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ABSTRACT

This Account reports on the properties and applications of carbon
nanotube-based Coulter counters (CNCCs). CNCCs provide a
means for determining the diameter and electrophoretic mobility
(or electrokinetic surface charge) of individual nanoparticles
dispersed in aqueous solutions, as well as the nanoparticle
concentration. Such measurements do not require CNCC calibra-
tion or sample labeling. Because CNCCs measure the characteristics
of individual particles, they provide the true average and polydis-
persity distribution of nanoparticle properties. CNCCs can dif-
ferentiate between individual nanoparticles based on their surface
charge and size, and CNCCs can be used to determine the apparent
surface pK, of polymeric nanoparticles. Nanoparticle characteriza-
tion by CNCC, electron microscopy, conductometric titration, and
light scattering are compared.

Introduction

This Account reports on carbon nanotube-based Coulter
counters (CNCCs) and their applications for studying the
properties of nanoparticles.!”> CNCCs provide a means
for determining the size, electrophoretic mobility, and
electrokinetic surface charge of individual nanoparticles
dispersed in an aqueous solution. CNCCs can also be used
to measure the concentration of nanoparticles. All of this
information can be determined without calibration, stan-
dards, or labeling the sample.? CNCCs based on multiwall
carbon nanotube (MWNT) channels ranging in diameter
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from 130 to 150 nm can be used to determine the size of
particles having diameters in the 28—100 nm size range.
It is not possible to measure such small particles using
conventional Coulter counters that have micrometer-scale
channels. Moreover, because CNCCs measure the char-
acteristics of individual particles, they provide the true
average and polydispersity distribution of nanoparticle
properties. Accordingly, CNCCs can be used for dif-
ferentiating individual nanoparticles based on their sur-
face charge and size, and for determining their apparent
surface pK, values.

Coulter counters consist of two chambers divided by
an insulating membrane that contains a single channel
(Chart 1a).* Electrodes immersed in an electrolyte in each
chamber are used to drive an ionic current through the
channel. If particles having a size on the order of the
channel diameter are present in the electrolyte, then they
may be driven into the channel and thereby cause a
reduction in ionic current. The output of a Coulter counter
is a plot of ionic current versus time (Chart 1b) exhibiting
a string of current pulses. Under favorable conditions,
these current pulses can be correlated to the size, mobility,
and concentration of the particles.

The Coulter counter was patented in 1953 by W. H.
Coulter,* and throughout the last 50 years, such devices
having channels ranging from 10 to 100 um in diameter
have been widely used in biological and medical labora-
tories to determine biological cell concentrations.> During
the 1970s, DeBlois and Bean showed for the first time that
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a 450-nm diameter channel fabricated by track etching
of a polycarbonate membrane could be used to character-
ize polystyrene particles as small as 90 nm in diameter.5
Additionally, they performed pioneering virus-detection
experiments using this same approach.”® Although their
body of work demonstrated that the Coulter principle
could be implemented on the submicrometer scale,
almost 2 decades passed before channels smaller than
about 0.5 yum were reported. This is largely due to the
technical challenge of fabricating and characterizing
single, nanometer-scale channels in insulating mem-
branes.

The renewed interest in Coulter counting during the
past decade is largely a consequence of recent advances
in channel fabrication methods and high-resolution char-
acterization techniques. Smaller more robust channels
hold out the promise of reproducibly measuring the
properties of analytes on the 1—50 nm size scale. Many
interesting analytes, such as organic molecules, hydrated
metal ions, viruses, colloids, proteins, nucleic acids, and
other natural and synthetic polymers, have sizes in this
range. From an analytical perspective, Coulter counters
have additional attractive properties. First, the Coulter
counting principle has a broad dynamic range that spans
at least 6 orders of magnitude, roughly 1 nm to 1 mm.
Second, Coulter counters detect analytes one particle at
a time; therefore, the method has inherent single-particle
sensitivity. Third, Coulter counting requires only that
analyte size be comparable to the size of the sensing
channel, and therefore no spectroscopic, electrochemical,
or enzymatic labeling is required. Finally, from a technol-
ogy viewpoint, Coulter counters are simple, have low
power requirements, and are intrinsically compact (por-
table).

At present, there are three active research areas related
to Coulter counting. The first focuses on new methods
for fabricating channels having very small dimensions.
Such channels can be constructed either from synthetic
materials or from self-assembling membrane proteins. For
example, a synthetic (nonbiological) single channel (3—
10 nm in diameter) has been milled through a Si;N,
membrane using an ion beam and then used for counting
0.5—10 kb, double-stranded DNA (dsDNA).>! Similarly,
a single channel having a conical shape with a ~2—7 nm
constriction at the tip was prepared by track etching of a
polyimide membrane and used to discriminate between
different-length dsDNA.!' Smaller sensing channels (<2
nm in diameter) were formed using o-hemolysin, a
membrane protein confined to a lipid bilayer, to detect
individual hydrated metal ions, organic molecules, and
single-strand DNA.'>"* The second area of research
involves integration of Coulter counters with microchemi-
cal analysis systems. For example, a quartz-based micro-
chip Coulter counter fabricated via electron-beam lithog-
raphy could be used to detect polymer particles as small
as 87 nm in diameter.'> Channels ranging from 200 to 500
nm in diameter and made of poly(dimethylsiloxane)
(PDMS) were prepared via a process that combines
elastomer molding and electron-beam lithography, and
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these were used to detect Lambda-phage DNA!® and the
change in size of streptavidin-coated colloid particles
induced by antibody—antigen binding.!” The third area
of research involves chemical modification of the sensing
channel to impart chemical selectivity. For example, site-
directed mutagenesis in a-hemolysin makes it possible to
prepare a protein channel having an interior that selec-
tively binds to Zn?*.13 Additional information about the
present state of research in this field can be found in a
recent review.!®

Operating Principle

The operating principle of Coulter counters is based on
the reduction in ionic current associated with transport
of an analyte particle through a sensing channel (Chart
1).!° The pulse height is used to determine particle size;
the pulse width can, under favorable conditions, be used
to determine the charge carried by the particle; and the
frequency of the current pulses is related to particle
concentration.

The ratio of the pulse height to the baseline current is
roughly the same as the particle volume relative to the
channel volume. For a cylindrical channel biased at a
constant voltage (Ey;, the membrane potential), the relative
decrease in current is given by eq 1. Here, i is the baseline

3

Ai, d.
— = S(dyd)—— (1)
i 1'd

c 'c

ionic current, Ai. is the pulse height, d is the diameter of
the analyte particle, d. is the channel diameter, and /. is
the channel length. [ is the channel length after correct-
ing for the so-called “end effect” (I’ = I. + 0.785d,).5%°
The correction factor S(d.,d;) depends on the diameter
ratio, d./ds, and it can be approximated by eq 2 with less
than a 2% error if the diameter ratio is less than 0.8.

Sdyd) =——F @

1—0.8(d./d)*

Equation 1 shows that the pulse height is a very sensitive
(cubic) function of the analyte diameter; thus, a slight
change in analyte diameter results in a large change in
pulse height.

The pulse width, At, is inversely proportional to the
analyte velocity, vs, which is in turn determined by the
transport properties of the analyte as it transverses the
sensing channel. In the absence of specific chemical
interactions between analytes and the channel itself there
are four fundamental mechanisms that can potentially
contribute to particle transport: pressure-driven flow,
electrophoresis, electroosmosis, and diffusion.! However,
when all four transport modes are operative it is difficult
to extract useful analytical information from At. This is
because the transport modes are interdependent, and
therefore, the equations governing the velocity of the
analyte are complex.?! As we will see later, only when a
single mode of transport dominates the other three is the
situation simplified. This is the case for nanotube-based
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Coulter counters, because there is no charge on the
interior surface of the channel. It is not possible to make
this simplification for other types of Coulter counters,
however, because their channels are made of materials
such as glass, sapphire, or polycarbonate, all of which
display immobile surface charges.

The pulse frequency, Js, in Coulter counting is related
to the velocity and the concentration of the analyte
particles C; (eq 3).! Because the average velocity can be

vd?

I, = TCS 3)
determined from the pulse width, the analyte concentra-
tion can be determined without calibration using eq 3.!2
A more in-depth theoretical treatment of Coulter counting
can be found in a recent review.?

Characteristics of CNCCs

MWNTs and Device Fabrication. We chose to use MWNTs
as the sensing channel for Coulter counting of nanosized
particles because of the following four desirable material
properties.*?* First, MWNTs having diameters ranging
from a few nanometers to hundreds of nanometers are
commercially available. This size range is suitable for
detecting a wide variety of interesting analytes of bio-
chemical significance (vide supra). Second, MWNTs have
uniform and precise channel diameters, which is essential
for accurate particle sizing. Third, MWNTs have negligible
charge on the graphitic inner surface. This means elec-
troosmotic flow is suppressed and that therefore the
electrophoretic mobility of the analyte can be easily
determined.! Fourth, we have developed a microtoming
method for producing hundreds of channels having
identical diameters from a single MWNT.!

Chart 2 shows the methodology for fabricating single-
channel membranes using MWNT channels ranging in
diameter from 60 to 160 nm."? An xyz-translation stage
attached to an optical microscope was used for the
manipulations shown in parts a—c of Chart 2. The first
step is to remove a single MWNT from a bundle using a
sharpened Pt/Ir tip having acrylic adhesive on its apex
(Chart 2a).24?> Next, one end of the nanotube was capped
with electropolymerized polypyrrole (Chart 2b)* to pre-
vent ingress of the epoxy used in the next step.?? The
MWNT was then immobilized onto a Au TEM grid using
Ag epoxy, and transmission electron microscopy (TEM)
was used to ensure that the interior was not blocked by
epoxy or other substances (Chart 2c). The grid-im-
mobilized MWNT was embedded in an epoxy matrix
(Chart 2d), and the resulting epoxy block was microtomed
to yield small sections (ca. 1 x 1 mm) that were about 1
um in thickness (Chart 2e). A section containing a single
MWNT channel was then mounted on a support structure
containing a hole, and this assembly was clamped be-
tween two chambers fabricated from polycarbonate and
sealed with silicone O rings (Chart 2f). The inner diameter
of the MWNT was measured by TEM (Chart 2g), and the
channel length (or membrane thickness) was determined
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from the ionic conductance of the channel using cyclic
voltammetry (Chart 2h).1226

Fundamental Characteristics of CNCC Measurements.
CNCC experiments were performed using the setup shown
in Chart 2f. A solution containing polymeric nanoparticles
was added to the chamber held at ground potential, and
a particle-free solution was added to the other chamber.
Buffer solutions containing KCI of relatively high concen-
tration (0.1 M) were used to improve the signal-to-noise
ratio. In addition, the surfactant Triton X-100 was added
to the solutions to prevent the nanoparticles from ag-
gregating and to ensure wetting of the hydrophobic
MWNT channel.

Figure 1a shows a typical current-versus-time plot for
an ensemble of nanoparticles having a low surface con-
centration of —COOH groups [low-surface-charged (LSC)
nanoparticles: polystyrene, 57 + 6 nm diameter, 120
—COOH /particle].? Current pulses (indicated by arrows)
are observed when a positive membrane potential (+0.5
V) is applied, but no signal is observed when the mem-
brane potential is either zero or negative. Moreover, parts
b—d of Figure 1 indicate that the pulse width is larger at
a lower potential. These two observations indicate that
the nanoparticles are negatively charged and pass through
the MWNT channel by electrophoresis. Nanoparticles
having a higher surface concentration of —COOH groups
[high-surface-charged (HSC) nanoparticles: copolymer of
polystyrene—poly(acrylic acid), 60 + 10 nm diameter,
24220 —COOH/particle] resulted in narrower pulse widths
(Figure le), which is consistent with their higher surface
charge and thus higher electrophoretic transport. Elec-
troosmosis is negligible in these experiments, because
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FIGURE 1. (a) Plot of current versus time for a single-component
solution of LSC nanoparticles at three different membrane potentials.
(b—d) High-resolution current-versus-time plots obtained for a
solution containing LSC nanoparticles at the indicated values of Ey.
(e) High-resolution current versus time plots obtained for a solution
containing HSC nanoparticles at £y = +0.2 V. These data were
measured in solutions containing nominally 5 x 10" particles/mL,
0.1 M KCl, 10 mM KH,P0,—K;HPQ, buffer (pH 7.3), and 0.1% (w/v)
Triton X-100. The MWNT channel (d; = 132 nm, /; = 939 nm) was
immobilized on a PDMS support.

streaming potential measurements indicate that the nan-
otube interiors support no measurable surface charge.!

Performance Improvement. According to eq 1, the
diameter of each nanoparticle can be determined from
the pulse height using data of the type shown in Figure 1.
However, in our early work using Si/SisN4 support struc-
tures (Chart 3a) true pulse heights could not be deter-
mined. For example, the measured diameter of 60-nm
diameter particles (determined by TEM) was found by
CNCC to be ~40 nm. This error is a consequence of signal
distortion introduced by digital and analogue filtering,
which was necessary because of the high noise level that
arises from the relatively high capacitance of the Si/Si;N,
support.?”
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Chart 3

(a) epoxy section containing
a single MWNT channel

C—mE—l

+0.2 pum
Si 0.5 mm

SigN, <—5-10 ym

(b) epoxy section containing
a single MWNT channel

PDMS

Reduction of the noise level can solve the types of
problems described in the previous paragraph and also
make it possible to obtain measurable signals from smaller
particles. To address this issue, we replaced the Si/SisNy
membrane support with a low-capacitance PDMS support
structure.? PDMS is an insulator that is known to reduce
electronic noise in patch-clamp experiments.?® An ad-
ditional advantage is that many PDMS support structures
can be prepared using a simple molding process.?® We
found that the PDMS-based channel configuration (Chart
3b) results in more than a 20-fold reduction in the peak—
peak noise, compared to the Si/SizN, support, which
makes it possible to determine particle diameters as small
as 28 nm. Additionally, noise reduction permits recording
of current pulses using a relatively high cutoff frequency
filter, which improves the time resolution of the CNCC
from >1 ms to 50 us.

Determination of Particle Size. Figure 2 shows the
distribution of diameters, calculated using eq 1, for the
LSC and HSC nanoparticles.? The results indicate that the
diameter distributions are independent of the magnitude
of the applied membrane potential, as anticipated by eq
1. Table 1 provides a comparison of particle diameters
determined using three different techniques: CNCC, TEM,
and dynamic light scattering (DLS).® Like TEM, CNCC
measures many individual particles and thus yields the
intrinsic distribution of sizes directly. It is satisfying to find
that the CNCC yields size distributions consistent with
TEM measurements (top half of Table 1). In contrast to
CNCC and TEM, DLS only provides the average diameter
directly; the size distribution can be obtained only indi-
rectly by curve fitting.>° At the bottom of Table 1, we have
compared ensemble-averaged particle diameters obtained
from many independent DLS measurements with the
average diameter obtained using different CNCCs. The
standard deviation in this case mainly reflects the repro-
ducibility of sample preparation and measurements but
not the true polydispersity of the nanoparticles. In sum-
mary, the above three techniques provide complementary
information about particle size with some subtle differ-
ences (Chart 4): CNCC measures the size distribution
based on the volume of the insulating portion of each
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FIGURE 2. Distribution of the diameters of the (a) LSC and (b) HSC
nanoparticles, calculated from signal-height data at £y = +0.5, +0.2,
and +0.04 V. Experimental conditions are the same as those in Figure
1. Note that the absolute number of counts in the distribution curves
varies as a function of the total analysis time (see Tables 1 and 2 in
ref 2).

Table 1. Measurements of Nanoparticle Diameters
(Nanometers) Using CNCC, TEM, and DLS

Determined from Individual Particle Diameters®

method LSC nanoparticles = HSC nanoparticles
CNCC? 57+8 59+ 5
TEM (our results) 61+9 57 £ 12

Determined from Averaged Diameters of Particle Ensemble®

method LSC nanoparticles = HSC nanoparticles
CNCC4 59 + 2 58 +3
DLSe 57+1 72+ 1

@ Values are the average and standard deviation obtained by
measuring ensembles of particles. ® Measured using a MWNT
membrane.? ¢ Values are the average and standard deviation of
several separate ensemble measurements. ¢ Calculated from the
average diameters of 16—500 nanoparticles obtained using the 4
and 3 MWNT channels for the LSC and HSC nanoparticles,
respectively. ¢ Obtained using =5 measurements.

dispersed nanoparticle; TEM provides the size distribution
of dry particles having collapsed surface structures; and
DLS yields the average hydrodynamic size based on the
diffusional velocity of the particle.> One such subtle
difference can be illustrated by the data in Table 1, which
was obtained using CNCC and DLS. For the LSC nano-
particles, the two techniques provide comparable results,
but DLS yields a larger diameter for the HSC nanopar-
ticles. This is a consequence of the origin of the signal
from CNCC and DLS. Specifically, we rationalize this
finding by assuming that the HSC nanoparticles consist
of a solvent-swollen, highly charged layer atop a compact,
insulating core. CNCC measures just the size of the
insulating core, whereas DLS measures the hydrodynamic
diameter of the entire, solvent-swollen particle (Chart 4a).

Chart 4
(a) in aqueous solution

CNCC
diameter

“"DLS diameter

(b) under high vacuum

surface
-collapsed
layer

TEM
diameter

Determination of Electrophoretic Mobility and Sur-
face Charge of Nanoparticles. Because MWNT channels
are uncharged, they do not support mass transport by
electroosmosis. This unique characteristic of CNCCs
makes it possible to quantitatively relate the pulse width
(A1) to the surface charge (Q) of the analyte.? Specifically,
in the case where the dominant mode of mass transport
is electrophoresis, the average analyte velocity can be
related to its electrophoretic mobility, «, as shown in eq
4. Established theory (eq 5) links the electrophoretic

N
b= = %EM 4)

C

mobility to the surface charge of a spherical particle. Here,

_ Q
T a0 + d J2dy) 2

dp is the Debye length, which depends on the solution
ionic strength. Equation 6 results from the combination
of eqs 4 and 5. Equations 5 and 6 are based on two

2yl "d,(1 + d,/2dp)
N EyAt

(6)

assumptions: the first is the Debye—Hiickel approxima-
tion, which requires that the charge density (or the {
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FIGURE 3. Distribution of electrophoretic mobilities for the LSC and
HSC nanoparticles obtained using (a) a CNCC (d, = 132 nm, /|, =
939 nm) and (b) PALS. Solution conditions are the same as those in
Figure 1. The average and standard deviation of each measurement
are also shown.

potential) of the particle is not too large, and the second
is the Helmholz—Smoluchowski condition, which requires
that the particle size be much larger than the Debye
length.

Equation 4 shows that CNCCs are particularly well-
suited for measuring very small particle mobilities, be-
cause the mobility is inversely proportional to the pulse
width and longer pulse widths are easier to measure. This
is a unique characteristic of CNCCs, because this type of
information is accessible only for particles large enough
to be individually observed under an optical/fluorescence
microscope.®*3! To illustrate this point, we next compare
mobility measurements made using a CNCC and by using
phase analysis light scattering (PALS).>303! PALS detects
the frequency shift of scattered light (Doppler effect)
caused by electrophoretically driven particle motion in an
AC electric field, which can be converted to u by curve
fitting. The scattered light is derived from an ensemble
of particles, and thus PALS provides only an ensemble-
averaged value of particle mobility.

Figure 3 shows mobility data measured by CNCC and
PALS for the LSC and HSC nanoparticles under identical
solution conditions.? It is obvious that CNCC yields more
precise results than PALS. The higher precision of the
CNCC data probably arises from faster electrophoresis of
the particles relative to Brownian diffusion, which is a
consequence of the unique geometrical characteristics of
the MWNT channel. Specifically, the short MWNT channel
(~1 um) makes it possible to achieve a large electric field
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FIGURE 4. Total electrokinetic surface charge as a function of
particle surface area for LSC nanoparticles. Experimental conditions
are the same as those in Figure 1.

(~kV/cm) using a modest applied potential (<1 V). This
results in fast electrophoretic transport of the particles.
In contrast, the field strength used for PALS measurements
(<10 V/cm) is so low that Brownian diffusion can cause
a relatively large error. The large variation of the PALS data
might also arise in part from contamination from elec-
trochemical reactions occurring at the two driving elec-
trodes. This suggests that the CNCC is more easily adapted
for obtaining precise measurements for nanoparticles
having low mobilities.?

Note that eq 6 is applicable to individual particles
passing through the sensing channel, and thus CNCC
provides a means for measuring the surface-charge-to-
area ratio for individual particles within a nanoparticle
ensemble. Figure 4 shows that this ratio is nearly constant
for the LSC nanoparticles, even though there is substantial
variation in the size of individual members of the en-
semble. That is, even though the absolute size and charge
vary, the surface properties of each particle are remarkably
constant. The slope of the best-fit line through the data
in Figure 4 is related to the average number of charges
per unit surface area. The slope (0.011 charge/nm?)? is very
close to the number of —~COOH groups per unit surface
area (0.012 —COOH/nm?) determined by the manufac-
turer, using conductometric titration. This result indicates
that nearly all of the acid groups deprotonate under the
conditions used to obtain the data shown in Figure 4.2

The same methods and conditions used to obtain the
data in Figure 4 were also used to measure the charge
density for the HSC nanoparticles. The measured value
was found to be 830 + 90 negative charges/particle, which
is much smaller than 24 220 —COOH/particle determined
by the manufacturer, using conductometric titration.? This
discrepancy is likely caused by a combination of factors,
such as the presence of a significant number of counter-
cations within the hydrodynamic shear plane of the
particles (Chart 4a) or break down of the Debye—Hiickel
approximation.®® The former point is probably very im-
portant, because the surface charge measured by the
CNCCs is really an electrokinetic charge, which is the sum
of charges contributed from all species located within the
hydrodynamic shear plane of the particle.

To summarize, the CNCC is a promising device for
precisely measuring low-magnitude mobility or charge of
individual nanoparticles in aqueous solution. The tech-
nique also offers an opportunity to correlate size and
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FIGURE 5. (a) Plot of current versus time obtained for a mixed
solution of LSC and HSC nanoparticles present at a molar ratio of
4&1. (b) Relationship between particle diameter and pulse width
obtained for the mixed solution of LSC and HSC nanoparticles. (c)
Relationship between pulse frequency and mole fraction for LSC
nanoparticles. The solid lines were calculated using the average
particle diameter and surface charge, determined from CNCC
measurements, and the nominal total particle concentration. Ex-
perimental conditions are the same as those in Figure 1, except the
total particle concentration (5 x 10" particles/mL for LSC and HSC
nanoparticles). £y = +0.2 V.

charge data for individual nanoparticles within a large
ensemble.

Differentiation of Polymeric Nanoparticles Based on
Their Size and Surface Charge. The feasibility of making
simultaneous size and charge measurements using CNCCs
provides a basis for differentiating between the compo-
nents of a mixture of particles when each component has
a unique combination of size and charge.? Figure 5a shows
a typical current-versus-time plot for a solution containing
a mixture of LSC and HSC nanoparticles present at a
molar ratio of 4:1. Two distinct types of current pulses
are observed: the wider pulses correspond to LSC nano-
particles, and the narrower ones correspond to HSC
nanoparticles. Figure 5b shows all of the pulse signals
plotted in a two-dimensional (diameter and pulse width)
parameter space;!* it is clear that the two types of particles
can be clearly distinguished in this data set. Because two
types of nanoparticles are distinguishable in Figure 5b, it
is possible to independently determine their concentra-
tions from their respective pulse frequencies. Indeed,
Figure 5c shows that plots of pulse frequency for the two
types of nanoparticles lie on theoretical lines calculated

w
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FIGURE 6. High-resolution plots of current versus time obtained
using LSC nanoparticle solutions at the indicated pHs. All data were
measured in solutions containing nominally 5 x 10" LSC nanopar-
ticles/mL, 0.1 M KCI, 10 mM KH,P0,—K,;HPO, buffer, and 0.1% (w/v)
Triton X-100. The MWNT channel (d; = 132 nm, [, = 955 nm) was
immobilized on a PDMS support. £y = +0.2 V. The time axis is the
same for each frame of the figure.

using the average particle diameter and surface charge,
determined from CNCC measurements, and the nominal
total particle concentration (5 x 10'! particles/mL).?

Determination of the Apparent Surface pK, of Charged
Nanoparticles. It is possible to use a CNCC to determine
the apparent surface pK, of nanoparticles by measuring
the surface charge as a function of pH. Figure 6 shows
CNCC current-versus-time plots for the LSC nanoparticles
at four different pHs. Well-defined pulse signals, corre-
sponding to single-particle transport events, are observed
between pH 7.2 and 5.8, but note that the pulse width
increases with decreasing pH. This is a consequence of
pH-dependent surface charge of these acid-functionalized
particles. At pH 5.6, current pulses composed of multiple
peaks are occasionally observed (Figure 6c), and these
features become more common as the pH is further
decreased (Figure 6d). Because the height (Ai.) of the
multiple-peak pulses is very similar to the height for
typical single-peak pulses, they cannot be attributed to
aggregates of particles, which would act as large single
particles and thus yield higher pulse heights. Indeed, the
average particle diameters, measured by both DLC and
CNCC (Figure 7a), are very similar (52—64 nm) over the
entire pH range studied. At present, we believe that slow
mass transport at low pH results in occasional reversible
attachment of particles around the entrance or at the
inner wall of the sensing channel. Confirmation of this
hypothesis awaits additional experiments, however.
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FIGURE 7. Effect of pH on the (a) diameter, (b) pulse frequency,
and (c) surface charge of LSC nanoparticles measured using a
CNCC. In a and c, the plots and error bars indicate the averages
and standard deviations measured using individual particle data.
Experimental conditions are the same as those indicated in Figure
6.

Figure 7 provides CNCC-measured nanoparticle diam-
eters, the pulse frequency, and surface charge between
pH 7.2 and 3.9. Although multiple-peak pulses are ob-
served at pH < 5.6 (the shaded range in Figure 7), the
average particle diameter remains constant throughout
the entire pH range. However, both the pulse frequency
and surface charge increase significantly at pH > 5.6.
Other experiments, carried out using a different nanotube
channel, showed that the surface charge remained con-
stant between pH 7.2 and 9.0, indicating that most of the
surface —COOH groups are deprotonated at pH > 7.2.
Thus, Figure 7c indicates that the apparent surface pK,,
defined as the pH where the surface charge attains half
of its maximum value, is ~5.8. This value is similar to that
determined using pH titration for polystyrene particles
(~300 nm in diameter) having a higher surface ~COOH
density (5.7—5.8).32 Note, however, that the pH titration
requires purified nanoparticle solutions, because the
presence of small-molecule acids or bases affect the
results.?3* In contrast, CNCC results are not affected by
such contaminants. Additionally, more dilute nanoparticle
solutions can be used for CNCC measurements than in
conventional titrations.3
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Summary, Conclusions, and Outlook

This Account has described the properties of CNCCs and
some of their applications. The unique characteristics of
CNCCs originate from the smooth and uniform cylindrical
structure of MWNTs, its high level of stability, the absence
of permanent charge on its interior surface, and the high
electric field present across the short channel. CNCCs
provide a means for simultaneously determining the size
and electrophoretic mobility (or electrokinetic surface
charge) of single nanoparticles from signal height and
width measurements, respectively.? Such measurements
do not require calibration of the CNCC, nor do they
require analyte labeling. Moreover, because CNCCs mea-
sure the properties of individual particles, they provide
true average and polydispersity distributions. The CNCC
method provides information that is complementary to
that available from TEM and DLS, and it can be used to
determine the electrophoretic mobilities of dispersed
particles more precisely than light-scattering techniques
such as PALS.®

In addition to its strengths, CNCCs have some weak-
nesses. For example, CNCCs can only detect particles
within a particular size range (~28—90 nm in diameter
for a MWNT channel that is 132 nm in diameter) and
normally require a relatively high concentration of sup-
porting electrolyte. However, CNCCs having different
channel diameters can be chosen according to the size of
analytes, and the requirement of high electrolyte concen-
tration is suitable for measurements under physiological
conditions. MWNT channels can become blocked by
aggregated or adventitious particles, which may limit the
lifetime of a CNCC to a few hours. However, we believe
this problem can be solved by controlling the surface
properties of the MWNT channels.

We anticipate that CNCCs will be useful for studying
the properties of colloids and for better understanding
mass transport in nanoporous media. Furthermore, we
believe CNCCs will be useful for detection and charac-
terization of biological materials such as viruses, proteins,
and DNA under physiological conditions. Our present
efforts are directed toward these targets. It may also be
possible to use CNCCs to better understand biological and
chemical reactions.
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