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Ö Z

Coulter Counter prensibine dayanan dirençli atış taraması, çeşitli ortamlardaki farklı partikül tiplerini tespit etmek / ayırt 
etmek için algılama ve ayırma işlemlerinde önemli bir tekniktir. Böyle bir düzenekte, daha küçük parçacıklardan sinyal 

elde etmek daha büyük parçacıklara kıyasla zor olabilir. Bu çalışmada, gözenek şeklinin sinyal hassasiyeti üzerindeki kritik 
rolüne odaklanılmıştır. Küçük parçacıkların hassasiyetini incelemek için kum saati ve puro şekilli nanogözenekler simüle 
edilmiştir. Yüzey yükünü -0.31 C/m2, -0.007 C/m2 ve -0.015 C/m2 olarak -0.3 V ile -1 V arasında 0,1’lik artışlarla değiştirerek 
120 nm çapındaki parçacığın gözenekten geçişi incelenmiştir. Değişken yüzey yüklerine sahip özdeş boyutlu parçacıklar için 
sinyaller farklı konsantrasyonlarda karşılaştırılmıştır. Her gözenek şeklinden elde edilen sinyal büyüklüklerinin ve normalize 
edilmiş akım değişikliklerinin karşılaştırılması, puro şeklindeki gözeneğin kum saati gözeneğine kıyasla daha küçük boyutlu 
parçacıklar için daha belirgin sinyaller verdiğini göstermiştir. Sonuçlar, kum saati şeklindeki gözeneğin, daha küçük parça-
cıkları ayırt etmek için puro şeklinden daha yüksek hassasiyet sağladığını ve kum saati gözeneğinin nanogözenek sensör 
uygulamaları için tercih edilebileceğini ortaya koymaktadır.

Anahtar Kelimeler 
Nanopor sensör, nanoparçacık algılama, COMSOL, sonlu eleman simülasyonu.

A B S T R A C T

Resistive pulse sensing, based on the Coulter Counter principle, is an important assay for sensing and separation pro-
cesses to detect/discriminate several types of particles in various mediums. In such a set-up, attaining the signal from 

the smaller particles can be hard compared to larger particles. In this work, we focus on the critical role of pore shape on 
signal precision. We have simulated hourglass and cigar shaped nanopores to study the sensitivity for small particles. We 
have considered the translocation of 120 nm diameter particle by altering the surface charge as -0.001 C/m2, -0.007 C/m2 
and -0.015 C/m2 under the applied potential between -0.3 V and -1 V with 0.1 increments. We have compared the signals 
in different concentration for identical-sized particles with varying surface charges. Comparison of pulse magnitudes and 
normalized current changes obtained from each pore shapes have shown that the cigar shaped pore yields more prominent 
signals for smaller sized particles than the hourglass pore. The results reveal that the hourglass shaped pore provides higher 
sensitivity than cigar shaped to discriminate the smaller particles and the hourglass pore might be preferable for nanopore 
sensor applications.
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INTRODUCTION

Resistive pulse sensing (RPS) method which entails the 
use of nanopores has been widely implemented for 
many applications such as biomolecule detection (DNA, 
protein, virus) [1-3], nanoparticle characterization [4, 5], 
desalination [6] in various fields such as health/medici-
ne [7], energy [8] and food engineering [9]. The system 
is based on the Coulter Counter principle [10]. The main 
point of this tool is the detection of a target element 
through analyzing the ionic current change formed by 
the translocated ions and/or particles. Acquired current 
change is then utilized as a detecting signal. 

Sensitivity accuracy is a fundamental point to evaluate 
the qualification of the signal. Precision of the analysis, 
not only but significantly, depends on the pore geo-
metry [11, 12], applied potential [13, 14] and surface 
charges [15, 16]. It has been shown that the conical po-
res outperforms the cylindrical pores in sensing applica-
tions [17]. Other than the conical shape, other possible 
asymmetric pore shapes have also been investigated 
[18-21] and studies indicate that the distortion of the 
conical geometry to cigar and hourglass shapes may 
increase the sensing ability [22, 23]. 

The sensing capacity is directly related to the surface 
charges of the pore and the particle. The particle sur-
face charge is particularly influence the signal genera-
tion during the particle translocation [13, 24]. Different 
types of synthetic and biological submicron particles 
in wide ranges of size and shape have been investiga-
ted [25, 26]. Translocated particle blocks the ionic flow, 
which is known as the volume exclusion effect. Blocked 
ions (excluded ionic flow) reflected as a signal drop 
that provides knowledge to characterize the particle. 
Depending on the pore geometry, to obtain a stronger 
signal, it is necessary that there is a small gap between 
the pore and the particle [27]. Therefore, detection of 
the particles with low surface charge and small diame-
ter is not easy compared with the detection of larger 
particles.

In this study, we aim to investigate effect of the nano-
pore geometry on signal precision for the small particle 
detection under variations of applied potential, particle 
surface charge and concentration. Simulations allow to 
compare the signals by keeping all other factors under 
control on perfectly shaped geometries. The cigar sha-
pe and hourglass shape pores are selected due to their 

Figure 1. Mesh and boundary conditions of simulated pore geometries (a) cigar shaped nanopore, (b) hourglass shaped nanopore and 
(c) I-|V| signal due to the particle translocation.



D. Yılmaz et al. / Hacettepe J. Biol. & Chem., 2021, 49 (3), 207-217 209

proven higher sensing potentials [28]. Obtained signal 
magnitudes and signal differences are evaluated in de-
tail.

MATERIALS and METHODS

Mathematical Model
In this study, we investigate the two different nanopore 
geometries’ efficiency for the detection of small diame-
ter particles. As shown in Figure 1a, cigar shaped pore 
has two identical tips located at the upper and bottom 
entrances, respectively, while hourglass shaped pore 
has one tip zone placed in the middle of the membrane, 
Figure 1b.

Geometries are modelled as 2D axially symmetric half 
plane by using COMSOL Multiphysics v.4.4 software 
(COMSOL, Inc.). Parameters are set as following; the 
pore length is 20 µm, the pore tip diameter is 430 nm 
and the base diameter is 7.27 µm, the applied pressure 
is 4 mmHg, the voltage applied between -0.3 V and -1 V, 
the ionic concentration is 10 mM and the translocated 
particle diameter is 120 nm with varying surface charge 
densities of -0.001 C/m2, -0.007 C/m2, -0.015 C/m2.

COMSOL Multiphysics coupled the Poison equation, the 
Nernst-Planck equation and the Navier-Stokes equation 
to simulate the models. The Poison equation, describes 
the electric potential association with the voltage and 
charge distributions, calculated according to the follo-
wing formula:
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where E , ρ , 80rε = , 1
0
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Fa= 96485 C/mol are the electric potential, the electric 
charge density, the relative permittivity, the vacuum 
permittivity and the Faraday constant, respectively, 
with given values. iz  and ic  are the valence and 
concentration of the ith ionic species, respectively.

The Nernst-Planck equation is: 
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where 
iD , ic , R, T, u are the diffusivity, the concent-

ration of the ith ionic species, the gas constant, the 
absolute temperature and the velocity vector, respec-
tively. The diffusion constant of potassium is given as 
1.957x10-9 m2/s and chlorine ions are set to 2.03x10-9 
m2/s [29]. 

iD RT  gives the mobility in the electric field 
(s mol/kg). Zero normal flux boundary condition is emp-
loyed at all walls,

Figure 2. Signal amplitude (∆I) values 120 nm-diameter particle with varying surface charges obtained from the cigar and hourglass 
shaped pores. Dark blue-red-yellow lines indicate the signals from the cigar shaped pore for -0.001 C/m2, -0.007 C/m2, -0.015 C/m2 
surface charged particles, respectively. Purple-green-blue lines indicate the signals from the hourglass shaped pore for -0.001 C/m2, 

-0.007 C/m2, -0.015 C/m2 surface charged particles, respectively.
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( )( )Fa 0i i i iD c z D RT E⋅ − ∇ − ∇ =n , where n  is the 
normal vector to the surface. The coupling of these two 
equations, Poison and Nernst-Planck, yields the ionic 
concentration and electric potential interactions.

The Navier-Stokes equation is:

2 Fa 0i i
i

u p z c Eη∇ −∇ − ∇ =∑  ,

where η  is the deionized water viscosity and p  is the 
fluid pressure. Applied pressure is 4 mmHg. No-slip bo-
undary condition is employed at all walls. To take the 
pressure and the electro-osmotic flow into account, 
the Navier-Stokes equation is coupled with the Poison-
Nernst-Planck equations. Simulations were computed 
in a laptop computer (Intel Core i5-2520M 1.6 GHz, 4 GB 
RAM). The electric field, electrolyte concentration and 
flow field were obtained in the half-plane. The model 
also considered the electro-osmotic flow and the for-
mation of the electrical double layer at the pore walls.

RESULTS and DISCUSSION

Effect of Pore Geometry on Detection Sensitivity for 
Small Particles
When the particle diameter and the tip diameter are 
not comparable to each other, detecting the smaller 
particles becomes harder [30]. Previously, we showed 

that distorting the conical pore shape into the cigar or 
hourglass geometry can enhance the pore sensitivity 
and detection capability significantly [28]. In this study, 
we compare the small particle translocation through 
the cigar and hourglass shaped pores. It is known that 
[13], ionic current is directly proportional to the applied 
potential and the current rate with the applied potenti-
al should validate Ohm’s law, since the nanopore setting 
resembles a circuit. Thus, to present the sensitivity ac-
curacy, we analyzed the obtained signals by reading the 
current-potential (I-V) relation corresponding to Ohm’s 
law (Figure 1(c)).

We considered the I-V curves of a negatively charged 
120-nm diameter particle translocating through the ci-
gar and hourglass shaped pores in 0.01 M KCl concent-
ration under the applied potential ranging between -0.3 
V and -1 V with 0.1 V steps, shown in Figure 2. Accor-
ding to our simulations, applied voltages prior to -0.3 
V did not yield meaningful signals, therefore -0.3 V was 
chosen as the threshold potential. In Figure 2, the I-V 
relation consistency can be observed where increasing 
current is accompanied by increasing potential.

Figure 3. . Signal amplitude (ΔI) values are obtained for 120 nm-diameter particle associated with varying particle surface charge 
densities for (a) cigar shaped and (b) hourglass shaped pores. Light grey, grey and black bars demonstrate the -0.001 C/m2, -0.007 C/
m2 and -0.015 C/m2 surface charges, respectively.
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Sensitivity analysis is the main purpose of this study. We 
determined the more sensitive geometry to the small 
particle via the comparison of both the pulse mag-
nitudes and the normalized current changes in each 
geometry. Signals were obtained from the each pore 
geometry on the following conditions: 120-nm partic-
le with -0.001 C/m2, -0.007 C/m2, -0.015 C/m2 surface 
charge under the applied potential between -0.3 V and 

-1 V were tested.

Figure 2 demonstrates the obtained signal amplitudes 
(∆I) that increase with the increasing potential for dif-
ferent surface charges in both geometries.  Figure 2 
shows that the cigar shaped pore yields a higher cur-
rent for small sized particles in either cases of increa-
sing potential and increasing surface charges than the 
hourglass pore. ∆I is defined as |Id-I| (Figure 1 c). Id 
represents the current drop due to the existence of the 
particle. It is the off-current state of the ionic flow since 
the particle occupies the sensing zone (tip) of the pore 
and causes a decrease in the ionic current. I is the on-

current state of the ionic flow, also called as the base 
line current (i.e. initial ionic current), demonstrates the 
unoccupied situation of the sensing zone (tip) of the 
pore by the particle. The ∆I quantities in Figure 2 can 
be identified from the bar charts in Figure 3 a-b. When 
we assess the pore sensitivity via the signal magnitu-
de difference, the signal variations obtained from the 
hourglass pore have been found to be higher than the 
cigar shaped pore. Large distinctions between the  sig-
nal magnitudes imply a valuable particle discrimination 
feature. Therefore, we can conclude from Figure 3 that 
the hourglass pore has higher sensitivity to detect indi-
vidual small particles than cigar shape.

When we measure the signal differences with respect 
to the particle surface charge as given in Figure 4, the 
hourglass shape again more efficient because of the 
distinct current changes. Here, we evaluate the signal 
variations with respect to the particle surface charge 
to exhibit the surface charge effects on the generated 
signals. We calculate the current differences between 

Figure 4. Current signal differences demonstration, separately, obtained from the (a) cigar shaped pore and (b) hourglass shaped pore 
corresponding to the particle surface charge variations. Blue lines represent the difference in current at -0.001 C/m2 and -0.007 C/m2 
and red lines represent the difference in current at -0.007 C/m2 and -0.015C/m2.
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the signals produced for different surface charges. As 
shown in Figure 4a, for cigar shaped pore, the results 
demonstrate a monotonic increasing rate between sig-
nal differences for varying surface charges at increasing 
potential.   The hourglass pore generates apparent dis-
tinct responds to the charge variations (Figure 4b) and 
the obtained current changes are significantly higher 
as shown in Figure 5b. As can be observe from Figure 
4b, difference in current at -0.001 C/m2 and -0.007 C/
m2 shows unstable, up-down behavior until 0.6 V. From 
that point on, the magnitude differences in current at 

-0.001 C/m2 and -0.007 C/m2 first linearly increase and 
then stabilized. We can deduce that the effects of the 
higher potential and lower potential are approximate-
ly same for the differences between the high surface 
charge cases, i.e. -0.007 C/m2 and -0.015 C/m2. The ef-
fects are more prominent in Figure 5a-b by bar charts 
with normalized current changes (∆I/I=(|Id-I|/I) that pro-
vides modulation of the current to eliminate the redun-
dancies.

Comparison of Pore Geometries for Detecting Charge 
Variations of Small Particles
Surface properties of nanoparticles are key to unders-
tand their state/behavior in the electrolyte medium. 
One of these parameters is the surface charge density 
of a particle which plays an important role in the detec-
tion [31]. Particle surface charge manifests itself in the 
signal pulse and it is effective on the signal shape. This 
section investigates the translocation of small (120 nm 
diameter) particle under fixed applied potential by set-
ting the particle surface charges as -0.015 C/m2, -0.007 
C/m2 and -0.001 C/m2, respectively. Then it compares 
the sensitivities of the cigar shaped and hourglass sha-
ped pores by measuring the current magnitudes.

Signals attained from each pore geometries show inc-
reasing current tendency corresponding to increasing 
particle surface charges and potentials as exhibited in 
Figure 2. Evaluation of the charge alteration has shown 
that the particle surface charge variation is also an ef-
fective factor on the current. 

Figure 5. Bar charts and normalized current changes (∆I/I) for the signal differences obtained from the (a) cigar shaped pore and (b) 
hourglass shaped pore corresponding to the particle surface charge variations. Light grey, grey and black bars demonstrate the -0.001 
C/m2, -0.007 C/m2 and -0.015 C/m2 surface charges, respectively.
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Figure 6 shows the signal amplitudes (ΔI) according to 
the surface charge alteration. As can be observed from 
the bar chart comparison of pulse magnitudes, the ci-
gar pore provides higher pulses for all surface charges 
than the hourglass pore. Cigar shaped pore’s strong 
signal magnitudes can be attributed to its two narrow 
sensing zones, which are considered as a whole signal 
in this work. When an evaluation and comparison are 
made according to the charge values, the cigar pore 
is found to generate more precise signals in detecting 
small particles with -0.001 C/m2 surface charge. Howe-
ver, the hourglass pore produces severely weak current 
magnitude for the same low surface charge. On the 
other hand, there is no significant distinction between 
ΔI values obtained from both geometries for the high 
surface charge value of -0.015 C/m2. 

The cigar pore supplies significantly high current signal 
magnitudes for all charge conditions of a particle and 
this qualification makes this geometry utilizable to de-
tect the small particles, but differences between the 
signals produced by this geometry are inadequate to 
separate them. Despite the low signal responds to the 
low charge values, hourglass pore attains higher sen-
sitivity to distinct separation owing to the increasing 
signal magnitudes between different surface charges. 
In summary, the hourglass pore gives a more sensitive 
response to the surface charge variations than cigar 
shape and performs better in charge discrimination of 
small particles. 

Effects of Electrolyte Concentration and Electric Field 
Strength Distributions on Small Particle Detection
We have investigated the signals corresponding to 
three different electrolyte concentration, 10 mM, 100 
mM, 1000 mM, for 120-nm particles with surface char-
ges of -0.001 C/m2, -0.007 C/m2 and -0.015 C/m2. As can 
be seen in Figure 7, according to the increased current 
signal values one can interpret that the increased co-
unterions on the particle cause intense concentration 
around the narrow region of the pore and cause hig-
her signal generation. Acquired signals from the cigar 
shaped pore exhibit increasing tendency for higher con-
centration and fixed particle surface charge values. Ho-
wever, it does not produce satisfying distinctive signals 
for fixed concentration and different particle surface 
charge states. 

Similar to the cigar shaped pore, signals obtained from 
the hourglass pore tend to increase with the increased 
concentration and does not show clear distinction cor-
responding to the charge variation under fixed elect-
rolyte concentration. Yet, by increasing the concent-
ration from 10 mM to 1000 mM, even the magnitudes 
exhibit upward trend, signal differences become almost 
identical. We can infer from these outcomes that while 
the small particle sensing is hard, cigar shaped pore is 
more effective for the detection of small particles by 
producing signals with higher magnitudes than hourg-
lass pore. Comparison of signal magnitudes between 
the cigar and hourglass pores shows the cigar shaped 
pore generates higher signals at low and medium con-

Figure 6. Signal amplitudes (ΔI) are obtained for 120-nm-diameter particle associated with varying particle surface charge densities. 
Light grey, grey and black blocks demonstrate the -0.001 C/m2, -0.007 C/m2 and -0.015 C/m2 surface charges, respectively.
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centrations. Although the hourglass pore produces high 
signal in 1000 mM, according to the signal differences 
cigar pore exhibits better result.

According to the above investigations (Figure 2, Figure 4, 
Figure 6), it is concluded the cigar shaped pore can pro-
duce higher signals for the small particle detection but 
cannot provide good discrimination between particles. 
On the other hand here (Figure 7) it is shown that the 
cigar shaped pore is better than hourglass pore in terms 
of detection according to the concentration analysis 
with high signal magnitudes and signal distinctions.

The electric field is the gradient of the electric poten-
tial (electrophoresis effect) which drives the particle 
to move through the pore. It has been shown that the 
nanoparticles will always pass the nanopore if exter-
nally applied electric field is sufficiently high [32]. Also 
relation between the pore shape and electric field have 
reported as higher electric field strength and a wider 

capture zone were observed at the nanopore tip as 
cone angle was increased [11]. 

The electric fields for both geometries were plotted and 
compared to determine the electric field strength dist-
ributions under low and high applied potentials. It was 
found that for both pore shapes, electric field magnitu-
de reaches its maximum around the tip corners (Figure 
8). Electric field magnitude of the hourglass pore was 
measured as ~5.18x106 V/m at the tip corner and cigar 
pore’s electric field strengths were around 6.1x106 V/m 
and 6.64x106 V/m at the upper and lower tip corners, 
respectively, which were higher than hourglass pore un-
der the relatively low applied potential of -0.3V. 

Contour lines show that electric field is more intense at 
the tip of the cigar pore compared to hourglass pore. 
Electric field strength is measured as ~4.36x106 V/m, 

~4.32x106 V/m and ~4.65x106 V/m for the hourglass, the 
upper and the lower tips of the cigar pore, respectively, 

Figure 7. Concentration distribution charts of a) cigar pore and b) hourglass pore according to concentration and particle surface 
charge variations. Light grey, grey, black blocks corresponds to 10 mM, 100 mM and 1000 mM KCl concentration, respectively. 
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Figure 8. Electric field strength distributions around (a-b) the upper tip, (c-d) lower tip of the cigar pore and (e-f) tip of the hourglass 
pore with -0.005C/m2 membrane surface charge density under the applied potential -0.3 V (a-c-e) and -1 V (b-d-f).
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0.03 μm away in the radial direction from the tip corner. 
If the capture zones around the upper tip of the cigar 
pore and around the tip of hourglass pore are compa-
red, capture zones found to be almost same while lower 
tip of the cigar pore has a somewhat higher electric fi-
eld strength. Under high potential values, cigar shaped 
pore outperformed the hourglass pore with ~9.63x106 
V/m measured strength from both tips where hourglass 
yields around 7.08x106. This finding also clarifies how 
the cigar pore produces higher signal magnitudes than 
hourglass pore.

Conclusion
In the present study we ran simulations to consider the 
effects of pore geometry on smaller particle detection 
and discrimination by comparing hourglass and cigar 
shaped pores. The results showed that the pore geo-
metry had profound effects on the pulse magnitude 
and sensitivity capability. The study summarized the 
best pore shapes for small particles for applications of 
charge discriminations under various conditions of app-
lied potential, particle surface charge and electrolyte 
concentration.

When the applied potential was considered, it was ob-
served that the current lines displayed an increasing 
tendency for all cases with the increasing potential. 
Thus, we conclude that in order to enhance the small 
particle detection precision, applying a higher potential 
is appropriate. 

Investigation of pore sensitivity to specify the efficient 
geometry offered two options depending on the pur-
pose: detection of size or charge. The obtained signals 
showed that the pulse magnitudes were significantly 
different depending on the pore geometry. The cigar 
pore outperformed hourglass pore by generating hig-
her signal magnitudes in detection of small particles re-
gardless of its charge. On the other hand, the hourglass 
pore produced more distinctive signals in the case of 
surface charge variation by yielding stronger variations 
in current magnitude. Furthermore, our simulations in 
reference to the concentration variations with different 
surface charged particles showed that the cigar sha-
ped pore is better than hourglass pore with high signal 
magnitudes and signal distinctions in particle detection. 
However, for the discrimination, concentration analysis 
cannot provide an option between two geometries. 

The outcomes of this work can be summarized as fol-
lows: the cigar pore generates higher signal magnitudes 
than hourglass in detection, which implies that the cigar 
shape is more efficient to detect small particles. On the 
other hand, hourglass pore is more sensitive to particle 
size variation which suggests that the hourglass shape 
is better for discriminating/classifying in the existence 
of small particles.
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