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N
anoscale particles are ubiquitous.
They are found naturally as pro-
teins, viruses, and vesicles, and they

are produced synthetically for myriad appli-
cations from solar energy conversion to
cancer therapeutics. The unique properties
of nanoparticles important for their vari-
ous functions arise from their size, charge,
shape, material composition, and surface
chemistry.1 Comprehensive understanding
of how these factors influence nanoparticle
properties is important to the development
ofmany fields, yet a high-resolutionmethod
for characterization of nanoparticle size in
bulk solution is lacking. In this report, we
describe a means of measuring particle size
in solution with a resolution below 1 nm.
Dynamic light scattering (DLS) and elec-

tron microscopy (EM) are the most fre-
quently used techniques for characteri-
zation of nanoparticles, but are limited in
their usefulness. EM provides an excep-
tional size resolution of ∼0.2 nm for parti-
cles removed from solution and placed
under vacuum, but has yet to be used
routinely for particles in solution.2 DLS is
an ensemblemeasurement commonly used
to measure particle size and charge in bulk
solution, and is well suited for mono-
disperse systems. But its ability to resolve

peaks of multimodal distributions is con-
troversial3�5 and a resolution of particle size
ratios below 3:1 is often questioned. Fur-
thermore, DLS accuracy suffers increasingly
with reductions in particle concentration
and/or size (particularly below ∼20 nm).6

Nanoparticle Tracking Analysis (NTA) has
recently gained popularity and is based on
tracking the 2D diffusion rate of individual
particles spending a sufficient length of
time in the plane of observation. Under
ideal conditions, particle size analysis by
DLS and NTA both can be accurate to 2%,
but heterogeneous samples can have errors
an order of magnitude larger.7

Resistive pulse sensing has garnered sig-
nificant attention over the past decade as a
nanoparticle characterization system. On the
basis of the Coulter principle,8,9 the tech-
nique makes use of transient interruptions
of conductance through a nanopore or
nanochannel. The amplitude, duration, and
frequency of the resistive pulse provide in-
formation about theparticle size, charge, and
concentration, respectively. Hundreds or
thousands of particles are typically studied
to gather statistics for an entire dispersion.
Themeasurements of the sizeor chargeof an
individual particle, however, are generally
associated with relatively large errors.
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ABSTRACT Resistive-pulse sensing has generated considerable interest as a technique for

characterizing nanoparticle suspensions. The size, charge, and shape of individual particles can be

estimated from features of the resistive pulse, but the technique suffers from an inherent variability

due to the stochastic nature of particles translocating through a small orifice or channel. Here, we

report a method, and associated automated instrumentation, that allows repeated pressure-driven

translocation of individual particles back and forth across the orifice of a conical nanopore, greatly

reducing uncertainty in particle size that results from streamline path distributions, particle

diffusion, particle asphericity, and electronic noise. We demonstrate ∼0.3 nm resolution in measuring the size of nominally 30 and 60 nm radius Au

nanoparticles of spherical geometry; Au nanoparticles in solution that differ by ∼1 nm in radius are readily distinguished. The repetitive translocation

method also allows differentiating particles based on surface charge density, and provides insights into factors that determine the distribution of measured

particle sizes.

KEYWORDS: nanopore . Coulter method . resistive-pulse analysis . particle sizing . nanoparticles
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An individual particle translocation is a stochastic
process in which the pulse amplitude depends upon
the path taken through the pore10�12 and also on the
angle of rotation for aspherical particles.10,13 Addition-
ally, the duration or width of the pulse is randomly
affected by diffusional motion of the particle. To
reduce errors in nanopore-based DNA sequencing,
Gershow et al. advocated recapture and trapping of
individual molecules, dubbed molecular “ping-pong”
to improve accuracy.14 Reversal of particle direction
based upon the translocation signal has been applied
to polystyrene particles,15,16 DNA,14,17 dissolving bub-
bles,15,18 and microorganisms,15,19 providing informa-
tion about particle diffusion, recapture rates,14,16,17,20

bubble dissolution, viscosity effects, off-axial transloca-
tions, and aspherical particle orientation.15,18 Both
voltage and pressure switching have been used to
reverse particle direction. Although Gershow et al.14

raised the possibility, only Sen et al.17 and Berge et al.15

focused on repeated reversals of individual particles for
the purpose of increasingly accurate characterization.
Sen et al. involved high aspect ratio DNA particles, and
Berge et al. studied various low aspect ratio microscale
particles. There is a general need for high-resolution
characterization of individual nanoparticles in their
native solution state. Recent advances position resis-
tive pulse sensing to address this problem.
Conical nanopores have unique advantages over

rectangular nanochannels and cylindrical solid-state
nanopores due to their ability to control nanoparticle
dynamics, measure small particles, and significantly
improve the probability that a particle “captured” from
one side of the pore will be “released” back to that side
by a return translocation.20�23 In this report, we em-
ploy a conical nanopore in an automated pressure-
reversal system that allows controlled trapping, and
repeated translocations, of individual particles based
on automated electronic triggering of the particle
motion using the translocation pulses. This approach
permitsmultiple observations of single particles, there-
by improvingmeasurement resolution to sub-nanometer
levels traditionally associated with ex situ electron
microscopy. We apply these methods to resolve
the radii of individual Au nanoparticles to an unprec-
edented 0.3 nm size resolution, to detect subtle
differences in the surface charge of particles, and to
gain a better understanding of the intrinsic variability
in resistive pulse sensing.

RESULTS AND DISCUSSION

Wepreviously detailed the origin of the forces acting
on charged nanoparticles in conical nanopores: elec-
trophoresis (EP), electroosmosis (EO), and forces due to
applied pressure, and demonstrated that the simulta-
neous application of external pressure and voltage can
be used to precisely control particle velocity.21 We
have built on this past work to control the motion of

individual particles in driving them back and forth
through the orifice of a conical nanopore. Figure 1A
shows a schematic drawing of the basic measurement
concept, depicting a nanoparticle drawn from the bulk
solution across the nanopore orifice (i.e., the “sensing
zone”) and then, at a controlled time following the
resistive pulse, the direction of fluid flow is reversed
driving the particle back into the bulk solution. In the
current experiments, the magnitude of the applied
pressure is the dominant factor influencing particle
motion as it is kept relatively large compared to the
electrokinetic forces (EP and EO). Under these condi-
tions, applying a negative pressure pulls a particle into
the capillary through the sensing zone, while applying
positive pressure releases the particle back out of the
capillary. A unique feature of these experiments is that
the translocations immediately trigger a reversal in the
applied pressure. Rapid pressure reversal upon detec-
tion of a particle is important to ensure that the same
particle translocates back and forth through the pore
multiple times.
The process of particle reversal within the conical

nanopore is illustrated in Figure 1A for the analysis of a
59 nm Au nanoparticle; an EM image of a glass nano-
pore cross section is shown in Figure 1B. Although the

Figure 1. (A) Illustration of nanoparticle motion during
particle reversal experiments. (B) Cross-sectional image of
a glass nanopore obtained by FIB/SEM. The image is of a
section parallel to the pore axis including the pore opening
where salt has accumulated during the drying process. (C)
Plot of current (black trace) and differential pressure (blue
trace) vs time, showing three translocations of a nominally
59 nm radius particle. The initial current value at 5.61 s
represents an open pore held constant at�300 mV applied
potential. When�3 psi is applied (corresponding to a lower
pressure within the capillary relative to the external
solution), the solution is pulled into the capillary, resulting
in a particle passing through the pore sensing zone at 5.63 s.
The translocation pulse triggers a reversal of the pressure to
1 psiwhich is sufficient to force the sameparticle backout of
the pore at 5.71 s, triggering a second reversal of pressure.
This process of passing the particle back and forth through
the pore can be continued indefinitely until the particle is
lost by diffusion or the experiment terminated. The approx-
imatemirror symmetry in the shapes of alternating resistive
pulses reflects a particle entering and exiting the conical-
shaped pore. The current baseline falls and rises with the
pressure swings as described in the text.
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pore in the TEM image is not the same one used for the
trapping experiments reported here, it was fabricated
by the same capillary pull-and-melt process.21 Imaging
nanopores of this type is a significant challenge because
of the difficulty of locating the pore opening.24�26

Importantly, the geometry in the image confirms
the ∼2� cone angle estimated by independent size
threshold measurements in German et al.20 for pores
prepared by the same method (Supporting Informa-
tion Figure S1).
Figure1C shows themeasuredcurrent under�300mV

applied potential (black trace) and pressure changes
(blue trace), which correspond to the particle motion
illustrated in Figure 1A. The resistive pulse at 5.63 s
indicates a particle passing into the pore from the
external solution as the result of a differential pressure
of�3 psi (lower pressure within the capillary relative to
the external solution). The current pulse has an asym-
metric shape, decreasing sharply as the particle ap-
proaches the pore orifice from the bulk solution and
increasing back to the open pore current more slowly
as the particlemoves up into the conical nanopore. The
change in resistance due to particle translocation is
detected in real time and, within ∼20 ms of the
translocation, the direction of fluid flow is reversed
using LabVIEW software and an automated electronic
system to increase the pressure to þ1 psi within the
capillary causing the particle to reverse direction. The
particle then passes through the pore in the opposite
direction as indicated by the asymmetric translocation
pulse at 5.71 s, which has a shape that is the mirror
image of the preceding pulse. The particle transloca-
tion continues to trigger pressure reversals resulting in
additional translocations (e.g., 5.76 s). The gradual fall
and rise of the current baseline with the pressure
swings has been noted before.27,28 These slow baseline
oscillations arise from a combination of ion current
rectification and slightly different salt concentrations
on either side of the pore due to evaporation (on the
order of an ∼1% concentration difference).
Significantly, the precision in estimating the particle

size and other characteristics based on pulse height
and width improve as the number of back-and-forth
translocation cycles increases. To achieve multiple
measurement cycles that allow sub-nanometer size re-
solution, we designed the system shown in Figure 2
that encloses the capillary-based nanopore within a
chamber in which the pressure is held constant by a
proportional valve electronic pressure regulator. A dual
proportional valve electronic differential pressure reg-
ulator is referenced to the chamber pressure, and
allows both positive and negative pressure to be
applied within the capillary to within (0.0008 psi. By
monitoring the slope of the i�t trace, we are able to
trigger the reversal of pressure from positive to nega-
tive, and vice versa, upon detection of a translocation
event. Electronic triggering allows multiple resistive

pulse measurements on the same nanoparticle. As
shown below, typically between 20 and 70 transloca-
tion cycles are performed on each particle.
In these experiments, we worked with well-charac-

terized spherical Au nanoparticles of two different
radii. For the larger particle size, two different surface
charges were also studied (one with a carboxylated
and one with a methylated polymer coating) in order
to assess the effect of particle charge. TEM images of
the larger radius particles in their dried state were
analyzed with ImageJ software (see Supporting Infor-
mation Figure S2). Upon the basis of images of 1700
particles, the particle size distribution was determined
to be 59( 3 nm ((1σ). Application of standard error of
the mean (SEM = σ/

√
N) gives a 99.7% confidence

interval, or (3 SEM, that the mean radius is 59.0 (
0.2 nm. Resistive pulse sensing does not allow direct
absolute measurement of a particle's size at high
resolution. Therefore, we calibrated our nanopore
system by assigning the mean radius derived from
TEM images to the percent current blockade of the
mean particle size resulting from hundreds of resistive
pulse measurements on the same particles dispersed
in solution. Each different nanopore needs to be cali-
brated in this way because of uncertainties in the pore
size and geometry. Trapping experiments were per-
formed in numerous pores, but unless specified, the

Figure 2. Automated particle trapping and sizing system.
The glass nanopore and solution containing the particles (1)
are placed inside a pressurized custom-built chamber. A
pressure regulator controlling the chamber pressure is
referenced to a dual proportional valve differential pressure
regulator; the latter rapidly increases or decreases the
pressure inside the capillary-based nanopore relative to
the outer chamber. The cycle of events for moving the
nanoparticle back and forth across the nanopore orifice are
as follows: (1) a particle translocation event occurs; (2) the
resulting resistive pulse is amplified and the i�t trace is
passed to a DAQ card; (3) a LabVIEW programmonitors the
slope of the trace to detect the event; (4) a signal to the
electronic regulator reverses the sign of the differential
pressure; and (5) after a delay of ∼20 ms, the direction of
fluid flow is reversed forcing the particle in the opposite
direction back through the sensing zone. This process is
repeated until sufficient measurement cycles are obtained
to determine the particle size, or the particle is lost by
diffusion. In the experiments reported here, typically 20�70
cycles are repeated to determine particle size.
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data presented in this paper is derived from experi-
ments using a single ∼80 nm radius nanopore (details
for determining pore radii can be found in theMethods
section). On the basis ofmeasurements of 250 particles
in a 1 M NaCl solution with 0.1% Triton X-100 at pH 7.2,
59 nm radius Au nanoparticles translocating through
this pore gave an average percentage current blockade
(%Δi) of 4.5%, where Δi is defined as the change in
current due to the transient particle blockade relative
to the baseline current. Since the resistive pulse height
is proportional to the volume of electrolyte excluded
by the translocating particle,29

%Δi ¼ krp
3 (1)

where k is a proportionality constant relating %Δi to
the nanoparticle radius, rp. The value of k determined
using the 59 nm radius Au nanoparticles, k =
4.5%/(59 nm),3 was then used to measure the radius
of a second nanoparticle of different size based upon
its resistive pulse height (using the same pore). The
direct relation of particle volumes to resistive pulse
heights has been shown to hold within∼2% as long as
the particle/pore diameter ratio is below 0.8.24 To
confirmmeasurements took place in this linear regime,
the pores used for this work were etched successively
wider (in dilute, buffered hydrofluoric acid while under
an applied pressure of 5 psi as described in German
et al.21) and additional resistive pulse traces were
collected between etches for two particles of different
radii (33 and 59 nm). We observed that the ratio of
resistive pulse heights for the two particle sizes reaches
a constant value for pores greater than 80 nm
(Supporting Information Figure S3), justifying the use
of eq 1.
%Δi values can be readily determined to with 0.1%

(vide infra) by measuring the resistive pulse height for
repeated translocations of the same nanoparticle,
allowing its radius to be determined with a precision
of less than 1 nm. Of course, the absolute accuracy in
determining the particle size depends on the calibra-
tion of the resistive pulse magnitudes using the TEM-
measured value of the average radius as the calibration
standard equated to the mean of the resistive pulse
measurements, which in this case has a standard error
of the mean of ∼1 nm.
The second Au particle size used in this study had

a nominal radius of 33 nm, as determined by TEM
(Supporting Information Figure S2). Resistive pulse
sensing of a solution containing these nanoparticles
yielded an average percent current blockade ∼1/6 as
large as that of the 59 nm particles, consistent with the
predicted value of 0.17 (∼1/6) based on eq 1. Figure 3A
shows the i�t trace for a resistive pulse measure-
ment performed in a solution containing both 59 and
33 nm radius Au nanoparticles; in this representative
trace, three individual Au nanoparticles were trapped
and their radii measured over a time period of 25 s.

Because the particle concentration is fairly low
(109 particles/mL), there are relatively long stretches of
time during which the open-pore current is measured
while applying a negative pressure inside the nanopore.
However, once a particle enters the pore, it ping-pongs
back and forth through the sensing zone at a fre-
quency of∼10 s�1 until it is manually ejected or is lost
due to recapture failure, as discussed below. For the i�t

trace shown in Figure 3A, the first, second, and third
particle made 24, 21, and 62 cycles, respectively, of
passing back and forth through the sensing zone. The
study of each of these specific particles was terminated
when the particle diffused away from the pore. While
the i�t trace in Figure 3A appears complex, the
expanded view of the i�t trace for each particle, shown
in Figure 3B, shows well resolved forward and reverse
translocations.
The particle radii calculated from each translocation

event using eq 1 are plotted directly above each
corresponding peak in Figure 3A, along with the group
mean. Each grouping of events can unequivocally be
distinguished from another grouping as representing a
new particle with a different mean radius. Repeated
measurement of the resistive pulse peak height
allowed the radii to be calculated as 33.4 ( 0.7, 60.2 (
0.3, and 57.6 ( 0.4 nm (3 SEM based upon 24, 21, and
62 measurements, respectively).
Figure 4 demonstrates unprecedented size resolu-

tion afforded by the resistive pulse technique. In this

Figure 3. Trapping and analysis of particle size in a solution
containing both 33 and 59 nm radius Au nanoparticles.
(A) A sectionof an i�t trace showing relatively longperiodsof
open pore current, interdispersed by three particle trapping
and size-measurement cycles. (B) Expanded i�t trace from
each trapping event in (A) showing two sets of forward and
reverse translocations. The current baseline falls and rises
with the pressure swings as described in the text. Measure-
ments were made in a 1 M NaCl, pH 7.2, solution containing
0.1% Triton X-100, using a nanopore with an∼80 nm radius
orifice. The particle radius calculated by a volumetric rela-
tionship from the resistive pulse heights (see text) is shown
as individual points in (A); the dashed line and numerical
value correspond to the average radius calculated for each
particle. Confidence intervals of 99.7% are provided in each
case, representing 3 times the standard error of the mean
based on 24, 21, and 62 size-measurement cycles of the
three particles, respectively.
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30 s trace, three particles that differ in absolute size by
less than 1 nm are sequentially captured and each
undergo 40�60 translocation reversals. Statistical
averaging of the pulse heights allow their radii to be
determined as 57.7( 0.3, 56.8( 0.3, and 57.2( 0.3 nm
(3 SEM based upon 62, 47, 43 measurements).
The improved size resolution offered by this tech-

nique depends on the factors needed to achieve a
sufficient number of particle reversals. To begin the
sequence, a translocation must exceed the detectable
particle-to-pore size ratio for the particular nanopore
system, which generally ranges between ∼1.5 and
80%.30 The end of a trapping sequence on a single
particle can be caused by a number of circumstances
other than diffusion of the particle away. Despite the
particle concentration being kept low, a second parti-
cle can occasionally enter the pore, doubly triggering
the pressure system such that the pressure does not
reverse. Also, a particle that passes through the pore
when the differential pressure is less than 0.1 psi can
have a peak width at half-maximum several millise-
conds long, in which case the rate of change in current
is not large enough to trigger a reversal. This is
particularly an issue when triggering on small resistive
pulse amplitudes, because the slope detection system
will false trigger on the baseline oscillations if the
threshold is set too low. If a trapping sequence is
successful in acquiring more than sufficient data for
the needs of the study, researcher intervention may
also terminate the experiment. In this study, a particle
was lost at the end of a sequence of between 20 and
70 reversals due to diffusion, researcher intervention,
trigger failure, or a second particle approximately 50%,
33%, 12%, and 5% of the time, respectively, based on
capture and analysis of ∼300 different nanoparticles.
Adjusting the concentration, timing, and pressures
used for trapping allows the researcher to control the
effectiveness of particle capture.
The resistive pulse technique is generally described

as a single particle technique. However, the source and

magnitude of variability in measuring particle size
based on individual translocation events is often ne-
glected in analyses, because of the difficulty in repeat-
ing the measurement on the exact same particle. The
distribution of resistive pulse amplitudes for a single
particle represents a combination of complex stochas-
tic phenomena. First, the nanoparticle translocates
through the nanopore orifice at different radial dis-
tances from the pore axis, which has been theoretically
shown to produce different blockade currents.10 A 15%
maximum spread in Δi is predicted for off-axial trans-
locations of perfectly spherical nanoparticles. Second,
numerical modeling also shows that the orientation of
aspherical particles significantly influences the peak
amplitude.10,13,31 The Au nanoparticles used in our
experiments are nominally spherical, but it is apparent
from the TEM images (Supporting Information Figure S2)
that some are slightly oblong. In one experiment, we
collected %Δi histograms for ∼200 particles with
59 nm radius, of which 18 representative examples
are shown in Figure 5A. Figure 5B shows expanded
views of %Δi histograms for three different particles.
Clearly, two of the distributions are nearly symmetrical,
while the third is markedly skewed. Approximately 1/3
of the particles trapped and analyzed exhibit a skewed
distribution, and the widths of the distributions were
significantly larger (25�40%) than the 15% maximum
predicted for off-axial translocations of perfect
spheres.10 We propose that the 25�40% spread in Δi
values provides information about particle asphericity,
with the smaller Δi values representing the particle's
major axis coincident with the pore axis, and the larger

Figure 4. Trapping and analysis of particle sizes in solution
containing 59 nm radius carboxylated Au particles. Section
of an i�t trace showing periods of open pore current inter-
dispersed by three particle trapping and size-measurement
cycles. The radii calculated from the % current blockade
is plotted above each translocation event. Each solid line
represents the mean size and the dashed line represents
3 standard errors from the mean (3 SEM based upon 62, 47,
and 43 measurements). Measurements were made in a 1 M
NaCl, pH 7.2, solution containing 0.1% Triton X-100 using a
∼95 nm radius pore calibrated using eq 1 where
k = 1.7%/(59 nm)3.

Figure 5. (A) Histograms of the percentage current block-
ade in which 59 nm radius particles were trapped and
between 45 and 70 translocation cycles were recorded for
each particle. Representative histograms for 18 different
nanoparticles are shown, binned at 0.2% intervals to make
the line widths visible. The intervals along the x axis
correspond to a range of percentage current blockades
between 3.4 and 6.8% for each individual particle. (B)
Expanded view of the distributions for 3 different particles
binned at 0.1% intervals (corresponding to particles 1, 2,
and 3 in part A). The blue and red lines are Gaussian
distribution fits; the black line is drawn to guide the eye.
The distribution widths represent contributions from off-
axial translocation and particle asphericity.
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Δi values resulting as the particle's major axis and
radial position departs from the pore axis.10,31

By measuring the radii of many individual nanopar-
ticles, we can also determine the size dispersion of a
collection of particles. Figure 6 shows the size histo-
grams of the 33 nm radius methylated, 59 nm radius
methylated, and 59 nm radius carboxylated Au nano-
particles, based on individual particle size measure-
ments, eachwith sub-nanometer resolution. We believe
the automated trapping and multiple translocation
methodology described here can provide particle size
distribution profiles at a resolution that has been
hitherto unattainable in solution. Note that the widths
of the size distributions (∼5 nm for the 33 nm radius Au
nanoparticles, and ∼10 nm for the 59 nm radius Au
nanoparticles) are much larger than the 0.3�0.7 nm
precision in measuring individual particle sizes. Thus,
because the variability in single particle radii is sig-
nificantly less than the ensemble distribution widths,
the distributions shown in Figure 6 reflect the true
distribution of particle sizes. An F-test comparing the
variance of both the TEM and resistive pulse measure-
ments of the 59 nm radius particles shows to a 95%
confidence interval that the distributions are not
different.
It has been previously demonstrated that the parti-

cle velocity increases linearly with increasing pres-
sure.27 The effect of electrical charge on a particle's
velocity during translocation is also well under-
stood.9,21,22,32,33 The duration of the resistive pulse
(measured by the peak width at half height) is gov-
erned by both the velocity of pressure driven flow as

well as electrokinetic phenomena associated with the
charged particle and nanopore. The electrokinetic
forces are typically simplified as electrophoretic (EP)
forces on the particle and electroosmotic flow (EO)
within the pore. EO manifests as a plug flow of fluid
arising from the counterions associated with the
charged walls, whereas the EP is dependent upon the
charge of the particle.34 In our experiments, the glass
nanopore has a negative surface charge, and therefore,
the net excess of positive counterions in the electrical
double layer, under the influence of negative poten-
tials, drag fluid into the pore by EO toward the cathode.
Both the methylated and the carboxylated Au nano-
particles used in our experiments are negatively
charged (DLS measured zeta potentials in deionized
water yield �12 and �18 mV for the 33 and 59 nm
radius methylated particles, and�35mV for the 59 nm
carboxylated particles, respectively. Zeta potential mea-
surements could not be performed in higher NaCl
concentrations, but the values would be expected to
be much lower).
A particle's relative velocity through the nanopore

due to the above forces is obtained from the duration
of the resistive pulse, the latter measured as the
reciprocal peak width at half-maximum. Figure 7A
plots the relative velocity of an individual 60.3 (
0.4 nm methylated and a 60.9 ( 0.3 nm carboxylated
particle as a function of the differential pressure across
the nanopore, while holding the applied voltage con-
stant at �300 mV. Each set of data comes from
trapping and repeated translocation of one particle
at different pressures (34 and 42measurements for the
methylated and carboxylated particles, respectively).
The tight grouping of reciprocal peakwidths at positive
pressures is a result of the differential regulator achiev-
ing its set point value quickly as the pressure is
increased, causing each translocation exiting the pore
to occur at nearly the same velocity. In our system,
decreasing the differential pressure requires a longer
time, and thus, the negative differential pressure value
at which the particle returns into the pore has a greater
variability, a consequence of the random diffusion of
the particles. Figure 7A clearly illustrates that the
velocity of the nanoparticle passing through the pore
orifice is proportional to the instantenous differential
pressure across the orifice at the moment of transloca-
tion. Figure 7A also shows that the additional electro-
phoretic force on the more highly charged carbo-
xylated particle (red) results in a slight downward
shift of the relative velocity versus pressure relation-
ship. Because the applied potential is negative, the
more highly negatively charged (red) particle exits
the pore more quickly and enters the pore more
slowly.
The y-intercepts of the linear fits to the data in

Figure 7A, where the applied pressure is zero, reflect
the relative velocity of the two particles resulting

Figure 6. Histograms of the radii of∼40 particles from each
particle type. Each count represents the mean radius de-
termined from 20 to 70 translocation cycles of an individual
particle. Particle sizes were measured in 1 M NaCl and 0.1%
Triton X-100, pH 7.2, using an ∼80 nm radius pore.
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solely from electrokinetic forces. Both particles have
a positive velocity (into the pore) in the absence of
applied pressure because EO (directed into the pore)
is the stronger electrokinetic force; however, the
electrokinetic velocity is ∼25% slower for the more
highly charge carboxylated particle due to stronger
EP (directed out of the pore).
It has been demonstrated previously with resistive

pulse sensing that both the size and charge of indivi-
dual particles can bemeasured simultaneously.9,22,33 In
Figure 7B, we present size and relative electrokinetic
velocity data collected with our particle trapping sys-
tem. The results in Figure 7B were collected using the
samenanopore (∼80 nm radius) in both 1.0MNaCl and
in 0.2MNaCl for 33 nmmethylated, 59 nmmethylated,
and 59 nm radius carboxylated spherical Au nanopar-
ticles. Each data point represents a single particle that
underwent between 20 and 70 translocation cycles to
determine its mean radius and electrokinetic velocity
(from the y-intercept of relative velocity vs differential
pressure, as in Figure 7A for two particles). The data
in Figure 7B suggest that the translocation velocity
increases with particle size. The trend of increasing
translocation velocity with particle size is not apparent
for the smaller 33 nm radius particles. Also, lowering

the electrolyte concentration to 0.2 M increases EO
significantly and the trend with particle size becomes
more pronounced. The trend disappears in a larger
pore (∼95 nm radius) while still differentiating the
charges of the two particles (Supporting Information
Figure S4).
Manual control of applied pressure has also been

used to recapture particles. Using conical glass nano-
pores, Lan et al. found that the probability of releasing
a particle after translocation into the pore was >90%
even with delays of 10 s before pressure reversal.20

However, there is a significant difference in recapture
probability for a particle that is confined inside the pore
in comparison with a particle that is outside the pore.
The fluid velocity falls off radially away from the pore
opening and there is a characteristic distance away
from the pore where the diffusional loss of the particle
is muchmore probable than the fluidic velocity pulling
the particle back to the pore. However, we have had
marked success using pressure to control the motion.
Particle recapture probability is governed by the re-
sponse time of the system and by themagnitude of the
forces applied toward retrieving the particle. Increas-
ing the magnitude of the negative pressure serves to
increase the characteristic distance, but can also have
the detrimental effect of pushing the particle so quickly
to the other side of the pore that the automated
detection system may not have sufficient time to
respond. Conical nanopores ameliorate this issue since
recapture becomes almost certain while the particle is
inside the pore. Hence, we are able to use a small
positive pressure to retrieve the particle, which carries
the particle a shorter distance away from the pore
during the system response time after translocation
out of the pore. This also allows the application of a
large negative pressure for retrieving the particle out-
side the pore, thereby extending the characteristic
recapture distance without any consequence of push-
ing the particle too far away after recapture into the
pore. However, there is an upper bound on the range
of pressures suitable for the technique, beyond which
amplifier bandwidth limitations begin to underesti-
mate peak heights due to excessive particle speeds.27

CONCLUSIONS

The basis of the resistive pulse technique lies in the
size exclusion principle, and can be applied to biologi-
cal and synthetic nanoparticles without any funda-
mental limitation. The single particle trapping and
size measurement system based on differential pres-
sure reversal upon particle detection represents a
significant progression in resistive pulse sensing as a
single particle characterization method. In addition to
providing unprecedented sub-nanometer precision in
particle size measurements, repeated measurements
of resistive pulses will allow experimental testing of
theoretical considerations of the variability inherent to

Figure 7. Relative nanoparticle translocation velocity vs
differential pressure during a trapping sequence under
�300 mV applied potential (pressure and voltage are
external vs internal solution). (A) Data for a single 60.3 (
0.4 nm methylated Au particle (blue diamonds) and an
individual 60.9 ( 0.3 nm carboxylated Au particle (red
triangles). Particles enter the pore under negative pressures
and exit the pore under positive pressures. The y-intercept
of the fitted line represents the particle velocity at zero
applied pressure, and corresponds to the relative electro-
kinetic velocity. (B) Plot of relative electrokinetic velocities
at �300 mV as a function of particle radius for individual
particles in 0.2 and 1.0 M NaCl solutions demonstrating
simultaneous determination of particle size and relative
charge.
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the method. The ability to trap and repeatedly char-
acterize a single particle over a significant length of
time also suggests the possibility of measuring the

kinetics of subtle surface chemical reactions that result
in a change in the size and/or electrical charge of a
particle.

METHODS
Chemicals and Materials. Quasi-spherical Au nanoparticles with

radii reportedby themanufacturerof 33nm(2%and59nm(2%,
both conjugated with a methylated polymer, and 59 nm ( 2%
radius conjugated with a carboxylated polymer were purchased
from Nanopartz (Loveland, CO). Zeta potentials were measured
as�12,�18, and�35mV, respectively, in deionizedwater. Other
materials included borosilicate glass capillaries (o.d. 1.5 mm,
i.d. 0.86mm, length 10 cm, Sutter Instruments), hydrofluoric acid
(48%), ammonium fluoride solution (40%), sodium chloride,
monosodium phosphate, disodium phosphate, Triton X-100,
0.25 mm silver wire (World Precision Instruments), 6 μm electro-
plated diamond on brass sanding disk (3M), nitrogen, hot glue,
and household bleach (5% hypochlorite). Solutions were filtered
through Millex-VV 0.1 μm syringe filters (Millipore).

Glass Nanopore. Fabrication of nanopores was as previously
described21 with the following modifications. Sanding of the
terminal bulb was carried out above an inverted microscope
(Olympus IX50 with an LMPlanFL 20�/0.40 objective) as the
capillary was held by a micropositioner and pressed onto a
diamond sanding disk rotated by a DC motor. The sanding was
stopped just before the nanopore was opened and the capillary
was immediately filled with 1.0 M NaCl. For hydrofluoric acid
etching, an automated etching system was constructed to
hold the capillary on a vertically oriented circular platform with
stepper motor mounted to the shaft. A milled Teflon block with
two wells containing electrodes was used to hold minimal
amounts of 1:4 48% HF:40% NH4F and NaCl solutions. An idler
gear and second circular platform were positioned directly
above the drive-mounted platform to ensure correct orienta-
tion of the capillary in the etchant and quenching solutions. The
control system consisted of a microcontroller (Arduino Uno R3),
high-speed stepper motor, and custom software to read the
amplified signal from the 2273 PARSTAT potentiostat (Princeton
Applied Research). Once a jump in the current indicated pore
formation, the system immediatelymoved the capillary out of the
etchant and into the NaCl solution in under 0.1 s. After forming
a pore, capillaries were stored in a solution matching that inside
the capillary. Poreswerewidened to the desired radius by etching
further in 1:60 bufferedhydrofluoric acidwhile applyinga positive
pressure of ∼5 psi across the pore. Between successive etches,
resistive pulse measurements were made using Au nanoparticle
standards. At a threshold size where approximately half of the
particles pass through the pore and half block the pore entrance,
we equate the pore radius to the particle radius, and calculate the
nanopore's half cone angle by Rp = 1/(κr)[1/4 þ 1/(π tan Θ)]35

where Rp is the resistance of the pore, r is the radius of the pore
opening, κ is the solution conductivity, and Θ is the half cone
angle. This same cone angle is used in calculating pore radii upon
further etching.

Differential Pressure Particle Trapping System. A purpose built
pressure chamber (Automated Systems, Tacoma) allowed elec-
trical and pneumatic connection to a BNC style micropipette
holder with a pressure port (QSW-B15P, Warner Instruments).
Command signals from a custom LabVIEW program via an
AD/DA (USB-6211, National Instruments) were sent to an elec-
trically controlled proportional valve regulators (QPV1, Propor-
tion Air) pressurized by a nitrogen tank. The program reads in
voltage values from the resistive pulse amplifier at 10 kHz,
calculating the slope of every∼4 data points. Slopes exceeding
a predefined threshold triggered the differential pressure
switch. Detection cycles required less than 1 ms, although
1�5 ms delays were inserted to avoid duplicate detection of
the same signal. The pressure response of the regulators was
the factor limiting the detection cycle.

Resistive Pulse Sensing Measurements and Data Analysis. The i�t
traces and differential pressure were recorded using a HEKA

EPC-10 USB amplifier at a cutoff frequency of 10 kHz applied
with a three-pole Bessel low-pass filter. Patchmaster data
acquisition software was used to collect and export raw data.
A custom VBA Excel program was used to determine resistive
pulse parameters. Each peak was inspected manually to ensure
accurate measurements.
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