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Recent advances in nanopore-based technologies and
microelectronics allowed the resurgence of Coulter
counter-based techniques. Known collectively as resistive
pulse sensing, this technique is now capable of charac-
terizing nanoscale objects, such as nanoparticles, viruses,
DNA, and other polymers, while keeping the main attrac-
tions of the classical versions: simplicity, sensitivity and
resolution, and single-object readout.

Besides an accurate characterization of both size and
concentration of the nanoparticles in their natural
environment, additional information about particle surface
charge is currently possible in an individual basis.
Furthermore, efforts have been made to integrate the
nanopores in microfluidic systems with the inherent
advantages in terms of portability and cost as well as
the ability to integrate multiple functions.

This survey aims to review the progress in resistive pulse
sensing toward the characterization of submicron particles,
with special emphasis on nanopore design (natural and
synthetic) and on lab-on-a-chip devices.
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1 INTRODUCTION

The electrical sensing zone method, also called resistive
pulse sensing, is one the most widely used counting
methods, being routinely applied in the medical and
industrial fields to determine particle size distribution.
It was invented by Wallace Coulter (and for that
is frequently known as the ‘Coulter principle’) for
counting blood cells rapidly, in the late 1940s, but
was only patented and described in detail in 1953.(D
The Coulter’s patent is among only a few patents
in science that revolutionized clinical practice to this
very day.” However, it has become very popular not
only for counting and sizing blood and other cells and
organisms but also for measuring the size distribution of
a wide range of particulate materials as drugs, pigments,
fillers, foodstuffs, cosmetics, pharmaceuticals, explosives,
minerals, and metals. In fact, characterizing dispersion
properties on a particle-by-particle basis can represent a
major advantage for investigating and understanding the
fundamental behavior of all particulate suspensions.
Details of the Coulter counter working principle to
characterize micron-sized particles have been extensively
reported in the literature and thus will only be briefly
mentioned here.®™> As illustrated in Figure 1, particles
homogeneously suspended at a low concentration in an
electrolyte solution are forced to flow, substantially singly,
through a small aperture (that constitutes the sensing
zone) in a nonconductive membrane that separates
two electrodes of opposite potential. When a particle
passes through the aperture, it displaces the conducting
electrolyte, increasing the resistance of the aperture.
This increase in resistance is known as a resistive

pulse.
The passage of a number of particles produces a

series of pulses (current or voltage) whose amplitudes
are essentially proportional to the excluded particle
volumes. These pulses are then amplified, sorted, and
counted providing information about particle number
and size (equivalent volume diameter).®* The measured
particle sizes can be accumulated to obtain a particle size
distribution. If the volume of liquid passing through the
aperture is measured, then the absolute concentration of
the sample can be determined. Coulter-type sensors can
detect the size of particles with high reproducibility and
resolution in a short time (several thousands of particles
persecond). Although these instruments are still routinely
used in research and histology labs, namely speeding up
the process of detection and counting blood cells, the large
aperture sizes produce unreliable results when analyzing
much smaller particles, namely nanometer-scale objects.
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Figure 1 Scheme illustrating the working principle of a Coulter counter: (a) two fluid reservoirs, filled with electrolyte solution,
separated by an insulating membrane containing a single channel, under applied electric field; (b) typical current—time recording
for particles translocating through a cylindrical channel. The pulse magnitude (height) is proportional to the volume of the analyzed
particle. The number of pulses is related with the number of particles flowing through the channel. The pulse duration (width), Az,

indicates the translocation time.

As the detection limit is restricted by the diameter of
the sensing channel, the measurement of smaller particles
implies the use of smaller pores. In fact, maximum
sensitivity is attained in sensing pores with dimensions
similar to those of the target particle. In general, the
aperture can sense particles with sizes in the range from
2 to 60% (80% in favorable cases) of the aperture
diameter.©® If particles are too small, the change in
resistance during particle translocation will be too small
to be detected (the magnitude of the voltage pulse
is equivalent to the noise level). On the other hand,
if particles are larger than the aperture, they cannot
translocate. Moreover, broad size ranges can only be
covered using multiaperture operations. That requires,
however, experienced operators and extra time because
larger particles have to be previously removed before
using smaller aperture sizes.®) Commercially available
Coulter-based instruments (MULTISIZER™ feur from
Beckman Coulter and ELZONE™ II from Micromeritics)
have different aperture sizes (up to 2 mm), the minimum
aperture diameter of 20 um is apparently able to sense
particles down to 0.4 pm.

It should be emphasized that alternative methods have
been applied to size particles in liquid suspensions, namely
light scattering techniques that became very popular
as they are fast, simple, and cover a wide range of
sizes.” Regarding nanoparticles, dynamic light scattering
(DLS) has been routinely used.® In this technique, all
particles are measured at the same time, being the size
distribution data ‘extracted’ from a combined signal for

all particles (ensemble technique). However, ensemble
measurements have typically low resolution and low
sensitivity but exhibit broad dynamic ranges (from a
few nanometers to a few micrometers), contrary to single
particle techniques that normally exhibit high sensitivity
but narrow dynamic ranges. DLS is an accurate technique
for monomodal distributions (giving an average size value
and a polydispersity index) but broad distributions or
multimodal samples are frequently not well resolved.
In addition, a small amount of very large particles can
obscure the contribution of smaller particles. =12

Regarding electrozone sensing, important develop-
ments have occurred, mostly in the past two decades,
which allow sizing smaller and smaller particles using
nanometric apertures. As a matter of fact, the increasing
interest in measuring nanoparticles, in addition to
advances in micro/nanofabrication and microelectronics,
has led to the resurgence of Coulter counters as detec-
tors for a variety of submicron particles such as viruses,
pollens, proteins, and DNA molecules, as well as
hydrated metal ions, colloids, and natural and synthetic
polymers.3~15 The main reasons why such an ‘old’
method is once again attracting attention are its simplicity,
sensitivity and resolution, and individual single-object
measurement, 16720

The measurement of nanoparticles naturally requires,
as mentioned, nanosized apertures, called nanopores or
nanochannels (a nanopore is a single nanoscale hole
with a length-to-diameter ratio about one, whereas
a nanochannel has a larger length-to-diameter ratio).
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ELECTROZONE SENSING GOES NANO

Advances in resistive pulse sensor designs have tremen-
dously improved the minimum detectable size. Further-
more, sensing devices at the nanoscale offer now more
information than just particle size and concentration. In
fact, as discussed later, information about shape, charge,
and conductivity of objects in dispersion can also be

eobtained1821-23)

DeBl al.,*® in ghe1970s, have reported for the
first time the extension of the resistive pulse technique to
the measurement of submicron particles. They were able
to measure polystyrene (PS) beads and viruses <100 nm
in diameter, using 500 nm channels fabricated by track
etching a polycarbonate (PC) membrane. However, only
two decades later, remarkable advances in resistive pulse
sensing have been reported, in particular, owing to the
advent of new kinds of pores and of ultrasensitive current
monitoring equipment. Indeed, this period (1990s) has
been regarded as the second revolution in ‘hole-based’
sensing.® In this respect, the works of Bezrukov et al.,*>
who were able to characterize single polymers in solution,
and of Kasianowicz et al.?®, who first detected single-
polynucleotide molecules (RNA and DNA), represent
absolute landmarks. As discussed later, these works
sparked a multitude of other works, aiming to develop a
method to rapidly and inexpensively sequence genomes
using nanopores.?”-?)

Despite the growing interest in pore sensors, they
still present some limitations (for example, detection
size range, measurement sensitivity, path of the parti-
cles through the pore, interactions with pore wall, and
time resolution of translocation signals), and improve-
ments in Coulter-based devices are constantly being
proposed.1872029=33) In addition, efforts have also been
made to integrate these nanopores in microfluidic systems
most relevant at the interface between physics, chemistry,
and biology. (34739

Owing to the explosion of works reported in the
literature, especially in the past decade, in a quite
dispersed way, it was thought convenient to systematize
the latest adaptations of classical Coulter-based apparatus
to the measurement OQOObjectS. It should be stressed
that a thorough discussion of the electrical sensing
zone method applied to micron-sized particles has been
published in an earlier paper.” The goal of the present
survey is to provide a general overview of the existing
alternatives to the submicron region with special emphasis
on lab-on-chip devices. It has been prepared in a concise
manner, aimed more toward rerexpetts in the field, and
it intends to be a starting point for a more focused
research. Despite including many examples related to
health sciences (in particular DNA studies, which have
catalyzed most of the contemporary studies using resistive
pulse sensing), this survey is mainly devoted to the general
field of material sciences, namely particle sizing.
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It is organized in four sections (besides Introduction):
the first one addresses the different kinds of nanopores
(biological and synthetic) and reports the recent advances
in pore technology; the second one deals with the minia-
turization of Coulter counters; the third one reviews the
most relevant models of resistive pulse sensing; and the
last one includes some final remarks about the technique.

2 BIOLOGICAL AND SYNTHETIC PORES

Various technological developments have been intro-
duced in order to improve nanopore resolution and
stability, and different types of pores fabricated with
different substrates and technologies have been reported.

Broadly, nanopores can be classified into biolog-
ical nanopores, which are nanometer-sized protein
channels embedded in lipid bilayer membranes;
synthetic nanopores, mostly fabricated in thin solid-state
membranes (and thus known as ‘solid-state nanopores’);
and hybrid nanopores, usually biological nanopores
embedded in a synthetic membranes.!*37

The small dimension of a nanopore permits a
nanoparticle or a single molecule to be confined within
the nanopore, allowing the extraction of its physical
properties. Utilizing the principles of large-scale Coulter
counters, if a potential difference is applied across the
pore, the translocation of a nanoobject through the pore
will result in a transient blockade of the ionic current (or
voltage), which can be used to infer information about the
sample of interest (Figure 1). Conversely, if information
about the translocating particle is known, this data can be
used to investigate properties of the pore itself.38740

2.1 Biological Nanopores

Ton channel proteins are naturally occurring nanopores
that mediate the flow of ions and molecules across cell
membranes.*D These proteins spontaneously insert into
lipid bilayers (either cell membranes or artificial lipid
bilayers formed by two monolayers of phospholipids
across an aperture in polymer films, as Teflon*?) and
self-assemble to form channels of a few nanometers in
diameter.*®

Major advantages of biological nanopores are their
well-defined geometry and structure mapped with
atomic precision, great sensitivity, and low noise.*¥
Furthermore, they can be genetically engineered and
modified by introducing amino acid changes into the
genetic material encoding the protein for specific
applications as biosensors.* Biological nanopores have
been broadly used in Nanotechnology and Nanobiotech-
nology. Current applications include single-molecule
mass  spectrometry“®; metal-based nanoparticles
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Figure 2 Staphylococcal aHL nanopore embedded in a lipid bilayer membrane. (Adapted from Ref. 57.); (a) top view, highlighting
each oHL monomer subunit in a different color; (b) cross-sectional view showing the internal diameter of the pore channel at
different locations, and the approximate dimensions of the whole complex and of the main domains (rendered from PDB accession

code 7AHL®® using PyMOL software®®).

characterization®”; detection of chemical warfare
agents,®49  explosives,®”  antibiotics,®)  reactive
molecules in pharmaceutical products, pesticides, and
foodstuffs®2>¥; and, mainly, DNA sequencing.?-28-5%

Among the commonly applied biological pores in
Nano(bio)technology,® the most widely used is a-
hemolysin® («HL). This 33.2kDa protein®® is a toxin
secreted by the human pathogen Staphylococcus aureus as
a monomer. As Figure 2 illustrates, the homoheptameric
aHL pore has a mushroom shape with a cap domain and
a stem domain connected by the narrowest constriction
1.4nm in diameter.®®

Early nanopore studies were performed by Bezrukov
and Vodyanoy®? and—eolaberaters who explored
how polyethylene glycols (PEG) partitioned into an
ion channel (formed by alamethicin) demonstrating
the adequacy of this expedient to molecular scale
measurements. Later, PEGs were used to estimate the size
of aHL channels. Another important point of these works
was to show that ion channels, having functional chemical
groups on their interiors, also provide opportunities for
chemical interaction between the particles and the pore
(typically revealed by changes in the width of resistive
pulses). 253859
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ELECTROZONE SENSING GOES NANO

Later, in 1996, Kasianowicz et al.?9 were the first
to detect single DNA and RNA molecules as they
translocated through an oHL nanopore. Because this
channel diameter can accommodate only a single strand
of RNA and DNA, the channel blockades could be
used to measure the polynucleotide length, each base
originating a different signal. As mentioned earlier, this
study paved the way for numerous works namely the
sequential reading of long strands of DNA without
chemical modification.?7?%)

ademic nanopore research has been translated into
mercial, electronic-based sensing technology that
involves a protein nanopore, in combination with_a
specific enzyme (Oxford Nanopore Technologies(n
This technology claims to be capable of successful DNA
sequencing. The sequencing systems are called ‘GridlON’
and ‘MinlON’, with the GridlON representing a high-
throughput system and the MinION being a miniaturized
system with the size of a USB (universal serial bus) stick.

Although biological pores typically offer great sensi-
tivity and reproducibility, besides low-noise properties,
the range of operating conditions and the life time of
protein pores and the lipid bilayer membranes in which
they are usually assembled are limited (the bilayer often
rupture after a few hours of use).®?%" Another disadvan-
tage is that most biological nanopores have diameters
of <2nm (suitable, for example, for sensing single-
stranded DNA but not for double-stranded DNA or
larger proteins). Furthermore, they are very sensitive to
changes in pH values, temperatures, and transmembrane
potentials, which restrict their usage in many engineering
devices. Alternative approaches have been developed in
order to overcome some of these drawbacks, namely by
fabricating artificial nanopores in thin membranes.“*?

2.2 Solid-state Nanopores

In synthetic nanopores, the aperture is formed by the
removal of material from an insulating membrane. The
dimensions of this aperture are dependent on the method
of removal and typically range from single to several
hundred nanometers. Most synthetic pores have been
fabricated in silicon, silicon nitride, and silicon oxide
membranes using different micro and nanotechnologies
as, for instance, focused ion beam, various forms of
lithography (e.g. electron beam or X-ray lithography),
e-beam drilling, or atomic layer deposition.*6?
Artificially engineered inorganic membranes offer
several advantages over their biological counterparts
namely size control, increased chemical and physical
(electrical, mechanical, and thermal) stability, besides
tunable surface properties, and the ability to be integrated
into different micro and nanodevices.!”1%6% The precise
control of nanopore diameters and their inherent high
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durability have greatly expanded the scope of sensing
substrates.!”

Li et al.®® were responsible for the first work using
a synthetic nanopore, sculpted by focused ion beam and
electron beam technologies in silicon nitride. However,
it was only in the past few years that artificial nanopores
have increased their usefulness, namely after the possi-
bility of being functionally coated in order to mitigate
some of their main disadvantages.®¥ Actually, the
use of silicon-based materials has some drawbacks in
electrophoretic applications, in particular their limited
wettability, processability, and biocompatibility. Many
emerging systems are nowadays fabricated using poly-
mers such as polyimide (PI), PS, PC, polyethylene tereph-
thalate (PET), or polydimethylsiloxane (PDMS).(63:65.66)
Recently, a new material has been proposed, poly
(methyl methacrylate) (PMMA), a transparent thermo-
plastic (commonly referred to as acrylics) with several
advantages as mechanical and thermal shaping, good elec-
trical resistance, biocompatibility, and long-term stability,
which opens the possibility to build the entire detector
device with a single material.®» Compared to the silicon-
based materials, polymers are good electrical insulators,
which are fairly cheap and can be patterned in a wider
selection of processes, namely nanoimprint techniques,
particularly interesting for mass production.©”

Solid-base nanopores can be chemically modified to
meet specific requirements. For instance, the binding of
polymers to the nanopore is a successful example.©86%
In particular, temperature-dependent polymers that
dehydrate and collapse at high temperatures allow the
nanopore diameter to be tuned.’” Other alternatives use
surface charge of the material.717%)

Nonetheless, solid-state nanopore technologies also
suffer from several practical drawbacks. The major
drawback that limits their usefulness for biomolecular
studies is that the pore diameter is normally much larger
than the distance between two bases in a DNA molecule,
which implies that the current blockade is originated not
by one but by a large number of bases present in the
pore. While the control of nanopore size is possible, it is
typically expensive and laborious. Furthermore, synthetic
pore sizes cannot be reproduced as precisely as channel
proteins and their size and shape, although tunable,
can vary from batch to batch.!” Besides, the ionic
current through solid-state nanopores can also suffer from
high noise, namely resulting from carbonaceous residues
during drilling or adsorption of debris on the nanopore
wall.”® Finally, clogging of the nanopore by analyte
molecules can degrade the signal quality, rendering pores
unusable for further experiments.’® Altogether, these
effects greatly reduce yield of functional nanopore devices
and naturally increase their cost. Solutions to overcome
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Figure 3 A graphene membrane mounted over an aperture in
SiNx suspended across an Siframe. The membrane separates two
ionic solutions (not shown) in contact with Ag/AgCl electrodes.
Inset, cross section through the Si frame, SiNx aperture, and
the graphene membrane through which a nanopore has been
drilled. (Reproduced with permission from Ref. 78. © Nature,
2010.)

these aspects have been intensely investigated in the
nanopore literature.4~77)

Alternative substrates have been developed as, for
example, graphene membranes and graphene nanopores
(Figure 3).78=8D Graphene membranes exhibit remark-
able properties, namely their extremely small thickness
[of only one atomic layer (0.3 nm)], most promising for
DNA sequencing (DNA moves base by base through
the graphene nanopore).®” The high robust mechan-
ical properties of this material make it quite suitable
for nanofluidic systems.®? In addition, the fact of the
graphene being an excellent conductor enables graphene
nanopores to be used as a trans-electrode, measuring
a current flowing through the nanopore between two
chambers.®3789 Strategies to modify graphene surface in
order to improve wetting and to facilitate biomolecule
detection and analysis, as well as to develop stable
nanopores, have also been reported.®?

Carbon nanotubes have also been regarded as other
alternative synthetic material, as they have well-defined
chemical and structural properties, are available in a
wide range of diameters (from 1 to 150 nm), and possess
uncharged walls that may provide additional information
about particle properties.1>2?% In fact, Sun and Crooks®®
(the early 2000s) used a multiwall carbon nanotube-base
device (150nm in diameter) to measure PS particles
below 100 nm. This device was later improved to detect
simultaneously the size and electrophoretic mobility
(surface charge and ¢-potential) of these particles.?!?3
Recently, it was reported the insertion of single-stranded
DNA in carbon nanotubes.®”

PARTICLE SIZE ANALYSIS

Glass nanopipettes have emerged lately as substitutes
to biological channels and to nanopores in silicon
membranes as they are relatively inexpensive and can
be easily prepared.®8~°D Simple devices have been
used, which basically require a pipette puller and an
amplifier. Quartz is the material of choice to fabricate
nanopipettes as it possesses many advantages compared
to other type of glasses, in terms of optical transparency,
electrical noise, and mechanical properties. The most
widely adopted fabrication method for nanopipettes is
laser pulling of a glass capillary. The major advantage
of the laser pulling method is the simplicity of the
approach, as there is no need for expensive equipment,
clean rooms, or specialized technicians.®” Besides, the
conical pores are also less susceptible to clogging.®?
These capillaries can then be easily used as classical
Coulter counters: the micropipette is filled with KCI
solution and immersed in a bath with the same solution,
the Ag/AgCl electrodes being placed inside and outside
of the capillary. However, the electrochemical behavior
of nanopipettes, owing to its conical shape, deviates
from that of conventional microelectrodes. For example,
conical pores have a smaller resistance and can thus
generate higher ion currents for a given voltage.®*?? This
simple resistive pulse platform was found promising to
measure and count organic and inorganic nanoparticles.

A new class of artificial pore-based sensors have
recently emerged in the market, the so-called tunable
resistive pulse sensor (TRPS), also known by the acronym
SIOS (scanning ion occlusion spectroscopy).®>?% In
contrast to the pores described earlier, which possess
a fixed diameter, limiting the size range of structures
that can be effectively analyzed, elastic size-tunable pores
allow for further versatility as the pore can be stretched in
real time to suit the sample® (pore size can be altered by
as much as an order of magnitude®®). However, it should
be stressed that other approaches of pore size tuning have
been reported in the literature, namely hydrodynamic
focusing, described later in the microfluidic section, or
using hybrid pores as explained next.

Mechanically, active pore-based analyzers have been
commercialized by IZON Science Ltd., as qNano,””
covering a range of particle diameters between 50 nm
and 10 pm (being typically used to measure particles with
one dimension larger than 100 nm). This device is portable
and seems a good alternative for quality control in particle
analyses. The tunable pore is fabricated by puncturing an
elastic polyurethane ‘cruciform’ membrane, producing a
cone-shaped elastic pore, mounted on adjustable jaws, as
shown in Figure 4. The four arms of the cruciform can be
mechanically stretched and/or relaxed in the XY-axis. The
pore size is tuned to the particle sample in real time by
adjusting the axial strain applied to the membrane. This
has been used by various research groups to measure
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Figure 4 Photograph of (a) the commercially available
tunable resistive pulse sensors (TRPS) - Izon gNano
system — and of (b) the elastic nanopore membrane located
at the inner septum ring at the center of the cruciform.®”
(Reproduced with permission of Izon, Ltd.)

size, shape, number concentration, and surface charge of
synthetic and biological particles.1894%)

2.3 Hybrid Approaches

The concept of hybrid pores was firstly demonstrated
by Hall,® in 2010, by inserting a single, preassembled
oaHL protein pore into a thin SiN membrane. This
strategy aimed to combine the selectivity and sensitivity
of biological pores with the mechanical stability of an
inorganic scaffold. However, the blockade amplitudes
detected were significantly low and an increase in
electrical noise was observed. Although these parameters
had to be optimized, this hybrid architecture opened
an avenue of new possibilities in this field. Conversely,
synthetic structures such as ultrashort single-walled
carbon nanotubes!’? can be integrated into a lipid layer
to investigate DNA translocation. Nanotubes (single-
walled nanotubes) have also being complexed with
DNA and protein for resistive pulse sensing.!D Other
examples reported in the literature include coating
synthetic nanopores with organic molecules®+1%? or,
more recently, fluid coatings, creating lipid bilayer-coated
pores.?>85 Fluid coating enables not only the tailoring of
surface chemistry but also the dynamic variation of pore
diameter in small increments. Moreover, incorporating
ligands in the fluid bilayer was found to slow the
translocation of target proteins, enabling the extraction
of more valuable information.”

Moreover, in the past couple of years, the capabilities
of DNA as a nanoscale building material have also been
explored and many structures have been constructed
utilizing the scaffold origami method®!—3336.103,104)
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Figure 5 DNA origami schematic. (Reproduced with permis-
sion from Ref. 103. © John Wiley & Sons, Ltd, 2012.)

(Figure 5). The combination of DNA origami struc-
tures with solid-state nanopores%1% or embedded in
fluid bilayers®"1%% constitutes a novel approach for the
formation of hybrid nanopores. DNA origami structures
have also been trapped in glass nanocapillaries.* These
original strategies offer the possibility of programmable
nanopores with tunable size and geometry. Moreover, it
opens the possibility of utilizing these hybrid structures
as smart nanopores whose behavior can be controlled by
external stimulus.®¥

Finally, it should be stressed that the development of
nanopores is still underway and the number of alterna-
tives/possibilities in nanopore sensing will continue to
grow rapidly.

3 MICROFLUIDIC DEVICES

Advances in microfabrication resulted in increasingly
sophisticated microfluidic systems that led to true ‘lab-on-
chip’ devices. These can integrate conduits that approach
molecular length. The incorporation of biological and
synthetic nanopores in fluidic devices holds great promise
for new analytical applications as biomedical research,
environmental monitoring, food monitoring, and drug
screening. Many miniaturized versions of the Coulter
counter have been reported to detect and quantify micro-
and nanoscale particle-like structures, including pollens,
bacteria, viruses, and biomolecules. The main advantages
of these devices are portability, compactness, reduced
cost and reagent consumption, high throughput, and the
ability to integrate multiple functions. Some lab-on-chip
devices are simply scaled down versions of conventional
techniques; others are equipped with novel functions
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taking advantage of the small length scales and laminar
flow characteristics in microsystems.3-106.107

The first Coulter counter microchip was reported by
Larserﬂog). This device, fabricated on a silicon substrate,
was similar to a conventional Coulter counter but was
modified to adapt the principle into a planar microchannel
system, employing hydrodynamic focusing (explained
next) to reduce particle clogging in the sensing channel.
Later, Koch et al.1% (1999) and Roberts et al.(11®
designed similar devices. A special mention is due to
the work of Saleh and Sohn,'V in the early 2000s,
who designed a microchip Coulter counter on a quartz
substrate to discriminate colloids as small as 87nm,
being able to discriminate particles whose diameters
differed by <10%.11? Later, they developed a PDMS-
based device that not only detected single molecules but
was able to detect the binding of unlabeled antibodies
to the surface of latex colloids.'3!' They have also
described how off-axis particles affect the data and have
developed an algorithm to remove those effects.(!1>
Figure 6 shows representative data of monodisperse and
polydisperse solutions containing colloids analyzed with
these microdevices.!?)

Multiple designs of micro fluidic devices have been
proposed by various researchers.(410%116=18 Degpite

(@)

—~
?
o
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=
=
<
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-10 460 nm

500 nm /
560 nm

640 ﬂn.l \" (b)

0.25 0.5 0.75 1
Time (s)

o

Figure 6 Measurements of normalized current (Al/) versus
time for (a) a monodisperse solution of 87 nm latex colloid, and
(b) a polydisperse solution of latex colloids with diameters 460,
500, 560, and 640 nm, showing clear differences in the pulse
heights caused by particles of different sizes. (Reproduced with
permission from Ref. 112. © American Institute of Physics,
2001.)

PARTICLE SIZE ANALYSIS

the efforts to implement these microdevices, most still
presented some limitations, namely the possibility of using
the same device to cover a broad range of particle sizes or
to achieve high throughputs. Attempts to overcome these
limitations have been proposed by several researchers, as
discussed in the following sections.

3.1 Hydrodynamic Focusing

Most of the apparatuses implemented possess apertures
with sizes comparable to the size of the particles of
interest in order to increase accuracy/sensitivity, hence
not allowing the use of the same aperture with broad
size ranges. One expedient that has been adopted to
overcome this is to use hydrodynamic focusing to confine
the particle stream to a smaller cross section, thus being
able to detect particles with a broad range of sizes
using the same device. This is normally achieved by
two sheathed fluid streams (of a nonconductive fluid)
placed on each side of the sample fluid, as illustrated in
Figure 7. This approach has two purposes: to focus the
sample fluid into a single stream moving along the central
axis of the pore, avoiding distorted pulses (which result in
incorrect particle information), and to adjust the sample
stream dimensions (expanding or compressing, simply
by adjusting the sheath and sample flow rate ratios,
i.e. without the need to exchange any parts), allowing
the active area of the device to be effectively confined
to the size of the focalized stream, thus improving
measurement resolution and sensitivity. In addition,
hydrodynamic focusing also minimizes channel clogging
risk.(!® Originally, only 1-D systems were used, although
other fabrication schemes have been proposed to achieve
2-D approaches focusing.!129 More recently, 3-D
hydrodynamic focusing techniques (with more elaborated
fluid cells) have been reported, which result in 2.5 times
increase in signal strength over devices that only focus the

Sheath stream

S

Sheath stream

Figure 7 Schematic of standard hydrodynamic focusing that
consists of squeezing the sample flow by additional side streams,
confining it to a limited portion of the sensing channel.
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Figure 8 Schematic of the on-chip multichannel Coulter counter-based device, showing four parallel sensing microchannels,
connected by four sensing electrodes located in the center of the microchannels. (Reproduced with permission from Ref. 14. © IOP

Publishing, 2007.)

sample in the horizontal direction.1'8121:122 Nonetheless,
this approach has still been questioned. 18123

3.2 Multiple Pores

Another limitation that has been mentioned in microflu-
idic devices is the limited throughput achieved when
using single pores. In fact, in these devices, only very
small volumes of sample can be processed at a time (the
flow rate is proportional to the pore cross section). In
addition, the particles are generally present in very low
concentrations. Thus, analyzing bulk volumes would take
too much time.1®

The throughput can be improved by increasing the
particle velocity using a large pressure gradient. However,
if particles move faster, their translocation time in the
pore will be shorter originating a loss of informa-
tion, because of the sharp shape of the measurement
pulses. These pulses would require sophisticated hard-
ware and signal processing, nonpractical for portable
systems. 14

Higher throughputs can alternatively be achieved using
a device with multiple channels operating in parallel. In
this way, the flow volume rate is increased by the number
of channels, whereas the fluid flow velocity could be kept
low, thus reducing testing time and improving system
efficiency.

Carbonaro and Sohn,?» in 2005, integrated two
pores on a single on-chip Coulter counter to perform

multianalyte immunoassay detection. More recently,
devices with a single reservoir and four parallel
microchannels, each equipped with individual detection,
have been fabricated by—Jagtiani—et—ak(!*1>> The
microchannels and reservoirs were built in PDMS using
soft lithography technologies and bonded to a glass
substrate (Figure 8). The device has a common electrode
placed in the inlet of the reservoir at the entrance of the
microchannels and four central electrodes at the center
of each microchannel. The central electrode divides each
microchannel into two equivalent half microchannels:
the first half is used as the sensing channel (counting
particles passing by), whereas the second half is used
as an isolating resistor to reduce the cross-talk among
channels. The voltage pulses across each sampling resistor
can be recorded and analyzed separately. In contrast to
a single-channel Coulter counter, the sensor can detect
particles through its four sensing channels simultaneously.
The original device has been improved to include
multiplex detection requiring only a single set of detection
electronics. Tests using 30um PS particles showed an
improvement of 300% in throughput over a single-
channel device, without compromising the sensitivity
and reliability of a single-channel measurement.!?
According to the authors, the multiplex detection system
can be expanded to a larger number of channels.
Figure 9 illustrates the actual size of microfabricated
device.

Encyclopedia of Analytical Chemistry, Online © 2006—2015 John Wiley & Sons, Ltd.

This article is © 2015 John Wiley & Sons, Ltd.

This article was published in the Encyclopedia of Analytical Chemistry in 2015 by John Wiley & Sons, Ltd.

DOI: 10.1002/9780470027318.a9521

&


paulo
Riscado


10

Figure 9 Picture of the microfabricated device (with fluidic
connections) together with a one dime coin (17.9mm in
diameter). (Reproduced with permission from Ref. 13. © IOP
Publishing, 2011.)

3.3 Signal-to-noise Ratio

An alternative approach to improve measurement
sensitivity without dramatically decreasing the volume of
the sensing channel is to use instrument amplifications
and noise reduction from fluid circuit and electronic
sensing system. In this way, it is possible to detect small
particles inside microscale apertures that can be easily
fabricated using soft lithography.(124129 Sridhar et al.(6”
have reported a design of fluidic sensors that integrates
a fluidic circuit with metal-oxide-semiconductor field
effect transistor (MOSFET). In this circuit, particles
are detected by monitoring the MOSFET drain current
instead of the ionic current through the fluidic circuit as
in traditional resistive pulse sensors. This can increase
the sensitivity by amplifying the percentage of the
modulation caused by the translocation of the particles
through the sensing channel, resulting in a decrease in the
volume ratio between the particle and sensing channel
(10 times smaller than the lowest ratio reported in
the literature for commercial Coulter counters).©”127
In addition, this system was able to distinguish two
similarly sized microbeads with different surface charges
(4.84-pmdiameter polystyrene and 4.8-pmgdiameter glass
microbeads).

3.4 Particle Sorting

Finally, besides counting and sizing, a number of groups
have developed prototype microchip-based flow cytome-
ters that are able to sorting particles, based on their size.

PARTICLE SIZE ANALYSIS

Continuously sorting particles or cells from a hetero-
geneous suspension is of critical importance in many
applications such as combinatorial chemistry, clinical
diagnostics, water and food quality monitoring, and
biohazard detection.®>1?® Lab-on-a-chip devices have
been developed that combine sorting methods in feed-
back with high-sensitivity microfluidic volume sensors.
Various kinds of microfluidic sorting mechanisms such as
electrokinetics, hydrodynamics, and hydrophoresis have
been used.?® For instance, Song et al.®® reported a
sorting device where cells were sorted one at a time by
electrokinetic flow manipulation. A single-gate differen-
tial resistive pulse sensor is employed to electrically detect
the sizes of particles driven by electroosmotic flow. When-
ever the target particles were detected, the resistive pulse
signals would activate the sorting process by applying a
DC pulse voltage and the target particle would be elec-
troosmotically sorted to the adequate collecting channel.
This method was applied to automatically detect and sort
PS particles and microalgae in aqueous solutions, sorting
S wm particles from a mixture of 4 and 5 wm particles.

More recently, Riordon et al.'?? used a hydrodynamic
flow sorting system, where output into one of several
collection ports is achieved through pressure-driven flow
focusing and redirection as illustrated in Figure 10. With
this system, 5.6 wm PS microspheres were extracted from
a solution that also contained 8.3 um and 3.9 pm particles
with very high efficiencies (close to 97.3%).

4 ELECTRICAL SIGNATURE OF
PARTICLE TRANSLOCATIONS

As mentioned earlier, the presence of a nonconducting
particle in a pore increases its resistance, leading to a
series of resistance ‘pulses’ (or blockade events) that can
be generally described by their magnitude (pulse height),
proportional to the excluded volume of the particle,
frequency, related to the particle velocity, and duration
(pulse width), which indicates the translocation time of
the particle though the pore. These pulses are dependent
on both particle and pore properties and, for cylindrical
pores and spherical particles, are typically square signals
as illustrated in Figure 1.

From the frequency, magnitude, duration, and shape
of the generated pulses, information about size, shape,
concentration, and charge can, in adequate conditions,
be derived. To extract this information, it is necessary to
use theoretical models, in addition to knowing the pore
dimensions and the measurement conditions. Although
the discussion of these models is out of the scope of this
survey, a brief analysis of the strategies currently adopted
to extract information from the current blockades is given.
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Figure 10 (a) Resistive pulse sensor with pressure-based flow sorting. A tuning valve is used to adjust the height of the sensing
channel above the electrodes. Pillars fence the channel entrance, preventing agglomerations of particles from obstructing the
sensor. Microspheres are pressure-driven through the sensor where pulse amplitude is acquired. The signal is then analyzed by
devoted software, which automatically redirects the central flow stream into one of the three outlets (b—d). Blue arrows denote flow

direction.?” (Adapted by permission of Elsevier.)

The height of the measured pulses depends on the
fraction of the volume of the sensing channel that is
occluded by the particle being sensed. In 1970, DeBlois
and Bean®® derived an expression for the change in
the resistance of a cylindrical sensing channel (with a
diameter D and a geometrical length L) in the presence of
a spherical, insulating particle (of diameter d). By solving
Laplace’s equation with spherical boundary conditions,
they showed that the increase in resistance of the
cylindrical sensing channel, AR, owing to the presence of
the spherical particle can be written as

4py 'dd3
AR ~ —4< " 1
nD4 M

where pg.iq represents the resistivity of the conducting
electrolyte. However, Equation (1) is only valid when
d/D « 1 and D/L < 1. In these conditions, the relative
resistance modulation is given by

AR & 3V,
= =T =57 @)
R ~ DL 2V,

where V, and V. are the volumes of the spherical
particle and sensing channel, respectively, and R the pore
resistance (without particles). €When L is comparable to
D, the geometrical length should be substituted by the
effective resistive length Ly = L + 0.8 D, where the factor
0.8 D corrects for the so-called ‘end effect’, which becomes
significant for thin pores.) Fhis-expression clearly shows
that the relative resistance modulation is roughly equal

to the volume ratio of the particle to the sensing channel.

Thus, altering the pore size will change the measurement
sensitivity (in other words, using smaller pores enables
better sensing smaller particles). In addition, as pulse
signal is proportional to the diameter cubed, very small
differences in particle size results in large differences in
the pulse heights.

When a constant voltage is applied across the sensing
channel, and considering the particle much smaller than
the channel, it comes from Ohm’s law:

Al _ AR

1 R ®)

Therefore, the relative ionic current modulation, Al/l,
will also be roughly equal to the volume ratio of the
particle with respect to the channel, V,/V,. Similarly, if
the ionic current is kept constant, then a corresponding
voltage modulation will occur.

However, when the particle size becomes comparable
to that of the channel, higher order correction terms
will become important and the relationship between the
volume ratio of the particle to the channel and the relative
resistance modulation will take a more complex form. In
fact, a variety of models have been proposed in the
literature to estimate the resistance variance exerted by
a single particle translocating through a pore. None of
them, however, is valid for all kinds of pores in terms of
various shapes and dimensions. A general equation, often

adopted, is@?+130
AR _ e 4 4
7 =175(5) 4)
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This equation considers the effect of particle shape
through a shape factor f, and it is also dependent on
particle orientation inside the pore (=2/3 for spher-
ical particles)!® and the nonideal effects of electrical
field line ‘bulging’ due to the particle-to-pore size ratio
(d/D) via a size factor S (these effects are resultant
of the fact that a potential difference across the pore
creates tubular current streamlines inside the cylin-
drical pore that slightly bulge around the translocating
sphere).?Y An empirical correlation commonly used

for S'is -
s(@)-[i-w(m)] o

In addition to particle size, particle concentration can also
be extracted from pulse signals. In fact, the frequency of
the pulses, J (number of events per unit time), can be
correlated to particle concentration, C, as!3?

c=5 (6)

where Q is the fluid flow rate. This expression is valid
if electrophoretic velocities are small compared to fluid
velocities and also neglects electroosmosis effects (as
discussed later). In these conditions, Q can be calculated
using Hagen—Poiseuille equation as

nPD*

0= 128Lym

)

where P is the pressure difference across the pore, 1 the
viscosity of the fluid, and Ly; the effective hydrodynamic
length of the pore (=L +0.6 D)0

Substituting Q in Equation (6) leads to

1280 Ly

C=
n D#

(8)
where K (=J/Q) can be derived from the slope of a plot
of particle frequency versus pressure. This expression can
be used to calculate particle concentrations using two
different methods: from the slope K, knowing all the
other variables, or using a calibration sample of known
concentration. 13131

Finally, the other measurable parameter of the
resistive pulses is their duration (pulse width), (A7),
that can, in some cases, be used to calculate the
electrophoretic mobility of the particles and hence
their electrokinetic surface charge. At is related to the
transport velocity of the particle (v¢), which in turn is
determined by the transport properties of the particle
as it transverses the pore. It should be pointed out that
transport in nanoporous media differs significantly from

PARTICLE SIZE ANALYSIS

ordinary transport in bulk media, mainly because the
interactions between a pore surface and the nanoparticle
being transported become increasingly important as
the dimensions of the pore approach the size of the
particle.

In the absence of specific chemical interactions
between the particles and the pore itself, there are four
fundamental transport mechanisms that can potentially
contribute to particle velocity (v): pressure-driven flow
(vpp), electrophoresis (vgp), electroosmosis (vgg), and
diffusion (vp), as expressed by Equation (9)

D2
Vs =V pp + Vs Ep + V5 EO T Vs, D = g AP
0 ek D
—F —A—F ——AC 9
T ™M T g, MY IC ©)

In this equation, n is the solution viscosity, AP
the pressure across the channel, i the electrophoretic
mobility of the particle, ¢ the solution dielectric constant,
¢. the t-potential of the channel surface, E,; the
membrane potential, D the diffusion coefficient of the
particle, C the particle concentration in the chamber
containing the source solution, AC the difference between
the particle concentrations in the source and receiving
solutions, and Ly geffective resistive length (Lg = L
+0.8 D).

However, when all four transport modes are operative,
it is difficult to extract useful analytical information,
because the transport modes are interdependent and,
therefore, the equations governing particle velocity are
complex.1>1822) The situation is simplified only when
a single mode of transport dominates the other three.
Furthermore, although present, Brownian motion (e.g.
diffusion) is typically considered to be negligible within
the pore and thus only the other three terms need to be
considered. 131889

Thus, for instance, if the electrophoresis is the
dominant transport mode (valid for charge neutral
channels, as carbon nanopores"), transport time can
be directly related to electrophoretic mobility ., defined
as average particle speed per unit field gradient by
Equation (10)?V

- <L+0.8D)( Ey >—1 _ (L+0.8D)?

10
At L+08D Ey At (19)

In addition, the electrophoretic mobility is linked to
the surface charge Q, according to®V
o

" 2nnd (1 + %) v

Encyclopedia of Analytical Chemistry, Online © 2006—-2015 John Wiley & Sons, Ltd.

This article is © 2015 John Wiley & Sons, Ltd.

This article was published in the Encyclopedia of Analytical Chemistry in 2015 by John Wiley & Sons, Ltd.

DOI: 10.1002/9780470027318.29521

&

eac a9521.tex V1-01/23/2015 4:15P.M. Page 12


paulo
Riscado

paulo
Texto digitado
ζ

paulo
Texto digitado
the 

paulo
Texto digitado
.

paulo
Texto digitado
:


ELECTROZONE SENSING GOES NANO

where mn is the viscosity of the solution, d the
particle diameter, and d the Debye length. It should
be noted that the above equation is derived by
combining the Helmholtz—Smoluchowski equation and
the Debye—Hiickel approximation; thus, it is applicable
only to the case where the particle size is much larger
than the electrical double layer and the surface potential
¢ is small.?V
Combining Equations (10) and (11) leads to

271n(L + 0.8D)2d (1 + %)
Q= Ey At

(12)

This equation shows that when transport through
a cylindrical channel is dominated by electrophoresis,
the surface charge of each individual particle can be
calculated merely from pulse characteristics: pulse height
[that allows the calculation of size (d)] and pulse width
(AD).

Other examples that have been used to elucidate
colloidal dispersions can be found in the literature.?>3?
Such studies are most relevant not only in nanoscale
colloids but, in general, to investigate mass transport
phenomena in nanoporous media.

5 FINAL REMARKS

The need for sizing techniques that enable fast, easy,
and accurate analysis of nanoparticles in solution is
determinant not only because the knowledge of particle
size is crucial to understand their behavior but also
because many other particle characteristics are quantified
as a function of size. Thus, the emergence of techniques
for this size range, capable of providing reliable sizes
and additional particle information, preferably in an
individual basis, is obviously of great interest.

As the electrical sensing zone method is a well-
established technique for micron-sized particles, its
strongest points being its sensitivity and simplicity, and
especially the fact of being a single particle technique,
its adaptation to the nanoscale measurement is certainly
regarded with much interest (and naturally some caution).
The fact that this technique is independent of the
particles optical properties and well correlated with
particle volume is also regarded as a major advantage.
As mentioned earlier, nanopore-based resistive pulse
measurements have been applied to sensing and analyzing
many submicron particles, including viruses, synthetic
particles, and biomolecules, being able to discriminate
between particles of different functionalization.“”113 As
noted in the Section 1, DLS has been intensely used
for this particle range owing to its applicability to a
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wide range of sizes and dispersion media and for not
requiring calibration.(13? It is noteworthy that calibration
of nanoscale resistive sensors, as in classical Coulter-
based devices, is performed using a particle suspension of
a known size as a reference (the particle size distribution
of the unknown sample is calculated using a comparison
between the blockade magnitude distributions of the
calibration and unknown samples®). However, DLS
has also been subject to some criticisms mainly related
to its limitation to resolve multimodal distributions and
for being shape dependent (especially extreme shapes,
as rod-like particles) and affected by the presence of
large particles, even if in small amounts.!"!? Besides,
the conversion of intensity-based distributions to volume
and number distributions requires information on particle
refractive index, not always available.

Recently, especially after the commercialization of
tunable resistive pulse sensing (TRPS) devices (as gNano,
from IZON Science Ltd.®”), many comparative studies
have been undertaken with benchtop techniques, namely
TRPS and DLS.!32713%) [n general, resistive pulse
sensing presents some advantages regarding resolution
(as expected from a counting technique)®® and
sensitivity (being able to work with lower concentrations
than DLS)!3?. Nonetheless, DLS exhibits a much
wider size range than the tunable resistive pore
sensing.3»  Moreover, when using pore stretching
facilities (and like in the classical Coulter devices),
some difficulties have been found to integrate the
measurements carried out with different pore sizes under
varying experimental conditions'3>13% (it should be
pointed out that tunable pores require calibration at
each stretch). Regarding accuracy, results with tunable
pores have shown good agreement (within 6%) with
TEM for a range of monodisperse samples.®> Curiously,
comparisons with conventional Coulter-based devices,
for the micron-sized range, have not been reported. An
overall conclusion is, however, that measuring by more
than one method is highly recommended as different
techniques provide different and complementary particle
information.133=13%

Finally, it should be highlighted that most of the
works reported in the literature with resistive pulse
sensors are related with research studies to investigate
the potentialities of this technique, namely in DNA
sequencing. Although many involve model systems
(i.e. spherical particles, mainly PS particles, including
carboxylated particles), rod-shaped particles have also
been studied with tunable nanopores.®® On the other
hand, most of the devices employed were built for
specific purposes (homemade Coulter counters) and
thus a wide variety of experimental setups have been
reported. In fact, from the aforementioned cited works,
it can be concluded that different types of nanopores
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(from biological to solid state), with distinct dimensions
(from one to several hundred nanometers), made of
different materials (silicon, PC, glass, PDMS, graphene,
and carbon nanotubes) have been used. In addition, quite
different experimental conditions have been adopted.
For instance, electrical detection of the particles has
been performed by either direct or alternating current
measurements; different voltages have also been applied
(typically <1V, and more frequently <0.1V), as well
as current pulses of different amplitude (typically in
the order of nanoampere), which in turn have been
optimized through manipulations of voltage, particle or
electrolyte concentration, pressure or by tuning the pore
size. Regarding electrolytes, solutions such as NaCl (1
or 0.1 M) and KCI (0.1 M), with distinct wetting agents
(to reduce adhesion to the pore walls), have been used.
On the other hand, it has also been mentioned that
previous sample filtering is needed in order to prevent
pore blockage (e.g. using filters with pores of similar size
as the pore size12113L136.137) " or that measures have to
be been taken to minimize particle aggregation (as for
example, pipetting,!'3 reversing voltage,#’!1*® applying
high electric field pulses,”® or exploiting the tunability of
the pores(3D).

All these aspects have to be addressed in a consis-
tent manner for this technique to be accepted as
a recognized and widespread technique, such as the
conventional Coulter method that has been adopted
as a standard method by several international institu-
tions for standardization.”® Indeed, detailed protocols,
standardized procedures, and interlaboratory tests with
standard materials are needed before resistive pulse
sensing be adopted as an alternative and/or complemen-
tary method to those routinely used for sizing particles at
the nanoscal

ABBREVIATIONS AND ACRONYMS

DLS Dynamic Light Scattering
MOSFET Metal-Oxide-Semiconductor Field
Effect Transistor

PC Polycarbonate

PDMS Polydimethylsiloxane

PEG Polyethylene Glycols

PET Polyethylene Terephthalate

PI Polyimide

PMMA Poly (Methyl Methacrylate)

PS Polystyrene

SIOS Scanning Ion Occlusion Spectroscopy
TRPS Tunable Resistive Pulse Sensing
TRPS Tunable Resistive Pulse Sensor
USB Universal Serial Bus
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