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GRAPHICAL ABSTRACT

We demonstrated a novel approach to simultaneously measure electrophoretic velocity and size distri-
bution of organic and inorganic colloids in a size range 40-200 nm. This precise and accessible, single
particle resolution technique is a promising alternative to dynamic light scattering and laser doppler
velocimetry.

ABSTRACT

The ability to precisely count inorganic and organic nanoparticles and to measure their size distribution
plays a major role in various applications such as drug delivery, nanoparticles counting, and many others.
Here we employ a simple resistive pulse method that allows translocations, counting, and measuring size
and velocity distribution of silica nanoparticles and liposomes with diameters from 50 nm to 250 nm.
This technique is based on the Coulter counter technique but has nanometer size pores. It was found
that ionic current drops when nanoparticles enter the nanopore of a pulled micropipette, producing a
clear translocation signal. Pulled borosilicate micropipettes with opening 50-350 nm were used as the
detecting instrument. This method provides a direct, fast and cost-effective way to characterize inorganic
and organic nanoparticles in a solution.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Size plays an important role in the properties of nanoparticles
[1,2]. The ability to determine the size distribution and concentra-
tion of nanoparticles are extremely useful in numerous applications
[3,4]. Traditionally, determination of the size and concentration of
nanoparticles has been performed through chromatography [5], gel
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electrophoresis [6], or dynamic light scattering [7]. In addition to
the above methods, the Coulter counter technique [8] also has been
widely used for particle counting and sensing [9,10]. The counter
uses a membrane with a single tiny pore to separate chambers,
filled with particle-laden solution. The ionic current through the
pore, created by electric potential applied between the two cham-
bers, depends on the diameter of the pore and drops when it is
blocked by the translocation of particles. By monitoring these sig-
nals it is possible to count the number of particles translocated
through the pore from one chamber to another, and the particle
size can be determined if the pore size is known. The size of parti-
cle which can be detected by this method is limited by diameter of
the pore. Currently, commercially available Coulter counters have
a sensing pore size about a few micrometers in diameter and can
detect particles as low as several hundred nanometers. Recently,
several research groups used solid-state nanopores [11,12] and bio-
logical membranes [13,14] which has a size of only few nanometers.
Several groups used carbon nanotubes (CNT) as a nanopore, which
has a diameter as low as ~1 nm, making it ideal for DNA sensing
[15,16].

Glass pipettes have several advantages over other type of pores,
since they are relatively inexpensive and can be prepared with aone
step procedure. Depending on the different pulling conditions such
as temperature, glass thickness, and pulling force, pipette diame-
ters down to 37 nm can be achieved [17].

In this article, we demonstrate voltage controlled transloca-
tions of SiO, nanoparticles and liposomes, with diameters of 80 nm
to 180nm through different size glass pipettes. In addition to
the resistive pulse method, we also used Image] software, which
retrieves particle sizes from SEM images to verify our size mea-
surements. We notice the dependence of particle concentration on
signal frequency during translocations, which increases with the
concentration of nanoparticles.

2. Materials and methods

In the translocation experiments, SiO, nanoparticles with
average diameters of 80 and 180nm (Fig. 1(a)) and lipo-
somes with average diameter of 100nm were used. The
SiO, nanoparticles were purchased from Corpuscular Inc., Cold
Springs, NY, while the liposomes were prepared using lipids
from Avanti Polar Lipids Inc. with the composition of 52.5%
POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine), 21%
POPE (1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine),
13% POPI (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-myo-
inositol) (ammonium salt)), 3.5% POPG (1-palmitoyl-2-oleoyl-sn-
glycero-3-phospho-(1’-rac-glycerol)) and 10% cholesterol. These
lipids are first dissolved in chloroform (CH3Cl) for thorough mixing.
Then the chloroform is dried by steady dry nitrogen gas flow, leav-
ing the mixed lipids formed as a film at the bottom of the vial. This
vial is again placed in a vacuum pump overnight for complete dry-
ing. Finally, the hydration of lipids are realized by adding 0.5 M KCl
solution and shaking vigorously. The lipids will self close to form
large vesicles once hydrated, due to the hydrophobic nature of the
lipid tail and hydrophilic lipid head. The desirable size of liposomes
is achieved by using an extruder with 100 nm filter, (Avanti Polar
Lipids Inc extrusion module and polycarbonate membranes). Both
SiO, nanoparticles and liposomes are typically negatively charged,
and the amount of charge depends on the pH value of the solution
in which they have been immersed.

Micropipettes with nanopores were fabricated from borosilicate
capillaries with initial inner diameter 0.8 mm and outer diameter
1.5 mm. These capillaries were placed into a pipette puller (P-2000,
“Sutter, Novato”, CA) in order to achieve required orifice sizes. Prior
to pulling, the glass pipettes were cleaned thoroughly with alcohol.

nanoparticles

1um
—

Fig. 1. (a) Silicon oxide nanospheres with average diameter 180 nm. The image
was taken with Zeiss Ultra SEM. (b) Borosilicate glass capillary with a pore diam-
eter at orifice around 320 nm (inset) (c) Image of the nanopipette with a broken
tip, indicating presence of nanoparticles inside the capillary after the translocation
experiment.

The inner diameters of the nanopores were determined by scanning
electron microscopy (SEM) images (Fig. 1(b)) taken by Zeiss Ultra
SEM. To prevent charging effect, these pipette tips were sputter-
coated with thin platinum film before imaging.

The micropipettes with nanopores were filled with 0.1M to
1.0 M potassium chloride (KCl) solution and immersed in the bath
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with the same solution. A 0.2 mm diameter, Ag/AgCl measurement
electrode was embedded into the capillary. Another Ag/AgCl refer-
ence electrode was immersed in the bath close to the micropipette
tip. The average distance between electrodes was 5-7 mm. Before
each experiment the electrode offset was set to zero, and ionic
current was measured for different voltages. As expected the typi-
cal current-voltage (I-V) dependences were linear. The measured
slopes of the I-V curves are correlated with the diameter of the
pores as shown in Fig. S2. Pipettes with highly non-linear I-V curves,
indicating broken tip, were discarded and were not used in fur-
ther experiments. Afterwards, the SiO, nanoparticles were injected
into the bath solution close to the orifice of the nanocapillary. For
ionic current recording we used an Axopatch 200B amplifier in
the voltage clamp mode with a low-pass Bessel filter at 2 or 5 kHz
bandwidth. The signal was digitized by an Axon Instruments Digi-
data 1440A Series with sampling rate 250kHz, and recorded by
AxoScope 10.2 (Axon Instruments, USA). Histograms and statistical
analysis were performed using Origin 8 (OriginLab, Northhampton,
MA). To determine the event amplitude and duration, the base line
current was calculated as an average of ionic current a few millisec-
onds before the event started. The difference between base line and
peak current is defined as event amplitude. The moment when the
current drops below a threshold is considered as the beginning of
the event and vice versa for the end of the signal.

3. Results and discussions

Fig. 1(a) shows silica nanospheres with average diameter of
about 180 nm used for translocations. Fig. 1(b) demonstrates the
borosilicate glass capillary with a pore diameter at orifice around
320nm (insert). Fig. 1(c) shows image of a used micropipette,
clearly indicating presence of nanoparticles inside the capillary
after the translocation experiment. The current-voltage (I-V) char-
acteristic was checked every time before introducing nanoparticles
to the translocation system. From each linear I-V curve, we
calculate the resistance of the pore. The relationship between
the resistance and the pore size was determined experimen-
tally, using SEM images (Supplemental Fig. S2). In order to
minimize the noise, the experiment set up was placed inside
a Faraday cage on a vibration-isolated table. In general, noise
can arise from many sources, such as a broken pipette, an
ill-prepared electrode, video monitors, power lines, fluorescent
lights, or mechanical vibration. In our case, the typical root-
mean-square (rms) noise at 2kHz bandwidth is in the range of
5-10 pA.

Fig. 2(a) presents current-time (I-t) data for translocations of
SiO, nanoparticles (diameter=180nm) in 0.1 M KCI solution but
with different concentrations of SiO, nanoparticles as indicated.
Individual pulses are detected in the I-t trace, corresponding to
the translocation of nanoparticles through the nanopore chan-
nel. At 1010 particles per milliliter, only two events are registered
during a 10s interval. However, as the particle concentration
increased 10-fold, the translocation events seem to increase more
than 10-fold. In addition, a few events with larger amplitude
are also detected, as shown in Fig. 2(a). These larger pulses
could be due to the translocation of aggregated nanoparticle
or they can be due to the simultaneous translocation of mul-
tiple nanoparticles, resulting in relatively large amplitude with
longer time duration for translocation [18-20]. Also, the fre-
quency of current pulses increases with increasing nanoparticle
concentration in solution. The event frequency also increases with
the applied voltage, since stronger electrophoretic force seem
to drive more particles into the nanopore [21,22]. After turn-
ing off the voltage, the translocation events were not observed.
We noticed that the baseline of the 10'2 particles per ml
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Fig. 2. (a) Translocation signals of 180 nm SiO, nanoparticles for three different par-
ticle concentrations: 1 x 1010 particles per milliliter, 1 x 10'! particles per milliliter,
1 x 102 particles per milliliter. Particles were dispersed in 0.1 M KCl solution. Pipette
with 320 nm pore diameter was used, and 1000 mV voltage applied. (b) Current
recorded in KCl solution with SiO, particles injected with syringe right next to the
capillary tip.

concentration is slowly decaying. This baseline current decay may
be attributed to several factors such as charging effect, elec-
trode erosion, electrochemical reactions at capillary surface and
others. It requires additional investigation to verify the mecha-
nism of this phenomenon. However, in our present work, this
small base current drift will have little effect on our size calcu-
lation.

The translocated particles are clearly visible on the SEM image
of nanopipette with a broken tip (Fig. 1c). According to Lan [23],
the translocation of nanoparticles is driven by the electrophoretic
force imposed by the applied voltage between the Ag/AgCl elec-
trodes. In our apparatus, a resistive pulse in the I-t data recordings
are detected as the nanoparticle passes through the orifice of
the nanopore in micropipette. The average time for transloca-
tion of a 180-nm-diameter particle through our micropipette
nanopore is about 4ms at 700 mV, based on an average of 200
events.

The translocation experiment relies upon the ratio of the
pore volume to the particle volume. When a particle enters a
cylindrical pore the resistance R increases by AR. For the case
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Fig. 3. (a) Translocation signals of 80 nm SiO, nanoparticlesin 1 M KCl solution with 1000 mV potential and pore diameter 130 nm, (b) translocation signals of 100 nm vesicles
in 0.5 M KCl solution with 1000 mV potential and pore diameter 160 nm, (c) event amplitude versus event duration for 171 translocation events presented on (a) and (d)
event amplitude versus event duration for 140 translocation events presented on (b).

when d <D and D « L, Deblois and Bean [24] presented an equation
derived from the solution of a Laplace equation, which is given by,
4pd3

—_ 1
D4 (1)
where p is the resistivity of the solution, d is the diameter of the
particle, D is the diameter of the pore, and F is a correction factor
which is given by
d\3 6
= 1.1( = -
5) +11(5) +
Since the pore resistance R is much larger than any other
resistances in the circuit (electrode/fluid interfacial resistance for
example), the change in current is dominated by the partial block-
ing of the channel. Under this condition, the relative change in
resistance AR/R can be expressed as follows [25],

AR Al
R T )

Combining equations (1) with (3), we end up with the following

expression that related our translocation measurements to the size
of particles:

4 3] AlvaD?
~\ “apizF

where Al is the change in current, I is the background current, and
other parameters in this equation have been given in previous para-
graphs. We note that Eq. (4) is independent of the length of the
channel L. With this equation, all translocation measurements of
particle size using different pore size can be plotted in one graph.
One approximation in this model is that the conduction channel
is considered to be a cylindrical channel, which is a simplified ver-
sion of the conical shape channel of the glass pipette. Asymmetry

AR = F

d

F;1+1.26( (2)

(4)

of the channel affects two aspects of the resistive pulse measure-
ments: (a) the slow increase of the current as the particle goes
gradually toward larger radius part of the pipette, (b) net resistance
of the channel. However, it has no consequence on our measure-
ments, since we only use the maximum pulse height for our size
measurement [26]. The net resistance of the asymmetrical chan-
nel is already reflected in the base current (corresponding to an
open pore). We demonstrate later that this simple model yields
very good agreement with the data obtained from direct imaging
of the nanoparticles.

In Fig. 2(b) we showed a typical current vs. time translocation
plot of SiO, nanoparticles through a 320 nm pore opening into the
micropipettes. The solution used here is 0.1 M KCl and the SiO,
nanoparticles have a diameter of 180 nm. As we can see that before
the injection of the SiO, nanoparticles, the ionic current is rather
stable with a fluctuation of about ~2 pA. After the injection of the
nanoparticles, the sudden change of the current (blockage of cur-
rent) is caused by the translocation of the nanoparticles through
the micropipette channel. The maximum amplitude occurred at
the point where the channel has a minimum dimension, i.e. at the
tip of the micropipettes. The typical amplitude of current blockage
is about 50-200pA and the frequency of blockages in this par-
ticular case is around 250450 Hz, which mostly depends on the
concentration of the nanoparticles and to a lesser degree also on
the applied voltage used. The insert in Fig. 2(b) showed an enlarged
view of a single translocation event. We can see that the current
dropped abruptly (within 1.5ms), from the background current
value to its minimum value before it gradual recover its background
current within 2-3 ms. This signal behavior is commonly observed
in other similar translocation experiments [18,23,27] when a con-
ical shaped channel is used.

Next we demonstrate that the micropipette-based resistive
pulse method can be used for smaller SiO, nanoparticles and also
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Fig. 5. (a) Size distribution of 180 nm SiO, nanoparticles obtained by analyzing
SEM image, (b) Size distribution of 80 nm SiO, nanoparticles obtained by using
experimental translocation data.

for synthesized artificial vesicles such as liposomes. Fig. 3(a) shows
the translocation events of 80 nm SiO, nanoparticles in 1M KCl
solution with 1.0V potential applied. The pore diameter of the
pipette in this case is 120 nm. Fig. 3(b) shows the translocation
events of 100 nm diameter liposomes in 0.5M KCl solution. The
potential applied is 1.0V and a 160 nm pore micropipette is used
in this case. The baseline current represents the ionic conduction
through the nanopore when no translocation occurs. In Fig. 3(a)
and (b), baseline currents of 11.7nA and 13.0nA are obtained. In
Fig. 3(c) and (d), event amplitudes versus event duration of the
translocations peaks are presented as scatter plots. Fig. 3(c), shows
scatter plot for the 80 nm SiO, nanoparticles, while Fig. 3(d) shows
translocation events of 100 nm vesicle particles. In both cases, we
can see that each translocation event is represented as one data
point in the scatter plots. Using the event current obtained from
the scatter plots and the Eq. (4) above, we are able to plot the
size distribution of the nanoparticles independent of the size of the
nanopore used or the applied voltage across the nanopore. Note
that we use different KCl concentrations for the above measure-
ments to demonstrate that the technique is applicable in a broad
range of KCl concentrations.

In Fig. 4, the size distributions of 100 nm vesicles and 80 nm
SiO, nanopartcles are shown together with the size distribution
of 80 nm SiO, nanoparticles obtained from SEM images analyzed
with Image] software. Fig. 5 shows size distribution of 180 nm SiO,
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Fig. 6. (a) Translocation signals of 180 nm SiO, nanoparticles for three different
voltage: (a) 1000 mV potential, (b) 700 mV potential, (c) 400 mV potential. Particles
were dispersed in 0.1 M KCl solution. Pipette with 320 nm pore diameter was used
(b) event amplitude versus event duration plot for three different voltages: 1000 mV,
700 mV, 400 mV and dependence of event amplitude versus voltage (see inset).

nanoparticles. We can see that the SEM image analysis data showed
a long tail at larger size, while the translocation data showed a
slightly longer tail at the smaller size. This is understandable and is
due to the intrinsic property of the techniques. Namely the translo-
cation method seems to favor smaller particles since it will block
all particles which are larger than the pore size, while the image
method tends to favor larger particles. Otherwise, there is rea-
sonable agreement between the translocation data and the SEM
analysis of the 80 nm and 180 nm SiO, nanoparticles, since both
indicate the maximum distribution at around 80 nm and 180 nm,
respectively. The vesicle size distribution presented in Fig. 4(a)
showed a narrower distribution.

We also investigated the influence of electrode voltage on the
translocation of nanoparticles. In Fig. 6(a), the translocation plots
of 180 nm SiO, particles in 0.1 M KCI solution are shown with
electrode voltages of 1000 mV, 700 mV, and 400 mV, respectively.
In Fig. 6(b), cluster plots of the three translocations at different
voltages are shown. The differences between translocation pro-
cesses at different voltages are evident. When 1000 mV applied to
the electrode, the current pulses are easily observed. The average
amplitude of the current pulses are on the order of 150 pAwhich can
be seen in Fig. 6(b). However, we do observe a few relatively large
pulses, which could be due to aggregated nanoparticles. Decreasing
voltage from 1000 mV to 700 mV demonstrates a reduction in the
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event amplitude and an increase in the event duration (Fig. 6(b)).
With a further decreasing of applied voltage to 400 mV, the aver-
age event amplitudes are further reduced to below 100 pA. In the
insert of Fig. 6(b), we show the average event amplitudes of three
translocation events. It can be seen that the event amplitudes are
almost linearly proportional to the applied electrode voltage as the
previously described theory would predict.

In the translocation measurements, we measure both the event
amplitude and the event duration. The event amplitude is related
to the size of the nanoparticles as we discussed earlier. Here we will
pay some attention to the event duration. The event duration typ-
ically depends on (a) the velocity of the nanoparticles, and (b) the
length of the channel. For a tapered channel such as a pulled pipette,
it is difficult to define the exact length of the channel. Here we will
examine the translocation pulse shape in the insert of Fig. 2(b) and
propose to use the leading edge of the current pulse to define an
entry time. We define the entry time as the time interval required
for the base line current to drop to its minimum value in a single
translocation signal. This time interval is associated with the time
required for a particle to travel a distance of its radius as it enters
the micropipette.

Using this methodology, we analyze the average entering veloc-
ity of two different size SiO, particles of 80 nm and 180 nm. The
average entering velocity is assumed to be the ratio of radius to
entering time for each particle. In Fig. 7 the distributions of the
entering velocity for 80 nm and for 180 nm SiO, nanoparticles are
shown. In both cases, the electrode voltage was 1.0V, and particles
were dispersed in KCl bath solution with the same pH value. Our
results showed that the average velocity of 80 nm SiO, nanopar-
ticle is about 36 wm/s, while the 180 nm SiO, nanoparticle has an
average velocity of 60 wmy/s.

The terminal velocity of a nanoparticle in a fluid will depend
on the size of the nanoparticle, the amount of charge it carries, the
potential difference between the two electrodes, and the viscosity
of the fluid. Comparing with size measurements, velocity mea-
surements of nanoparticles are usually more difficult. Currently,
several techniques used for nanoparticles velocity determination.
For example, micro electrical field flow fractionation has been
used [28] to measure the velocity of fluorescent nanoparticles.
They found that 28 nm size polymer nanospheres have an average
velocity of 50 wm/s. However, most widely used methods, which
simultaneously can measure particle size and velocity, are dynamic
light scattering [29,30] and laser doppler velocimetry [31]. Judg-
ing from these previously published data, our preliminary velocity

measurements seem to be reasonable. Our technique, as an alter-
native, is more accessible and may work with smaller nanoparticle
size. Finally we want to point out that the sample size of this resis-
tive pulse method can be made quite small. In our case, a droplet of
volume below 1 wl has been used for some translocation measure-
ments presented here.

4. Conclusion

In this study, we successfully demonstrated a simple “resistive-
pulse” method based on micropipettes that allow us to observe
translocations of nanoparticles, counting and measuring size and
velocity distribution of inorganic and organic nanoparticles. The
method permits us to precisely measure the size of nanoparticles
in a size range from 50 nm to 250 nm in diameter in the solution, as
well as to measure their velocity and to analyze its concentrations.
One major advantage of the resistive pulse method is the potential
to use relatively minute sample size. The resistive pulse method
could have significant applications in a number of fields ranging
from sensing nanoparticles, drug delivery, nanoparticles counting,
because it provides a direct, fast and accessible way to characterize
nanoparticles in a solution.
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