD are two important output signals containing critical 

information of the translocation process. By increasing the number of nanopores, both Iave and 

STD increase monotonously. However, STD displays a maximum when either the 

concentration of nanoparticles or the bias voltage is raised, while the monotonous variation of 

Iave with these two parameters remains. A simple yet accurate analytical model has been 

established to predict the group behavior. The predictions are found to coincide well with the 

experimental results. Experimentally, several parameters, including bias voltage, nanoparticle 

concentration, distance between adjacent pores in the membrane, and number of nanopores, 

should be carefully varied in order to render the individual translocation events to be 

independent. Additionally, controlling noise and avoiding adsorption of particles on the 

mouth/wall of nanopores are prerequisites to increase the number of pores and boost the 

signal to noise ratio. Moreover, a simulation platform has also been implemented on 

MATLAB and its validity is confirmed by comparing with the model. The simulation is used 

to perform theoretical experiments and the results are in good agreement with the model 

calculation. By analyzing Iave and STD, the multiple-nanopore technology can be employed to 

determine the concentration, size, and constituents of nanoparticle samples. Furthermore, 

more sophisticated analyses of the group behavior with the assistance of advanced 

mathematical, statistical, and algorithmic models and tools can help reveal more subtle 

information and develop wider practical applications regarding the nanoparticle translocation 

of multiple nanopores.  
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Methods 

Nanopore fabrication 

Electron-beam lithography (EBL) assisted by reactive ion etching (RIE) is employed to 

fabricate nanopores with tunable and controllable size in free-standing SiNx membranes. 

Starting from a 300 μm double side polished (100) silicon wafer with a 50 nm thick SiO2 and 

a 20 nm thick low-stress SiNx membrane deposited by means of low pressure chemical vapor 

deposition, nanopores were patterned on the front side with EBL and then transferred into the 

SiNx membrane by RIE. Next, a 150 μm window was opened on the rear side of the wafer 

using photolithography and RIE. Finally, deep RIE and KOH etching were carried out to strip 

off the thick silicon substrate layer through the rare-side opening to reach the 50-nm thick 

SiO2 on the front side. This oxide was then stripped off in buffered hydrofluoric acid (BHF). 

Therefore, nanopores were created in the free-standing SiNx membrane on the front side of 

the wafer. The SEM images of a nanopore array are displayed in Supporting Figure S6, 

showing a good uniformity of the pore size.  

 

Translocation experiment and measurement 

The device containing multiple nanopores was sandwiched by a custom-made polymethyl 

methacrylate (PMMA) flow cell between two silicone O-rings (8 mm in diameter); two 

compartments for KCl solution were separated by the device and the only path of the ionic 

current was through the nanopore. The resistivity of the KCl solution is measured using a 

conductivity meter (Lab 945, Xylem Analytics Germany Sales GmbH & Co. KG) .In the 

experiment, various concentrations of 160±22 nm and/or 20±2 nm silica particles dispersed 

in KCl solution could be added in both chambers. The diameter and its distribution are 

characterized by means of DSL (Zetasizer Nano Z, UK). In order to enhance the driving force 

on the nanoparticles, the silica particle dispersions were tuned to pH 10 by adding KOH 

solution so as to make the surface of the particles carry a relatively large density of negative 

charge. The nanopore chips were carefully cleaned in oxygen plasma at 1000 W for 20 min, 

followed by immersion in a piranha solution with H2SO4:H2O=3:1 (volume ratio) for 30 min, 

and finally rinsed by deionized water prior to the measurement. A pair of Ag/AgCl electrodes 

(2 mm in diameter, Warner Instruments, LLC.) was used to apply voltage and measure ionic 
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current. The current was measured with a patch clamp amplifier (Axopatch 200B, Molecular 

Device Inc.), digitalized by Axon Digidata 1550A (Molecular Device LLC.), and recorded by 

the software Axon pCLAMP 10 (Molecular Device LLC.). Particle translocation was detected 

at 10 kHz sampling frequency with a 1 kHz 4-pole Bessel low-pass filter. The whole setup 

was placed inside a Faraday cage to shield from electromagnetic noise. 
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Figure 1. Device structure and signal of multiple-nanopore sensor. (a) Schematic device 

structure of a multiple-nanopore sensor. (b) Schematic illustrations of how sharp and clean 

ionic currents from three individual pores could evolve to two distinct patterns (cases) of the 

final output signal.  
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Figure 2. Experimental results of group behavior by varying the numbers of nanopores. (a) 

Experimentally measured ionic current traces of a single kind of nanoparticles translocating 

nanopores of increasing number from 1 to 10. Insets: optical microscope images of five 

multiple-nanopore devices. Scale bars: 5 μm. (b) PSD of ionic current for translocation with 

nanopores of different number of pores. (c) Variation of Iave as a function of number of pores. 

Squares: experiment, line: model. Error bars: standard deviation of six 1-s-current segments. 

(d) Variation of STD as a function of number of pores following a square root law. Squares: 

experiment, line: model. Error bars: standard deviation of six 1-s-current segments. All the 

measurements in this figure were carried out with 30 nM SiO2 nanoparticles at 200 mV bias 

in KCl electrolyte with the resistivity of 2.8 Ωm. 
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Figure 3. Comparison between experiment and model of a five-pore device. (a),(c) Variation 

of Iave and STD with concentration of nanoparticles at different bias voltages. (b),(d) Variation 

of Iave and STD with bias voltage at different concentration of nanoparticles. Dots: experiment, 

lines: model. Error bars: standard deviation of six 1-s-current segments. 
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Figure 4. Modeling and simulation of group behavior. (a) Typical simulated ionic current 

traces of 0.5 nM nanoparticles translocating nanopores with N=1, 3, 10, 30, 100, from left to 

right at 300 mV bias voltage. (b) PSD with different number of pores at 300 mV bias voltage. 

(c) Variation of Iave and STD as a function of number of pores. Concentration of nanoparticles: 

0.5 nM, bias voltage: 300 mV. (d) Variation of Iave and STD as a function of bias voltage for 

100 nanopores with 0.5 nM nanoparticles at 300 mV bias voltage. (e) Variation of Iave and 

STD as a function of concentration of nanoparticles for 100 nanopores at 300 mV bias voltage. 

Dots: simulation, solid curves: model. All the simulation and modeling were implemented for 

400 nm-diameter nanopores and 160-nm diameter nanoparticles in 100 mM KCl electrolyte. 
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Figure 5. Experiment and simulation of Iave and STD for translocation of mixture 

nanoparticles. Comparisons between experiment (dots) and simulation (lines) for the changes 

of Iave and STD of current of a five-pore device, by varying the mixing ratio of type 1 SiO2 

nanoparticles (NP1, 20 nm in diameter) and type 2 SiO2 nanoparticles (NP2, 160 nm in 

diameter). The total concentration of the mixture is fixed to 30 nM. The simulation and 

measurement were implemented at 300 mV bias and in KCl buffer with the resistivity of 6.2 

Ωm. Error bars: standard deviation of six 1-s-current segments. A normalization factor was 

necessary to bring the simulation results to the same range of the experimental data.  
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