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Quantitative sensing of nanoscale colloids using a microchip
Coulter counter
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~Received 27 June 2001; accepted for publication 20 September 2001!

We have fabricated a microchip Coulter counter on a quartz substrate, and have used it to detect
individual nanoscale colloidal particles with a sensitivity proportional to each particle’s size. We
demonstrate the ability of this device to sense colloids as small as 87 nm diameter, and to distinguish
between colloids whose diameters differ by less than 10%. Further reductions in the pore size, easily
done with current nanofabrication techniques, make our device applicable to measuring biological
macromolecules, such as DNA and proteins. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1419224#

I. INTRODUCTION

Quantitative measurements of the size and concentration
of nanoscale particles are critical for studies of colloidal and
macromolecular solutions. Traditionally, this is accomplished
through ultracentrifugation, chromatography, gel
electrophoresis,1 or dynamic light scattering.2 Here we dis-
cuss an alternative method based on the Coulter technique of
particle sensing.3 Coulter counters typically consist of two
reservoirs of particle-laden solution separated by a mem-
brane and connected by a single pore through that mem-
brane. By monitoring changes in the electrical current
through the pore as individual particles pass from one reser-
voir to another, a Coulter counter can measure the size of
particles whose dimensions are on the order of the pore di-
mensions. While this method has long been used to charac-
terize cells several microns in diameter,4,5 its relative sim-
plicity has led to many efforts to employ it to detect
nanoscale particles,6–9 including viruses.10

In this article, we present the first working realization of
a Coulter counter on a microchip. Our device, fabricated on
top of a quartz substrate using standard microfabrication
techniques, utilizes a four-point measurement of the current
through the pore. We are able to control precisely the pore
dimensions, which we can easily measure using optical and
atomic force microscopies. Knowing the exact pore dimen-
sions allows us to predict quantitatively the response of the
device to various sized particles. We have fabricated pores
with lateral dimensions between 400 nm and 1mm, and used
them to detect latex colloidal particles as small as 87 nm in
diameter. Furthermore, we demonstrate the ability of the de-
vice to detect;500 nm diam colloids with a resolution of
610 nm. The device has numerous applications in sizing and
separating nanoscale particles in solution, and is easily inte-
grated with other on-chip analysis systems.

II. EXPERIMENT

Our device, shown in Fig. 1~a!, is fabricated in multiple
stages. Each stage consists of lithographic pattern generation,
followed by pattern transfer onto a quartz substrate using
either reactive ion etching~RIE! or metal deposition and
liftoff. The first stage is the fabrication of the pore. A line is
patterned on the substrate using either photolithography~PL!
for linewidths>1 mm, or electron-beam lithography~EBL!
for linewidths between 100 and 500 nm, and then etched into
the quartz using a CHF3 RIE. The substrate subsequently
undergoes a second stage of PL and RIE to define two res-
ervoirs that are 3.5mm deep, separated by 10mm, and con-
nected to each other by the previously defined channel@see
Fig. 1~a!#. The length of the pore is defined in this second
stage by the separation between the two reservoirs. The final
stage consists of patterning four electrodes across the reser-
voirs, followed by two depositions of 50/250 Å Ti/Pt in an

a!Author to whom correspondence should be addressed; electronic mail:
sohn@princeton.edu

FIG. 1. ~a! Scanning electron micrograph of our microchip Coulter counter.
The 3.5mm deep reservoirs and the inner Ti/Pt electrodes, which control the
voltage applied to the pore but pass no current, are only partially shown. The
outer electrodes, which inject current into the solution, are not visible in this
image. The inset shows a magnified view of this device’s pore, which has
dimensions 5.131.531.0 mm3. ~b! A schematic diagram of a spherical
particle of diameterd in a pore of diameterD and lengthL.
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electron-beam evaporator with the sample positioned645°
from normal to the flux of metal to ensure that the electrodes
are continuous down both walls of the reservoirs.

The device is sealed on top of with a silicone-coated
~Sylgard 184, Dow Corning Corp.! glass coverslip before
each measurement. Prior to sealing, both the silicone and the
substrate are oxidized in a dc plasma to ensure the
hydrophilicity11 of the reservoir and pore and to strengthen
the seal12 to the quartz substrate. After each measurement,
the coverslip is removed and discarded, and the substrate is
cleaned by chemical and ultrasonic methods.13 Thus, each
device can be reused many times.

We have measured solutions of negatively charged
~carboxyl-coated! latex colloids~Interfacial Dynamics, Inc.!
whose diameters range from 87 to 640 nm. All colloids were
suspended in a solution of 53 concentrated Tris–Borate–
EDTA ~TBE! buffer with a resistivity of 390V cm andpH
8.2. To reduce adhesion of the colloids to the reservoir and
pore walls, we added 0.05% volume to volume~v/v! of the
surfactant Tween 20 to every solution. The colloidal suspen-
sions were diluted significantly from stock concentrations to
avoid jamming of colloids in the pore; typical final concen-
trations were;108 particles/ml. The pore and reservoirs
were filled with solution via capillary action.

III. THEORY

The sensitivity of a Coulter counter relies upon the rela-
tive sizes of the pore and the particle to be measured. The
resistance of a poreRp increases bydRp when a particle

enters since the particle displaces conducting fluid.dRp can
be estimated5 for a pore aligned along thez axis @see Fig.
1~b!# by

dRp5rE dz

A~z!
2Rp , ~1!

whereA(z) represents the successive cross sections of the
pore containing a particle, andr is the resistivity of the so-
lution. For a spherical particle of diameterd in a pore of
diameterD and lengthL, the relative change in resistance is

dRp

Rp
5

D

L F arcsin~d/D !

~12~d/D !2!1/22
d

DG . ~2!

Equations~1! and~2! assume that the current density is uni-
form across the pore, and thus is not applicable for cases
where the cross sectionA(z) varies quickly, i.e., whend
!D. For that particular case, Deblois and Bean6 formulated
an equation fordRp based on an approximate solution to the
Laplace equation:

dRp

Rp

5
d3

LD2 F D2

2L2 1
1

A11~D/L !2GFS d3

D3D , ~3!

whereF(d3/D3) is a numerical factor that accounts for the
bulging of the electric field lines into the pore wall. When
employing Eq.~3! to predict resistance changes, we find an
effective value forD by equating the cross sectional area of
our square pore with that of a circular pore.

If Rp is the dominant resistance of the measurement cir-
cuit, then relative changes in the currentI are equal in mag-
nitude to the relative changes in the resistanceudI /I u
5udRp /Rpu and Eqs.~2! and ~3! can both be directly com-
pared to measured current changes.

This comparison is disallowed ifRp is similar in magni-
tude to other series resistances, such as the electrode/fluid
interfacial resistanceRe/ f or the resistanceRu of the reservoir
fluid between the inner electrodes and the pore. We com-
pletely removeRe/ f from the electrical circuit by performing
a four-point measurement of the current@see Fig. 1~a!#. We
minimizeRu by placing the inner electrodes close to the pore
~50 mm away on either side!, and by designing the reservoir
with a cross section much larger than that of the pore. For a
pore of dimensions 10.5mm by 1.04 mm2, we measured
Rp536 MV, in good agreement with the 39 MV value pre-

FIG. 2. Relative changes in baseline currentdI /I vs time for ~a! a mono-
disperse solution of 87 nm diam latex colloids measured with an EBL-
defined pore of length 8.3mm and cross section 0.16mm2, and~b! a poly-
disperse solution of latex colloids with diameters 460, 500, 560, and 640 nm
measured with a PL-defined pore of length 9.5mm and cross section 1.2
mm2. Each downward current pulse represents an individual particle enter-
ing the pore~Ref. 14!. The four distinct pulse heights in~b! correspond as
labeled to the four different colloid diameters.

FIG. 3. A histogram of pulse heights resulting from measuring the polydis-
perse solution shown in Fig. 2~b!. The resolution for this particular device is
610 nm in diameter for the particles measured.
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dicted by the pore geometry and the solution resistivity. This
confirms that we have removedRu andRe/ f from the circuit.

IV. RESULTS AND DISCUSSION

Figure 2 shows representative data resulting from mea-
suring a monodisperse solution of colloids 87 nm in diameter
with an EBL-defined pore@Fig. 2~a!#, and from measuring a
polydisperse solution containing colloids of diameters 460,
500, 560, and 640 nm with a PL-defined pore@Fig. 2~b!#.
Each downward current pulse in Fig. 2 corresponds to a
single colloid passing through the pore.14 For the data
shown, 0.4 V was applied to the pore. In other runs, the
applied voltage was varied between 0.1 and 1 V to test the
electrophoretic response of the colloids. We found that the
width of the downward current pulses varied approximately
as the inverse of the applied voltage, as is expected for
simple electrophoretic motion

Figure 3 shows a histogram of;3000 events measured
for the polydisperse solution. The histogram shows a very
clear separation between the pore’s response to the differ-
ently sized colloids. The peak widths in Fig. 3 represent the
resolution of this device, which we find to be610 nm in
diameter for the measured colloids. This precision ap-
proaches the intrinsic variations in colloid diameter of 2%–

4%, as given by the manufacturer. In this run, the maximum
throughput was 3 colloids/s, a rate easily achievable for all of
our samples. Event rates are limited by the low concentra-
tions needed to avoid jamming.

We used a device whose pore size was 10.5mm by 1.05
mm2 to measure colloids ranging from 190 to 640 nm in
diameter. Figure 4 shows a comparison between the mea-
sured mean pulse heights and those predicted by Eqs.~2! and
~3!. As shown, there is excellent agreement between the mea-
sured and calculated values, with the measured error insig-
nificant compared to the range of pulse heights. In addition,
the measurements more closely follow Eq.~3! for small d
and Eq.~2! for largerd, as was anticipated in the derivation
of those equations.
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FIG. 4. Comparison of measureddI /I values~circles! to those predicted by
Eq. ~2! ~dotted line! and Eq.~3! ~dashed line!. The measured data were taken
over several runs on a single PL-defined pore of length 10.6mm and cross
section 1.04mm2. Error bars for the larger colloid sizes are obscured by the
size of the plotted point. As the colloid diameter increases, there is a tran-
sition from agreement with Eq.~3! to Eq. ~2!. This reflects the fact that the
derivation of Eq.~3! assumes the colloid diameterd is much less than the
pore diameterD; conversely Eq.~2! relies on an assumption that holds only
asd approachesD, and breaks down for smaller colloids.
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