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Abstract

The more nanotechnology develops, the more likely the release of engi-
neered nanoparticles into the environment becomes. Due to a huge excess
of natural nanoparticles, the identification and quantification of engineered
nanoparticles pose a big challenge to analysts. Moreover, identification in a
qualitative sense and quantification by mass concentration alone are not suf-
ficient, because the potential environmental hazard arising from engineered
nanoparticles is controlled by many other properties of the particles. We
discuss the most important methods of fractionation and detection of both
natural and engineered nanoparticles, with a focus on the chemical nature of
the particles, particle concentration, and particle size. Analyses should not
rely on only one method; instead, several complementary methods should,
if possible, be used. Coupled techniques should be further developed and
increasingly applied. Dedicated techniques that are tailored to the search
for a particular sort of engineered nanoparticles are more promising than
universal approaches that search for any engineered nanoparticles.

107

A
nn

ua
l R

ev
ie

w
 o

f 
A

na
ly

tic
al

 C
he

m
is

tr
y 

20
12

.5
:1

07
-1

32
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 R

ow
an

 U
ni

ve
rs

ity
 o

n 
06

/2
0/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.



AC05CH06-Zaenker ARI 15 May 2012 12:0

1. INTRODUCTION

Nanotechnology is expected to become one of the pillars of the next industrial revolution, and we
will probably encounter engineered nanoparticles (ENPs) and all kinds of engineered nanoma-
terials much more frequently in the future. The spectrum of potential applications of nanoparti-
cles is extremely broad; these applications include electronics, new technical materials, batteries,
catalysts, water-purification systems, sporting goods, cosmetics and skin-care products, medical
products for both diagnostics and therapy, paints, soil remediation materials, textiles, wound dress-
ings, food, toothpastes, baby products such as pacifiers, and many others. The most important
classes of ENPs are carbon nanotubes (CNTs); fullerenes; nanowires; TiO2, ZnO, CeO2, and
silica nanoparticles; Fe(0), Ag(0), and Au(0) nanoparticles; and dendrimers (1–5). What happens
with all these particles after they are used, that is, after they have been discarded? What does
nature do with them? Can “nanowaste” have harmful effects on humans and other organisms,
considering that toxicological tests have proven that certain ENPs are toxic at sufficiently high
concentrations? Methods to identify the ENPs among the huge amounts of natural nanoparticles
present in natural samples are necessary to answer such questions. They are also a prerequisite
for introducing surveillance programs for ENPs in the environment. The methods and strategies
that aid such are the subject of this review.

What does nano mean? What are nanoparticles? These questions are less trivial than they may
seem. Several different definitions of a nanoparticle have been developed (e.g., References 5–10).
Most authors consider a particle to be a nanoparticle if it has a length of 1 to 100 nm in at least one
dimension. According to another definition, a nanoparticle, in addition to fulfilling this condition,
has properties that differ from those of bulk materials of the same composition (11, 12). Such
“nonbulk” properties may include a crystal structure different from that of the corresponding
bulk material due to lattice relaxation effects; thermodynamic constants different from those of
the bulk, such as higher solubility due to a disproportionately increased surface energy; or special
optical and electrical properties due to quantum confinement (10, 13–17). According to Auffan
et al. (11), such nonbulk properties are characteristic only of particles of less than approximately
30 nm.

The identification of ENPs among natural nanoparticles is not merely a matter of academic
concern or an end in itself. Considering the potential hazard of ENPs to the environment and to
humans, it is a task of great practical relevance. Moreover, the identification of these particles is
not usually the ultimate goal of an analysis. Normally, the question behind the analysis pertains
to the potential hazard. In contrast to the case of truly dissolved toxicants, the hazard of ENPs
is not readily described by parameters employed in classical analytical chemistry or toxicology:
the chemical identity of the substance in question and the mass concentration. Many additional
properties of ENPs may influence the risk posed by a particular ENP in natural media. The list of
the parameters (metrics) that need to be determined includes, but is not limited to, size, size dis-
tribution, shape, concentration, dispersion/aggregation, structure, chemical composition, surface
area, surface charge, surface functionality, surface speciation, rates of desorption and dissolution,
nature of coatings, and stability of coatings (3, 5, 7, 9, 18–23). The ultimate goal is a dosimetry
in which the exposure or dose to humans, animals, plants, and so on is derived from both the
concentration and the properties of the ENPs; in other words, some characterization of the par-
ticles must always be involved (4, 7, 18, 20, 24, 25). For predictive risk-assessment considerations
on ENPs, the physicochemical behavior in the environment must also be taken into account, so
such predictive considerations must be based on both toxicology and environmental chemistry.
Our knowledge about both the toxicology of many ENPs (12, 19, 26–38) and their environmental
behavior is already considerable (1, 2, 5, 15, 33, 39–52). However, we are far from obtaining a
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consistent picture of the behavior of ENPs in nature and the risks they might cause, in part because
of interactions between ENPs and natural nanoparticles (4, 30, 53), ENP coatings made of natural
organic matter (15, 54, 55), coatings that originate from the production of the ENPs (21, 22), and
surface functionalization that arises from either ENP production or environmental influences (3,
15, 21, 55–58), and because of the ability of the ENPs to act as carriers for contaminants (29,
40, 55, 59). Further complicating the issue is that the field of nanotechnology is developing, the
release of known ENPs will increase, and new types of ENPs will appear.

We do not provide a comprehensive treatise on ENP analysis in environmental samples; doing
so would be far beyond the scope of this review. There are many recent reviews of the analytics of
ENPs in natural samples as a whole (2, 4, 5, 7, 14, 21, 22, 28, 60–62), on the analytics of individual
types of ENPs (46, 63–66), and of individual analytical techniques for ENP analytics (8, 67–
71). Furthermore, we restrict our considerations to liquid and solid samples (waters, sediments,
soils, plants, food, etc.); samples from the atmosphere are excluded. We do so because (a) all
ENPs released to the environment will—although the time they spend in the atmosphere may be
considerable (72)—end up in soil or water and (b) there are more open questions for nongaseous
samples than for gaseous ones (61, 73, 74).

2. PECULIARITIES OF ENGINEERED NANOPARTICLE ANALYTICS

Analyses of nanoparticles have several special features that differentiate them from analyses that do
not have to distinguish between nanoparticulate and dissolved fractions or between nanoparticulate
and coarse-grained fractions of the analyte. This is also true for ENPs.

2.1. Metrics of Interest

As discussed above, the qualitative detection of a particular type of ENPs is normally only a first
step. Measurements of metrics that determine the potential dose, namely the risk posed by these
ENPs, are also necessary. A simple metric, such as mass concentration, by itself is not sufficient
for the estimation of this risk (2, 18, 21, 40). In Section 1, we list the relevant ENP parameters
(there are other such lists). Considering the many types of ENPs in existence, it is not surprising
that calls for prioritization of the metrics according to their importance in risk assessment and
for classification of the ENPs according to their toxicological importance have arisen (9, 18, 23).
Investigators are concerned that more and more characterization of the ENPs may result in a
“paralysis by analysis” and may not support (but instead hinder) risk assessment (75).

Here, we restrict our considerations to three ENP parameters: chemical identity, particle-
number concentration, and particle-size distribution. Doing so does not reflect a prioritization
but the space constraints of this review. They readily demonstrate the problems and difficulties
the analyst faces when identifying ENPs in natural samples.

However, even confining ourselves to these three parameters is not as straightforward as one
might assume. Particle-number concentration is rather straightforward. Sometimes it is not easy to
determine, but if correctly determined it provides an unambiguous piece of information about the
particle population. Chemical identity is less straightforward. Most colloid-measuring techniques
assume that the individual nanoparticles have a homogeneous composition. However, nanopar-
ticles need not be homogeneous: Semiconductor quantum dots, for instance, consist of a core
and a shell (1, 2). The most complex metric of the three selected is particle-size distribution.
First, the parameter particle size is poorly defined, given that various measuring techniques yield
differently defined particle sizes. Microscopic methods provide the projected area; other methods
give the sphere-equivalent hydrodynamic particle diameter (Stokes diameter), the diameter of
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gyration, or the equivalent spherical volume diameter (60, 76–78). Therefore, the term particle
size must always be specified. Second, there are different types of particle-size distributions, such
as the particle number–weighted, the particle volume–weighted, and the light intensity–weighted
particle-size distributions (78, 79), that must also be considered. The figure in Section 3.3, below,
gives an example of the dramatic differences between the light intensity–weighted and particle
number–weighted particle-size distributions of the same particle collective.

2.2. Different Degrees of Difficulty

The difficulties the analyst faces depend on the sample type and the experimental context. Water
samples are easier to analyze than soil samples or sediment samples. Samples from experiments
that use deliberately added known ENPs, such as those that study (a) the colloidal stability of a
certain type of ENP under environmental conditions (5, 54–56), (b) the behavior of a certain type
of ENP in porous media (80–85), or (c) the toxicology of an ENP (29), are easier to analyze than
samples containing unknown ENPs.

2.3. Prospective Inventories

Important questions for the analyst include the approximate analyte concentration to be expected
and the type of sample matrices. A considerable fraction of the solid matter on Earth is in the
size range of nanoparticles, and these natural nanoparticles normally occur in tremendous excess
compared with ENPs (15, 17, 39, 60). Not much is known about the future concentrations of the
miniscule ENP fractions expected in nature (7, 45, 63). Table 1 estimates potential concentrations
of ENPs (22). It is possible that the behavior of the tiny traces of the ENPs is controlled largely
by the behavior of natural colloids.

3. METHODS OF NANOPARTICLE QUANTIFICATION
AND CHARACTERIZATION

We give a short overview of the methods used to investigate nanoparticles. Researchers already
have a great deal of experience with the behavior and the analytics of natural nanoparticles in the

Table 1 Predicted concentrations of engineered nanoparticles arising from consumer products
(22)

Water (μg liter−1) Soil (μg kg−1)
Ag 0.010 0.43
Al2O3 0.002 0.01
Au 0.14 5.99
CeO2 <0.0001 <0.01
Fullerenes 0.31 13.1
Hydroxyapatite 10.1 422
Latex 103 4,307
Organo-silica 0.0005 0.02
SiO2 0.0007 0.03
TiO2 24.5 1,030
ZnO 76 3,194
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environment (86–90); most of the methods we refer to were developed for natural nanoparticles.
Methods created especially for ENPs are indicated as such. Descriptions of the methods are
reduced to a minimum; for details, see Literature Cited. Our focus is on a discussion of the
advantages and disadvantages of the methods and the problems one is faced with when using
them.

3.1. Sampling and Sample Pretreatment

Representative samples should be taken, and longer storage should be avoided for colloid sam-
ples (7, 14, 91–93). Sample pretreatment should aim for the right balance between reducing the
complexity of the sample and maintaining its representativeness (69). Normally, the goal is to
remove coarse components without perturbing the analyte particles. This goal can be achieved
through, for instance, settling, mild centrifugation, and filtration through filters of relatively large
pore size. Particle enrichment can also be achieved through split-flow thin-cell fractionation (94).
An alternative is extraction, in which the nanoparticles of interest are enriched in a second liquid
(95–99). Extraction is a technique used especially for ENPs. Sample pretreatment is usually more
complex for solid samples than for aqueous ones.

3.2. Particle Fractionation

The purpose of particle fractionation is to achieve spatiotemporal separation of the particles.
The easiest way to perform such separation is through microfiltration and ultrafiltration; how-
ever, these techniques are often plagued by artifacts. A more powerful fractionation method is
field-flow fractionation (FFF), whose subvariants include flow field-flow fractionation (FFFF),
sedimentation field-flow fractionation, and thermal field-flow fractionation (7, 8, 60, 67, 69, 76,
100–111). Additional methods are size-exclusion chromatography (SEC) (5, 7, 112–114), capillary
electrophoresis (CE) (71, 117–121), hydrodynamic chromatography (7, 61, 115, 116), gel elec-
trophoresis (61, 71), isoelectric focusing (61), manipulation between immiscible solvent phases
(61), photophoretic velocimetry (122, 123), and centrifugation and ultracentrifugation (60, 124–
128). These techniques can be used to obtain fractions of separated nanoparticles that subsequently
can be further investigated. However, most of these fractionation techniques can also be coupled
with detectors that can trace the separated particles online.

Figure 1 shows fractograms of 10 chemical elements in a river sediment, which were taken
by asymmetrical FFFF coupled with inductively coupled plasma mass spectrometry (ICP-MS)
(110). FFFF separates the nanoparticles according to their hydrodynamic diameters (i.e., Stokes
diameters). Figure 1 demonstrates that aluminum, a representative of the clay fraction in the
sediment, is bound to particles that are larger than those containing iron and titanium and that
the trace metals are held in or on those iron-containing mineral particles of only a few tens
of nanometers. Figure 2 shows an example of CE in combination with UV detection (119).
CE separates nanoparticles according to their charge-to-size ratios. This figure demonstrates
that gold nanoparticles in five size classes ranging from 5 to 40 nm can be effectively separated.
Figure 3 illustrates an ultracentrifugation experiment on uranium(IV)-silica nanoparticles that
was performed with a preparative ultracentrifuge; these particles were investigated because they
may play a role in subsurface uranium transport (129). The centrifugates were analyzed by ICP-MS
(see Reference 129 for details). On the basis of Stokes’s law, one can conclude that the sphere-
equivalent hydrodynamic particle diameters are no larger than 20 nm and that there is a relatively
broad size distribution below 20 nm. Almost all the uranium is removed through sufficiently strong
centrifugations, which indicates that in this sample almost all the uranium was in a colloidal form.
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Figure 1
Results of asymmetrical flow field-flow fractionation coupled with inductively coupled plasma mass
spectrometry for selected elements in a riverbed sediment. The solid blue line represents the peak maximum
for iron (Fe), and the dotted gray line represents the peak maximum for aluminum (Al). Reproduced from
Reference 110 with permission from CSIRO.

FFF is probably the most versatile and promising nanoparticle fractionation technique for
ENPs in natural samples, although it is relatively cumbersome and highly complex. Comprehen-
sive evaluations of the advantages and disadvantages of FFF have been performed (7, 8, 67, 69).
CE has higher inherent separation efficiency, provided that the nanoparticles under study carry
electric charge (121). However, the interpretation of data is more complex for CE than for other
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Figure 2
Electropherograms of five differently sized gold nanoparticles in buffer solution at an applied voltage of
18 kV. Peaks: 0, electrophoretic flow; 1, 2, 3, 4, and 5, 5.0-nm, 10.0-nm, 21.5-nm, 30.2-nm, and 41.2-nm
gold nanoparticles, respectively. Reproduced from Reference 119 with permission from Elsevier.

techniques (21). Ultracentrifugation also has a very high inherent size resolution (124, 125); this
technique is currently underrepresented in environmental nanoparticle analytics. Ultracentrifu-
gation is not free of systematic errors (hydrodynamic nonideality and particle-particle interaction
due to the differential settling), but it does not suffer from the artifacts of chromatographic or
chromatography-like techniques, such as interactions between the analyte and the stationary phase
and shear degradation (SEC) or problems arising from preconcentration, dilution in the chan-
nel, particle-membrane interactions, and washing of the particles, which results in reequilibration
because of a change in chemistry (FFF).

3.3. Particle Detection and Characterization

The simplest detection methods of particulate matter are turbidometry and nephelometry
(81, 108), which provide semiquantitative information on the presence or absence of particles.
Particle-size information (hydrodynamic particle diameter) can be obtained through dynamic
light scattering (DLS), also known as photon correlation spectroscopy (PCS) (7, 68, 77, 79, 124,
126, 130–132). Photodiode recordings of the light scattered by the particles in a laser beam serve as
the input for calculating the autocorrelation function of the scattered light-intensity fluctuations.
The faster the autocorrelation function decays to its baseline, the faster (i.e., smaller) are the par-
ticles. The particle size is derived from the diffusion coefficient through use of the Stokes-Einstein
equation. DLS is very powerful for studying monomodal particle populations of relatively narrow
particle-size distributions. In more complex particle systems, masking problems and problems
with the deconvolution of the autocorrelation functions can easily ruin the measurements, as was
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Figure 3
Ultracentrifugation series on a suspension of uranium(IV)-silica colloids. Uranium concentration is 1 ×
10−3 M; silica concentration is 3 × 10−3 M. 1-h centrifugations at accelerations of up to 42,000 g are unable
to remove significant fractions of the uranium. Each additional increase in centrifugal acceleration results in a
further decrease in uranium concentration. Reproduced from Reference 129 with permission from Elsevier.

found for the above-mentioned sample of uranium(IV)-silica nanoparticles. DLS measurements
of these colloids yielded a particle size of several hundred nanometers, a result that was repeatedly
measured on the same sample over years and indicated a stable colloid. However, as illustrated in
Figure 3, ultracentrifugation showed that the majority of the particles were <20 nm in size. Thus,
the noninvasive technique (DLS) seems to contradict the size-characterization results according
to the more invasive ultracentrifugation technique.

A more detailed investigation was performed to explain this apparent discrepancy. Figure 4
shows the autocorrelation function of a sample of uranium(IV)-silica colloids. Figure 4a gives
the corresponding CONTIN deconvolution (133) as the light intensity–weighted particle-size
distribution. Figure 4b shows a transformation of the light intensity–weighted particle-size dis-
tribution of the raw sample into the number-weighted particle-size distribution. The latter size
distribution does not agree with the ultracentrifugation result. Therefore, the particles were frac-
tionated by a relatively mild centrifugation prior to PCS. Figure 4c,d provides the centrifugate’s
light intensity–weighted and number-weighted particle-size distributions. The latter reveals that
most of the particles have a diameter of <20 nm; that is, the PCS result is in reasonable agreement
with the particle-size determination obtained by ultracentrifugation. Similar masking problems,
which are attributable to the strong dependence of scattered-light intensity on particle size, have
also been reported for environmental nanoparticles such as iron(III) hydroxy sulfate particles in
acid mine drainage (134) and for ENPs such as quantum dots in aqueous suspension (51). Thus,
DLS results should always be thoroughly scrutinized for accuracy, and plausibility tests should be
performed.

Another light-scattering technique is static light scattering (SLS) (79, 135), which measures
the intensity of the scattered light of a nanoparticle suspension according to its dependence on
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Figure 4
Influence of ultracentrifugation on the autocorrelation function, C(τ ), of a suspension of uranium(IV)-silica
colloids. The uranium concentration is 1 × 10−3 M; the silica concentration is 3 × 10−3 M. The first delay
time was 1 μs, and the last delay time was 100 milliseconds. The insets show CONTIN deconvolutions of
the autocorrelation functions. (a) The light intensity–weighted particle-size distribution of the raw sample.
(b) The number-weighted particle-size distribution of the raw sample. (c) The light intensity–weighted
particle-size distribution of the centrifugate. (d ) The number-weighted particle-size distribution of the
centrifugate. Reproduced from Reference 129 with permission from Elsevier.

the scattering angle. This technique provides information about the particles’ molecular weight,
the radius of gyration of the particles, and particle conformation.

Nanoparticle-tracking analysis is a relatively new method of light scattering that permits the
determination of particle-size distribution and, to some extent, particle-number concentration (77,
136–142). Because of its physics, this technique is less prone to masking problems. However, it has
been widely criticized on the grounds that too many adjustments and settings have to be chosen
by the operator, which results in too much subjective influence on the results of the measurement
(7, 60, 137, 139).

Laser-induced breakdown detection (LIBD) is a colloid detection method that uses plasma
formation in the focus of a pulsed laser beam (143–148). The laser beam energy is adjusted such that
no breakdown events are produced in the solvent of the colloidal solution (water), but breakdowns
occur as soon as a nanoparticle enters the focus. Information about particle-number concentration
and average particle size (Figure 5) can be obtained; in a more sophisticated version of LIBD,
information about particle-size distribution can also be obtained (148). The lower particle-size
detection limit is approximately 10 nm, and the lower particle-concentration limit is in the parts
per billion–to–parts per trillion range. This concentration limit is unprecedented. LIBD is a highly
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Figure 5
Laser-induced breakdown detection on polystyrene reference particles: breakdown probability as a function
of the laser-pulse energy. (a) While the breakdown threshold remains unchanged, the slope of the curves
changes with the colloid concentration (particle size, 32 nm). (b) The threshold of these curves increases with
decreasing particle size. Reproduced from Reference 147 with permission from Elsevier.

specialized method that is not yet commercially available. Investigators have recently attempted
to use LIBD to measure the particle contents of drinking waters (149–152).

For quantum dots, fluorescence spectroscopy can provide specific particle-related information
(i.e., average particle size) because of the effects brought about by quantum confinement (4, 15,
60, 61). Similarly, for gold and silver nanoparticles, such information can be obtained through
UV-visible spectrometry on the basis of surface plasmon resonance effects (113, 153–158). The size
of gold nanoparticles has also been detected through matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (66, 159). Near-infrared fluorescence (NIRF) spectroscopy can
provide structural information, such as the chiral wrapping angle, and the diameter distribution
of single-walled carbon nanotubes (SWCNTs) (160).

An interesting method applied to metal and metal oxide nanoparticles is single-particle ICP-
MS (136, 161–164). Whereas classical ICP-MS cannot differentiate between the dissolved and
particulate species of an element, single-particle ICP-MS can. The flashes of the individual
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Figure 6
Single-particle inductively coupled mass spectrometry. 107Ag time scans of (a) a 113-nm silver (Ag)
nanoparticle suspension of 800 ng liter−1 and (b) a mixture of truly dissolved Ag(I) and 80-nm Ag
nanoparticles. The Ag concentration was 300 ng liter−1 of each species. Reproduced from Reference 163
with permission from the Royal Society of Chemistry.

particles are measured according to their dependence on time. Figure 6a depicts a time scan
of a 113-nm silver particle suspension. Figure 6b shows a scan of a mixture of 80-nm silver par-
ticles and truly dissolved silver. The admixture of dissolved silver increases the background, but
the nanoparticles are still clearly detectable (163).

3.4. Coupled Techniques

As discussed above, most particle-fractionation methods are also methods of particle characteriza-
tion. FFFF and ultracentrifugation also provide information about the particle’s sphere-equivalent
hydrodynamic diameter (Stokes diameter), dh; sedimentation FFF provides information about the
equivalent volumetric diameter (based on buoyant mass); and CE yields the size-to-charge ratio.
These metrics are derived from the retention times of the particles during fractionation. To mea-
sure the retention times, appropriate detectors must be coupled to the fractionation techniques,
yielding so-called hyphenated methods. Such detectors, such as refractive index detectors, UV
detectors, and ICP-MS and ICP-OES detectors, may not discriminate between dissolved and
particulate components of the sample (67, 78, 119, 165, 166). However, other detectors, such as
multiangle laser light-scattering detectors, may provide a particle-related signal (105). The latter
type of coupled systems can be very powerful because they may overcome the drawbacks and
limitations of the individual methods. On the one hand, fractionation may become more reliable,
given that particle detectors enable more effective checking and control of the fractionation pro-
cess. On the other hand, fractionation may improve particle characterization because it simplifies
the particle system, that is, makes it less polydisperse.

In the most straightforward case, the detector coupled to the fractionation system is based
on turbidometry, as used in commercial analytical centrifuges (127) and ultracentrifuges (125),
or on nephelometry, as employed by von der Kammer et al. (108) for an FFFF channel. Several
groups of authors have coupled an SLS detector (in addition to a UV detector) to an FFFF system
(67, 76, 100, 102, 103, 111, 167, 168). In this combination, information from the SLS detector
about the diameter of gyration, dg, is added to information from the FFFF retention time about
the hydrodynamic diameter, dh. The factor ρ = dg/dh indicates to what extent the particles differ
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from an ideal homogeneous sphere [ρ = 0.775 for a sphere; ρ > 1 for a prolate ellipsoid; 0.775 <

ρ < 1 for an oblate ellipsoid (79)]. This process seems to work even for nanoparticles that greatly
deviate from an ideal sphere, such as CNTs (105). SLS has also been coupled to SEC (114).

FFFF and DLS have been combined to size C60 fullerene particles (168a). Both FFFF and
DLS provide information about the hydrodynamic diameter, dh, and DLS can be used to verify
the result derived from the retention time. However, in this study the DLS measurement replaced
the calculation of dh from the retention time because DLS failed due to the C60 particles’ nonideal
retention behavior.

The combination of FFFF and LIBD (169, 170) also eliminates the drawbacks of the individual
methods. FFFF overcomes the limits of LIBD in determining particle-size distributions by sepa-
rating the particles, whereas the high sensitivity of LIBD counteracts the detection problems often
caused by FFFF due to sample dilution. The combination of FFFF and single-particle ICP-MS
is also a promising approach (164).

Coupling need not be limited to one or two detectors. It should be possible to determine, in a
single analysis, the concentration of the particles, their size distribution, the chemical composition,
the shape factor ρ, the charge (ζ potential), and so on (8). However, the success of such analyses
will always depend to some extent on the type of particles under study and the matrix of the sample.

3.5. Nanoparticle Visualization

Microscopy yields the most direct information about the size, size distribution, and shape of
the nanoparticles. The most common microscopic methods are scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and atomic force microscopy (AFM) (4, 7,
14, 60, 61, 77, 124, 171, 172). Figure 7 presents two TEM images as examples. Because all
microscopic techniques are invasive to some degree, a drawback of these techniques is the risk of
changes occurring in particle properties during sample preparation. The most invasive microscopic
method is electron microscopy. WETSEM R© and similar techniques reduce sample-preparation

50 nm 20 nm20 nm20 nm

a b

Figure 7
Transmission electron microscope images. (a) Loosely aggregated ZnO nanoparticles in the presence of
fulvic acid. Reproduced from Reference 77 with permission from the American Chemical Society. (b) CdTe
quantum dots. Reproduced from Reference 51 with permission from Elsevier.
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Figure 8
Atomic force microscope (AFM) images of humic acid (a) prepared through the evaporation of humic acid
solution in air (image size, 488 nm × 488 nm). Reproduced from Reference 174 with permission from
Springer. (b) AFM images prepared through spin-coating of humic acid solution in air. Reproduced from
Reference 175 with permission from Wiley. (c) AFM images of humic acid scanned in water in a liquid cell.
Reproduced from Reference 176 with permission from Elsevier.

artifacts but provide lower resolution. Even in the case of the relatively noninvasive AFM, it is
critical to avoid sample-preparation artifacts. Figure 8 provides three examples of attempts to
study humic acid by use of AFM. Whereas evaporation of a humic acid solution in air (173, 174)
causes the formation of unspecific structures on the underlying surface, spin-coating in air (175)
and working in water in a liquid cell (176) lead to the resolution of the individual molecular
units of the material. To our knowledge, Figure 8b,c represents the first successful visualizations
of individual humic acid molecules by AFM. Investigators should consider artifacts such as those
depicted in Figure 8a when using AFM to visualize ENPs made of soft matter (dendrimers). More
sophisticated microscopic techniques that provide chemical images and that are only minimally
invasive include X-ray spectroscopy with synchrotron radiation (177–180), laser scanning anti-
Stokes Raman scattering (CARS) microscopy (181), tip-enhanced CARS microscopy (182), and
tip-enhanced Raman spectroscopic microscopy (183).

A general drawback of microscopic techniques is the small amount of sample that can normally
be imaged and analyzed; this limitation makes statistical validation of the results difficult. One can
obtain reliable conclusions on the whole particle population of a sample only when very many
particles are counted and measured. Thus, there is a need for automation and development of
suitable image-analysis software, which would enable the characterization of millions of particles
(14, 21, 22, 45, 60, 61, 77, 124, 172).

3.6. Sensor Designs

The most recent method used to identify ENPs involves the detection of the ENPs by sensors
(5, 70). Sensors are typically used for liquid samples. The sensors may be solids in contact with the
sample or reagents suspended in the sample (comparable to the scintillator in liquid scintillation
spectrometry for determining radionuclides). Typically, the response of the sensors is specific for
one type of nanoparticle (which, however, cannot normally be detected without analyte enrichment
before measurement). Such sensor designs appeared after the advent of ENPs, and the field is still
in its infancy.

Carrillo-Carrión et al. (184) have presented an interesting example of an optical sensor for the
detection of C60 fullerene; this sensor consisted of CdSe/ZnS quantum dots coated with p-tert-
butylcalix[8]arene and took advantage of the specific host-guest chemistry of calixarenes (185).
The interaction between the p-tert-butylcalix[8]arene–CdSe/ZnS complex and C60 quenched the
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The interaction between a p-tert-butylcalix[8]arene–CdSe/ZnS complex and a quencher (C60 fullerene).
Abbreviations: QD-Calix, O=P=calixarene; QD-calix-C60, O=P=calixarene fullerene C60. Reproduced
from Reference 184 with permission from the American Chemical Society.

fluorescence of this complex; the concentration of C60 was derived from the degree of fluorescence
quenching through the use of the Stern-Volmer equation. The sensor was suspended in toluene,
and the fullerene nanoparticles were transferred from a relatively realistic sample (river water
spiked with deliberately added C60) into the toluene phase through repeated extraction. The
authors reached a lower limit of detection of 5 μg−1 of fullerene (Figure 9).

Another type of sensor consists of biosensors. For instance, antibody-antigen recognition can be
used for highly selective identification of ENPs, which has been demonstrated for gold nanoparti-
cles with an antibody-coated electrode (186). A less specific but more toxicology-related biosensor
is the dissolved oxygen sensor, which monitors the respiration of living cells and can thereby pro-
vide information about the cytotoxic effects of certain ENPs (70). Similarly, a more complex
biological system such as a beating guinea pig heart (Langendorff heart) was used as a sensor to
monitor the toxicology-related effects of ENPs (187).

4. SEARCHES IN NATURAL SAMPLES: DELIBERATELY ADDED
ENGINEERED NANOPARTICLES

A special case of ENP identification among natural nanoparticles involves the detection of ENPs
deliberately added to a system prior to an experiment. Several publications have reported analyt-
ical methods to isolate and quantify ENPs added to environmental media, including wastewater
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treatment plant biosolids (97, 115, 188), surface water (190), aquatic sediments (98, 191), and
terrestrial soil material (49, 192). The ability to quantify ENPs in a test matrix is essential for
verification of the ENP concentrations to which organisms are actually exposed during toxicity
studies. For example, the verification of applied doses may be particularly important for soil sam-
ples. Soils differ from fresh- and seawater in that the applied dose may overestimate the actual
dose to soil biota, given that the solid phase provides a large sink for ENPs. As mentioned above,
sample treatment is usually more complex for solid samples than for aqueous ones. The accurate
detection of nanoparticles in soils or sediments requires that the nanoparticles be physically sep-
arated from the solid phase and dispersed into an aqueous suspension so that the above-discussed
techniques can be used to identify them.

For example, the extraction of SWCNTs from spiked sediments into surfactant solutions
(here, 2% sodium deoxycholate) facilitated, to a certain degree, the reduction of sample com-
plexity and enhanced disaggregation of bundled SWCNTs prior to NIRF analysis (98). Addi-
tionally, ultracentrifugation was applied to concentrate sediment extracts containing SWCNTs,
thereby improving the sensitivity of this method. Another method, chemothermal oxidation 375◦C
(CTO-375), was employed to isolate and quantify engineered CNTs in environmental matrices
(192). As with soot, CNTs are generally resistant to the CTO-375 treatment step and are isolated
and quantified as part of the fraction of soot. However, quantitative separation and identification
of naturally produced soot and engineered CNTs were not possible.

An effective way to track ENPs when studying their interactions with natural nanoparticles
(58, 193) or testing the uptake of ENPs in biological systems (194–196) is to label them. This
technique is beneficial for fundamental studies on the fate and behavior of nanoparticles in complex
environmental systems. It makes the particles of interest easily distinguishable and allows for highly
sensitive detection in complex matrices at environmentally relevant nanoparticle concentrations.
However, the application of labeled nanoparticles is limited to well-defined laboratory settings.
Labeling methods that have previously been utilized for ENPs are radiolabeling with γ or β

emitters (196–200), isotope labeling with stable isotopes (194, 195, 201), and fluorescence labeling
through attachment of a dye to the particle surface (202).

The labeling process can be performed (a) during nanoparticle synthesis using a labeled pre-
cursor or (b) via postsynthesis manipulation. The appropriate label can be either attached to the
particle surface (i.e., surface labeling) or integrated into the nanoparticle structure (i.e., so as to
label the particle itself ). However, labeling techniques are challenging and must be performed so
as to avoid modification of the physical, chemical, and surface properties of the ENPs. For exam-
ple, surface labeling modifies the surface properties of the particle to some extent and, thereby,
alters its behavior in biological and environmental systems. Another critical factor that determines
the applicability of surface-labeled ENPs is the stability of the ENP-label bonding under envi-
ronmentally relevant conditions. To date, surface-labeled ENPs have been applied primarily in
medical studies (203, 204). However, labeling the particles themselves is a better technique for
testing ENPs. In this case, it is important to make sure that the physicochemical characteristics of
the particles that determine their biological response are preserved (199, 205).

5. SEARCHES IN NATURAL SAMPLES: UNKNOWN
ENGINEERED NANOPARTICLES

The discussion in Section 3 reveals that the methods of nanoparticle quantification and character-
ization in environmental samples are still developing. New techniques are appearing, and existing
techniques are continuously being improved. Investigators agree that analyses should, if possible,
be based not on a single method but rather on several complementary methods (4–7, 9, 14, 21, 22,
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68, 77). In situ (i.e., minimally invasive) techniques are preferable (206), but there are analytical
problems for which invasive methods are adequate. Many authors wish that the methods were
standardized and that there were reference particles with which to verify methods (5, 7, 9, 18, 21,
22, 46, 50, 67, 207, 208). Concerning strategies for searching for ENPs, there is no single best
method or combination of methods. The choice depends on the nature of the sample and on the
information desired. In most cases, some pretreatment, such as the removal of coarse suspended
matter from water samples, is necessary. For the pretreated sample, two approaches are typical:

1. use of a high-resolution method of particle fractionation (e.g., FFF) coupled with a less
specific particle detector (e.g., light scattering) or

2. use of a less specific method of particle enrichment (e.g., extraction) and a highly specific
method of particle detection (e.g., NIRF for SWCNTs or a sensor for fullerene).

Clearly, the second approach aims to detect only one particular type of ENP. Therefore,
the first approach might be regarded superior because it seems more universal. However, both
strategies struggle with the same inherent problem: They merely approach the solution from
two different sides. On the one hand, the highly specific detection methods are, unfortunately,
not as selective as one would hope; that is, enrichment or fractionation of the analyte remains a
crucial step for approach 2. On the other hand, the performance of the methods of fractionation
is high enough only when the methods are tailored to the needs of the search for a special ENP
(63, 69). Therefore, both approaches 1 and 2 are normally successful only if applied to search for a
particular sort of ENPs. Similar conclusions can be drawn for microscopic methods of searching
for ENPs. It is the overwhelming excess of natural nanoparticles in environmental samples and
the interaction between these nanoparticles and the ENPs that make the identification of ENPs
such a challenge.

6. SUMMARY AND FUTURE PROSPECTS

The somewhat sobering conclusions drawn in the previous section must be taken into account
when attempting to predict future development in the field of identifying ENPs in the environ-
ment. In the case of experiments with deliberately added ENPs (Section 4), searches are relatively
easy—experimenters know which ENP is to be searched for because they know which ENP was
added. However, for unknown ENPs (Section 5), the situation is not entirely different. Some
authors hope that a “universal monitor” of ENPs can be developed for aerosols (18, 74, 209).
However, adopting such a Swiss Army knife–type concept for liquid and solid samples could easily
backfire. As discussed in Section 5, for liquid and solid samples the analyst should know which
ENP is being searched for because otherwise he would be unable to optimize his measuring system
and tailor it to the identification of a particular ENP suspected to cause environmental problems.
In other words, the starting point should always be a well-defined search for a particular type of
ENP, given that normally there are clues to the occurrence of a certain ENP in the environment,
such as information about the existence of a production site of the ENP, the site of usage of the
ENP (e.g., a wastewater treatment plant), and the occurrence of a transport accident. Such an an-
alytical concept based on previous knowledge would significantly reduce the extent of surveillance
programs for ENPs. Toxicological research also becomes important here. The more efficiently
one can assess the toxicity or nontoxicity of individual ENPs to humans and the environment,
the less monitoring of ENPs in the environment is necessary because one can focus on the truly
dangerous ENPs.

Concerning fractionation methods, flow FFF, sedimentation FFF, CE, and—in combina-
tion with highly specific detection methods—liquid-phase extraction may be the most promising
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techniques. Selection of the methods of detection, however, greatly depends on the type of sam-
ple and the type of ENP that is being searched for. Sensor designs, NIRF, and single-particle
ICP-MS have good potential for searches for specific ENPs. Light-scattering techniques such as
DLS, SLS, and possibly nanoparticle tracking analysis, which are less specific, will also continue
to play an important role. In the monitoring of drinking water, LIBD may prove to be a very
interesting method. Both fractionation and detection techniques will be increasingly widely used
in direct combination (i.e., coupling). The potential for ultracentrifugation remains underutilized.
In this case, further technical development is desirable; in particular, in situ detection of particles
in samples of low particle concentration should be improved. Microscopic methods are also of
interest for many types of samples. However, there is an urgent need for improvement in avail-
able image-analysis techniques. Analyses should not be based on only one method; rather, several
complementary methods should be applied.
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carbon nanotubes in surface water by using multiwalled carbon nanotube-modified filter as preconcen-
tration unit. Environ. Sci. Technol. 42:6100–4

191. Quevedo IR, Tufenkji N. 2009. Influence of solution chemistry on the deposition and detachment
kinetics of a CdTe quantum dot examined using a quartz crystal microbalance. Environ. Sci. Technol.
43:3176–82

192. Sobek A, Bucheli TD. 2009. Testing the resistance of single- and multi-walled carbon nanotubes to
chemothermal oxidation used to isolate soots from environmental samples. Environ. Pollut. 157:1065–71

193. Zhang L, Petersen EJ, Huang Q. 2011. Phase distribution of 14C-labeled multiwalled carbon nanotubes
in aqueous systems containing model solids: peat. Environ. Sci. Technol. 45:1356–62

194. Dybowska AD, Croteau M-N, Misra SK, Berhanu D, Luoma SN, et al. 2011. Synthesis of isotopically
modified ZnO nanoparticles and their potential as nanotoxicity tracers. Environ. Pollut. 159:266–73

195. Croteau MN, Dybowska AD, Luoma SN, Valsami-Jones E. 2011. A novel approach reveals that zinc
oxide nanoparticles are bioavailable and toxic after dietary exposures. Nanotoxicology 5:79–90

196. Ferguson PL, Chandler GT, Templeton RC, Demarco A, Scrivens WA, Englehart BA. 2008. Influence
of sediment-amendment with single-walled carbon nanotubes and diesel soot on bioaccumulation of
hydrophobic organic contaminants by benthic invertebrates. Environ. Sci. Technol. 42:3879–85

197. Petersen EJ, Huang QG, Weber WJ. 2008. Bioaccumulation of radio-labeled carbon nanotubes by
Eisenia foetida. Environ. Sci. Technol. 42:3090–95

198. Oughton DH, Hertel-Aas T, Pellicer E, Mendoza E, Joner EJ. 2008. Neutron activation of engineered
nanoparticles as a tool for tracing their environmental fate and uptake in organisms. Environ. Toxicol.
Chem. 27:1883–87

199. Gibson N, Holzwarth U, Abbas K, Simonelli F, Kozempel J, et al. 2011. Radiolabelling of engineered
nanoparticles for in vitro and in vivo tracing applications using cyclotron accelerators. Arch. Toxicol.
85:751–73

www.annualreviews.org • Identification of Nanoparticles 131

A
nn

ua
l R

ev
ie

w
 o

f 
A

na
ly

tic
al

 C
he

m
is

tr
y 

20
12

.5
:1

07
-1

32
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 R

ow
an

 U
ni

ve
rs

ity
 o

n 
06

/2
0/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.



AC05CH06-Zaenker ARI 15 May 2012 12:0

200. Abbas K, Cydzik I, Del Torchio R, Farina M, Forti E, et al. 2010. Radiolabelling of TiO2 nanoparticles
for radiotracer studies. J. Nanopart. Res. 12:2435–43

201. Gulson B, Wong H. 2006. Stable isotopic tracing—a way forward for nanotechnology. Environ. Health
Perspect. 114:1486–88

202. Kirchner C, Liedl T, Kudera S, Pellegrino T, Javier AM, et al. 2005. Cytotoxicity of colloidal CdSe
and CdSe/ZnS nanoparticles. Nano Lett. 5:331–38

203. Deng X, Yang S, Nie H, Wang H, Liu Y. 2008. A generally adoptable radiotracing method for tracking
carbon nanotubes in animals. Nanotechnology 19:075101

204. Cai D, Mataraza JM, Qin ZH, Huang ZP, Huang JY, et al. 2005. Highly efficient molecular delivery
into mammalian cells using carbon nanotube spearing. Nat. Methods 2:449–54

205. Simonelli F, Marmorato P, Abbas K, Ponti J, Kozempel J, et al. 2011. Cyclotron production of ra-
dioactive CeO2 nanoparticles and their application for in vitro uptake studies. IEEE Trans. Nanobiosci.
10:44–50

206. Zänker H. 2010. In situ measurements on suspended nanoparticles with visible laser light, infrared light,
and X-rays. See Ref. 89, pp. 117–38

207. Aitken RJ, Hankin SM, Tran CL, Donaldson K, Stone V, et al. 2008. A multidisciplinary approach to
the identification of reference materials for engineered nanoparticle toxicology. Nanotoxicology 2:71–78

208. Gordalla BC. 2010. Standardisation. See Ref. 89, pp. 207–31
209. Justino CIL, Rocha-Santos TA, Duarte AC. 2011. Sampling and characterization of nanoaerosols in

different environments. Trends Anal. Chem. 30:554–67

132 Zänker · Schierz

A
nn

ua
l R

ev
ie

w
 o

f 
A

na
ly

tic
al

 C
he

m
is

tr
y 

20
12

.5
:1

07
-1

32
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 R

ow
an

 U
ni

ve
rs

ity
 o

n 
06

/2
0/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.



AC05-FrontMatter ARI 9 May 2012 14:24

Annual Review of
Analytical Chemistry

Volume 5, 2012 Contents

My Life with LIF: A Personal Account of Developing
Laser-Induced Fluorescence
Richard N. Zare � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 1

Hydrodynamic Chromatography
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