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Abstract Submicron and micron particles present in liquid
environmental, biological, and technological samples differ
in their dimensions, shape, mass, chemical composition,
and charge. Their properties cannot be reliably studied
unless the particles are fractionated. Synthetic particles
applied as components of analytical systems may also need
preliminary fractionation and investigation. The review is
focused on the methods for fractionation and characteriza-
tion of nanoparticles and microparticles in liquid media, the
most representative examples of their application, and the
trends in developing novel approaches to the separation and
investigation of particles. Among the separation techniques,
the main attention is devoted to membrane filtration, field-
flow fractionation, chromatographic, and capillary electro-
kinetic methods. Microfluidic systems employing the
above-mentioned and other separation principles and
providing a basis for the fabrication of lab-on-chip devices
are also examined. Laser light scattering methods and other
physical techniques for the characterization of particles are
considered. Special attention is given to “hyphenated”
techniques which enable the separation and characterization
of particles to be performed in online modes.
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Abbreviations
AF4 Asymmetrical flow field-flow fractionation
CTFFF Coiled-tube field-flow fractionation
CZE Capillary zone electrophoresis
DEP Dielectrophoresis
DLS Dynamic light scattering
FlFFF Flow field-flow fractionation
FFF Field-flow fractionation
GE Gel electrophoresis
GPC Gel permeation chromatography
HDC Hydrodynamic chromatography
HPLC High-performance liquid chromatography
ICP-AES Inductively coupled plasma atomic emission

spectrometry
ICP-MS Inductively coupled plasma mass spectrometry
IEF Isoelectric focusing electrophoresis
ITP Isotachophoresis
LC Liquid chromatography
LIF Laser-induced fluorescence
MALLS Multiangle laser light scattering
MMF Multistage membrane filtration
SAXS Small-angle X-ray scattering
SdFFF Sedimentation field-flow fractionation
SDS Sodium dodecyl sulfate
SEC Size-exclusion chromatography
SPLITT Split-flow thin-cell
TFFF Thermal field-flow fractionation

Introduction

Characterization of nanoparticles and microparticles is an
important challenge in analytical, environmental, biologi-
cal, and nanomaterial sciences. The size distribution of
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particles may strongly affect the characteristics of various
materials. Furthermore, particles of different size frequently
have different chemical composition and properties that
cannot be conveniently studied unless the particles are
fractionated.

By convention, particles may be arranged into three
main groups: environmental, biological, and synthetic
(Fig. 1). For the last 20 years the fractionation and
analysis of environmental colloids and solid particles
related to inorganic compounds and nonliving organic
matter have been extensively discussed in the literature
[1–3]. It has been ascertained that different substances
may occur in environmental systems as freely dissolved
molecules or ions or may be associated with larger
macromolecules, colloids, or solid particles. For instance,
trace metals and metalloids can be bound to humic
substances or oxyhydroxides of iron, aluminum, and
manganese. To estimate the behavior and toxicity of
contaminants, particles of different nature and size should
be fractionated before their analysis. Separation of
biological particles is a special task that is very significant
for biology, biochemisty, and medicine. The fractionation
and investigation of synthetic submicron particles is
becoming more and more relevant owing to the rapid
development of nanotechnology. It is known that the size
and structure of nanomaterials are responsible for their
novel properties (electric, chemical, magnetic, optical, and
mechanical). Therefore, characterization of nanomaterials
has become the subject of intense research both from the
theoretical point of view and for their potential applica-
tion. For example, the sizes and shapes of metal nano-
particles are important factors that determine their
properties as chemical catalysts, adsorbents, biological
stains, and elements of novel nanometer-scale optical,
electronic, and magnetic devices.

Particles applied in analytical chemistry may also need
preliminary fractionation and characterization. Nanoparticles
and microparticles can be used in:

– Solid-phase extraction (carbon nanotubes, iron oxide
nanoparticles as adsorbents)

– Micellar extraction
– Chromatography
– Capillary electrophoresis and capillary electrokinetic

chromatography (polymer and silica nanoparticles as
the pseudostationary phase, covalent and dynamic
coating of capillary walls with silica, Au/TiO2 and
gold nanoparticles)

– Other analytical techniques

A number of techniques employed for fractionation and
characterization of particles in liquid media exemplify the
relevance and difficulty of this problem. Our review is
focused on the most representative methods, examples of
their application, as well as some trends in developing
novel approaches to the fractionation and investigation of
particles. Special emphasis is given to “hyphenated”
techniques which enable the separation and characteriza-
tion/analysis of particles to be performed in online mode.

Fractionation of nanoparticles and microparticles

In general, particles bigger than about 50–100 μm can be
fractionated by conventional wet (or dry) sieving [4, 5].
Membrane filtration, field-flow fractionation (FFF), and
split-flow thin-cell (SPLITT) fractionation can be used to
separate particles in the size range from 1 to 100 μm. It
should be noted that techniques such as sedimentation and
elutriation, which have been known for centuries, are also
applied to the separation of microparticles. Gel chromatog-

NANOPARTICLES AND MICROPARTICLES 

ENVIRONMENTAL 

Nonliving organic 
compounds:  

humic and fulvic acids; 
peptides; proteins, 
polysaccharides; 

heteropolycondensates; etc. 

Inorganic 
compounds:

oxyhydroxides of Mn, Fe, 
and Al; clay minerals; 
sulfides; carbonates; 

phosphates; etc. 

BIOLOGICAL 

viruses; bacteria;  
lipoproteins;  

cellular constituents 
(liposomes, cell nuclei, 

mitochondria, organelles);  
vesicles of biological 

membranes cells; etc. 

SYNTHETIC 

Organic: 
polymer  

(latex, polystyrene) 

Inorganic: 
 carbon nanotubes;  

carbon black particles; 
metals (Au, Ag); 

oxides (Al, Ti, Si, Fe, Zr); 
semiconductors (antimony-

doped SnO2); 
magnetic particles (Fe3O4); 

etc.

Fig. 1 Origin and types
of nanoparticles and
microparticles
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raphy, membrane filtration, FFF, and capillary electropho-
resis can be employed to fractionate solid and colloidal
particles smaller than 1 μm into classes based on their size,
density, or charge [4]. Working size ranges for some
representative separation techniques are shown in Fig. 2.
Among novel approaches that are being developed, micro-
fluidic techniques [6], photophoresis [7], and hydrophoresis
[8] should be mentioned.

Membrane methods

Ultrafiltration and microfiltration are pressure-driven mem-
brane transport processes used to separate macromolecules,
colloids, microorganisms, and solid particles from fluids.
Generally, “microfiltration” refers to processes used to
remove particles larger than 0.02–0.5 μm. For ultrafiltration
of macromolecules and colloidal particles, membrane filters
of 0.002–0.5-μm pore size are available.

Ultrafiltration and microfiltration have been successfully
employed in analytical chemistry [9]. The possibility of
preconcentration and separation of different species without
separating agents is one of the advantages of some
membrane techniques [9–11]. This is of particular interest
in chemical analysis to decrease the probability of contam-
ination, as well as in biological and clinical assays where
the particles to be analyzed should not suffer changes
during their preseparation.

Membrane filtration as compared with other separation
methods makes it possible to work with large volumes of
samples up to 1 m3 [9]. For example, the technique can be
used for preconcentration of nanocolloid plutonium during
analysis of seawater. Another advantage of membrane

filtration is the possibility to interpret the results of
separation of particles and macromolecules without using
size reference materials because the membrane pore
diameters themselves can serve as size standards. This
feature enables membrane filtration and its combinations
with other fractionation methods to be used for preparing
size reference materials.

Membrane filtration shows considerable potential for the
separation of nanoparticles into the corresponding fractions,
the separation of a polydisperse sample into fractions of
differing mean core diameter, and the purification of thiol-
stabilized 3-nm gold nanoparticles [12]. NMR, thermogra-
vimetric analysis, and X-ray photoelectron spectroscopy
measurements demonstrated the possibility to obtain nano-
particles with a much higher degree of purity than is
possible by dialysis or a combination of solvent washes,
chromatography, and ultracentrifugation [12]. UV–vis
spectroscopic and transmission electron microscopic anal-
yses show that membrane filtration offers the ability to
separate nanoparticles of disparate core size. Membrane
filtration demonstrated applicability to rapid preparation of
high-purity gold nanoparticles and to size separation of
heterogeneous nanoparticle samples [12].

The results of membrane filtration may be distorted
owing to the following physicochemical artifacts:

– Aggregation of particles and colloids at the membrane
surface that can result in gel formation

– Adsorption of compounds of any size on the membrane
surface and pore walls

– Coagulation at the membrane surface due to concen-
tration polarization [13–15]

For minimization of artifact effects, the modification of
the membrane surface or more effective organization of
solution flow is used. For modification of the membrane
surface, chemical methods are usually applied. Some new
approaches are based on geometrical modification of
membrane pores [16] or modification of the membrane
surface with nanoparticles [17]. A proposed tangential flow
ultrafiltration method was compared with the widely used
ultracentrifugation method for efficiency in concentration,
size selection, and minimization of the aggregation state of
silver nanoparticles. The tangential flow ultrafiltration
method proved to be more efficient [13].

The ability of cross-flow filtration to perform correct size
fractionation of natural aquatic colloids (materials from
1 nm to 1 μm in size) and particles (larger than 1 μm) has
been evaluated using scanning electron microscopy com-
bined with atomic force microscopy [18]. Other membrane
cross-flow techniques were used to study the element
speciation in waters of different type [19, 20]. In most
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Fig. 2 Fractionation of nanoparticles and microparticles. Working
size ranges for some representative separation techniques
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cases, online multistage membrane filtration (MMF) with
tangential flow enables the problems of membrane filtration
to be resolved [21–23]. In multistage separations, minimi-
zation of concentration polarization, membrane fouling, and
loss of separated components, which can occur in a cascade
of stirred cells or hollow-fiber modules owing to the use of
relatively lengthy tubing and a number of connectors and
valves, is achieved by using MMF. Specially designed
online MMF systems have been employed for fractionation
of particles and macromolecules and for speciation studies
of metal and nonmetal ions bonded with low molecular
weight and macromolecular organic matter, or adsorbed on
solid particles of different size [21–24]. The MMF device
consists of several coupled-together discs in which different
membranes with a pore size from 8 μm to 50 kDa are
inserted. The discs have fine channels in the upper part and
in the lower part a drainage system connected to the
undermembrane space of next disc. The sample solution is
fed from a reservoir to the first (lowest) filtration step,
where it partially moves in parallel to the membrane surface
(tangential flow). The filtrate penetrates the chamber
(reservoir) of the next (upper) disc, is partially filtered,
and is partially recirculated; the process repeats at each next
step with a membrane of smaller pore size. Therefore, both
particulate and dissolved components of each fraction
remain in aquatic media after the filtration run and thus
are taken for subsequent analyses.

The use of MMF employing semipermeable nanofilters,
ultrafilters, and microfilters enables separations that cannot
be performed using other means [9]. Since MMF minimally
disturbs the initial equilibrium in the liquid–solid systems
under study, membrane-based size fractionation is useful
for determination of the distribution patterns of trace
elements in natural waters and other fluids. Elements
associated with suspended particles, colloids, and polymers
as well as the ionic forms of these elements can be
determined after membrane separation and preconcentra-
tion. For example, multistage size fractionation of aquatic
components using membranes and its combination with
inductively coupled plasma atomic emission spectrometry
(ICP-AES), inductively coupled plasma mass spectrometry
(ICP-MS), and other analytical detection methods can be
used to:

– Separate particles of various types and macromolecules
from each other for further studies

– Study to what extent trace metals and other compounds
are associated with these macromolecules and particles

– Estimate the size of macromolecules, colloids, and
particles

– Determine the equilibrium constants for the distribution
of different compounds between particles of different
size and water

The fractionation systems and schemes have been tested
on different waters, including polluted water from environ-
mentally important sources [21–24].

The membranes are also necessary to filter viruses
(0.03–1 μm) and bacteria (0.5–20 μm). Size cutoffs for
microfiltration are usually expressed in terms of micro-
meters, whereas ultrafiltration cutoffs are often expressed in
terms of molecular mass. It should be noted that the
concentration of viruses in water is much lower than that of
bacteria; therefore, their preconcentration and separation
from other suspended matter is important in virological
analysis. Viruses may be enriched by ultrafiltration by use
of tangential flow or hollow-fiber filtration units, most
suitable for preconcentration from large-volume water
samples. Another possibility consists in adsorption of the
viruses on the microfilter matrix followed by elution with
diluents containing cell extracts, serum, or surfactants [9].

Membrane filtration is a rather versatile method [1].
However, the separation of nanoparticles and microparticles
is performed mainly according to their effective size.
Hence, particles having different density and surface
properties can be found in one fraction.

Field-flow fractionation

The general concept of FFF was developed in the 1960s by
Giddings [25]. FFF is a set of liquid chromatography (LC)-
like elution methods. However, unlike chromatography,
FFF requires no stationary phase and only physical
interactions are involved in the separation process [26].
The retention and elution of colloidal and particulate matter
are achieved by a combined action of the nonuniform flow
velocity profile of a carrier fluid and a physical force field
(gravitational, centrifugal, electric, etc.) applied at a right
angle to the thin (0.05-0.5-mm) channel. The FFF theory
assumes three major separation mechanisms, namely,
normal (Brownian), steric, and hyperlayer (focusing)
elution modes [27].

Normal FFF is applicable to submicron particles (smaller
than 1 μm) and requires a specific sample injection
procedure described in the literature as stop-flow injection
or a relaxation step [28]. Relaxation time is needed to
equilibrate the sample under the influence of a force field in
the absence of flow. The injected sample is forced to
concentrate in a layer at a certain position on the
accumulation wall. The effect of concentrating and diffu-
sion processes leads to an exponential distribution of
particulate matter. When the flow is switched on, the
elution begins with smaller particles, which are distrib-
uted closer to the center of the channel in faster flow
streams; larger particles appear later. Two main factors
influencing the sample behavior in Brownian elution
mode are the properties of particles characterized by the
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diffusion coefficient and the strength of the cross-field
applied [27, 28].

Steric elution mode is observed for micron-range
particles (larger than 1 μm). In this case the elution order
is inverted and larger particles move ahead of smaller ones
[29]. It is considered that particles are in touch with the
accumulation wall during the entire migration time and
consequently larger particles are situated closer to the
center of the channel in faster flow streams. In this case the
retention is independent of the field applied and the flow
rate.

In fact, the retention of particles bigger than 1 μm
typically increases with flow rate. It has been suggested that
particles are driven away from the wall by a hydrodynamic
lift force and elevated into faster flow streams. [30]. The
particles form thin layers at an equilibrium position where
the external field is balanced by the opposite hydrodynamic
lift force. This separation mechanism was named hyper-
layer (focusing) mode.

Sometimes the experimental data do not fit to classical
retention equations and other assumptions are required. The
deviations may arise because the following factors are
usually neglected: steric exclusion, lift forces, particle slip,
van der Waals forces, electrostatic forces, nonparabolic
flow (edge effects and viscosity gradients), and nonunifor-
mity of the field across the channel thickness [31]. Hence,
in most cases FFF systems need experimental calibration
using standard monodisperse samples of spherical particles
[32].

FFF comprises a family of subtechniques employing
force fields of different nature [27]. Gravitational FFF is
the simplest subtechnique. It employs Earth’s gravitational
field to fractionate particulate matter in a micrometer size
range (microorganisms, blood cells). A similar subtechni-
que is sedimentation FFF (SdFFF), which uses a centrif-
ugal force field. The fractionation of micron-sized particles
of different origin (inorganic colloids, pigments, viruses,
liposomes, ribosomes) is performed in a circular flat
channel inserted inside a centrifugal basket [27]. SdFFF is
considered to be an appropriate and powerful method for
cell separation [28]. Recent studies have shown that SdFFF
can be successfully applied to the fractionation and
characterization (sizing) of submicron particles starting
from 50 nm: industrial carbon blacks [33], silica nano-
particles [34, 35], silver nanoparticles [36], gold nano-
particles [37], etc.

The oldest FFF subtechnique is thermal FFF (TFFF).
The field force in this case is a temperature difference
across the channel. One side of the channel is heated and
the other side is cooled. A relatively small temperature
difference between the top and bottom walls of the channel
provides a high thermal gradient. TFFF has been used for
the separation of linear polystyrenes, lypophilic polymers,

materials in the refinery industry, polyvinyl acetate mix-
tures containing ultrahigh molecular weight polymers and
microgels [27, 38], and other natural, biological, and
synthetic polymers [39]. The effects of chemical composi-
tion on the retention are sufficiently strong, and TFFF can
be readily used for the separation of equal-size particles of
different composition [40]. One of the disadvantages of
TFFF is a possible flocculation of the dispersed system.
Besides, classical macroscale TFFF instruments require
long separation times. A few years ago the miniaturization
of TFFF was proposed [41, 42]. Micro-TFFF can be
described by steric and hyperlayer elution mechanisms,
depending on the flow rate [43]. Micro-TFFF allows one to
increase significantly the temperature gradient, reduce the
dead volume of the system, and improve the separation
[27, 44, 45].

The most versatile FFF subtechnique is flow FFF
(FlFFF), employing a nonspecific hydrodynamic force field
across the channel, which is generated by a secondary
mobile phase cross-flow. The sample components are
driven by the cross-flow toward the accumulation channel
surface (permeable membrane). The positions of individual
species in the laminar carrier fluid profile correspond to
their diffusion coefficients and the separation is based on
differences in these coefficients. Selection of an appropriate
membrane depends on the properties of the macromolecules
or particles to be separated; the pore size should be
sufficiently small to retain components but large enough
to allow the carrier fluid to pass through. The use of flat and
smooth membranes is required because any membrane
flaws would affect the separation process. The proper
selection of membranes is still the major problem of FlFFF
owing to possible interactions with the suspension compo-
nents and membrane-induced nonuniformity in the channel
thickness [27]. Regenerated cellulose is a widely used
material for FlFFF membranes. FlFFF separates on the
basis of the effective size of the molecules or particles, and
the process is independent of density, whereas SdFFF
separates on the basis of buoyant mass, i.e., size and density
[2].

There are two most important types of FlFFF. In
symmetrical FlFFF, cross-flow is achieved by pumping
the carrier fluid directly across the channel through porous
frits. Both channel walls are permeable, but the accumula-
tion wall is covered by an ultrafiltration membrane
impermeable to the sample components [46]. This tech-
nique can be applied to the size fractionation of different
synthetic polymers, liposomes, proteins, viruses, dissolved
organic matter, humic and fulvic acids as well as their
complexes with trace metals, diesel soot particles [2],
marine colloids [47], heterogeneous and arbitrarily shaped
natural colloidal particles [48], gold colloid standards
starting from 5 nm [49], etc.
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In asymmetrical FlFFF (AF4) only one channel wall is
permeable. A trapezoid shape of the separation unit has
been developed for AF4 to avoid constant loss of axial flow
of the carrier fluid along the channel [27]. In general, the
channel geometry affects significantly the separation
efficiency in AF4. Three different channel designs were
evaluated using polystyrene latex nanoparticles [50]. The
channel breadth was held constant for one (rectangular)
profile, and was reduced either linearly (trapezoid profile)
or exponentially (exponential profile) along the length for
the other two channels. Compared with a rectangular
channel, trapezoid and exponential profiles provided better
performance of AF4 and allowed band broadening to be
reduced [50].

Currently, AF4 has become one of the most favored FFF
systems [27]. It has been applied to the fractionation and
sizing of carbon nanotubes [51], humic substances [52],
natural aquatic colloids [53], polysaccharides [54], synthet-
ic polymers [55], gelatin nanoparticles in drug carrier
systems [56], aqueous C60 fullerene aggregates [57], virus-
like particles [58, 59], etc. Besides, AF4 provides a reliable
basis for developing different “hyphenated” techniques for
separation, investigation, and analysis of colloidal and
particulate matter in liquid media. This will be discussed
in detail later.

Other FFF subtechniques (magnetic FFF, acoustic
FFF, pressure FFF, dielectrophoretic FFF, photophoretic
FFF) are more specific and can be applied to a rather
limited number of particulate sample types [27]. Acoustic
FFF is a particular technique that is worthy of consider-
ation. Ultrasound is a type of energy which can help
analytical chemists in various laboratory tasks, from
cleaning to determination [60]. Some promising experi-
mental approaches to particle separation in a megahertz
ultrasonic standing wave field and the theory of the
separation processes have been reported [61]. As in other
FFF techniques, an external field (acoustic) can be applied
perpendicular to the flow direction. A method has been
described for fractionating suspensions on the basis of the
transient response of fine particles (0.1–100 μm) to a
planar, ultrasonic wave field applied across the thin
dimension of a long rectangular channel [62]. The method
was used for the continuous fractionation of polystyrene
particles in aqueous suspensions.

However, particles having a density different from that
of a surrounding medium are subject to sedimentation,
which makes it difficult to accomplish stable separation
with the arrangements described above. This led to the idea
that the acoustic field should be applied vertically, and in
that case one can couple a gravity field with an acoustic
field [61, 63]. Such an approach and corresponding devices
were used for the fractionation of microparticles of alumina,
silica gel, quartz powder, and polystyrene latex as well as

for the separation of plant cells and other particles of
biological origin.

In general, FFF is a powerful and versatile fractionation
and sizing method. The size range covered is from about
1 nm to 100 μm. The main limitation of FFF is the weight
of the particulate sample that can be handled, which is less
than 1 mg. This requires an increased sensitivity of the
detection techniques used for the analysis of separated
fractions. Besides, samples should be highly homogenized
to provide representative data.

Fractionation in a rotating coiled column, which can also
be attributed to FFF, enables the sample handling weight to
be increased up to 1 g [64–66]. This technique, named
coiled-tube FFF (CTFFF), employs a complex asymmetri-
cal force field generated in planetary centrifuges [67].
Among the other FFF techniques, CTFFF is more similar to
SdFFF utilizing a circular channel inserted inside a
centrifugal basket. Although both SdFFF and CTFFF are
based on the centrifugal force field, there are two important
differences between these techniques. First, in the case of
CTFFF, the mixture to be separated is not introduced into a
thin channel but is pumped with the carrier fluid through a
long rotating coiled column (inner capacity about 20 mL).
Second, in the planetary centrifuge used for performing
CTFFF, particles and fluid in the coiled tube are under the
action of the complex asymmetrical centrifugal force field.
This field is dependent on the ratio of rotation and
revolution radii (β value). Fractionation and retention of
solid particles (size range 100 nm to 200 μm) as a function
of β, column rotation speed, carrier fluid composition, and
flow rate have been studied taking as examples latex beads,
silica gel, and quartz sand particles with an irregular
geometry [66, 68]. CTFFF has also been applied to the
speciation analysis of environmental solids. Silt, clay, and
sand fractions were successfully separated from soils. It
should be noted that rotating columns can be also used for
the sequential flow-through extraction of trace elements
from solid samples. Determining elements in each size
fraction enables a detailed pattern of the distribution of
toxic elements in soils to be obtained [69].

Split-flow thin-cell fractionation

This technique is similar to FFF [70]; however, like CTFFF,
it enables the handling of large quantities of samples up to
gram levels. Stream splitters are inserted into the flat
channel, so the SPLITT system has two inlets at one side of
the channel and two outlets at the other side. The separation
is achieved by the combined action of controlled flow rates
and a gravitational cross-field. A thin layer of the sample is
formed close to the upper wall of the channel; its thickness
is equal to the distance between the inlet splitting plane and
the upper channel wall. Near the channel outlets, the outlet
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splitting plane is formed; its lateral position depends on the
ratio of the upper and lower exit flow rates. SPLITT
systems and related techniques were successfully applied to
the fractionation and investigation of micron and submicron
particles such as aquatic colloids [71], sea sediments [72],
and polymer beads [73, 74]. Acoustic programming in
SPLITT fractionation of latex particles [75] and splitterless
systems for the separation of sea sediments [76] were also
reported. It should be kept in mind that when SPLITT
techniques are used, only two fractions can be recovered in
one experimental run (e.g., particles larger than 1 μm and
smaller than 1 μm). Thus, for the separation of a number of
different fractions multistep procedures are required.

Chromatographic methods

A large variety of chromatographic methods can be
successfully applied to the fractionation of nanoparticles
and microparticles of various types and origins.

Gel permeation chromatography (GPC), also known as
size-exclusion chromatography (SEC), has been developed
especially for the separation of macromolecules and
particles. The sorting by size is achieved by using a porous
matrix. Smaller particles are retarded because they can
access a larger pore volume of the packing column. GPC
can be used for size separation of CdS, ZnS (2–20 nm),
silica colloids [77], dextran-modified iron oxides [78],
chiral gold clusters covered with 1,1′-binaphthyl-2,2′-
dithiol [79], magnetic nanoparticles, etc. Choosing and
optimizing the mobile phase composition may play a key
role in the fractionation procedure. Gold nanoparticles
[80, 81] and Au/Pd core–shell nanoparticles [82] in the
size range from 10 to 80 nm were separated using sodium
dodecyl sulfate (SDS) solution to stabilize the particles.
Shape-based separation of rod-like and spherical gold
nanoparticles was achieved by adding SDS and Brij-35 to
the eluent [83]. Size separation of quantum dots and
nanoparticles was performed using a concentrated poly
(methyl methacrylate) brush [84]. This polymer exhibits
very good repellency for particles that is not dependent on
their surface nature.

A GPC subtechnique, recycling GPC, was applied to the
separation and characterization of gold nanocrystals stabi-
lized by thiols [85]. Alternate recycling was shown to
provide improved efficiency and high resolution compared
with closed-loop recycling. The resolution ratio of nano-
crystal separation was found to increase with the square
root of the cycle number, in good agreement with the
theory. As a result, baseline separation of nanocrystals
which differ in size by only 6Å has been achieved.

Hydrodynamic chromatography (HDC) was proposed by
Small [86] as a technique for size fractionation of colloidal
and solid particles in a size range from a few nanometers to

a few micrometers. There are two subtechniques of HDC:
packed column chromatography and capillary tube (open
tubular) HDC. Particles are injected into a mobile phase at
a known flow rate either through a column packed with
nonporous uniform spheres or through a long capillary
tube. The particle migration rate depends on the particle
size, the size of the packing material or capillary tube, and
the ionic composition of aqueous phase. In either case,
variation of flow across the interstitial voids (in the case of
the packed column method) or across the capillary
(capillary tube method) causes larger particles to travel
faster, and smaller particles to travel more slowly [3]. HDC
was applied to the separation and size characterization of
synthetic polymer particles, biopolymers, and lipid nano-
capsules [87]. Packed columns were used for size classifi-
cation and purification of porous ethyl-bridged hybrid
packing materials (particles) in the micron to submicron
range [88]. Subsequent chromatographic evaluation of
classified packing material showed significant improvement
in column performance and decrease in flow resistance over
the unclassified material.

Wide-bore HDC employs capillaries with inner diameter
larger than 0.7 mm. The method is based on the radial
distribution of the particles in the capillary due to the
hydrodynamic flow profile and diffusion coefficients of the
particles depending on their size. A wide-bore polyether
ether ketone capillary was applied to CdS and gold sols in
the size range between 3 and 27 nm [89]. Subsecond
separation of fluorescein and polystyrene latexes based on
their passage through an open wide-bore capillary was
demonstrated [90].

A series of chromatographic methods that are tradition-
ally used for the separation of solutes can also be applied
under certain conditions to the separation of nanoparticles.
Monolayer protected gold clusters (smaller than 2 nm) were
separated by high-performance LC (HPLC) and detected
electrochemically [91, 92]. HPLC separation of polydis-
perse gold nanoclusters protected with monolayers of
N-acetyl-L-cysteine was achieved on a C18 column using a
gradient elution program [93]. Reversed-phase HPLC was
used also for size-dependent separation of Au/Pt core–shell
nanoparticles (5.3–40.1 nm) on a porous silica-based
column with SDS in deionized water as the mobile phase
[94]. Charged polydisperse gold nanoparticles protected by
monolayers of N-acetyl-L-cysteine and tiopronin ligands
(1–2 nm) were also fractionated by ion-pair chromatography
[95]. Countercurrent chromatography based on the retention
of one phase of a two-phase liquid system in a rotating
coiled column was applied to the size separation of silver
nanoparticles modified by carboxylate anions (10.5–
21.1 nm) using a step-gradient extraction process [96].
Particles were extracted into the organic phase (toluene/
hexane 1:1, v/v) with tetraoctylammonium bromide, owing
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to ion-pair adduct formation. Smaller nanoparticles were
found to be more readily transferred to the organic phase
than larger ones. Compared with the stepwise extraction,
the step-gradient extraction provided much better size
discrimination.

Electrokinetic methods

These methods have been extensively applied to the
separation of nanoparticles. Gel electrophoresis (GE) can
be regarded as an important tool in nanotechnology and
nanobiotechnology. The technique is based on the differ-
ences in species migration rates in a gel under an applied
electric field. Gel density is an important parameter to be
taken into account. It may affect the migration rate in the
gel or even discriminate very large species. Therefore, the
gel density should be selected according to the particle size.
There are planar slab and column GE modes. The mobility
depends on the charge, size, and shape of a particle.
Although some work was done in the field of nanoparticle
separation by polyacrylamide gel electrophoresis [97],
mainly agarose gel electrophoresis has been applied. The
preference for agarose over polyacrylamide can be ascribed
to the easy implementation of this technique and to the
wide mean pore diameters easily obtainable. The mean pore
size in the gel was found to be dependent on the
concentration of added agarose (typically 0.1−5%).

GE size-based separations of unmodified and modified
polystyrene and gold conjugates, silver, Fe2O3, CdSe/ZnS,
and CdTe nanoparticles were performed [98]. Size separa-
tion and shape (spheres, rods, plates) separation of gold
[99, 100] and gold and silver nanoparticles coated with a
charged polymer layer were demonstrated [101]. The
particle shape was shown to determine a trend of varying
electrophoretic mobility with size. Smaller spherical par-
ticles and short rods experience less resistance from the gel
and move faster. Separation of nanogold conjugates with a
different number of bound oligonucleotides can be
achieved in agarose gel [102]. GE can also be applied to
preparative and semipreparative fractionation of gold nano-
particles (3.5–18 nm) [99]. This allows one to study off-line
fractions corresponding to different electrophoretic zones.

Capillary GE employing linear polyacrylamide as the
sieving medium was used for highly effective size
separation of Cd/Te quantum dots (1.9–4.5 nm) stabilized
with 3-mercaptopropionic acid [103]. Resolution was
shown to increase with increasing polymer concentration.
Improvement of capillary GE resolution by addition of poly
(ethylene oxide) to the carrier electrolyte was demonstrated
for nanocomposites of Cd/ZnS with different proteins
[104].

Capillary zone electrophoresis (CZE) enables nano-
particles to be separated owing to differences in their

electrophoretic mobility. Therefore, particles that differ in
size and/or zeta potential can be discriminated. Zeta
potential, pH, and the ionic strength of the carrier
electrolyte are important parameters in optimization of
nanoparticle separations. CZE is characterized by a high
efficiency. However, in particle separations, band broaden-
ing is often observed because of particle electrophoretic
heterogeneity and adsorption on capillary walls. To prevent
particle–wall interactions, different variants of capillary
modification are used. This technique is suitable for
analysis of precious samples with limited availability
because the sample volume required for measurements
can be as small as several nanoliters. On the other hand, the
small sample volume makes collection of fractions more
difficult. Besides, the volumes collected may be too small
for application of off-line detection techniques.

There are a variety of examples of successfully applying
CZE to the separation and characterization of particles
[97, 105–112]. Separation of polymers (polystyrene, poly-
aniline, etc.) and 0.6–1.3-nm single-walled carbon nano-
tubes [98] was reported. Size separations of metal
nanoparticles such as gold (5–60 nm), gold clusters
protected by citrate, SDS, and monolayers of N-acetyl-L-
cysteine [113], silver nanoparticles (17–50 nm), and Au/Ag
core–shell nanoparticles (24–90 nm) were performed. The
correlation between electrophoretic mobility and the size of
the nanoparticles is dependent on their zeta potential.
Calculations by Wiersema et al. [114] showed that the
relaxation effect has a strong impact on the resulting value
of the electrophoretic mobility for nanoparticles with a high
zeta potential. As a result, regions appear in which the
electrophoretic mobility is negatively or positively corre-
lated to the particle size. For example, addition of the
surfactant SDS to the carrier electrolyte leads to an increase
in the zeta potential of gold nanoparticles, resulting in an
inversion of their migration order [97]. Combining CZE
with diode-array detection offers the possibility to charac-
terize nanoparticles not only on the basis of their
electrokinetic properties but also according to their optic
properties which depend on particle size and shape. Shape-
based characterization of gold and silver nanoparticles was
performed. Silver nanospheres and nanorods were distin-
guished in electrophoretic zones [115]. Reversed electrode
polarity stacking mode can be applied to the online
preconcentration of gold and Au/Ag particles [116, 117].
Enrichment efficiencies up to 260-fold were achieved.

The potential of separations of nanoparticle mixtures
owing to differences in their size and chemical composition
was also demonstrated for silica (5–500 nm) and different
metal oxides such as γ-Al2O3, αγ-Al2O3, TiO2, Fe2O3,
Fe3O4, and UO2 containing gold and polystyrene nano-
particles [118–121]. γ-Fe2O3 (magnetite, 6–10 nm) and
ultrasmall (about 1 nm) carboxylate-functionalized silica
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nanoparticles with different numbers of carboxylate linkers
were separated by CZE and detected using laser-induced
fluorescence (LIF) [122]. A correlation between the
electrophoretic mobility of aminated magnetite/silica core–
shell particles and the density of amino groups at their
surface was established [123]. It was hence shown that CZE
can be regarded as a fast and reliable method for the
determination of the effective surface charge density of
nanoparticles.

Recent publications [124, 125] have dealt with the
separation of quantum dots—Cd/Se, Cd/Te, CdTe/CdS,
CdSe/ZnS, CdSe/ZnS/SiO2—using a polymer additive as
the sieving medium. A correlation between the electropho-
retic mobility and the size of the quantum dots was
evaluated.

A commercial CZE system equipped with a LIF detector
allows the separation and detection of individual particles if
high separation efficiency and detection sensitivity are
achieved. Besides, the spatial resolution, the data rate, and
the rise time of the detector should be suitable for data
acquisition with the device. Individual sulfated polystyrene
particles (200–1,000 nm) were determined with a post-
column LIF detector [126]. This equipment was also used
for automated analysis of individual micrometer-sized
particles [127]. The method developed may be extended
to the size separation of nanoparticles.

The isoelectric point of nanoparticles has been shown to
be size-dependent. This allows one to obtain fractions with
a narrow size distribution using isoelectric focusing
electrophoresis (IEF). Gold and silver nanoparticles (2.2–
13 nm) coated with 4-carboxythiophenol were separated by
IEF in a microcolumn [128]. The dependence of the
isoelectric point on the particle size was ascribed to a
dependence of the pKa of carboxylic groups on the
curvature of the particle surface. IEF in a polyacrylamide
pH gradient gel was used for the size separation of gold
nanoparticles (1.7–4.9 nm) protected by mercaptosuccinic
acid [129].

Isotachophoresis (ITP) is a powerful separation tech-
nique employing a discontinuous electric field to create
sharp boundaries between the sample constituents. In ITP,
the sample is injected between a fast leading electrolyte
(containing a co-ion with a higher electrophoretic mobility)
and a slow terminating electrolyte (containing a co-ion with
a lower electrophoretic mobility). After a voltage has bene
applied, a low electric field strength is created in the leading
electrolyte and a high electric field strength is created in the
terminating electrolyte. In the first stage, the sample constit-
uents migrate at different velocities and start to separate from
each other. The electric conductivity within a sample zone is
proportional to the electrophoretic mobility of the particles
separated. Size separations of gold nanoparticles (1–9 nm)
protected with 11-mercaptoundecanoic acid, CdTe, and

CdSe/ZnS nanocomposites were performed [130, 131].
Although colloidal particles showed an electrophoretic
heterogeneity, they can form correct isotachophoretic
zones with sharp moving boundaries. ITP can be used as
an absolute analytical method that enables the determina-
tion of the amount of particles in the injected sample
volume without the requirement of calibration. It has also
been shown [131] that ITP allows one to measure directly
the effective charge of colloidal particles if solutions with
known particle concentration can be prepared.

Dielectrophoresis (DEP) is an electrophoretic technique
that was introduced in the 1950s. Recently, DEP has been
revived owing to its potential in the manipulation of
microparticles, nanoparticles, and cells. DEP occurs when
a force is exerted on a dielectric particle placed in a
nonuniform electric field. The time-averaged dielectropho-
retic force acting on a particle depends on the effective
polarizability, the particle volume, and the gradient of the
energy density of the electric field [132]. The magnitude
and direction of the dielectrophoretic force acting on a
particle depends on its dielectric properties. Therefore,
heterogeneous particle mixtures can be separated [133].
DEP can be enhanced by using multiple frequencies, and
then DEP is known as multiple-frequency DEP.

The utilization of the difference between dielectropho-
retic forces exerted on different particles in nonuniform
electric fields is known as dielectrophoretic separation. The
exploitation of dielectrophoretic forces has been classified
into two groups: dielectrophoretic migration and dielectro-
phoretic retention. Dielectrophoretic migration uses dielec-
trophoretic forces that exert forces of opposite sign on
different particle types to attract some of the particles and
repel the others. Dielectrophoretic retention uses the
balance between dielectrophoretic and fluid-flow forces.
Particles experiencing repulsive and weak attractive dielec-
trophoretic forces are eluted by fluid flow, whereas particles
experiencing strong attractive dielectrophoretic forces are
trapped at electrode edges because of flow drag. This
technique has found numerous applications in biotechnology
and biomedical applications, including characterization of
bioparticles [134]. The applications in nanotechnology were
reviewed by Hughes [135] and Kadaksham et al. [136].
Recently, size separations of 0.8–1.4-nm single-walled
carbon nanotubes, 250–12,000-nm polystyrene, 93–557-nm
latex, and 100-nm silicon nanoparticles were reported [111].
DEP is also considered to be an effective fractionation
method for metallic and semiconducting nanotubes owing to
the very large differences in their polarizability [137]. DEP
can be used for sorting single-walled carbon nanotubes
according to their dielectric constant. In general, DEP is a
good complementary technique to other techniques currently
used for particle separations. It also enables small-scale
preparative separation of nanoparticles to be performed.
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Dielectrophoretic FFF combines the features of FFF and
electrophoretic techniques. Particles are injected into a
carrier flow that passes through the separation chamber,
with an external separating force (a dielectrophoretic force)
being applied perpendicular to the flow. By means of
different factors, such as diffusion and steric, hydrodynam-
ic, dielectric, and other effects, or a combination thereof,
particles (less than 1 μm in diameter) with different
dielectric or diffusive properties attain different positions
away from the chamber wall, which, in turn, exhibit
different characteristic concentration profiles. Particles that
move further away from the wall reach higher positions in
the parabolic velocity profile of the liquid flowing through
the chamber and will be eluted from the chamber at a faster
rate. Peng et al. [138] reported a dielectrophoretic FFF
procedure for the separation of semiconducting single-
walled carbon nanotubes.

Some other electrophoretic methods were also applied to
the separation of nanoparticles. Cd/Te nanoparticles [139]
were fractionated by free flow electrophoresis. Metallic or
semiconducting single-walled carbon nanotubes [140] were
fractionated by free solution electrophoresis. The reversed
electrode polarity stacking mode of micellar electrokinetic
chromatography was used for the online preconcentration
and separation of gold nanoparticles (5 and 40 nm) [141].

Microfluidic techniques

Microfluidic systems employ quite different separation
principles and often provide a basis for the fabrication of
lab-on-chip devices. A new microfluidic approach for
charge-based [142] and size-based [143] particle separation
has been proposed using combined hydrodynamic and
electrokinetic effects. A recirculating flow pattern is
employed, generated through application of bidirectional
flow in a narrow glass microchannel. The bidirectional flow
in turn is a result of opposing pressure-driven and
electroosmotic flows. Trapping and preconcentration of
charged particles is observed in the recirculating flow under
conditions where the average net velocity of the particles
themselves approaches zero. This phenomenon is termed
“flow-induced electrokinetic trapping.” As a result, charge-
based separations of polystyrene beads with different zeta
potentials and size-based separation of polymer micro-
particles with the same zeta potential were performed with a
resolution comparable to that of baseline separation in
chromatography. One of the main advantages of this
method is that it can be applied in short (a few millimeters)
channel geometries.

On-chip planar HDC was suggested [144]; it is suitable
for size characterization of synthetic polymers, biopoly-
mers, and particles. Possible advantages of on-chip HDC
over conventional techniques, such as GPC and FFF, are

fast analysis, high efficiency, reduced solvent consumption,
and easy temperature control. In a planar configuration
realized in fused silica, size separations of polystyrene
nanoparticles were performed.

Spiral microchannels employing Dean flows and differ-
ential migration can be applied to the separation of
microparticles (1–20 μm) [145, 146]. A new microfluidic
method, multiorifice flow fractionation, was recently
designed for continuous size-based separation of spherical
microparticles [147]. This method utilizes inertial lift force
and momentum-change-induced inertial force generated in
a series of contraction/expansion microchannels. A multi-
layered polydimethylsiloxane microfluidic device was
proposed for the size-based separation of heterogeneous
microbial samples [148]. The recent developments in
microfluidic technology for cell and particle separation in
continuous-flow-based systems were critically reviewed by
Lenshof and Laurell [6].

Other methods

A number of other techniques have also been used for the
fractionation of macromolecules and particles. Critical
analysis of all these techniques is beyond the scope of this
review; however, some of them should be mentioned.
Centrifugation and ultracentrifugation can be applied to the
separation of silica [149] modified gold [150] and other
[151, 152] nanoparticles using a centrifugal force field.
Separation and concomitant purification of nanoparticles by
ultracentrifugation in a nonhydroxylic organic density
gradient has been demonstrated by separating several
typical colloidal nanoparticles, including gold, silver, and
CdSe. Successful separation of gold nanowires from their
spherical counterparts showed that colloidal particles can be
separated not only by size but also by morphology [153].

A new strategy for separation of microparticles and
nanoparticles with different sizes and densities was sug-
gested using the tensions at liquid interfaces [154]. Size-
based separations of Cu2O nanoparticles were achieved
with a water/n-pentanol interface. Size-dependent reversible
salt-induced aggregation of particles in aqueous solutions
combined with nucleotide-mediated stabilization was ap-
plied to gold nanoparticles [155]. The use of the pressure-
tunable physicochemical properties of CO2-expanded
liquids provides a basis for a rapid, precise, and environ-
mentally sustainable size-selective fractionation of ligand-
stabilized nanoparticles at an application scale by varying
the CO2 pressure [156]. A simple and precise size
separation of polystyrene microparticles is possible using
a nanogap method based on a narrow gap between a
cylindrical lens and a flat glass wall, in which the distance
of the gap is precisely determined by the diffraction moiré
pattern of irradiated light [157]. Micron and submicron
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biological particles can be sorted by hydrophoresis using
anisotropic microfluidic obstacles [8]. The separation
mechanism is based on the hydrodynamics of rotational
flows induced by anisotropic obstacles.

Trapping, transportation, and separation of small
particles, e.g., plant seeds, in a liquid is possible using
an acoustic needle which is driven by a sandwich-type
ultrasonic transducer [158]. The trapped particles can be
transported in water by moving the needle, which can
separate different particles by the difference in their sizes
and densities. Acoustic radiation forces can be used not
only for the fractionation of total amounts of micrometer-
sized suspended particles but for single particle manipu-
lation as well. This has been demonstrated by manipu-
lation of copolymer beads and cells using a microgripper
[159].

Characterization of nanoparticles and microparticles

Nanoparticles and microparticles can differ from each other
in chemical composition, size, shape, heterogeneity, surface
modification, optical properties, magnetic susceptibility,
etc. In terms of shape, one can distinguish spheres, rods,
plates, tubes, wires, etc. All these parameters determine the
physicochemical properties of particles.

As mentioned already, FFF, chromatographic, and
electrokinetic methods with conventional UV–vis spectro-
photometric detection can be used not only for fractionation
but also for sizing, characterization, and investigation of
nanoparticles and microparticles. For instance, the mean
diameters of industrial carbon blacks were estimated by
SdFFF and FlFFF [33]. The results were correlated with the
data obtained by photon correlation spectroscopy, also
known as dynamic light scattering (DLS). The mean
diameters measured by two different FFF subtechniques
and photon correlation spectroscopy were found to be in
good agreement within 20%. FlFFF in a hyperlayer
operation mode was proven to be an appropriate technique
for the characterization of porous hybrid silica and silica
chromatographic support particles ranging approximately
from 1 to 15 μm [160]. The comparison of the FFF results
and the scanning electron microscopy data further con-
firmed that good accuracy can be achieved by the flow/
hyperlayer FFF method for particle size analysis of hybrid
silica and silica particles.

Interactions between nanoparticles and molecules occur-
ring in solutions can be studied by electrophoretic techni-
ques. CZE was used to characterize noncovalent binding of
a stabilizer (citrate) to the gold nanoparticle surface [100]
and to study CdSe quantum dot surface–ligand inter-
actions [125]. Agarose GE was applied to the determination
of size [102] and stoichiometry [97, 161] of nanoparticle–

biomolecule conjugates. Electrophoretic techniques also
provide a basis for particle surface characterization (zeta
potential, isoelectric point) and suspension stability studies
(kinetics of aggregation and disaggregation, adsorbate–
particle interactions in suspensions). A series of dielectro-
phoretic FFF applications to the analysis of dielectric,
density, and deformability characteristics of cells and
particles have been reviewed recently [162].

Electron microscopy (scanning or transmission) is a
unique technique that allows one to visualize the nano-
particles and microparticles under study and simultaneously
determine their elemental composition if an energy-
dispersive device is available. However, electron microsco-
py requires dried samples for investigation. The initial
equilibria occurring in a liquid medium may shift signifi-
cantly, particles can aggregate owing to drying, and their
surface properties may change.

For sizing and characterization of particles in liquid
media, the following techniques can be used:

– Gravitational photosedimentation. The settling velocity
of a particle suspended in water depends on the nature
of the acceleration field (e.g., gravitational or centrif-
ugal), namely, the particle mass and friction coefficient.
If particle concentrations are relatively low (ideally less
than 0.5%) and the settling is not “hindered” by
particle–particle interactions, it is possible to convert
settling velocity measurements into estimates of parti-
cle size or volume. The size range that can be measured
using standard gravitational sedimentation instruments
is typically from 10 to 300 μm, although the lower
boundary can be decreased [4].

– Centrifugal photosedimentation. If settling experiments
are carried out in a centrifuge, where the gravitational
field is replaced by the centrifugal acceleration, it
becomes possible to sense the settling rate of particles
starting from 0.01 μm. Centrifugal photosedimentation
allows one to detect particles that are either higher or
lower in density than the fluid in which they are
suspended. Particles that are higher in density than the
fluid settle at the point furthest from the center of
rotation (bottom), whereas particles lower in density
than the fluid float toward the point closest to the center
of rotation (top). The method is time-consuming owing
to the overhead associated with stopping, emptying,
and cleaning the centrifuge after each sample has been
processed. Besides, the particle size distribution may
change significantly during the centrifugation process
[4]. In addition, density inhomogeneity of particles
(e.g., core–shell nanocomposites) may affect the
results obtained.

The characterization and sizing using sedimentation
techniques are based on the separation of particles. The
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techniques described below allow one to characterize
particles without their separation:

– Blockage or light obscuration techniques. The main
principle of this approach is the following: individual
particles are forced to flow through an illuminated
sensing zone, momentarily casting a shadow on a
photodiode (detector). When a series of sensors are
employed, the particle size range that can be resolved is
from about 1 μm to 1 mm. The size range for a single
light obscuration sensor is typically from 1 to 200 μm,
with sample flow rates between 10 and 100 mL/min.
The method is frequently used for online monitoring in
potable water treatment [4].

– Laser light scattering technique: diffraction instru-
ments. Diffraction theory can be applied in the case
where the suspended particles are much larger than the
wavelength of incident light. Particles migrate into the
laser beam and scatter light, which is focused by a lens
onto the detector. Lenses of different focal lengths can
be employed to focus on different portions of the
particle size spectrum; typical lenses and detector
combinations can resolve particle sizes in the range
from 1 to 600 μm. It is even possible to extend the
range to over 2 mm. [4].

– Laser light scattering technique: dynamic (time-
dependent). The method is based on the measurement
of Brownian motion and the correlation of it to the size
of particles. Smaller particles move faster than larger
ones and the intensity of their speckle pattern fluctuates
faster. By illuminating the particles with a laser and
analyzing the intensity fluctuations in the scattered
light, one can determine the particle size distribution of
the suspended particles. The equivalent sphere diameter
(hydrodynamic diameter) may be larger than the
diameter of a particle measured by electron microscopy,
because a layer of solvent molecules may be included in
the hydrodynamic diameter. For polydisperse samples,
the interpretation of DLS data is difficult [4]. Neverthe-
less, DLS is probably the most favored detection method
for colloids and solid particles in the size range from
1 nm to 5 μm. The method is most frequently used for
the off-line and online detection and characterization of
particles after their separation in FFF systems.

– Laser light scattering technique: static (time-aver-
aged). When the test sample being analyzed contains
macromolecules, this method is useful for determining
the molecular weight and the radius of gyration (a size
parameter in the shape factor) from the integrated or
time-averaged intensity of scattered light. These fea-
tures can be employed to characterize natural colloidal
and particulate matter. However, time-averaged inten-
sity measurements are often plagued by the presence of

very large particles in the suspension. The presence of
very large particles leads to a systematic increase in
scattering intensity. The only way to handle “over-
sized” particles is to remove them during the sample
preparation procedure [4]. Besides, one should be
cautious to apply static light scattering to small
particles, say, smaller than 10 μm, depending on the
refractive indices of the particles and the medium as
well as on the instrumentation used. Since the particle
size distribution is determined by the splitting of
detector signals from all existing particles, additional
populations could be created by the analysis procedure,
and particle size distributions could be seriously
distorted [160].

– Laser Doppler velocimetry. This is a well-established
technique for measuring the velocity of particles
moving through a fluid on the basis of the Doppler
effect. The rate of intensity fluctuations in scattered
light is proportional to the particle velocity. Using a
combination of electrophoresis and Laser Doppler
velocimetry allows one to measure a particle velocity
in a liquid when an electric field is applied. As a result,
the electrophoretic mobility and the zeta potential of
particles can be calculated. The Zetasizer Nano system
manufactured by Malvern Instruments, UK, provides
the ability to measure three characteristics of particles
in a liquid medium – particle size, zeta potential, and
molecular weight – over a wide concentration range.
For particles in the range from 5 nm to 10 μm, it is
possible to determine the zeta potential by using a
combination of electrophoresis and phase analysis light
scattering. Zetasizer systems can be used to measure
the particle sizes in suspensions over a wide size range
without an equilibrium shift. However, only suspen-
sions containing particles of the same size or particles
of sizes differing substantially can be analyzed
successfully.

– Laser-induced fluorescence (LIF) is a spectroscopic
method used for characterizing molecules, colloids, and
solid nanoparticles. The wavelength-resolved fluores-
cent emission can provide a tool for the assessment of
nanoparticle functionalization [122]. Fluorescence
spectra provide important information on the structure
of single-walled carbon nanotubes [163]. LIF charac-
terization (information on chain dynamics) of polymer-
ic coated superparamagnetic nanoparticles can be also
achieved [164].

– The electrical resistive pulse technique is based on the
difference in the resistance (or conductivity) of a
particle suspended in an electric field and that of the
suspending fluid. If a nonconducting particle sus-
pended in a weak electrolyte (e.g., 1–4% aqueous
solution of NaCl) is placed in a small aperture, an
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increase in resistance across the orifice relative to that
of the medium alone is produced. The magnitude of
this increase in resistance is proportional to the particle
volume. The method is applicable to particles in the
size range from 1 μm to 1 mm. It should be noted,
however, that the conductive carrier fluid may promote
particle coagulation and therefore affect the measure-
ment process [4].

– The electrical sensing zone method (often called the
Coulter method) is currently one of the main technol-
ogies used by chromatographic material manufacturers
in particle size analyses of chromatographic support
particles in the micron size range. In an electrical
sensing zone system, an aperture is placed between two
electrodes and a suspension flows through the aperture.
As a solid particle passes through the aperture, it
displaces its own volume of conducting liquid, mo-
mentarily increasing the impedance of the aperture. The
change in the impedance is converted to a voltage
pulse. The amplitude of the pulse is proportional to the
volume of the electrolyte displaced by the solid particle
and the number of pulses is the number of particles
measured. For porous particles, the electrolyte can wet
pores and particle diameters are underestimated [160].

– Electrokinetic sonic amplitude measurements (acousto-
sizer systems). An alternating electric field applied to a
suspension of charged particles causes particle move-
ment back and forth. Particle oscillations generate
sound waves if there is a density difference between
the particles and the dispersing medium. The acoustic
waves are detected and the particle dynamic mobility is
calculated using the signal intensity. The method
allows one to determine particle size (in the range
0.02–10 μm), zeta potential, and isoelectric point in
dispersions with particle concentrations of 1.0–40% v/v.
The change in dynamic mobility upon addition of a
polymer to the particle dispersion reflects the formation
of polymer layers on the particle surface [165]. This can
be used for assessment of suspension stabilization.

The basic principles, merits, and limitations of some of
the methods described above are discussed in detail in a
book by Grant et al. [4]. Some other methods should also
be mentioned here. The Taylor dispersion method is related
to the development of velocity profiles in a fluid plug
flowed through a tube. The simultaneous action of
convection and diffusion on species driven hydrodynami-
cally through a capillary tube leads to a plug broadening.
Taylor dispersion may be used for calculation of diffusion
coefficients and estimation of hydrodynamic radii of nano-
particles [166]. This method is a powerful tool for the
sizing of proteins and one can also perceive it as a useful
analytical approach for characterization of relatively mono-

disperse suspensions of nanopartilces. Nanoparticle tracking
analysis can successfully be applied to aquatic environmen-
tal samples [167]. The method has certain advantages, such
as minimum perturbation of the samples, high sensitivity in
terms of particle concentration, and provision of number-
based size distributions. The number concentrations obtained
for natural nanoparticles correlate well with those obtained
from conventional turbidity measurements. It should be
noted that the list of techniques presented here is not
exhaustive.

With regard to the elemental analysis of colloidal and
particulate matter in suspensions, spectrometric methods
such as ICP-MS and ICP-AES are mainly applied.

“Hyphenated” techniques

By definition, chromatography, FFF, or electrokinetic
techniques employing online UV–vis spectrometric or other
conventional detectors are attributed to “hyphenated” ones.
In this review, however, special emphasis is given to the
novel approaches utilizing instrumental analytical methods
such as ICP-MS, static light scattering, DLS, etc. The
“hyphenated” techniques described below are grouped
according to the separation methods:

– Field-flow fractionation (FFF). AF4 coupled with
static light scattering has been successfully applied to
the characterization of colloidal dispersions undergoing
aggregation. An example is conventional polystyrene
latex and a dispersion of elastomeric colloidal particles
made of a polymer with a low glass-transition
temperature [168]. AF4 coupled online with small-
angle X-ray scattering (SAXS) and DLS can be a
powerful tool in polymer analysis. A mixture of six
polystyrene sulfonates with molar masses in the range
from 6.5×103 to 1.0×106 g/mol was used as a model
system for polyelectrolytes in aqueous solutions with a
broad molar mass distribution. Detailed information for
all polymer fractions is available on (1) the radii of
gyration, which were determined from the SAXS data
interpretation in terms of the Debye model (Gaussian
chains) and (2) the diffusion coefficients (from DLS).
An AF4-SAXS-DLS combination may even be recom-
mended as a possible new reference method for the
detailed analysis of complex polymer mixtures [169].

AF4 coupled with multiangle laser light scattering
(MALLS) detection was used for the investigation [58]
and quantitative characterization [59] of viruslike particles.
The composition of samples obtained upon complexation of
DNA with chitosan was analyzed by AF4 with online UV–
vis, MALLS, and DLS detectors. AF4 combined with DLS
allowed the characterization of small particles that were not
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detected by conventional batch-mode DLS. The AF4
analysis can be beneficial in the field of gene therapy
because it readily provides, in a single measurement, three
important physicochemical parameters of the complexes:
the amount of unbound polycation, the hydrodynamic size
of the complexes, and their size distribution [170].

The challenging task of characterizing polydisperse
polymer mixtures containing ultrahigh molecular weight
polymers (polyvinyl acetate) and ultrahigh molecular
weight microgel components in organic solvents is
addressed with TFFF and MALLS–differential refractive
index detection [38].

Metal associations to different environmental micro-
particles, nanocolloids, and macromolecules can be studied
using AF4 coupled with ICP-MS. A methodological
approach based on the size characterization of environmen-
tal microparticles (size larger than 1 μm), nanocolloids

(1 μm to 15 nm), and macromolecules (smaller than
1,000 kDa) by AF4 taking advantage of both normal and
steric elution modes was proposed [171]. The procedure
was optimized to minimize the potential alteration of the
size distribution and metal associations of the species
characterized. The contribution of three differentiated
fractions to the mobilization of metals in compost leachates
was assessed.

AF4 coupled online with a multidetection system
comprising a UV detector, MALLS, and ICP-MS has been
proven to be a powerful “hyphenated” technique for
characterizing colloidal transport of uranium in soil [172].
Moreover, with use of AF4, the different colloidal fractions
were collected and characterized by a total organic carbon
analyzer. Thus, it was possible to determine the nature
(organic or inorganic colloids), molar mass, size (gyration and
hydrodynamic radii), and quantitative uranium distribution

Table 1 Some examples of choosing appropriate methods for separation, detection, and analysis of particles

Sample Task Methods

Environmental macromolecules,
colloidal and particulate matter
(soils, leachates, aquatic samples)

Separation, size characterization,
and study of element associations
to different fractions

Asymmetrical flow FFF coupled with static
multiangle light scattering and ICP-MS
[171, 172]

Silica and polystyrene latex nanoparticles Size separation Gel permeation chromatography with sequential
detection by dynamic light scattering [176, 177]

Solid and hollow polystyrene latexes Size and shape characterization A quadruple-detector hydrodynamic chromatography
method utilizing static multiangle light scattering,
dynamic light scattering, differential viscometry,
and differential refractometry [178]

Gold nanoparticles Size separation as well as separation
according to the shape
(spheres, plates, rods)

Gel electrophoresis with subsequent detection
and visualization of particles by electron
microscopy [99]

Gold and silver nanoparticles (nanorods) Size and shape separation, chemical
characterization

Combining capillary zone electrophoresis with
diode-array detection [115, 116]

FFF field-flow fractionation, ICP-MS inductively coupled plasma mass spectrometry

Table 2 Characteristics of the most representative methods for fractionation of nanoparticles and microparticles

Methods Separation according to Working size range Sample handling

Membrane filtration Size 10 nm to 10 μm Up to 1 kg of particulate matter
(for continuous fractionation)

Flow FFF Size, density 1 nm to 50 μm Up to 1 mg

Thermal FFF Size, chemical composition 50 nm to 10 μm Up to 1 mg

Sedimentation FFF Size, density 50 nm to 50 μm Up to 1 mg

Coiled-tube FFF Size, density 100 nm to 200 μm Up to 500 mg

SPLITT separation Size, density 1–50 μm Continuous fractionation

Gel permeation chromatography Size, shape 1–100 nm Up to 100 μL

Hydrodynamic chromatography Size 10 nm to 10 μm 1–10 μL

Capillary zone electrophoresis Size, shape, zeta potential 1 nm to 1 μm 1–10 nL

Capillary isotachophoresis Size, concentration, effective charge 1 nm to 1 μm 0.1–100 μL

SPLITT split-flow thin-cell
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over the whole colloidal phase. It was found that humic
substances are mainly responsible for uranium transport
in subsurface conditions, whereas nanoparticles are most
important under depth conditions [172]. Combining AF4
with MALLS and ICP-MS was also applied to the
characterization of nanoclay used in biopolymer nano-
composites [173].

– Liquid chromatography (LC). Online coupling of LC
with ICP-MS was used for nanoparticle characteriza-
tion (i.e., size, composition, presence of impurities,
etc.) [174] and size separation [100]. Separation and
quantitation of fullerenes was performed by LC
coupled with electrospray ionization mass spectrometry
[175]

– Gel permeation chromatography (GPC). A new meth-
od has been presented [176] based on the size
separation of silica colloids by GPC and their sequen-
tial determination by DLS. For nanoparticles with
diameters below 100 nm, use of a microchannel GPC
chip was suggested [177]. In this case, standard
polystyrene latex nanoparticles with diameters of 20
and 100 nm were studied. Good agreement between the
simulation and measurement results showed the use-
fulness of this method.

– Hydrodynamic chromatography (HDC). A quadruple-
detector HDC method utilizing static multiangle light
scattering, DLS, differential viscometry, and differen-
tial refractometry has been introduced and applied to
characterizing a series of solid and hollow polystyrene
latexes with diameters in the approximate range of 40–
400 nm [178]. It became possible to determine a
multiplicity of size parameters and their polydispersity
and to monitor the size of particles across the elution
profile of each sample. With use of self-similarity
scaling relationships between the molar mass and the
various particle radii, the shape of the latexes and the
shape constancy as a function of particle size were
ascertained. Solid and hollow polystyrene latex sam-
ples were differentiated.

A “hyphenated” method has been developed and
validated which utilized the ability of HDC to separate
particles in a wide size range combined with the
multielement selectivity of ICP-MS [179]. The method
was applied to the analysis of metal-based nanoparticles
(TiO2, SiO2, Al2O3, Fe2O3, and Ag) in environmental
samples. The online combination is characterized by a
short analysis time (less than 10 min), an extended sizing
range (5–300 nm), and limited sample pretreatment.

– Gel electrophoresis (GE) coupled online with ICP-MS
was also tested and applied to the size characterization
of gold nanoparticle standards [100].

In general, further development of “hyphenated” techni-
ques is promising and may open a new door to the
separation, characterization, and analysis of nanoparticles
and microparticles of different type and origin.

Conclusions

It can be concluded that the selection of appropriate
fractionation, detection, and analytical techniques is depen-
dent on the research tasks as well as on particle size,
density, shape, and surface properties. A few representative
examples are given in Table 1.

Besides, the development of combined fractionation
methods based on the sequential separation of complex
mixtures of particulate species using various approaches
looks promising. Combinations should be worked out
taking into account that:

– The efficiency of separation of particles for the
subsequent technique should be higher than for the
preceding one.

– The separation principles of the methods should be
different (separation according to size, shape, density,
charge, etc.).

– The initial separation should be carried out according
to the size that makes it possible to create an even scale
for various samples.

The brief summary of the most representative fractionation
methods given in Table 2 may be useful for choosing
appropriate techniques.
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