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Advancements in nanoscience enabled the synthesis of a diverse array of engineered nanomaterials. The
precise control of the composition and quality of such nanomaterials is required to ensure their even-
tual successful application. Also importantly, the potentially adverse environmental and/or human health
effects resulting from exposure to nanoparticles (NPs) is still a critical but underexplored research area.
To understand and assess the potentially harmful effects of NPs a proper knowledge of their physico-
chemical properties is required.

Among the different available analytical tools for the characterization and quantification of engi-
neered inorganic NPs, mass spectrometry (MS) offers outstanding capabilities. The analytical capabilities

Field-flow fractionation of different MS-based techniques, including elemental and molecular detection, and hybrid tools derived

from their coupling with different separation approaches, to identify, characterize and quantify NPs is
here revised. A forward look into trends on the use of MS for more complete chemical analysis of engi-
neered inorganic NPs is finally attempted.
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1. Introduction

Research at the nanometre scale, aiming at creating novel
nanomaterials with better properties that those of conventional ma-
terials, has undergone a rapid growth in recent years. In particular,
nanoparticles (NPs) are defined as nanomaterials having all three
dimensions (X, y and z) in the nanoscale [1]. To understand and
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exploit the high potential of NPs, a knowledge of their morpholog-
ical and chemical properties, and of the final quality of the
nanoproducts (e.g. homogeneity, stability, etc.) is required. On the
other hand, the widespread use of NPs in many different areas, in-
cluding industry, energy, electronics, medicine, food, bioanalysis, etc.,
is increasing the risks that such nanomaterials enter eventually into
our environment and in the human body. However, the harmful
effects (toxicity risks) of the increasing number of NPs entering the
environment still remain broadly unknown. The assessment of NPs
fate and their potential risk to the environment are very involved.
In fact, new detection modes and determinations of mass and
number of the NPs present in the environment, along with a com-
prehensive physicochemical characterization of such NPs [2], are
urgently demanded. That is, nowadays there is an urgent need of
improved analytical tools able to detect, control and characterize
the synthesised NPs, not only to improve their synthesis and final
desired properties but also to enable us a better understanding of
NPs behaviour, final fate and the potential risks to human health
that their release may pose.

It must be considered that there is a dual relationship between
NPs and analytical chemistry, based on the role played by the cor-
responding nanomaterial. Actually, nanoparticles considered as
analytes require novel analytical tools to achieve their complete char-
acterization and determination. Alternatively, NPs can be considered
as tools to improve the performance of existing analytical methods.
This article will focus mainly on the more general basic side, that
is, the use of mass spectrometry (MS) as an appropriate analytical
tool to characterize and determine engineered nanoparticles [3].

MS is gaining growing importance in this context of NPs char-
acterization and quantitation at extremely low levels (e.g. ng L")
[4,5]. Analytical techniques based on mass spectrometry could
provide both elemental and molecular information of the desired
NPs. The compatibility of MS techniques with virtually any type of
sample, the MS extremely high sensitivity and its easy on-line cou-
pling with separation techniques (to obtain real-time speciation
information) are promoting most valuable and novel insights into
the nature of NPs, on their potential uses and their actual
applications.

Here we present an overview on recent advances and evolu-
tion trends of mass spectrometric techniques both to control their
synthesis and to achieve a complete final characterization of engi-
neered inorganic NPs.

In this vein, the application of elemental-MS techniques will be
described first: in fact, NPs chemical composition, core/surface ligand
stoichiometries and even NP size and number concentrations can
be determined by such technique. Next, the use of hyphenated ap-
proaches by resorting to a previous separation step, to characterize
polydispersed samples will be discussed. In this context, NPs an-
alytical applications not only require methods capable of detecting
NPs at relevant concentrations (sometimes at the trace level) but
also the assessment of the sought functionalization of the NPs for
a given application (e.g. efficiency of bioconjugation of target
biomolecules to NPs). The revision would not be complete without
a look into molecular mass spectrometry increasing role for NPs char-
acterization. The outstanding capabilities of modern molecular mass
spectrometry in analytical chemistry are rendering MS-based tech-
niques more and more indispensable to obtain deeper information
about the NPs, its derivatives and the dynamics of reactions using
such probes in bioscience. A forward look into the near future en-
visaged for MS-based techniques for NPs characterization is also
included.

2. Elemental mass spectrometry tools for NPs characterization

As many engineered NPs have a core made of metallic ele-
ments, NP detection and quantification in complex matrices (e.g.

in nanobiotechnology or in environmental and toxicological studies)
can be advantageously achieved by resorting to accurate elemen-
tal quantification of NPs cores. Taking advantage of the high number
of atoms present in the core of a single NP, and the exceptional fea-
tures of inductively coupled plasma-mass spectrometry (ICP-MS)
for high sensitive and robust elemental detections (detection limits
down to pg g™! with a wide dynamic range up to 9 orders of mag-
nitude), one of the most widespread detector nowadays for the
identification, quantification and elemental characterization of NPs
is ICP-MS. Additionally, ICP-MS virtual matrix independence, along
with plasma-based efficient vaporization, atomization and ioniza-
tion of most elements (multi-element and multi-isotope analysis)
explains why ICP-MS is increasingly used to provide information
about NPs size, size distribution, mass and number NPs concen-
trations, detailed composition or the presence of low levels of
impurities in NPs and its derivatives. Some illustrative examples of
the impact of such measurements are described below.

2.1. Direct quantification and elemental characterization of
engineered NPs

The direct elemental analysis of samples containing NPs usually
requires acid digestion for sample preparation. However, when pos-
sible, the direct introduction of NPs slurries into the ICP constitutes
an advantageous alternative that avoids the always tedious and
sometimes complex sample dissolution needed before analysis. In
this vein, an ICP-MS method for the quantitative determination of
Au NPs suspended in aqueous solutions, with sizes ranging from 5
to 20 nm has been reported [6]. The obtained results showed no sig-
nificant differences compared to the values of this determination
(same Au NPs) after digestion. For NP colloidal dispersion intro-
duction matrix-tolerant nebulizers or electrothermal vaporization
(ETV) can be used. ETV-ICP-MS offers a robust, particle size inde-
pendent, method for quantifying metal(loid oxide) NPs, such as Ag,
Al, Sb,0s, SnO,, TiO; and ZnO NPs and their agglomerates in envi-
ronmental samples [7]. It allows a multi-elemental determination
of NPs using comparatively low sample volumes.

However, most NPs samples usually require acid digestion (e.g.
nitric acid was used for Ag NPs digestion, while aqua regia was suc-
cessfully employed for Au and Pt NPs and CdSe/ZnS Quantum Dots
dissolution) in a microwave oven before ICP-MS analysis.

Other NPs made of metal oxides cores, which are highly resis-
tant to such strongly oxidizing acids, might need some additional
reagents. For instance, some methods have been developed to de-
termine TiO, NPs, after digestion with an oxidizing mixture
containing hydrofluoric acid (i.e. in food, personal care products,
wastewater and biosolids) [8].

Most analytical applications, require that, after the synthesis of
the NPs and derivatives, the final product should be isolated, as pure
as possible. However, in some cases up to 15% residual free metal
was found in purified samples. Therefore, a full characterization of
the NPs and of any concomitant inorganic contaminant are highly
important. In this way, ICP-MS enabled a rapid and simultaneous
determination of multi-elemental trace impurities in high-purity
NPs of TiO,, CeO,, ZnO and SiO,, after microwave-assisted acid
digestion [9].

ICP-MS has been employed as well in combination with UV-vis
spectroscopy, transmission electron microscopy (TEM) and X-ray dif-
fraction (XRD), in the elemental characterization of colloidal
dispersion of PbSe [10], CdTeSe and CdTeS nanocrystals [11]. The
ICP-MS results showed an intriguing nonstoichiometric Pb to Se ratio,
leading to a faceted spherical nanocrystal model composed of a
quasi-stoichiometric core terminated by a Pb surface shell. Isotope
dilution-ICP-MS analysis allowed the quantification of the elemen-
tal content and distribution of Cd and Se in QDs, made of a core of
CdSe and a shell of ZnS, all along the different steps of the
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Fig. 1. Influence of ligand length on surface coverage (squares, red = mercapto-alkanoic acid, blue = mercapto-(PEG)ncarboxylic acid). (b) Total number of ligands per gold
nanoparticles as calculated from the results of panel a and particle size for the different types of surface modifications. Reprinted with permission from: H. Hinterwirth, S.
Kappel, T. Waitz, T. Prohaska, W. Lindner, M. Lammerhofer, Quantifying Thiol Ligand Density of Self-Assembled Monolayers on Gold Nanoparticles by Inductively Coupled
Plasma-Mass Spectrometry, ACS Nano 7 (2013) 1129-1136. Copyright (2013) American Chemical Society.

synthesis. Again, the results indicated the nonstoichiometric nature
of the CdSe core and the formation of a CdS/ZnS mixed-shell in the
QDs. Besides, an accurate determination of the number of atoms
of Cd and Se per synthesized QD was reported [12].

For most applications using NPs, it is imperative to determine
“nanoparticle number concentration” in terms of the number of NPs
in a given volume of the sample [3]. Such value could be precisely
determined combining information from ICP-MS with other con-
ventional techniques used in nanoanalysis. As an example, recently
DHLA-capped HgSe NPs were synthesized and characterized using
a pool of analytical tools. In this approach, the determination of
nanoparticle number concentration relies on the simultaneous quan-
tification of Hg and Se contained in the NPs core by ICP-MS [13],
in combination with the information from XRD and TEM
measurements.

ICP-MS analysis not only enables a reliable elemental charac-
terization of engineered NPs, demonstrated in the above examples,
but it also provides a valuable information, in derivatives and
bioconjugates, in order to establish a relationship between the metal
content (from the core of the nanoparticle) and the S content (from
the biomolecule or ligand used for surface-modification of the NPs).
This molar ratio (core metal/S) can be very accurately measurde
by modern ICP-MS systems, and then used to estimate the
core/ligand stoichiometry in functionalized NPs. In this sense, si-
multaneous ICP-MS measurement of mass concentrations of Au and
S in digested solutions of L-cysteine-modified Au NPs has been re-
ported to determine the NP coverage densities of cysteines [14] and
the final quantification of the ligand density of the surface cover-
age has been calculated. This density turned out to be dependent
on the ligand length (see Fig. 1), and on the NP diameter [15]. Most
recently, a modern triple quadrupole ICP-MS in combination with
different complementary analytical techniques, has been reported
for the precise determination of the NP number concentration and
the ligand density of engineered water-soluble HgSe NPs capped
with dihydrolipoic acid ligands [13].

2.2. Determination of NPs in biodistribution and toxicological
studies via ICP-MS

During the past few years, many studies have been reported on
inorganic engineered NPs monitoring via ICP-MS to establish the
biodistribution patterns (mapping) of the NPs in living organisms.

An adequate toxicological study requires evaluation of the in-
teraction of the NP with a given organism (from the very absorption
until the final elimination of the NPs). In this sense, reliable infor-
mation of the biological distribution of the NPs in the scrutinized
organism can be obtained just by ICP-MS monitoring these inorganic-

based engineered NPs (even at extremely low concentration levels).
For instance, the biodistribution of Au NPs with different sizes (15,
50, 100 and 200 nm) has been studied in mice after intravenous ad-
ministration of a sodium alginate solution of such NPs [16]. The ICP-
MS results revealed that the tissue distribution of the Au NPs was
size-dependent and most of the Au was demonstrated to be accu-
mulated in liver and spleen. Similarly, ICP-MS measurements enabled
evaluation of the distribution and interaction of Ag NPs with cells
in the brain [17] and to study the biological behavior of CdSeS QDs
in vivo [18].

Moreover, inorganic NPs can also degrade themselves after in-
teracting with cells or tissues by release of metal ions, causing toxic
effects to the biological organism. In this vein, ICP-MS has been used
to quantify the release of Ag(I) ions from Ag NPs, a parameter of
great value to shed light about the cytotoxicity effects of these Ag
NPs on their uptake by cells [19].

Acid decomposition (using a microwave oven) of tissues, organs,
plasma or fractions of red blood cells for functionalized NPs core
determinations has been recently reported [20]. Besides, the de-
termination of TiO, NPs, of Au nanoshells or of casein NPs carrying
cisplatin by ICP-MS have been already reviewed [21], studying NPs
kinetics and preferred accumulation in mice body. Also, the phar-
macokinetics and the prolonged accumulation and elimination of
the popular CdTe/ZnS QDs in mice was explored [20].

2.3. Single particle-ICP-MS methodologies

The technique of single particle ICP-MS (sp-ICP-MS) was devel-
oped by Degueldre and Favarger [22] more than a decade ago for
the detection of model (rutile, alumina and goethite) and natural
(montmorillonite) colloids. sp-ICP-MS is based on introducing a dis-
crete flow of a NP suspension sufficiently diluted (NP number
concentration below 108 L) into the plasma in order to detect just
one NP per reading, where every single NP produces a pack of ions
which results in a transient elemental signal (of less than 0.5 ms
duration). Such resolved transient signal recorded from the ion cloud
generated by a single NP in the plasma can be measured by using
fast data acquisition frequencies (10%-10° Hz) [23]. On the other hand,
by using low acquisition frequencies (100-1000 Hz), although the
ion cloud is recorded as a pulse, it is possible to determine number
concentrations and the elemental mass contents per NP. Further-
more, the core size and the number size distributions of the NPs
can be determined, provided that some additional information about
the shape, composition and density of the NPs is available. Here,
it is worth noting that about 18 nm is the attainable size detec-
tion limit that can be detected for metal NPs by sp-ICP-MS [23]. On
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Fig. 2. (a) Time scan of a silver nanoparticle colloidal suspension containing dissolved forms of the free element contained in the nanoparticle. (b) Pulse intensity frequen-
cy histogram of data from part a. Reprinted with permission from F. Laborda, E. Bolea, ]. Jiménez-Lamana, Single particle inductively coupled plasma mass spectrometry: A
powerful tool for nanoanalysis, Anal. Chem. 86 (2014) 2270-2278. Copyright (2014) American Chemical Society.

the other hand, in practice, NP number concentration limits of de-
tection in the range of 10*-106 L' have been reported [24].

The analytical potential of sp-ICP-MS has been already demon-
strated for the detection and quantification of Ag NPs in
environmental samples (e.g. wastewaters, effluent from treat-
ment plants, etc.) and living organisms [23]. Ag NPs and dissolved
Ag (1) were differentially quantified in water samples (a typical time
scan and the signal distribution histogram of a Ag nanoparticle sus-
pension containing dissolved forms of the element are shown in
Fig. 2) [24]. Besides, the feasibility of size characterization, assess-
ment of NPs mass percent, their isotopic abundance and stability
for Ag nanowires, TiO,, ZnO and CeO, NPs by sp-ICP-MS have been
also reported [25]. Most recently, a critical review reports the de-
tection and characterization of a wide variety of NPs (Au, Ag, TiO,
and SiO,, among others) in complex matrices, including wastewa-
ters, blood, foods and biological tissues [26]. sp-ICP-MS has also been
applied to assess the release of NPs from plastic food containers and
to investigate the fate of different metal NPs in several in vitro studies
(e.g. study of tissues of organism exposed previously to the NPs)
[26].

Although quadrupole instruments provide NP size detection limits
of around 20 nm, a microdroplet generator installed in a time-of-
flight or a sector-field mass analyzer have enabled measuring metal
NPs with around 10 nm size detection limit [27]. The improve-
ment of the few types of commercially available ICP-MS instruments
is mandatory in order to get better information about NPs chem-
ical composition, number and mass concentrations, multi-element
capabilities for heterogeneous engineered NPs, size and size-
distributions of the NPs at mass concentration levels down to ng L™
[23,28]. This technology could play a major role in the implemen-
tation of NPs eventual safety regulations [29].

3. Separation techniques coupled to elemental
mass spectrometry

A key parameter in nanotechnology is the production of NPs with
controlled and well-characterized sizes [30]. Additionally, size dis-
tribution should be monitored to clarify whether free or aggregated
NPs are in the samples both, in cellular internalization efficiency
and in cytotoxicity studies. Therefore a special attention has been
paid to the development of analytical methodologies able to provide
accurate information in terms of NPs size distribution [26], being
dynamic light scattering (DLS) and TEM two of the most popular
and efficient approaches for such purposes.

For appropriate size characterization, isolation of the
nanomaterials in their native dispersed state is typically needed.
Techniques for size distribution analysis of NPs in polydispersed

samples include different separation techniques coupled to differ-
ent detectors, including UV-visible spectroscopy, light scattering and
elemental mass spectrometry. Particularly, ICP-MS may provide in-
valuable information about elemental stoichiometries within the
NPs as well as to obtain quantitative elemental information to control
the different processes (e.g. recoveries after any chromatographic
separation).

3.1. Liquid chromatography coupled to ICP-MS

Liquid chromatography (particularly size-exclusion chromatog-
raphy, SEC) may offer reliable and quantitative information about
shape and nanocrystal size distributions in complex polydispersed
samples. Such information provided by SEC separations, added to
its low cost, fast operation and reliability, make SEC strategies an
attractive option for standardizing nanomaterials directly from the
colloidal dispersion [31-33].

After those first developments, SEC coupled to ICP-MS has been
successfully applied to the size-characterization of many different
NPs in several varied matrices [34,35].

One important limitation found with SEC separation for char-
acterization of CdSe quantum dots (QDs) and their bioconjugation
to antibodies was reported by Trapiella et al. [34]. The authors ob-
served that, depending on the used experimental conditions, a strong
degradation of the polymer coating of the QDs could take place
during the SEC separation (affecting the column recovery and the
quality of the characterization). It should be noted that such polymer
degradation can be also relevant when NPs are applied in practi-
cal biological applications (e.g. partial NP polymer coating
degradation has been observed when NPs were incubated in cell
cultures) [36].

This adsorption interaction observed between the NPs and the
SEC stationary phase [34,37], is responsible for its gradual replace-
ment by hydrodynamic chromatography (HDC). HDC has turned out
to be the most promising liquid chromatographic technique for this
porpoise, in terms of the higher recoveries, shorter analysis times,
and good resolution range (typically from 5-300 nm) [38]. The ap-
plication of HDC is increasing since 2009 [38], when the effectiveness
of such separations combined with different detectors (e.g. ICP-
MS) was demonstrated for NPs size and concentration determination
in different matrices. Since then, different authors have employed
HDC coupled to mass spectrometry detection for the characteriza-
tion of NPs. For instance, HDC coupled online to sp-ICP-MS enabled
the simultaneous determination of NP size, NP number concentra-
tion and metal content in solutions containing inorganic NPs [39].
The analytical potential of such approach was demonstrated for the
analysis of drinking water samples spiked with AuNPs reference



J:M. Costa-Ferndndez et al./ Trends in Analytical Chemistry 84 (2016) 139-148 143

Number of NP in sample

4.0 5000
4000
ko) 3.5 ‘
=~ = 3000
% 3.0
= o 2000
(]
E &% 1500
>
T 20 - 1200
=
£ 15 600
17
7] 500
g 1.0
- 400
< 05 200
0.0 100

120 110100 90 80 70 60 50 40 30 20 10 O
Nanoparticle size / nm

Fig. 3. Plot showing the analysis of a drinking water sample spiked with AuNPs ref-
erence materials having NPs nominal sizes of 60 and 30 nm, at concentrations of
100 and 50 ng Au L', respectively. Reprinted with permission from: F. Laborda, E.
Bolea, J. Jiménez-Lamana, Single particle inductively coupled plasma mass spec-
trometry: A powerful tool for nanoanalysis, Anal. Chem. 2012, 84, 6454-6462.
Copyright (2012) American Chemical Society.

materials having different NPs nominal sizes at concentrations at
the ng Au L™ level (see Fig. 3), and reported limits of detection for
60 nm Au NPs of approximately 2.2 ng Au L' (expressed in terms
of NP number concentrations, 600 AuNPs mL™). The strong fea-
tures of such hyphenated approach for NP characterization are: a)
extremely high element sensitivity, b) good selectivity, c) reliable
NP size and d) NPs number concentration information.

In a similar way, Roman et al. [40] has demonstrated the po-
tential of the coupling HDC with sp-ICP-MS for the simultaneous
determination of dissolved Ag and AgNPs in human plasma and
blood. In a single analysis the authors were able to determine the
concentration of ionic Ag, the size distribution of AgNPs, and the
total number and mass concentrations of the NPs.

3.2. Asymmetric flow field-flow fractionation coupled to ICP-MS

One of the main limitations of liquid chromatography to sepa-
rate NPs in colloidal dispersion is the limited separation range of
the technique. Additionally, problems of degradation or aggrega-
tion effects of the NPs often take place during the chromatographic
separation, derived from undesirable interactions between the NPs
and the used solid stationary phase (thus, significantly affecting the
reliability of the NPs characterization carried out).

As an alternative to conventional liquid chromatographic tech-
niques, asymmetric flow field-flow fractionation techniques (AF4)
have emerged as one of the preferred separation tools for the char-
acterization and analysis of NPs (mainly due to the high separative
resolution power at the required sizes range and the absence of the
stationary phase that potentially could modify the analyte). AF4 is
a flow-assisted technique suited to separate nano-sized particles by
their hydrodynamic diameter [41]. Perhaps one of the more serious
limiting factors of AF4 for NPs analysis is the sometimes low sample
recoveries, (due to undesirable but likely analyte adsorptions in the
separation membrane). However, high efforts have been directed
during the last years to overcome such drawback [42].

So far, AF4 techniques have been used to characterize the syn-
thesis and growth of different NPs (such as water-soluble Au and

QDs) [43] and to detect TiO,-NPs in commercial products (e.g. sun-
screen lotion) [44] using varied detectors. The on-line coupling of
AF4 with ICP-MS for NPs characterization has been also described,
allowing the development of a rather flexible method to charac-
terize the size, polydispersity, and metal concentrations as a function
of the NPs diameter [45].

Separation and identification of NPs of different composition, but
with similar particle diameter, coexisting in heterogeneous sus-
pensions have been thoroughly assessed by the AF4 separation
coupled on-line to molecular (fluorescence) and elemental (ICP-
MS) detectors [46]. In this recent work we observed that after simple
application of typical bulk molecular techniques, the information
obtained from the composition of the sample (colloidal disper-
sion of QDs synthesized in the laboratory) was far away from the
real situation. Fortunately, the AF4 separation coupled to a dual de-
tection ICP-MS/fluorescence provided differential fractograms which
proved the presence of a mixture of different size/nature metal NPs
coexisting in the different colloidal dispersions under study. Fol-
lowing that approach, the authors were able very recently to separate
the excess of free QDs from the QDs bioconjugated to antibodies
in their mixtures. Such separations coupled on line to ICP-MS,
enabled not only to demonstrate the chemical composition of dif-
ferent NPs in the mixtures, but also the precise determination of
the efficiency of the bioconjugations under different reaction con-
ditions (see Fig. 4) [47].

Interestingly, the use of ICP-MS as elemental detector after the
AF4 separation also provides useful isotopic information [48]. This
makes isotope dilution analysis (IDA) another choice to achieve a
more accurate quantification of NPs. In this context, ]. Gigault et al.
[49] developed a new methodology for isotopically enriched silver
nanoparticle ('®Age,NP) detection and characterization. Authors
showed [49] that AF4-ICP-MS combination makes it possible to de-
termine the mass isotopic signature of '%°Ag...NPs as a function of
their size and optical properties. This feature assures the neces-
sary specificity for tracing and differentiating labeled '°°Ag...NPs (e.g.
naturally occurring) from anthropogenic analogs, and so it opens
the door to address modern relevant scientific challenges concern-
ing the transport and fate of nanomaterials in natural systems.

As mentioned before, perhaps one of the most active trends in
elemental mass spectrometry for the analysis and characteriza-
tion of NPs is the use of sp-ICP-MS, described before, and the
coupling AF4-ICP-MS. Recently, the performance of both ap-
proaches was compared for silver NPs [50]. While AF4-ICP-MS
showed better sensitivity than sp-ICP-MS in terms of size (DLs of
2 nm vs 20 nm, respectively), sp-ICP-MS offers better sensitivity in
terms of large enough NPs concentrations (e.g. for a 60 nm
nanoparticle size, DLs obtained by sp-ICP-MS was of only 2.2 ng L ™).

3.3. Ion mobility analysis coupled with ICP-MS

Ion mobility spectrometry (IMS) allow gaseous ions separation
on the basis of their size/charge ratios as well as their interactions
with a buffer gas. This separation coupled with MS detectors, has
been widely employed to tackle structural and size problems in vol-
atile and nonvolatile compounds [51]. Now, such hybrid technique
is also starting to be exploited for NPs characterization [52,53].

In a pioneering work, the use of nanoelectrospray IMS com-
bined with off-line ICP-MS for determining NPs in aqueous solution
demonstrated excellent capabilities for size and NPs metal content
determinations. The resolving power exhibited by IMS along with
the high elemental sensitivity offered by ICP-MS are the main fea-
tures that make this combination attractive for NPs analysis [52].
Coupling of differential mobility to ICP-MS was evaluated for the
analysis of gold NPs. The approach enabled NP gas-phase size sep-
aration, provided information about number- and mass-based NPs
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distributions and allowed the determination of the elemental com-
positions and the number of atoms per nanoparticle [53].

3.4. Electrophoretic techniques coupled with ICP-MS

Electrophoretic techniques, based on the migration of charged
species in a liquid under the influence of an applied electric field,
have been also applied to characterize and determine NPs [54]. The
coupling of capillary electrophoresis (CE) to elemental detection tech-
niques such as ICP-MS has been already described for metal
speciation purposes [55]. However, size and concentration of me-
tallic NPs determinations by CE-ICP-MS have only recently been
introduced [56,57].

CE separation coupled on-line to ICP-MS was proposed for the
identification and accurate size characterization of NPs in complex
media [56]. Through mass scanning and Gaussian fitting of
the observed electropherogram peaks, the authors obtained mul-
tidimensional information on chemical compositions, size
distributions, and ionic species of multiple NPs in a single run. In
the same idea, CE-ICP-MS was used for rapid and high resolution
speciation and characterization of metallic (e.g. gold, platinum, and
palladium) NPs in a dietary supplement [57]. The method was suc-
cessfully applied to the analysis of commercially available metallic
nanoparticle-based dietary supplements, and a good agreement
between the particle sizes evaluated by CE-ICP-MS and transmis-
sion electron microscopy techniques was reported.

4. Molecular mass spectrometry

NPs surface must be coated with appropriate molecules to confer
NPs the desirable stability and/or to provide the surface with a spe-
cific functionality. The design of robust and versatile surface
chemistries for NPs passivation has been investigated during the
last years, aiming at:

a) achieve NPs solubilization and stabilization in aqueous media
or biological buffers, while keeping their original photophysical
and size properties.

b) provide adequate reactive groups in the NPs surface for further
bioconjugations to other biomolecules [58].

An appropriate control of the NP surface coating will facilitate
the efficiency of such processes. Particularly, when NPs are de-
signed to be used in bioanalytical applications, they are commonly
conjugated to biological probes, including nucleic acids, proteins,
antibodies or small molecules. Again, control of the efficiency of
those functionalization reactions is mandatory to ensure an optimal
analytical application of the sought bioconjugates.

Perhaps one of the most challenging analytical steps in charac-
terizing such functionalized NPs is the determination of the
stoichiometries, if any, and molecular formulas. In this sense, mo-
lecular MS techniques could provide such key information. Some
of the more recent and analytically relevant examples of using
molecular MS (MALDI- and ESI-MS approaches) for effective
functionalized NPs characterization are discussed below.

4.1. Matrix-assisted laser desorption/ionization

Matrix-assisted laser desorption/ionization mass spectrometry
(MALDI-MS) has become an extremely popular and powerful tool
for biochemical analysis in general and in proteomics in particu-
lar. However, adaptation and taming of this molecular MS technique
to the analysis of engineered NPs was not straightforward.

There are synergisms between NPs and MALDI-MS detection,
which have been already widely exploited. In fact, some outstand-
ing features of NPs can be exploited to improve the analytical features
of the MALDI technique. For instance, discrete NPs can be used for
the isolation/preconcentration of analytes prior to MALDI analysis
[59]. Interestingly, NPs seem also to offer important advantages over
more conventional organic MALDI matrices, due to the fact that some
NPs are excellent laser-energy-absorbing materials, their compar-
atively high surface area, ease of MALDI sample preparation and
flexibility of the sample deposition [60]. This, of course, facilitates
analyte desorption and ionization processes, so enabling improve-
ments of spectra acquisition, particularly in the low-mass range (e.g.
amino acid, peptide, polymer and even metal analysis) where a lot
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of ions coming from the more conventional MALDI organic matri-
ces are typically detected [61]. For example, Fe304/TiO, core/shell
NPs demonstrated a high selectivity toward phosphopeptides and
were found to be advantageous matrices for the analysis of pro-
teins, with up to 24,000 Da masses, by SALDI-MS [62].

Molecular MS has been also used for the identification of frag-
ments derived from reagents adsorbed on the nanoparticle’s surface.
In this line, in a recent report, silver NPs with different surface
capping reagents (able to interact with proteins and peptides such
as insulin, heart cytochrome c, ubiquitin, lysozyme, cysteine, and
homocysteine) were prepared [63]. Such functionalized AgNPs were
applied in a single drop microextraction process. The proteins after
separation were analyzed by MALDI-MS.

Additionally, MALDI-MS has been also investigated for charac-
terization of functionalized NPs themselves. In such cases an
appropriate matrix should be selected to minimize the formation of
fragments from the NP itself (that might limit the possibility to assign
unequivocally the correct molecular formula to the bioconjugate).
In this sense, it was observed that the use of trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) as the
MALDI matrix allows an efficient production of charged ions from
the NPs [64]. Instead of the transfer of a proton, as typical MALDI ma-
trices do, DCTB assists ionization of the sample through electron
transfer properties and this induces less fragmentation.

In one of the first reports on NPs analysis by MALDI-MS, the tech-
nique was utilized to characterize platinum NPs, synthesized in the
1-4 nm size range, and capped with Poly(vinylpyrrolidone), PVP, in
order to stabilize the PtNPs in solution [65]. A model for determin-
ing the size of the metallic nanoparticle core from MALDI-TOF mass
spectra is proposed here and results were successfully verified by
the correlation with particle sizes figures obtained by transmis-
sion electron microscopy and X-ray diffraction [65].

After those pioneering studies, extensive research on NPs char-
acterization by MALDI has been reported [66-69]. Such MALDI-
MS investigations have demonstrated this MS-based technique
capabilities for the characterization of a broad range of AuNPs (with
cores ranging between 16-144 atoms of gold), and providing enough
resolution to be able to discriminate between Auss and Auyg clus-
ters. However, there are still some remaining limitations, including
robust determinations of unbroken higher mass NPs and of NPs pro-
tected with hydrophilic ligands.

The determination of NPs stoichiometry in bioconjugates and/
or the quantification of ligand mixtures that protect the metal core
are currently important aspects of present research in this field. In
this context, MALDI-lon Mobility-MS [70] allowed to measure the
relative quantity of ligands on a given AuNPs surface. The results
were successfully validated by nuclear magnetic resonance (NMR)
spectroscopy and by MS without ion mobility separation (in fact,
average differences of less than 1% relative abundance were re-
ported). In another recent example, the size and distribution of
patuletin coated gold NPs have been established with MALDI-TOF-
MS [71]. Data obtained from the MALDI TOF-MS analysis of the NPs
allowed to confirm the functionalization of the NPs with the patuletin
and allowed to deduce that the ligand was bound to the gold surface
through two phenol groups.

4.2. Electrospray ionization

Electrospray ionization (ESI) is an alternative soft ionization tech-
nique that might overcome the susceptibility of some molecules to
fragment themselves when ionized from the solid matrix (e.g.
MALDI). ESI constitutes a very popular today ionization source for
liquid samples. Another advantage of ESI over MALDI is the pro-
duction of multiply charged ions, effectively extending the mass
range of the analyzer to accommodate KDa-MDa masses (extreme-
ly important in protein analysis). In this context, information about

the charge states of NPs-based compounds can be also obtained by
ESI-MS [72].

The usefulness of ESI-MS for characterization and optimization
of novel NPs synthesis has been demonstrated by some authors. As
an illustrative example, it was possible to improve the synthesis of
gold nanoclusters and also establishing the composition of the 29 kDa
species, as Aul144(SR)59, on the basis of detailed ESI-MS analysis
[73].

Of course, in many cases ESI-MS and MALDI-MS offer comple-
mentary information of greater value for NPs characterization. As
an example, both techniques have been simultaneously used during
the characterization of the products resulting from the synthesis
of Auipa(p-MBA )44 NPs [69]. Information about molecular weight
(22 kDa) is given by MALDI-MS whereas ESI-MS is used to deter-
mine the chemical formulas and charge states of thiolate-protected
gold clusters. Both types of results agreed and allowed the
elucidation of the final molecular formula of the coated clusters of
gold.

ESI-MS has also demonstrated an extraordinary potential and ca-
pabilities to analyse more complex samples containing NPs. In
particular, samples containing bimetallic protected NPs (e.g. Au-
Ag, Pd-Ag, Au-Pd, and Cu-Au core-shell NPs) have been analyzed
and the reaction products from ligand exchange reactions (e.g.
AUzs.dex(SCzPh)]g.y(SPEG)y, being SPEG=-S(CH2CH20)5CH3), could be
monitored [74]: for Au/Pd bimetallic NPs, a more rapid ligand ex-
change during PEGylation was observed. In addition, ESI-MS has been
also used as reference technique to validate results obtained by al-
ternative new analytical tools. As an illustration of such application,
the pioneering work on “Diffusion Ordered NMR spectroscopy” for
size determination of thiol-stabilized gold NPs describes ESI-MS
spectra obtained to confirm the results obtained by the NMR method
[75].

5. Conclusions and outlook on the future of mass
spectrometry for engineered nanoparticles

Nanoparticles have been extensively used as labels for optical
imaging and sensing in bioscience [76]. However, in the last decades
research efforts have been focused in the integration of the avail-
able MS-techniques to obtain both elemental and molecular
information from engineered NPs, in the design of new compati-
ble MS instrumentation and in the investigation of novel MS modes
and processes to facilitate a more reliable and complete character-
ization of inorganic-based nanomaterials. By now MS-based
techniques can be considered essential tools for the reliable char-
acterization of NPs and so to apply and control their labeling
exceptional features in the field.

To start with, elemental MS today does not only allow the de-
termination of the multielemental (isotopic) NPs content, but also
provides absolute quantitative information of great value for NP mass
and number concentrations evaluation. Core/ligand ratios and/or
determination of elemental stoichiometry within the desired NP can
be established. In parallel, molecular MS techniques provide great
promise for ligand coating and bioconjugation assessment
of NP-based labelling reagents but have been scarcely used so far.
Very importantly, a judicious combination of elemental and mo-
lecular MS-based techniques enable today to obtain very useful
multiparametric information of the desired NP, including NP size,
composition, stoichiometry, size distribution, number and mass el-
emental concentration, coverage density of ligands, synthesis and
reaction processes monitoring, and, of course, eventual elucida-
tion of molecular formula. Nevertheless, further improvements in
both, instrumentation and methodologies, are still mandatory to
achieve higher sensitivities, better resolution and more accurate and
reproducible analytical results.
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Methods to efficiently determine the size, polydispersity, and con-
centrations of nanomaterials in liquid suspensions are extremely
important in nanomanufacturing systems, particularly for
nanomaterials (nanoparticles) in the low nm size range. Recently,
IMS specifically using a differential mobility analyzer (DMA), a tech-
nique typically developed for aerosol analysis, has been also
investigated for the analysis of liquid nanoparticle suspensions, pro-
vided that the particles of interest can be aerosolized preserving
their size distribution function [77]. Though this technique has been
successfully applied to metal nanoparticles there are still draw-
backs to using electrosprays for aerosolization (e.g. the rather strict
requirements on the electrical conductivities of the dispersions to
be electrosprayed and the fact that non-volatile solutes need to be
removed from the dispersion prior to electrospray based aerosol-
ization). Thus, IMS approaches have not been widely adopted yet
for NPs size distribution analysis in liquids, even if recent trends
in this topic include the development of novel improved liquid nebu-
lizers to aerosolize NPs. Some improvements, demonstrated recently
[78], enable the measurements of size distribution of gold
nanospheres in the 5-30 nm range. Still, further refinement of this
promising technique will be necessary for improved analytical
accuracy.

The growing role of MS-based hyphenated techniques to detect,
quantify and characterize different NPs (and so boost their impor-
tance and impact in varied application fields) is undebatable today.
The combination of a powerful NP separation technique with the
outstanding features of MS-based detection are gaining momen-
tum in the active research field of novel functionalized nanoparticle
characterization. A particular field of promising future of such hybrid
technique is the investigations on the protein adsorption layer
(named the “protein corona”) that forms on the surface of NPs when
they interact with biological fluids and tissues. Characterization of
the “protein corona” is of utmost importance these days for a better
understanding of how exposure to NPs affects the biological re-
sponses of cells and organisms. Although quite a lot of experimental
studies have been reported in this direction, a comprehensive picture
is still missing [79]. The direct determination of the proteins at-
tached per NP is not straightforward. It is difficult not only to quantify
the amount of attached proteins, but also to identify and specify
the individual proteins forming the protein corona. A classical method
for such characterizations is enzymatic digestion of the proteins
bound to the NP surface, and their subsequent separation by poly-
acrylamide gel electrophoresis with different identification and/or
quantification strategies (e.g. by MS).

Among the different approaches, a recent trend in the area, is
the use of more general “omics” tools. Such approaches have been
recently proposed to study NP bioactivity and interaction with cells
at a molecular level. In particular, ZnONPs, TiO,NPs, NiONPs, PtNPs
and AgNPs have been studied, by means of soft ionization MS tech-
niques (e.g. ESI- and MALDI-MS) [80]. The study focuses on studying
the interactions of five different unmodified (bare) nanoparticles
based on their interactions with two bacteria and proposed the
interaction-mechanism based on the results obtained from MALDI-
MS, UV-vis and TEM studies. Particularly, weakening the cell
membranes and the interaction of the NPs with the internal pro-
teins enables more signals during MALDI-MS analysis. This effect
has been used to study the NP-cell interaction.

Methods based on MS have been reported also for a time-
dependent analysis of the composition of the protein corona [81].
However, so far the systems are too complex to allow reliable ex-
traction of quantitative parameters of the individual protein species
of the “corona”. Future advances in characterization methodolo-
gies (e.g. using separation techniques, such as AF4, with elemental
and molecular MS) are required in order to lead to get new in-
sights and a better understanding of the formation and composition
of the protein corona.

No doubt, recent developments on sp-ICP-MS operation mode
constitute an important breakthrough aiming at a direct NPs anal-
ysis. The success of sp-ICP-MS lies on the fact that several and
different types of analytical information can be obtained directly
from the sample (e.g. qualitative information about the presence
of particulate and/or dissolved forms, quantitative information on
particle number concentrations and of course, information about
the mass of element/s per particle and the corresponding particle
size).

One important aspect in sp-ICP-MS relies on its capability to dif-
ferentiate engineered (artificial) and natural nanoparticles in
environmental science. This is clearly a complex problem in envi-
ronmental issues due to the ubiquitous presence of different types
of natural NPs (covering a broad range of sizes) along with the in-
creasing levels and varieties of engineered NPs posing a risk to our
health.

In order to distinguish engineered NPs from natural NPs of similar
composition, some approaches make use of the fact that natural NPs
have metallic cores with different elemental or isotopic ratios from
those observed in the engineered NPs. In this vein, the monitoring
of elemental ratios in individual particles by sp-ICP-MS allowed the
correct identification of engineered and natural NPs in a particle-
by-particle basis [82].

Although a lot of work has already been done so far, further efforts
are still needed to enable the robust analysis of smaller metal NPs
[83] approaching typical NP-sizes (around 1-20 nm) used in
bioanalytical applications. In addition, the development of novel mass
spectrometers able to monitor pulses of fast transient signals (as
those originated normally by atomization of a single particle in a
plasma) with enough time resolution, represents a current unre-
solved challenge. It is expected that continuous ongoing
developments of the ICP-MS instrumentation will allow to over-
come such hurdles in the near future.

Last but not least, further advances in applying molecular MS
(MALDI and ESI) for the molecular characterization of NPs and
their bioconjugates in general should be directed to minimize the
fragmentation of the ligands/NPs association in order to increase
the certainty of molecular formula assignments. In this vein,
improving sample quality, mass resolving power, and mass mea-
surement accuracy are urgently demanded to minimize nearly-
isobaric permutations presently observed. Particularly “nanoparticle
handling and sample preparation” is a pending challenge as it
would strongly depend on the nanoparticle type, on the coating
and on the nature (matrix) of the analyzed sample. The prepara-
tion of stable NP dispersions, as reliable standards, is probably
one of the more urgent issues to be addressed, especially for
size-fractionated NPs analysis.

The ongoing MS developments will facilitate the controlled syn-
thesis and production of NP-based elemental labels. Moreover, such
developments will provide invaluable information about the myriad
of synthesized novel NP bioconjugates.
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