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The emergence of mass spectrometry for
characterizing nanomaterials. Atomically precise
nanoclusters and beyond
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Philippe Dugourd

Mass spectrometry (MS) is widely used in molecular science, and is now emerging as a characterization
technique for ultra-small nanoparticles. In the field of atomically precise nanoclusters, MS combined to
ionization sources such as electrospray and matrix-assisted laser desorption-ionization allows for
accurate characterization of the size and charge state of the metal core and of the number of ligands.
MS also enables monitoring the evolution of these characteristics during synthesis. When dispersion in
nanomaterial composition increases, more relevant metrics are average mass and mass distribution,
which can be estimated from electrospray mass spectra using correlation algorithms. Also complex
mixtures can be analysed using separation techniques directly coupled with mass spectrometry.
For larger nanomaterial compounds, cutting-edge charge detection mass spectrometry can even be
used to access the megadalton mass range. In addition, recent MS advancements include the
development of new hyphenated techniques such as ion mobility and action spectroscopy, revealing
structural details and structure-optical properties relationships in these systems. The present perspective
aims at capturing the growing importance and impact of these mass spectrometry based techniques
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1 Introduction

A century ago, the first mass spectrometer - originally called a
parabola spectrograph — was constructed by Sir J.J. Thomson
and gave birth to mass spectrometry (MS) by measuring the
mass-to-charge ratio (m/z) of gaseous ionized
molecules." Then, mass spectrometry has been strongly
associated with the analysis of organic molecules for which
ionization techniques like electric discharge and electron
impact were optimal.”> Slowly, the field of mass spectrometry
moved towards more complex molecules like sugars, DNAs, and
peptides but was hampered by the lack of efficient, non-
destructive ionization methods. In late 1980’s, the development
of electrospray ionization (ESI)* and of laser desorption based
methods® like matrix-assisted laser desorption ionization
(MALDI)® pushed the limit for ionization of macromolecules
and constituted a breakthrough in MS, in particular for protein
analysis.® In parallel, mass spectrometers became more
and more sensitive and accurate, with high resolving power.
For instance, sub ppb sensitivity and sub-ppm mass accuracy
are now routinely available (at moderate cost) from benchtop
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completing the characterization toolbox in materials science.

MS instruments.”® Beyond unique capabilities for the determination
of chemical composition, MS can also provide structural information
at different levels. It can be coupled to numerous dissociation
techniques,”™" thus enabling characterization of molecular
bonding networks. Molecular species can also be characterized
in terms of 3-dimensional structure and structural dispersity,
based on the coupling of mass spectrometry with ion mobility
spectrometry.'?

The capabilities of MS for composition and structure deter-
mination can be applied to the investigation of nanostructured
materials.”® In particular, ultrasmall nanoparticles (USNPs),
with sizes in the 1-3 nm range, exhibit unique properties,
distinct from those of free molecules and larger-sized nano-
particles. However, the plethora of well-established analytical
techniques used for obtaining the size distribution of nano-
particles (NPs) and information on their structure (e.g: transmission
electron microscopy (TEM), scanning electron microscopy
(SEM), dynamic light scattering (DLS), atomic force microscopy)
are often not accurate enough to address size and associated
dispersion for USNPs.'* In contrast, the typical molecular
weights of USNPs is easily accessible with current mass spectro-
meters: USNPs lay in the kilo-Dalton (kDa) to mega-Dalton (MDa)
mass range (Dalton, abbreviated Da, is a unit used in expressing
atomic or molecular mass, defined as 1/12 the mass of a single

© 2021 The Author(s). Published by the Royal Society of Chemistry
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atom of carbon-12). Moreover, soft ionization sources (ESI or
MALDI) have proven to be extremely versatile to ionize and
transfer intact USNPs in the gas phase.'>™*

The properties of USNPs are greatly sensitive to both their
composition and size. Developing strategies for producing
USNPs with atomic precision, e.g. ultrasmall nanoparticles
produced with a unique number of atoms (often called
atomically precise nanoclusters) remains the holy grail in the
field."*° In terms of structure, such atomically precise
nanoclusters can be viewed as a ‘“multi-shell system”
composed of a metallic core, a metal-ligand interface, and
the surface ligand molecules. Mass spectrometry is facing
several challenges such as characterizing both the core size
and its charge state, the number of protecting ligands, thus
yielding a stoichiometry between ligand and metal. Current
synthesis often involves complex ligand engineering strategies.
The ligands themselves can be complex, for example large
proteins, or large synthetic polymers can be employed as
templates. On the other hand, multi-shells of different ligands
also offer interesting possibilities, but in turn, adding mass
dispersion when atomic precision is not reached. Thus, the
characterization of such engineered USNPs by mass spectro-
metry has to find the right balance between the precise
determination of metal/ligand stoichiometry and a proper
characterization of mass dispersity. This review, illustrated
by pedagogic examples from the literature, aims at providing
an overview of the recent advances in the characterization
of protected metal nanoclusters by mass spectrometry.
We will particularly focus on the different challenges
related to the different levels of mass dispersity displayed
by UNSPs ranging in the kilodalton to the megadalton
mass range.
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2 Mass spectrometry of nanomaterials

In the 1980s, thanks to the development of advanced cluster
sources (supersonic expansion, laser-desorption ionization
sources),>"** mass spectrometry became an indispensable tool
for the characterization of gas-phase bare metal clusters,**>*
well as fullerenes,* carbon®® and silicon clusters.?”*® In the
1990s, the landmark synthesis by Brust and co-workers of
thiolate monolayer-protected gold nanoparticles, opened the
route to reach gold core dimensions smaller than 3 nm by wet
chemistry synthesis.>**° These ultra-small nanoparticles (often
called monolayer-protected clusters) have been representing an
active field in nanoscale community these last 15 years.
Following the Brust synthesis, Whetten and co-workers did
seminal works to determining the chemical composition of
gold nanoclusters in the 1-3 nm size range, using mass spectro-
metry (in the 10-300 kDa mass range).*’* Since then, MS has
been growingly used by material chemists and inorganic chemists
for the characterization of various types of ultra-small nano-
particles and nanoclusters. Most MS analyses conducted on
nanoclusters were done using either ESI or MALDI ionization
sources in both positive and negative modes.'”* ESI is known to
produce gas-phase ions with relatively broad charge states
distributions. In contrast, MALDI (due to the inherent low charge
transfer process between matrix and analytes) generally yields
ions with lower charge states (typically 1 or 2 charges per ion),
resulting in narrower charge distributions, as illustrated by Fig. 1
(left bottom panel). In the following, we will mainly focus on
reviewing MS examples on monolayer-protected metal clusters.
Atomically precise nanoclusters (NCs) are designed to contain a
definite number of core metal atoms, protected by a well-defined
number of surface ligands. Consequently, the mass spectra
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Fig. 1 Schematic illustration of mass spectra with ESI and MALDI ionization sources and mass spectrometry devices for nanomaterials with
increasing mass and dispersity. High-resolution mass spectrometry (HRMS) is usually used for atomically precise nanoclusters, multiplicative
correlation algorithm (MCA) in combination with ESI-MS may be useful for mass characterization of polydisperse nanoclusters (in the mass range
10-100 kDa), while for nanomaterials with mass exceeding megadalton, mass distribution can be obtained using charge detection mass spectrometry
(CDMS).
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obtained for such nanoclusters show similarities with that of large
molecules. They usually display sharp peaks corresponding to
species with the exact same composition in terms of the number
of core atoms and surface ligands. Depending on the ionization
source, species with different net charges are often present,
yielding a series of peaks (see Fig. 1 left panel). If such simple
and clean spectra are acquired with sufficient mass resolution
and accuracy, it is often possible to resolve an isotopic pattern and
to precisely determine the monoisotopic mass of the nano-
clusters. As for molecular species, assighment of an atomic
composition is then possible, based on a match between the
measured value of the monoisotopic mass and that computed
for candidate raw formulas. Such assignment can even be
consolidated by the comparison of the experimental isotope
pattern (relative intensity of the different peaks) to simulated
isotopic distributions. In this vein, careful studies using high
resolution mass spectrometry (HRMS) from Murray’*>® and
coworkers and Tsukuda and coworkers,**** among others, have
determined the molecular formulas (e.g number of metal atoms
and number of ligands) of metal nanoclusters. Long confined to a
technique among many others, MS and in particular HRMS is
currently emerging as a gold standard for characterizing
atomically precise nanoclusters.'>"” Further applications of
HRMS will be described in Section 2.1.

Atomic precision is nevertheless rarely fully achieved, and
nanocluster samples often display some dispersity in their
composition. Dispersity can arise from the number of protecting
ligands, even if the number of core atoms is conserved among
the different species. When several ligands are present, different
stoichiometry can also be observed. Moreover, oligomers corres-
ponding to the bonding between different clusters, with or
without coalescence of the cores, is also possible, as well as
partial degradation of the species initially synthesized. All these
sources of dispersity yield species with different masses, which
can, in principle, be separated and characterized by mass
spectrometry. Additionally, structural dispersity (ie. the
coexistence of different isomers), or charge dispersity (different
charge states, especially of the core) are also important to
characterize. However, their impact on the mass and charge
distributions observed by MS is often difficult to interpret, and
requires complementary methods (see Section 3).

Even if a plethora of peaks are observed in mass spectra, it is
in principle possible, using high resolution and high precision
instruments to assign a raw formula to each peak. However, the
instruments required are extremely expensive, and the
deconvolution procedures are relatively complicated and
time-consuming. Moreover, the combination of the above-
cited dispersity factors often lead to ‘“quasi-continuous” mass
distributions (see Fig. 1 middle panel), with large dynamic
range in concentrations, which makes any mass assignment
often impossible. In such cases anyway, the exhaustive
determination of all species present, is not only unattainable,
but also poorly relevant. However, determining the average
mass in a polydisperse cluster sample is of paramount interest,
because it allows estimating the average core size and the
average number of ligands. Based on advanced deconvolution
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Fig. 2 MALDI-MS of 76.3 to 400 kDa nanoparticles synthesized using
HSCgH;3 thiol. Mass spectrum data are plotted versus the cube root of
mass to allow comparison with the core equivalent diameter (reprinted
with permission Copyright© 2018 American Chemistry Society).*

procedures for ESI-MS spectra and using assumptions for
average charge states for MALDI-MS spectra, it is possible to
extract an average mass and its dispersion for small polydisperse
nanoparticles. For instance, Dass and coworkers pushed the
limit of MALDI-MS analysis for mass characterization of large
gold NCs, in the sub-megadalton range of mass, as displayed in
Fig. 2. But here, some assumptions on the charge state and on
the power correlation between the number of gold atoms
and the thiolate ligands are required to obtain a chemical
composition.***® The potential of MS to determine the average
composition of polydisperse clusters in terms of ligands and
core size, and the associated dispersion (instead of raw
formulas) will be discussed in Section 2.2.

Finally, when nanoparticles are produced without atomic
precision, then size and mass dispersions can be high and
when masses exceed several megadaltons, mass spectra are
characterized by a broad envelope without any resolved pattern
(see Fig. 1 right panel). Without hypothesis on the average
charge of nanoparticles, it is impossible to extract information
from mass spectra. We will show however that charge detection
mass spectrometry that measures the mass (or more exactly
m/z) and charge at the single ion level can provide accurate
mass distributions for larger nanoparticles (see Section 2.3).

2.1 High-resolution mass spectrometry for atomically precise
nanoclusters

Modern mass spectrometers, in particular based on the time-of-
flight technology widely used in the nanoclusters community,
can reach high resolving power (>50000) and mass accuracy
(<few ppm). With such mass accuracy and resolution capabilities,
then the comparison between experimental and simulated isotopic
distribution pattern (of the Au, Ag, Pt, Pd, efc. metals and that of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (Black line) Experimental isotope pattern for [Auss-ortho-MBAg]°~.
(Blue line) Simulated isotope patters for [Au,s-ortho-MBAg-6H]°~ adjusted
to fit the intensity of the experimental monoisotopic peak. (Red line) Fit
obtained by considering a mixture of species with different deprotonation
patterns, corresponding to different charge shifts x. (reprinted with permission
Copyright© 2020 American Chemistry Society).*’

atoms present in the ligands) for a given chemical formula (M,,L,;:
n number of M metal and m number of L ligand) allow for
“confident” nanocluster assignment. As an illustration, ESI-
HRMS of Au,; protected by 18 MBA ligands (MBA mercaptobenzoic
acid) is presented in Fig. 3. Of note, the observed isotope pattern
was resulting from the coexistence of species with different raw
formulas, including [Au,s-0rtho-MBA,¢-6H]>~ but also [Au,s-ortho-
MBA,g-5H>™  and  [Aups-ortho-MBA,;¢-4HF™  in  respective
proportions of 51.0%, 30.9%, and 18.1%."” Clearly, as pointed
out by Hayton and coworkers,’® the comparison of simulated
isotope patterns and masses of observed mass spectral peaks
should be taken with great care, since many factors can affect
mass spectra (ion suppression, ion fragmentation, and adduct
formations and reactions with the matrix...). Indeed, many works
in the literature using MS as “characterization tool” have led to
erroneous mass assignment of nanoclusters. One of the most
striking examples was given by new chemical compositions of
the glutathione protected gold clusters determined previously by
electrospray ionization (ESI) mass spectrometry and reassessed by
taking advantage of freshly prepared samples, higher mass
resolution, and more accurate mass calibration.** It also worth
citing the story of monodisperse Au,sLg, initially identified as
Auyglye and as Auggl,, before a correctly identification could be
done by electrospray-ionization mass spectrometry.*’ Even with MS
instrument providing high resolution and high mass accuracy, gas
phase NCs may appear in the form of [M,L,, = xHF"~ (addition of
protons or deprotonations) or [M,L,, + xAd[", [M,L,, + yAd[~
(addition of other adduct ions, Ad, present in synthetic process).
Such adducts may induce difficulties or even errors to correctly
assign the nanocluster composition.”® For mixtures of nanoclusters,
performing desalting procedure before MS analysis, can lead to
much better mass assignment.>! Usually, the composition, size,
and monodispersity can be determined by high resolution mass
spectrometry for atomically precise nanoclusters, in addition
with other characterization techniques (usually NMR, FT-IR,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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X-ray absorption and photoelectron spectroscopies), and this
was done mostly for nanoclusters containing gold or silver.*>”?
HRMS was also applied for characterizing atomically monodisperse
copper,®® nickel,*”* cobalt,”® palladium® nanoclusters and
molecule-like CdSe nanoclusters.*>

In order to better tune chemical/physical properties of
atomically precise metal nanoclusters, several strategies have
been adopted in particular using either ligand engineering or
metallic kernel (or core) alloying. Synthesis and composition
characterization of alloyed nanoclusters are necessary from
both scientific and practical aspects.”® Due to specific isotope
patterns of the metals (Au, Ag, Pt, Pd, etc.), HR-MS has proven
particularly useful to determine the composition of alloyed
nanoclusters, in particular for gold-doped silver® % and
silver-doped gold®®'® nanoclusters. MS investigations of Pt
and Pd doping on noble metal -clusters also
reported."®* "% High-resolution mass spectrometry was also
applied to monitor the atom-by-atom substitution of Fe and
Ni to the core of a well-defined ligated cobalt nanocluster.*®®
Alloying metallic kernel from monometallic to tetrametallic
was also demonstrated and the monodispersity of each alloyed
nanocluster was characterized by electrospray ionization mass
spectrometry analysis.”®''® By recording mass spectra as a
function of time, the evolution of the composition of a reacting
mixture can even be monitored, which allows a better compre-
hension of the formation process, especially for alloyed
nanoclusters.'%™*"'* The Xie group and Pradeep group did
impressive works using these approaches.'®'” In particular,
time-dependent electrospray ionization mass spectrometry was
found to be a powerful tool to follow the formation of MAu,
Agrs (BDT);(PPhs), (x = 1-12) and bimetallic Ag,Au,s
(PET);5 (x = 1-7) NCs during complex intercluster reaction, as
illustrated in Fig. 4."">"'*

Surface modification by specific functional groups is
another effective approach to tune properties of nanoclusters
for practical applications. Current strategies to engineer surface
of metal nanoclusters employ multiple protecting ligands,
ligand exchange or etching processes. Murray and co-workers
studied Au,s NCs with ligand-exchanged mixed monolayers
(thiophenolate, hexanethiolate, or biotinylated ligands) using
ESI-MS."'®'"” Mass spectrometry was again powerful for char-
acterizing ligand exchange reactions in protected nanoclusters
with selenolates or tellurolates."**'*' Again, time dependent
experiments have permitted to push forward the understanding
of the formation of cluster size conversion or surface ligand
modifications as a function of ligand exchange strategies,'***2°
reactive agents'>”*** or etching process.'**'3*

Probing the charge state of the metal core (or kernel) of
nanoclusters is also an exciting field of investigation.
Indeed the total charge on nanoclusters may drive its
reactivity.'**'**'37 Therefore, efficient tools able to probe the
charge states of metal nanoclusters are critical to investigate
their potential application. Nuclear magnetic resonance (NMR),
cyclic voltammetry™*® and optical absorption spectroscopy can
be used to address the charge state of metal nanoclusters.'****
However, MS approaches were also successful. On the basis of
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Fig. 4 Time-dependent ESI MS of intercluster reaction between PdAg,g and Au,s (1: 5 ratio) where panel (A) shows the reaction at the PdAg,g side and
panel (B) presents the reaction at the Auys side. The red asterisk corresponds to thiolates produced during the reaction. The species observed are

[PdAUAGss_«(BDT)1o]*~ and [Ag,Auss_«(PET)sgl ™. (reprinted with permission Copyright© 2019 American Chemistry Society

detailed ESI-MS analysis, Tsukuda and coworkers studied the
charge states of Au,s nanoclusters."*” Following this approach,
our group further investigated Au NCs protected by glutathione
ligands."*® The charge assignment was complicated by the fact
that the total charge of the cluster ([Au,(SG),-(p)H]? ) is a
combination of p charges hold by several deprotonations on
ligands and the charge of the gold kernel (g-p). In particular,
using glutathione as ligand molecule, clusters with sizes superior
to Au,,(SG),7 were found to bear a negative kernel charge. Indeed,
for such sizes, the gold core is sufficiently large to accommodate
an excess electron. Charge states for clusters protected by
“neutral” ligands (that do not ionize easily in the gas phase) were
also reported in the literature using extra charging with alkali
adducts'** or in the negative mode of ionization of electrospray
for nanoclusters holding negative charges on the cluster core.'*®
Finally, our group has recently investigated the heterogeneity
in the charging patterns of Au,sMBA;g clusters by mass
spectrometry. For a given charge state of those clusters, it was
shown that several populations with different protonation
patterns coexist (see Fig. 3)."

2.2 Mass spectrometry for polydisperse nanoclusters.
Multiplicative correlation algorithm

Atomically precise nanoclusters are only a narrow class of ultra-
small nanoparticles. Generally, synthesis lead to mixtures of
clusters composed of different numbers of both core atoms and
of the surface capping agents leads to charge and mass
dispersion. This is particularly true for a specific class of
nanocluster, e.g. protein templated metal nanoclusters. While
ESI-MS is the gold standard for analyzing many proteins, only
very few analyses of protein protected clusters by ESI MS have
been reported.'*® It is likely that ESI ionization efficiency is
dramatically lowered due to the presence of counter ions from
the synthesis procedure."*” Following the first MALDI-MS spec-
trum reported by Xie and coworkers for BSA-templated gold

4900 | Mater. Adv, 2021, 2, 4896-4913
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nanoclusters,"*® efforts have been made, mainly by
Pradeep’s group, to use MALDI-MS to characterize protein-
templated metal nanoclusters."*® MALDI matrices are crystal-
forming organic molecules used to enhance the vaporization of
poorly-volatile analytes, and their ionization through charge
transfer capability. Typically sinapic acid (SA), o-cyano-o-
hydroxy cinnamic acid (CHCA) and others,"° used for proteins
are also suitable for protein-templated metal nanoclusters.
Commercial MALDI TOF instruments coupled to standard
337 nm N, laser are generally used. MALDI-MS spectra usually
show both bare proteins and the corresponding protein-
templated metal nanoclusters displaying a broad unresolved peak
shifted by few kDa due to the presence of the gold core. However,
the observed broad envelopes on MS spectra prevent from any
clear assignment of the exact number of gold atoms and its
possible dispersion. So far, gold and silver nanoclusters templated
by a large variety of proteins (i.e. bovine and human serum albumin,
bovine lactoferrin, human serum transferrin, hemoglobin, insulin,
lysozyme, trypsin, horse radish peroxidase, pepsin, egg white,
egg shell membrane, human hair, chymotrypsin) have been
characterized by MALDI-MS, as reviewed by Pradeep et al.>>'*°

Beyond mass characterization, the mechanisms of the
formation of protein-protected nanoclusters have also been
investigated by MS. Especially, Pradeep’s group used time-
dependent mass spectrometry of the reaction mixture in order
to systematically monitor the first step of the growth of the
cluster within the protein template.''™">* Matrix-assisted laser
desorption ionization mass spectrometry was also used to
document the pH-dependent and time-dependent in situ
growth of Au NCs in protein.’® Recently, Shu-Hui Chen and
coworkers intended to elucidate the core ligand sequence
and key residues responsible for protein-encapsulated gold
nanoclusters formation and stabilization using MALDI-MS,
LC-MS/MS, and proteomics by developing a proper workflow
and sample preparation method.***

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Other strategies have been explored to tune properties of
ultrasmall nanoparticles. For instance, metal clusters can be
protected by multi-shells of ligands (using multidentate zwit-
terionic ligands). Also one can play with the ratio between the
reducing and protecting agent leading to a subtle balance
between metal kernel and shell of oligomeric Au(i)-ligand
complexes. Such strategies in turn yield a strong mass and
charge dispersion.’®®'®” As an illustration Fig. 5 displays the
MALDI-MS spectrum of gold nanoclusters stabilized by a shell
of zwitterion ligands (AuZw nanoclusters). A continuous band
centered at m/z 14 500 is observed along with equally spaced
sharp peaks at lower masses. The broad band corresponds to
highly polydisperse intact Au NCs associated with the ligand by
covalent and no covalent bonds. Discrete peaks are attributed
to the fragmented Au NC core. In such case, the MALDI
spectrum clearly contains poor information on the composition
of the clusters. Our group proposed to use the ESI ionization
mode to better characterize such nanoclusters. Ligands
protecting NCs often contain multiple groups easily ionized
by ESI. The resulting ions are then highly charged, and
different charge states are formed. The ESI spectrum is then
more complex than the MALDI spectrum, but still poorly
resolved. However, instead of a single broad band corres-
ponding to the whole cluster, a series of bands is visible
(as illustrated in Fig. 1 middle panel). These bands correspond
to the different charge states of the whole cluster, and their
distribution (decreasing inter-distance as m/z decreases) is
characteristic of its mass and charge. We developed a multi-
plicative correlation algorithm (MCA) to estimate the mass of
nanoparticles from such spectra.'”®'*® The multiplicative cor-
relation was specifically designed to enhance the deconvoluted
signal when the parent molecule is distributed into several
charge states in the spectrum measured. As seen in Fig. 5, for
gold nanoclusters stabilized by a shell of zwitterion ligands, the
deconvoluted ESI-MS spectrum allows to determine their mass
distribution (centered at 11000 Da with a second minor
distribution at ~13500 Da).'®® Thus, possible molecular
formula for AuZw (x~11 kDa) (see Fig. 5c) could be Au;,Zw,,.
Such deconvolution approaches with ESI-MS measurements
were found to be well-adapted for solving mass distributions
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of polydisperse gold nanoclusters as well as for ultra-

small Gd-based silica NPs.'**™'"3

2.3 Mass spectrometry beyond nanoclusters. Charge
detection mass spectrometry

Larger particles with higher molecular weight, e.g. megadalton
or even larger, are also of interest in the nanoscale community.
Indeed, recent strategies have emerged to produce self-assemblies
of atomically precise noble metal nanoclusters with potential
applications in various fields of science. More generally, due to
their well-defined structure, metal NCs have become promising
functional building blocks of metamaterials for various practical
applications. Arrangement of functional building blocks into
ordered hierarchy architectures is an alternative means to
enhance individual properties by synergetic effects. Such con-
trolled self-assemblies are supposed to have very large molecular
weight with strong mass dispersion, beyond the scope of
traditional MS techniques. Indeed, for such nanomaterials, the
electrospray ionization may lead to highly charged species for
which the charge state resolution is then lacking. On the opposite,
producing low charge states of such large species (e.g. using
MALDI-MS) results in ions with m/z so large that the detection
efficiency is dramatically reduced using conventional technologies.
In addition, mass spectra are characterized by a broad envelope
without any resolved pattern (see Fig. 1 right panel). Without
hypothesis on the average charge of particles, it is then impossible
to extract any mass information. One way to overcome this
limitation is to measure independently the mass (or more exactly
the m/z) and the charge z of each ion. This can be fulfilled by the
charge detection mass spectrometry (CDMS) technique. CDMS is
based on a very simple concept: an ion passing through a
conducting cylinder will induce an image charge (proportional
to its charge) on the cylinder. Then the charge of the ion can be
determined by measuring the amount of charges flowing to the
cylinder. The velocity of the individual incoming ion is then
obtained from the cylinder length and from the duration of the
image charge signal, corresponding to the ion entering and
exiting the tube. The m/z of the ion is determined from its energy
and velocity. The mass of each ion is finally obtained from the
measured charge z and m/z. In 1995, Fuerstenau and Benner'”*
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(a) MALDI-MS and (b) Deconvoluted ESI-MS spectra of gold nanoclusters protected by multi-shells of thioctic bidentate zwitterionic ligands.

(c) Possible structure for nanoclusters AuZw,, (with thioctic-zwitterion ligand (Zw, C1sH30N204S3). Adapted with permission Copyright© © 2017 AIP

Publishing and © 2014 and 2019 RSC Publishing).1%7:160:257
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coupled CDMS to ESI and really pioneered this technique in
analyzing macromolecules in the MDa range, and paved the way
to the future studies of biological species and nanoparticles.
In more recent years, thanks to the impressive technical
developments proposed by the group of Jarrold,"”> CDMS was
dramatically improved, enabling the determination of
stoichiometry of bio-assemblies. In our group, we were interested
in pushing the limits of CDMS for the determination of the mass
and charge distribution of very heterogeneous samples containing
nanoparticles.'®'’*7® We recently pushed the envelope of
characterization of both ligand protected gold nanoclusters and
their assembly following zinc-ion-induced aggregation by measur-
ing their entire molar mass distribution by mass spectrometry
based methods."® Fig. 6b shows the ESI MS spectrum of
precursor gold NCs are of stoichiometry Au;oMPA;, with
additional Au,;_1,MPA;;_;,. Addition of an excess of zinc ions to
the as-prepared Au NCs solution, leads to the formation of zinc-
mediated complexation reaction-based aggregates of AuNCs for
which molar mass information were obtained using charge-
detection mass-spectrometry. A mass histogram from the
controlled zinc-ion-induced aggregates of AuMPA NCs shows a
broad distribution extending from ~75 MDa to more than
~1 GDa, illustrating the ability of CDMS to characterize a
large polydispersity of the sub-30 nm nanoparticles. We also
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demonstrated the interest of CDMS to characterize gold-thiolate
self-assemblies."”®

3 Couplings

While the above examples have demonstrated the interest in
MS as an efficient tool for the mass characterization of ultra-
small nanoparticles (and in particular atomically precise
nanoclusters), two areas are still not correctly addressed by
this technique for their exhaustive analysis: (i) deep insight into
their structural motifs and the chemical composition and (ii)
exhaustive characterization of mixtures in nanomaterials sam-
ples. Interfacing MS with a (offline or online) separation
method helps to better discriminate complex samples. Also,
no structural information can be drawn from the only mass
measurement. Fortunately, techniques like ion mobility-MS
(IM-MS) and tandem MS (MS/MS) including photodissociation
and action spectroscopy are able to provide structural information.

3.1 Separation techniques

In early works following the Brust method, synthesis led usually
to mixtures of ultrasmall nanoparticles or nanoclusters. And
clearly, the addition of separation techniques was helpful to
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(a) Schematic illustration of the synthesis process of MPA AuNCs (Au;oMPA;o) adding zinc ion due to trigger aggregation of the MPA AuNCs.

(b) Experimentally observed ESI-MS spectrum in negative mode of ionization of Au MPA NCs. Inset: Experimentally observed (red) and simulated (black)
ESI-MS isotopic patterns of the 2-charge state of Au;pMPA;1¢ nanoclusters. (c) Mass histograms for the zinc induced MPA aggregates, obtained by charge-
detection mass spectrometry (CDMS) measurements. Experimental distributions are fitted with lognormal distributions (red curve). (Reprinted with

permission Copyright© © 2021 RSC Publishing).18°
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exhaustively characterize synthesis products. Polyacrylamide
gel electrophoresis (PAGE), high-performance liquid chromato-
graphy (HPLC), and thin-layer chromatography (TLC) are the
most popular separation methods developed for monolayer
protected metal clusters and related clusters. Characterization,
analysis, and separation of mixtures of clusters by chromato-
graphy have been pioneered by Whetten group.*'~** A recent
review on these techniques applied to thiolate (SR)-protected
gold clusters was recently published by Negishi et al'®" In
particular, PAGE was demonstrated to be an efficient technique
to separate complex cluster synthesis mixtures prior to ESI-MS
analysis (off-line coupling), for which the composition of
glutathione protected gold*' and silver’>'®? nanoclusters was
correctly assigned. Size exclusion chromatography has permitted
to isolate thiolate-protected gold nanoclusters with core mass of
12 kDa, the collected eluates was then analyzed by ESI-MS to
determine the predominant cluster species.'®® Size-dependent
electrophoretic migration and separation of water-soluble gold
nanoclusters were also obtained by capillary electrophoresis.'®*

HPLC benefits from high resolution and repeatability.'>'8
This technique also has the advantage to be straightforwardly
coupled online with electrospray ionization (ESI) mass spectro-
metry (MS), as opposed to separation by other techniques
(PAGE). Thus, it is possible to determine the chemical composition
of very minor components that cannot be detected by PAGE. Some
of the recent developments include direct coupling of chromato-
graphic techniques to MS. Our group for instance was able to study
ultrasmall nanoparticles by combining HPLC and ESI-MS.
Time-dependent experiments were conducted on ultrasmall
Gd-based silica sub-5 nm nanoparticles aiming at recording both
chromatograms and associated mass spectra as a function of time
and have permitted to bring new information on the aging
processes in such USNPs (as illustrated in Fig. 7).">° Black et al.
coupled reversed-phase chromatography and capillary LC with
mass spectrometry and separated gold clusters of varying core
sizes from their mixtures."¥ "' As illustrated in Fig. 8, they
demonstrated that using volatile trimethylamine as an ion-pair
reagent enhances separation of Au,(m-MBA),, clusters (m-MBA =
m-mercaptobenzoic acid; n = 48-67, m = 26-30), then allowing the
determination of their composition.**°

3.2 Ion mobility-MS

Ion mobility coupled to mass spectrometry (IM-MS) is becoming
an indispensable tool for gas phase structural biology.'*****
In an IM-MS experiment, ions are driven through a buffer gas by
a weak electric field, prior to their injection in a mass spectro-
meter. Ions with different size and shape, or different charges,
adopt different velocities in the drift gas and then reach the
mass spectrometer at different times. This allows isomer
separation before mass measurement. The drift time of the ions
can then be converted to a collision cross section (CCS), related
to their geometry. IM-MS has been largely applied to study the
folding and unfolding mechanisms of proteins.'®® In the field of
nanoclusters a significant breakthrough was achieved by Cliffel,
McLean and colleagues, who reported the first IM-MS analysis of
gold nanoclusters protected by different ligands (tiopronin and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) general online HPLC/ESI-MS setup. HPLC spectrum of the
nanoparticles and corresponding mass spectra for each peak of elution
(evidencing products of fragmentation and intact small rigid platform SRP
NPs. (b) Chromatograms (HPLC-MS) recorded at different aging times of
the solution. (reprinted with permission Copyright© 2013 American
Chemistry Society).**®

1 16 17 18 19 20 21 22 23 24 2
Time [min]
LB [N e e e e e e e
| l
2
1 o
3
s ) sils
4
L
| L
T T T T T T T T T
1000 2000 3000 4000 5000 6000 7000 8000 9000 miz

Fig. 8 Positive ESIMS spectra. This analysis shows mainly 2+ charge-states.
The black trace corresponds to the base peak chromatogram (m/z 100-
10000). The color-coded EIC chromatographic peaks track with the coded
and numbered mass spectra listed herein, with compositions assigned as
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Reprinted with permission Copyright@© 2019 MDPI Publishing).**°
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phenylethanethiolate), as well as gold-tiopronin and gold-
phenylethanethiolate precursor complexes.'®® After the pioneering
works of Dass et al,”®® who used IM-MS to investigate
Au,5(SCH,CH,Ph);¢ nanoclusters, the technique has gained
importance in the field of protected noble metal NCs. For
instance the Pradeep group was very active in IM-MS, figuring
out several isomers in ligand protected silver cluster, separating
dimers and trimers of [Au,5(SR),5], looking at the unfolding of
lysozyme upon gold addition, probing intercluster reactions or
even following oligomerization processes.'>* %7720

Structural assignment based on IM-MS is nevertheless not as
direct and unambiguous as determining the composition of a
cluster from a HR-MS measurement. A first step generally
consists of generating candidate structures, most often based
on molecular modelling. Then, CCS computed for these structures
can be compared to the experimental CCS. An important limitation
to this procedure is that the CCS is roughly a measure of the
average projected surface of the clusters and thus no one-to-one
relation exists between structure and CCS. Consequently, a
simple match between the CCS of a candidate structure and
the experimental value is not sufficient for an assignment.
Additional criterion, such as the energetics have to be taken
into account. Another challenge to achieve structural assignment
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consists of generating the structures. Although force field
simulations have often been sufficient for biomolecules,
accurate simulations of metallic nanoclusters often require first
principle calculations, e.g. density functional theory (DFT).
Our group reported several studies based on IM-MS, especially
applied to the sizing of glutathione-protected gold nanoclusters®
and to help in structural determination in the case of inorganic
nanoclusters.>® In particular, we investigated homoleptic
Au,,SR;o nanoclusters, for which CCS were measured for different
charge states and for different ligands (glutathione as well as
smaller thioglycolic acid TGA ligand). For the tripeptide glutha-
tione as ligand, strong charge-state effects on the experimental
CCS values were observed and attributed to charge-induced
glutathione unfolding. Such a dominant influence of the ligand
on the CCS makes it impossible to extract any workable informa-
tion on the core structure.® This effect is nevertheless minimized
in the case of smaller and more rigid ligands (such as TGA). In
this case, our results supported a possible catenane structure for
the cluster, based on comparison with DFT simulations.?
Systematic IM-MS studies can also provide information on
the influence of ligands on cluster structure, or to investigate
their structural stability. For example, the structural changes
upon ligand exchange from [Aug(PPh;),]*" and [Auy;(PPh;)oH]*"
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(left panel) Scheme of the IMS-IMS-MS setup. The green line represents the path of the ions through the instrument, from the electrospray (ESI)

ion source transfer capillary. A timeline for IMS-IMS-MS measurements is provided below, where At corresponds to the time at which the selection gate is
briefly opened (typically for 500 ps) to let through only the ions with a chosen mobility. ATDs for [Au,s-meta-MBA;5]°~ clusters with corresponding full
isotopic pattern. (right panel) Arrival time distributions extracted for (a) [Au.s-meta-MBAg]°~ clusters and (b) [Auss-meta-MBAgl*~ clusters by integrating
over the full isotopic pattern in each case. Red and green traces were obtained after selection of the ions on the fly (between the two drift tubes),
respectively, using the selection windows labeled A and B. These ATDs were normalized to the total ion signal (see text). Corresponding ATDs obtained

without selection are also provided as a reference (gray lines). (reprinted with permission Copyright© 2020 American Chemistry Society;
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with methyldiphenylphosphine (MePPh,) were evidenced by
IM-MS analysis.”’® Recently, Hirata et al. studied the effect of
collisional excitation on structural properties of nanoclusters
and showed that phosphine-protected gold clusters undergo
conversion to more compact isomers.>®” Very recently, Hakkinen
and coworkers showed that IM-MS was a technique of choice to
probe interconversion between isomers of Au,5(SR);5 clusters.>*®
Accessible interconversion pathways between the different
identified conformers can further be probed by tandem ion
mobility measurement (IM-IM-MS), as developed in our
group.’®*?"" A schematic of the double IMS instrumental setup
is presented in Fig. 9. In tandem-ion mobility, a first separation
is used to select conformers. Selected ions can then be subjected
to collisional activation. Finally, the resulting species are
dispersed in the second tube before mass analysis with a time-
of-flight mass spectrometer. We used this set-up to investigate
the heterogeneity in the charging patterns of Au,sMBA; clusters.
We showed that for a given charge state of those clusters, several
populations with different protonation patterns coexist. Part of
the observed heterogeneity could be attributed to spontaneous
electron loss occurring in the gas phase, which was supported by
IM-IM-MS measurements. As illustrated in Fig. 9, we showed
that if Au,s ions with a 5-charge state are selected at the end of
the first drift tube, their drift time in the second drift tube is
intermediate between that expected for 5- and 4-ions, suggesting
that part of the ions have lost an electron during their flight.*”

3.3 Dissociation techniques and action spectroscopy

Complementary information regarding the structure and
bonding of NCs can be obtained from dissociation studies
(tandem MS). The most popular dissociation technique used
in mass spectrometry is collision induced dissociation (CID)
where mass-selected ions are subjected to energetic collisions
with inert gases like Ar, N,, He, etc. Several CID studies on
ligand-protected NCs were reported. In particular, for Au,s,
common dissociation channels involve surface staple motifs
and/or ligand evaporation,3®3%37:123:143,196.212°214 o arger
nanoclusters such as Au;,44(SR)so and Auyzo(SR)s0, Black et al
demonstrated a charge dependence on the extent of
fragmentation,>'® as also shown on Au,; capped with different
isomers of MBA ligands (ortho, meta and para).>*® CID experiments
can also be used to probe the relative stability of homologous
clusters (by monitoring the energy thresholds for fragmentation).
For instance, an isomeric effect of mercaptobenzoic acids on
the gas-phase stability of Au,;(MBA);s NCs was observed.
Fig. 10 displays the CID breakdown curves for the 4-charge
state of Au,s(MBA);g for the three isomeric forms of the MBA
ligands (ortho (0), meta (m), and para (p)). For p-MBA, almost
no fragmentation is observed in the explored collision energy
range. In contrast, Au,s with 0-MBA ligands appears to be
dramatically more sensitive to collisional activation. This was
attributed to the different steric hindrance of the carboxylic
groups on the ligand shell at the surface of the gold core
(higher for m-MBA and, and even more for 0-MBA). This leads
to constraints on the Au-S interface that may reduce the
binding energy for fragmentation through Au-S bond

© 2021 The Author(s). Published by the Royal Society of Chemistry
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breaking.”™® Surface-induced dissociation (SID), where mass
selected ions are collided with Au surfaces protected by mono-
layers of alkanethiols was found to be a more convenient
technique than CID, as it produce more fragments.'*® It is also
better suited to extract thermodynamic parameters of the
cluster ions (threshold energies and activation entropies of
fragmentation), as demonstrated by Johnson et al. on small
TPP-protected Au clusters.”’” Recently Brodbelt, Whetten and
coworkers evidenced the interest of dissociation techniques
using  near-vacuum  ultraviolet  photodissociation.*'®
Upon 193 nm irradiation (excitation laser wavelength), high-
energy fragmentation pathways and cleavage of Au-S and C-S
bonds may be reached, which leads to massive fragmentation
(as compared to CID or SID). Interestingly the final products of
the fragmentation in this case consist of bare gold cluster ions,
which allows to unambiguously determine the size of the
cluster core. CID was also used as an efficient tool to produce
bare metal clusters, inside®® and outside*’® mass spectro-
meters, from sequential evaporation of ligated clusters, as
pioneered by our group for producing small silver clusters.>*°
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Fig. 10 (a) Proposed structure for Au,s(MBA) g with p-MBA isomeric ligand.
(b) CID breakdown curves for the 4-charge state of Au,s(MBA);g for the
three isomeric MBA ligands as a function of collision energy. (reprinted with
permission Copyright© 2018 American Chemistry Society).?®
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Of note, upon UV and near-UV irradiation, negatively charged
nanoclusters display electron photodetachment as the main
observed channel. This channel can be conveniently used
either for action spectroscopy or to produce activated radical
species that efficiently promotes additional fragmentation.>****">*?

Some types of mass spectrometry devices can also act as
storage devices (e.g. ion trap mass spectrometer). Tunable
lasers can be injected within such traps to irradiate a bunch
of mass-selected ions. Action spectroscopy then consists of
recording the fragmentation (or photodetachment) yields as a
function of excitation laser wavelength, thus providing insight
into the absorption properties of gas phase ions.””*”>*® This
coupling leading to action spectroscopy was pioneered by our
group to study visible and ultraviolet spectroscopy of gas phase
protein ions.””! We also applied this technique to provide
general insight into the nature of electronic excitations at the
metal-bioorganic interface®®>?”"2** that involve n-n* excitation
within bioorganic subunits, charge transfer between two sub-
units and intrametallic excitations.>”” However, more recently,
we moved towards a more rational strategy aiming at
combining ion mobility on one hand and action spectroscopy on
other hand to better determine the structure-optical properties
relationship.>*® For instance, [Ag;4(C= CtBu),,CI]", [Ag14(C=CtBu)y,
Br]" were characterized by IM-MS. These cluster ions showed a
single peak in ion mobility arrival time distribution and
comparison of the CCS values derived from IM with the CCS
values modelled from its X-ray crystal structure suggested that
the gas-phase structures of the clusters are closely related to
their condensed-phase structures (Fig. 11). Then we performed
VUV and UV action spectroscopy on [Agy4_,Cu,(C=CtBu),, X]"
(X = Cl and Br). Thanks to VUV action spectroscopy, the
ionization onsets of the cluster ions were determined to be
~8.8 eV. In the UV range, action spectroscopy gave the
“absorption” spectra of the cluster ions in the gas phase
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(Fig. 11). The experimental optical absorption spectra
compared with TDDFT calculations permitted to figure out
the key electronic excitations responsible for observed absorp-
tion band with a IM-MS characterized structure.>®®

4 Concluding remarks

In this perspective article, we reviewed the current trends in
mass spectrometry as a powerful characterization tool for nano-
materials. For nanoclusters produced at the atomic precision,
both composition in terms of stoichiometry (between ligands
and metal atoms) and charge states of the metal kernel as well as
compound evolution during the synthesis can be determined by
high-resolution mass spectrometry. Mass spectrometry based
tools can be used to weighing ultrasmall nanoparticles in the
mass range of few hundreds of kilodalton and for nanoclusters
presenting mass dispersion but usually some assumptions on
the charge state and on the NP composition are required to
obtain information on their composition. The combination of
electrospray ionization with multiplicative correlation algo-
rithms was found to be a useful tool for characterization of
polydisperse nanoclusters in the mass range 10-100 kDa. For
larger molecular weight, e.g. megadalton or even larger, that are
observed for self-assembly of precision noble metal nanoclusters,
mass information can be fulfilled by the charge detection mass
spectrometry technique that directly measures the mass and the
charge z of each ion. In particular the recent improvement of
charge detection mass spectrometry (using electrostatic storage
devices)'”® allows for unprecedented low charge limits and would
allow for better insights into the mechanism of formation of
large assemblies: from kilodalton individual clusters to their
megadalton self assembly."®® Of note, this mass range appears
optimal for nanomechanical resonators> like nanomechanical
mass spectrometers.>*

Definitely, mass spectrometry is becoming a technique of
profound importance for materials science, and is now an
indispensable tool completing the characterization toolbox.
Depending on the synthesis routes, information on nano-
materials ranging from its composition at the atomic precision
to the estimation of its average mass and distribution can be
obtained. It is nevertheless central to keep in mind that mass
spectrometry cannot be a single technique with respect to
characterization of nanomaterials. Even in the field of atom-
ically precise nanoclusters, a wide range of complementary
techniques must be employed for exhaustive nanocluster char-
acterization (as illustrated in Fig. 12).>*77>%°

Gas-phase spectroscopy involving electronic excitations in
combination with ion mobility has recently gained importance
in revealing the structural details and structural dynamics of
biomolecular objects.>®>'" In a similar manner, such studies
may be extended with gas phase IR (for vibrational excitations)
and VUV (for valence shell excitations) spectroscopies in the case
of nanoclusters as complement tools for understanding the
structures of isomers.”?*?°?*! Negatively charged nanoclusters
are usually prone to detach electrons upon photoexcitation, and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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clearly photoelectron spectroscopy (PES) could be more explored
to better address electronic properties of the NCs.”**?** Also, the
coupling between electron photodetachment or PES with
circular dichroism***2** may be of interest to better understand
the chirality in liganded nanoclusters. Indeed, the ionization
energies of gold core is ~7.5 eV while the ionization energies of
sulfur-containing ligands are ~9.5 eV. Thus by playing with the
VUV photon energy, it would be possible to decipher the origin
of chirality in such nano-objects by recording VUV photoelectron
spectroscopy and photoelectron circular dichroism.

Another promising direction may consist of transposing to
nanoclusters strategies successfully applied in top-down
proteomics, where intact protein ions or large protein
fragments are subjected to gas-phase fragmentation before
MS analysis. Dissociation techniques and in particular UVPD
might allow developing the concept of top-down ‘“metal
nanocluster omics”. Namely, rich fragmentation patterns
such as those which can be produced by 193 nm laser
photodissociation,'®*'® could be systematically exploited for
the exhaustive characterization of each constituent of the
clusters, from the ligands to the core. This is particularly
appealing when dealing with complex nanomaterials with
mixtures of surface capping ligands or alloy kernels, for which
the mass of the whole assembly gives poor information on the
stoichiometry of the building blocks.

Beyond pure MS, hyphenated methodologies that combine
separation techniques with mass spectrometry are becoming
central for materials synthesis, allowing a rapid investigation of
complex mixtures in synthetic protocols for materials at the
atomic precision. A promising future of such hyphenated
techniques for such characterizations will be employing either
top-down enzymatic digestion of the proteins bound to the NP
surface, and their subsequent separation and identification
and/or quantification by separation techniques combined to
mass spectrometry or direct analysis by charge detection mass
spectrometry might help to follow the “aging” of ultra-small
NPs in vitro.>*>>% The aging of USNPs in vitro (or in vivo)
remain a challenging issue in nanomedicine.”***® For
instance, the characterization and a comprehensive picture of
the “protein corona” arising after exposure to NPs in cells and
organisms might benefit from operando strategies using mass
spectrometry imaging.>*°

Finally, electrospray and MALDI are methods of choice for
efficiently ionizing nanomaterials and thus for their analysis by
MS instruments, but can also be used as source for producing
nanomaterials.>*° Indeed, electrospray has shown to be an
elegant and versatile way to make a broad array of
nanoparticles.>**>** Combining laser desorption and spray as
new ‘“‘out-of-equilibrium” media will allow for reactivity within
droplets and/or laser ablation plume and can lead to new
synthetic routes for nanomaterials.>'%2%472%6
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