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Abstract

Mass spectrometry (MS) has been one of the most successful analytical tech-
niques as it could provide highly sensitive detection and molecular structure
information by recording MS or even MS" spectra. For MS analysis, efficient
ionization, interference-free detection, and development of new ionization
sources are of great concern in the fields of analytical and bioanalytical chem-
istry. Nanoparticles (NPs), with large surface area, specific physical and chem-
ical properties, as well as techniques of controllable synthesis and
functionalization, begin to attract more and more attentions for their potential
application in MS analysis. On the one hand, NPs are useful matrixes in surface-
assisted laser desorption/ionization mass spectrometry (SALDI-MS), mainly
benefitting from their strong light absorption in wide range. Compared with
conventional organic matrixes, NPs can eliminate the “sweet spots” and provide
high signals in low-mass region. Besides, after functionalized with recognition
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ligands, NPs would gain a strong affinity to analytes, thus enriching the target
compounds and improving the detection sensitivity. So far, silicon NPs, metallic
NPs, metal oxide NPs, and carbon-based NPs have demonstrated their applica-
bility in SALDI-MS, which are summarized in the following text. On the other
hand, NPs can also be used for the development of new ionization sources.
Nanostructure-initiator mass spectrometry (NIMS) is a novel spatially defined
mass analysis technique that uses “initiator” molecules trapped in nanostruc-
tured surfaces to release and ionize samples on the surface. Owing to the
advantages of high lateral resolution, high sensitivity, matrix-free, and reduced
fragmentation, it is now widely used in biochemical analysis and tissue imaging.
Based on the survey of literature, the authors also discussed the prospective of
NPs used in MS analysis.
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SA Sinapinic acid

SALDI Surface-assisted laser desorption/ionization

SIMS Secondary ion mass spectrometry
Introduction

In the past decade, mass spectrometry (MS), especially matrix-assisted laser
desorption/ionization (MALDI)-MS, was increasingly used as a powerful analytical
method in many fields because it allows highly sensitive detection, high-throughput
analysis, and general molecular structure information provided. Since its invention
in the late 1980s [1], MALDI-MS has become an important tool in life science and
can be used for analysis of various samples, such as proteins, DNA/RNA, poly-
saccharides, synthetic polymers, and so on [2-6]. In MALDI-MS, “matrixes” are
used in large excess over the analytes to minimize sample damage from laser
irradiation. The matrixes co-crystallize with analytes on the sample plate and
transfer proton to analytes as they are evaporated into the gas phase under laser
irradiation [7]. The most popular matrixes for MALDI-MS using a N, laser are
organic molecules, such as 2,5-dihydroxybenzoic acid (DHB), a-cyano-4-
hydroxycinnamic acid (CHCA), and sinapinic acid (SA), mainly because they
have strong light absorption at 337 nm and efficient proton transfer capability
[8]. Although great success has been achieved for MALDI-MS, there are several
problems associated with the use of organic matrixes. Firstly, the interferences of
matrix in low molecule weight region (<500 Da) in MALDI-MS have significantly
limited the analysis of small molecules. Secondly, the screening of the most
suitable matrix and the optimization of its amounts are time-consuming, decreasing
the analytical efficiency. Thirdly, the preparation of a uniform analyte—matrix
surface is a rigorous challenge: the presence of “sweet spots” is common, leading
to poor shot-to-shot and sample-to-sample reproducibility, which hinders the quan-
titative analysis in MALDI-MS.

Nanoparticles (NPs), with large surface area, specific physical and chemical
properties, as well as the development of novel techniques of controllable synthesis
and functionalization [9], begin to attract more and more attentions for their
potential application in this field [10]. NPs are useful matrixes in one MS mode,
known as surface-assisted laser desorption/ionization mass spectrometry (SALDI-
MS), mainly benefitting from their strong light absorption [11]. Compared with
conventional organic matrixes, NPs can overcome two major problems: the pres-
ence of “sweet spots” and the high background signals in low-mass region. Besides,
after functionalized with recognition ligands, NPs would gain a strong affinity for
analytes, thus enriching the target compounds and improving the detection sensi-
tivity. So far, silicon NPs, metallic NPs, metal oxide NPs, and carbon-based NPs
have demonstrated their applicability in SALDI-MS. Additionally, NPs can also be
used for the development of new ionization sources. Nanostructure-initiator mass
spectrometry (NIMS) is a novel spatially defined mass analysis technique that uses
“initiator” molecules trapped in nanostructured surfaces to release and ionize
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samples on the surface. Owing to the advantages of high lateral resolution, high
sensitivity, matrix-free, and reduced fragmentation, it is now widely used in
biochemical analysis and tissue imaging.

In this chapter, the authors focus on the applications of NPs in MS for highly
sensitive analysis, with the emphasis on the applications of various NPs in SALDI-
MS, including silicon nanomaterials, metallic nanomaterials, metal oxide
nanomaterials, and carbon-based nanomaterials. The development of NP-based
new ionization sources, NIMS, was also discussed (summarized in Table 1).

Matrix Effects of NPs in SALDI-MS

With the development of nanoscience and nanotechnology, NPs of various size,
shapes, and compositions (such as silicon NPs, metallic NPs, metal oxide NPs, and
carbon-based NPs) have been widely used as matrixes in SALDI-MS to improve the
applicability of MALDI-MS (Schematic 1).

Tanaka et al. [12] reported ultrafine 30 nm diameter cobalt powder suspension as
the inorganic matrix for the MS detection of proteins for the first time. This work
demonstrated that the NPs can obviously improve the sensitivity since they can
capture analytes, absorb and transfer laser energy for effective desorption and
ionization. On the other hand, NPs provide some MS background due to the
formation of metal clusters. Although there still are some debates on the mecha-
nisms, the most commonly accepted one is based on the thermally driven energy
transfer from NPs to analytes [13]. The temperature change on NP surfaces depends
on the incident laser frequency, the absorptivity of the NPs, and the diffusion of the
heat during the laser pulse duration [11, 13]. A higher temperature could be
generated on the surfaces of NPs with a low heat capacity upon laser irradiation.
As a result, NPs with high absorptivity at the emission wavelength of the laser
irradiation source, low heat capacity, and few cluster ions (low MS background) are
promising in improving sensitivity of SALDI-MS. For example, when N, lasers are
used, NPs that have substantial absorptivity near 337 nm are good candidates — such
as TiO,, Au, and Ag NPs. Also, when NPs are used to selectively capture analytes,
Au and Ag NPs could form specific Au—S and Ag—S bond with thiol-containing
analytes.

In the following text, the applications of various NPs in SALDI-MS for high
sensitive detection are described, including silicon NPs, metallic NPs, metal oxide
NPs, and carbon-based NPs.

Silicon NPs

Porous silicon was firstly reported to be capable of trapping analytes and transfer-
ring laser energy to the analytes, which were then desorbed/ionized by MS
[14]. This method was termed as desorption/ionization on silicon mass spectrom-
etry (DIOS-MS), and it was notable mainly for the use of monolithic target. In this
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SALDI-MS

Schematic 1 Applications of nanoparticles in SALDI-MS

work, porous silicon was acquired through a galvanostatic etching procedure, and
the results showed that DIOS-MS can provide higher sensitivity and less or no
fragmentation. Different chemical and structural modifications of the silicon sur-
face were studied, indicating that the surfaces with smaller pore sizes and more
hydrophobicity gave better signals.

DIOS-MS has opened a new chapter for the development of SALDI-MS [15,
16]. Since then, several groups investigated the preparation conditions of porous
silicon [17-19]. Electrochemical etching is the most commonly used method in
literatures. For instance, Shen et al. [17] found that double etching could enhance
the sensitivity, but the analytes needed to be desorbed with higher laser energy; wet
chemical etching approaches could produce substrates exhibiting substantial inter-
sample variability. Later, plasma-enhanced chemical vapor deposition (PECVD)
was used to form column/void network silicon film [20]. The appropriate thickness
of the film should be between 50 and 100 nm to obtain efficient desorption/
ionization of the analytes. Through molecular beam epitaxy, self-assembled ger-
manium nanodots (GeND) could be deposited on a silicon wafer [21]. The upper
limit of detectable mass range was ~17 kDa using GeND-MS. Reactive ion etching
was also utilized to generate ordered silicon nanocavity arrays [22], and it was
capable of systematically varying surface geometries to acquire desired features.
Other techniques, such as chemical vapor deposition (CVD) [23-25], H,O,
metal-HF etching [26-29], silver-assisted chemical etching [30, 31], and iodine-
assisted etching [32], have also been explored.

In recent years, some improvements to DIOS-MS were made. For example,
silver (Ag) NP-coated porous silicon presented much higher stability, sensitivity,
and reproducibility than untreated porous silicon [33]. Mathieu Dupré et al. [34]
studied the influences of silicon surfaces with different morphologies and chemical
functionalizations on the performance of laser desorption/ionization in detail,
demonstrating that surface with two nanostructured layers provided the best per-
formance. Besides, there are also a few reports on SALDI-MS occurring on flat
surfaces, such as flat surface of amorphous silicon [35] and commercial silicon-on-
insulator wafers [36].

In addition to the methods mentioned above, there are still a few techniques
employing silica as matrix. Silica gel bounding with DHB and HCCA was able
to improve the intensity of MS [37]. More recently, a cost-efficient method
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acquired femtomole sensitivity by depositing silica nanoparticles on conven-
tional MALDI target plate [38]. Other works utilizing bare silica nanoparticles
[39], C-18-functionalized magnetic silica nanoparticles [40], amorphous silica
nanoparticles [41], zirconium arsenate-modified silica nanoparticles [42], and
magnetic core—shell silica nanoparticles [43] were also reported.

To sum up, various forms of silicon or silica have been utilized in MS to enhance
the sensitivity. Considering silicon is a cost-efficient material, it is fully believed
that silicon or silica-related MS techniques must have a bright future.

Metallic NPs

In this section, the authors will summarize the applications of precious metals in
SALDI-MS. Among them, Au nanomaterials with good biocompatibility could
form Au-S covalent bonds with thiol groups on biomolecules. They have been
widely used as matrix for signal enhancement in SALDI-MS, and they were also
used as enrichment probe for target molecules.

Various nanostructures, such as Au nanorods [44], Au nanospheres [45], Au
nanostars [45], Au films [46], composite Au materials, etc., could be obtained with
controllable synthesis. Many researchers studied the relationship between nano-
structure morphologies (particles and films) and the maximum absorbance wave-
lengths. Mclean et al. investigated size-selected AuNPs and found that the relative
abundances of the ions in positive and negative mode showed significant differ-
ences as the AuNP size distribution decreased from 10 to 2 nm [45]. When gold
films were used as matrix, the film thickness was tuned in order to match its
maximum absorbance to the excitation laser wavelength [46]. For Au film-coated
nanoporous alumina composite substrates, several factors including Au layer thick-
ness, alumina pore size, and geometry all had effects on the energy absorption and
transfer efficiency [47]. Six hundred and ninety nanometers were found to be the
optimum thickness for alumina substrates and gold layer, respectively.

Gold NPs have also been used as sorbents and matrix in SALDI-MS simulta-
neously. Gold surface was easy to form gold—sulfur bonds and generate self-
assembled monolayer-protected Au nanomaterials, which were named
monolayer-protected gold clusters (MPCs). MCPs provide many desirable attri-
butes for selective extraction. Benjamin et al. [48] prepared cationic and anionic
ligand-decorated MPC(+) and MPC(—) for selectively extracting peptides at vary-
ing pl through electrostatic interactions, and this method can detect peptides as low
as 500 pM in 250 pL solutions. Moreover, on plate strategies have also been
proposed. In Zhang’s group [49], gold NPs were first spotted and sintered on a
stainless steel plate and then modified with 4-mercaptophenylboronic acid to
selectively enrich glycopeptides containing cis-1,2-diol groups. After enrichment
and washing off nonspecific peptides, target analytes were directly determined. Due
to the existence of AuNPs, the laser absorbance efficiency was more effective,
resulting in higher desorption and ionization efficiency. Magnetic separation has
also been introduced into this field. In 2004, Teng et al. [50] first described a
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strategy using Au@Fe;0,4 nanoparticles with negative-charged surfaces to capture
positive-charged proteins from aqueous solutions. Compared with traditional cen-
trifugation, Au@Fe;0, could be easily separated from solution by applying an
external magnet. After washing, analytes can be directly analyzed without elution
by SALDI-MS with AuNPs as matrix.

Besides, other precious metals were also reported in SALDI-MS. AgNPs have
extremely high absorption coefficients at 337 nm, which is near the maximum
wavelength of the nitrogen laser. Chiu et al. [S1] applied AgNPs as matrixes for the
determination of three small molecules — estrone, estradiol, and estriol. The limit of
detections (LODs) can be as low as 0.23 pM for estradiol, and the shot-to-shot and
batch-to-batch variations for the three analytes were less than 9 % and 13 %. Also,
silver-coated AuNPs (Au@ AgNPs) were used to extract analytes in plasma samples
by electrostatic attractions, which provide low LOD and high recoveries [52].

Arakawa et al. [53] synthesized surface clean platinum nanomaterials with thin
projections on the PtNPs surface, termed Pt nanoflowers. Using this new material,
one can obtain higher sensitivity for peptides and phospholipids with lower laser
energy and smaller sample amounts (a few femtomoles). The matrix effects of
different bare metals (Cu, Ag, Au, and Pt) prepared by laser ablation were system-
atically investigated. For desorption/ionization of a representative peptide, angio-
tensin 1, PtNPs exhibited the best performance in SALDI-MS owing to their
smaller heat conductivity and higher melting temperature [54]. What is more, Pt
composite materials were also investigated. The surface modified Pt Nf silicon
hybrid plate was found to facilitate detections of labile compounds. This plate has
been proved to be a high-affinity substrate for phosphopeptides. Excellent detec-
tions were achieved for f-casein digest and various analytes [55].

Metal Oxide NPs

There are certain kinds of metal oxides, such as TiO,, Fe;04, and ZnO, reported as
matrixes of SALDI-MS. TiO; is considered as one of the most promising materials
in SALDI-MS because of its strong absorption in UV region. Recently,
Sonderegger et al. [56] coated a stainless steel target with a 50 nm homogeneous
TiO, layer and investigated its ability to desorb small molecules. For the analysis of
sugars, the peaks were mainly cationized by sodium and potassium instead of
protonated. In addition, this TiO,-coated target can be used repeatedly as an ideal
choice for metabolic analysis. Piret et al. [57] applied TiO, nanotube layers with
different lengths (0.5, 1.0 and 2.0 pm) prepared by electrochemical anodization of
Ti foil, finding that the shortest nanotube layer (0.5 pm) showed the best perfor-
mance in SALDI-MS analysis.

Besides SALDI-MS effect, TiO, nanomaterials were also frequently reported as
concentration probes for some specific analytes, making it possible to work in both
analyte enrichment and signal enhancement. For example, Fe;0,@TiO, core—shell
NPs were used to extract phosphopeptides from protein digests, and after magnetic
separation, the Fe;O4@TiO, NPs acted as the matrix in MALDI-MS analysis [58].
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Benefitting from the enrichment process and the signal enhancement effect, the LOD
was in the femtomole range, and the upper detectable mass limit was ~24,000
Da. Similarly, TiO, was also used to selectively enrich, desorb, and ionize catechins
[59]. The interactions between enediol compounds and TiO, NPs were evident from
the color change from milky white to orange, which also resulted in the increase of
UV absorbance. Therefore, the energy transfer in SALDI-MS process turned to be
more effective. Furthermore, the interactions between TiO, and catechins can be
utilized to obtain catechin-modified TiO,, and the absorption at 337 nm laser was
further increased. Researchers proved that this material showed excellent effect in
the analysis of four steroid hormones [60], including cortisone, hydrocortisone,
progesterone, and testosterone. The quantitative data showed good sensitivity and
reproducibility, indicating the practicality and simplicity of this approach.

In particular, the applications of TiO, in SALDI-MS have been extended
recently. In 2009, the additives in a mixtures produced by photocatalytic degrada-
tion of PEG were directly analyzed by TiO,-based SALDI-MS [61]. Later, suc-
cessful imaging of endogenous low molecular weight metabolites (80-500 Da) in
mouse brain using TiO, NPs was reported [62]. During the detection and imaging
process, there was no need for any wash or separation steps, which made the
method simple, practical, and more powerful than those using DHB or AuNPs as
matrix.

ZnO was also proved to have SALDI effect, and further developments are still in
process. Ryuichi Arakawa et al. [63] developed a SALDI method using ZnO NPs
with anisotropic shapes, and various small molecules, including verapamil hydro-
chloride, testosterone, and polypropylene glycol (average molecular weight 400),
were successfully detected without using a liquid matrix or buffers. The author
pointed out that the ZnO-based SALDI-MS has advantages in post-source decay
analysis and produced a simple mass spectrum for phospholipids. Recently, Shin
et al. [64] investigated the effects of nanowire (NW) length on SALDI-MS analysis
of small molecules. In their work, ZnO NWs of different lengths ranging from 25 to
1,600 nm were fabricated on an Au-/Ti-/Si-structured substrate by a vapor transport
process, and the results suggested that the nanostructure was essential for SALDI
process. The authors discussed the influences of NW length mainly from the aspect
of effective energy transfer, and their conclusion may offer valuable insight for
searching and tailoring novel nanostructures for SALDI materials.

For Fe3;04-based SALDI-MS applications, Chen et al. [65] used silane-
immobilized magnetic iron oxide particles to analyze small proteins and peptides,
showing that the LOD of peptides was as low as ~20 fmol and the upper mass limit
was 16,000 Da. Furthermore, after functionalized with negative charge ligands, the
Fe;O4 NPs can act as affinity probes to selectively trap positive-charged com-
pounds in complex solutions by the electrostatic interactions. Iwaki et al. [66]
modified the Fe;O, nanoparticles with human serum albumin (HSA), and the
obtained material was an effective affinity-based SALDI matrix for the analysis
of drugs in human biological liquids. The successful capture of several small drugs
(phenytoin, ibuprofen, camptothecin, and warfarin sodium) via HSA—drug interac-
tions was demonstrated. Benefitting from the SALDI effect of Fe;O4, the detection
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sensitivity for the four drugs was higher than that with an organic matrix. This
affinity-based SALDI-MS using protein-modified Fe;O, NPs offers new
approaches for the drug analysis in biological liquids.

Besides the commonly used TiO,, ZnO, and Fe;O,, the use of other metal oxides
was also under investigation at the same time, and most of them were the extension
of TiO,-based SALDI-MS methods. For example, mesoporous TiO,—WO; was
synthesized by an “acid-base pair” strategy using EO;osPO70EO;ps as a
structure-directing agent. This material had high porosity with a pore size of
9.8 nm and a large BET surface of 150 m?/g, and the spectrum exhibited an intense
absorbance at 340 nm. The results showed that the signal intensities using
mesoporous TiO,—WO; were about hundred folds than those using nonporous
WOs5-TiO, as the matrix [67]. In another report, diamond, TiO,, TiSiO, BaSrTiO
NPs, and their mixtures were applied as the matrix for profiling of neutral carbo-
hydrates in tissues [68], and the LODs were sufficient for the analysis of soluble
carbohydrates in fresh plant. In this work, researchers also pointed out that the
varied performances of laser desorption/ionization capability were mainly resulted
from their different sizes, compositions, structures, and chemical/photochemical
properties.

In summary, various metal oxide nanomaterials, such as NPs, nanotubes, or
those with porous structures, have been applied in SALDI-MS. Among these
reports, some metal oxides can be further used as affinity probes directly or after
proper modification. Considering the large metal oxide family with diverse
functionalization forms, the authors believe that the potential of metal oxide-
based SALDI is far from fully discovered.

Carbon NPs

Carbon nanotube (CNT) with a tubelike cylindrical nanostructure is promising in
many application fields because of their extraordinary electrical, optical, mechan-
ical properties and thermal conductivity [69—72]. Its conjugated carbon wall facil-
itates the energy absorption and transfer, making CNT an ideal matrix in SALDI-
MS. In 2003, Xu et al. [73] first used CNTs prepared from coal by arc discharge to
trap peptides, organic compounds, and f-cyclodextrin and then as matrix for the
analysis of these analytes. The use of CNTs as matrix eliminated the interference of
matrix signal and reduced fragmentation remarkably. Chen et al. [74] employed
CNTs produced from a reactive anodic aluminum oxide template as SALDI-MS
matrix for the analysis of some small proteins and peptides, showing that the
addition of high-concentration citrate buffer not only reduced the alkali adduct
ions but also extended the mass range.

Pristine carbon nanotubes have poor solubility in water. When they are used as
matrix directly, it is hard to form homogeneous layers with analytes on the target,
resulting in poor reproducibility of data. To solve this problem, oxidized carbon
nanotubes (OCNTs), as the oxidation form of CNTs, are employed. The increased
polarity and solubility of OCNTs help the dispersion of matrix in water, thus
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enhancing the reproducibility. In addition, the carboxyl groups on the surface of
OCNTs can also act as proton sources, improving the ionization efficiency of
analytes. Ren et al. [75] synthesized OCNTs by treating CNTs with nitric acid,
and the OCNTs were used as matrix for the SALDI-MS analysis of oligosaccha-
rides, peptides, and insulin. Pan et al. [76] prepared OCNTs by oxidization of CNTs
with HNO3/H,SO,4 mixture, which were then used for the analysis of jatrorrhizine
and palmatine. Other surface modifications of CNTs can also help in improving the
dispersity. Meng et al. [77] proposed a novel hydrothermal synthesis for preparation
of the composites of multiwall carbon nanotubes (MWCNTs) and polyaniline
(MWCNTs@PANI). MWCNTSs were firstly treated with nitric acid to create car-
boxylic groups on the outer surface, and aniline was polymerized and covalently
bonded with the MWCNTs via a hydrothermal reaction. The MWCNTs@PANI
with higher dispersity in water was used as matrix for the detection of six small
metabolites, resulting in high sensitivity and reproducibility.

Besides improving the dispersity, modification of surface of CNTs can also
contribute to the adsorption property and SALDI-MS analysis of special molecules.
Ren et al. [78] derivatized CNTs with 2,5-dihydroxybenzoyl hydrazine. The
functionalized CNTs were used as a pH adjustable enriching reagent and matrix
for SALDI analysis of trace peptides. Shrivas et al. [79] modified MWCNTs with
hydrosulphonyl groups and then added Cd(NO3), and Na,S solution in sequence to
get a MWCNTSs/CdS NPs. When solution pH is higher than the pI of the peptides
and proteins, electrostatic interaction between negatively charged peptides/proteins
and positively charged NPs occurs. This MWCNTs/CdS can be used as
preconcentrating probes, MALDI matrix, and heat-adsorbing material for the
analysis of microwave tryptic digestion of proteins.

When CNTs were used as extraction reagent before as matrix for MALDI
analysis, the separation of CNTs from solution is of high values. Li et al. [80]
synthesized a magnetite/OCNTs composite, Fe;O04@SiO,/OCNTs, by simply
mixing Fe;0,@Si0, and OCNT in N,N-dimethylformamide, to facilitate the sep-
aration after extraction. The composite was used as a solid-phase extraction adsor-
bent and then as a MALDI matrix for the analysis of benzo[a]pyrene, which was
hardly ionized by MALDI and ESI.

Fullerene, often refers to spherical fullerene, is also an important class of carbon
material with unique ball structure and superconductivity [81, 82]. Owing to its
conjugated carbon surface and UV absorption activity, fullerene can also be used as
extraction adsorbent and matrix for SALDI-MS. Havel et al. [83] used Cg cluster
as SALDI matrix for the determination of uranium. The sensitivity of uranium
determination via UO,>* was increased by the usage of Cgq as matrix with the LOD
of 5 x 10~® mol L™". Montsko et al. [84] used Cg( and C¢ as matrix for SALDI-MS
analysis of nonderivatized steroids. More effective ionization and higher signal
intensity were obtained when fullerene, especially C;q, rather than traditional
organic acid, was used as matrix.

Derivation of fullerene can also expand its applications for multiple substances
analysis. Shiea et al. [85] synthesized a water-soluble fullerene derivative by
treating Cgo with sodium naphthalide followed by treating the resulted anionic
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fullerene intermediates with an excess of 1,4-butane sultone. The fullerene deriv-
ative has six negatively charged sulfonate arms, which can precipitate positively
charged surfactants, amino acids, peptides, and proteins by electrostatic interaction.
Then, the precipitate can be directly analyzed by SALDI-MS with the derivatized
fullerene as matrix. Ugarov et al. [86] suspended an acidic functionalized fullerene
in water/ethanol solution by sonication, which was derivatized with carboxyl
groups by the peroxide oxidation. The functionalized fullerene was then used as
matrix solution for peptides analysis by SALDI-MS. Vallant et al. [87] synthesized
fullerene derivatives, including dioctadecyl methano[60]fullerene, [60]
fullerenoacetic acid, and IDA-[60]-fullerene, for the enrichment and analysis of
low-mass serum constitute. These derivative fullerenes could interact with the
combination of serum constitute by reversed phase, ion exchange, and immobilized
metal ion affinity adsorption mechanism, respectively.

Graphene and graphene oxide (GO) are twin brothers; in other words, they can
convert to each other in different conditions. Oxidant can change graphene to GO
and vice versa. The concept of graphene can date back to 1986 by Boehm
[88]. After 18 years of breeding, it was finally born in 2004 by mechanical
exfoliation [89]. Since then, many scientists devoted to this new star, and great
achievements were accomplished in short time. That is because this strictly
two-dimensional material has its excellent properties, such as strong ambipolar
electric field, high carrier mobilities, exceptional Young modulus values, large
spring constants, high specific surface, and so on [89].

Graphene and GO could be prepared by physical or chemical methods
[90]. Physical methods mainly include micromechanically cleavage, liquid exfoli-
ation, and SiC sublimation. Chemical method mainly contains chemical vapor
deposition, epitaxial growth, organic synthesis, and reduction of GO. Probably,
the most common used and inexpensive way is the reduction of GO, a modified
Hummer method [91].

Graphene’s large surface area helps to trap analytes, and its conjugated structure
is effective in absorbing and transferring energy to the analytes upon laser irradi-
ation, which allows the analytes to be readily desorbed/ionized. It can significantly
increase the signal intensity and reduce the fragmentation of the analytes. Dong
et al. [92] used graphene as a matrix for the analysis of low molecular weight
compounds. In positive ion mode, besides [M + H]", the analytes were also detected
in the form of multiple adduct ions such as sodium adduct [M + Na]* and double
sodium adduct [M + 2Na-H]*. Compared with conventional matrixes such as
CHCA, graphene as matrix had several advantages including simple sample prep-
aration, higher efficiency in desorption/ionization of analyte, and improved repro-
ducibility of peak intensities. Lu et al. [93] employed graphene as matrix in
negative mode of MS for the analysis of amino peptides, acids, and fatty acids.
Their work demonstrated that only deprotonated monomeric species [M-H] ™ ions
were homogeneously obtained on uniform graphene flakes film when negative ion
mode was applied. Also, Ling et al. [94] used graphene as probe to detect ssDNA. In
their work, graphene can be used as an ultrahigh efficiency preconcentration and
detection platform for ssDNA. DNA-adsorbed graphene can be used directly for
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SALDI-MS detection without using other matrixes and further labeling. Zhang
et al. [95] reported graphene as matrix to analyze polycyclic aromatic hydrocarbons
and estrogen. This method could efficiently ionize nonpolar molecules that were
hardly ionized by traditional method. The n—r stacking helped the ionization
process because the ionization signal increased with the increasing of benzene
ring numbers in the PAHs. Li et al. [96] studied different effects of graphene-
based nanomaterials, including graphene, GO, and reduced GO, in the analysis of
flavonoids by SALDI-TOF MS. They concluded that GO was the most suitable
matrix, and GO sheets of larger lateral size resulted in better desorption/ionization
efficiency.

In analyte solutions, graphene would aggregate easily, leading to the decrease in
enrich efficiency. Compared with graphene, GO has more polar moieties on its
surface, so it has better solubility and dispersibility. Zhang et al. [97] employed
reduced GO films as matrix for the detection of octachlorodibenzo-p-dioxin. In this
work the problem of “sweet spot” was avoided and the detection limit was as low as
500 pg, which is the best result up to now. Liu et al. [98] used it to detect
tetracyclines from the milk samples, and tetracyclines were effectively enriched
with the limit of detection (LOD) as low as 2 nM in this work.

Sometimes, graphene-related materials also could enrich background molecules,
which was not expected. Basri et al. [99] immobilized thiol-functionalized cocaine
and adenosine aptamers onto GO by disulfide bond in order to overcome the
non-specific adsorption of GO and then used this modified GO to enrich cocaine
and adenosine. GO could transfer energy by conjugated p—p interactions, so the
aptamer- conjugated GO played as dual roles for selective enrichment and MS
matrix. Jieon et al. [100] developed a new matrix by composing GO and carbon
nanotube. They immobilized this material on the substrate and realized quantitative
analysis of phospholipase activity assays.

Moreover, how to separate graphene-related materials from the solution was still
a tough work, and magnetization is a facial way. Deng et al. [101, 102] used the
simple hydrothermal method to load Fe;O, particle on graphene and nanotube.
After extraction, the composite can easily be separated from the solution by
external magnet. So, magnetic NP-based composed carbon materials will have
high potential in this field.

Nanostructure-Initiator Mass Spectrometry (NIMS)

In modern biology study, researchers are eager to acquire the information of not
only the compositions in a sample but also the spatial distribution of certain species.
Traditional methods, such as magnetic resonance imaging (MRI), positron emission
computed tomography (PET), and fluorescence imaging, are puzzled by
low-resolution or complicated sample preparation [103—105]. To solve these prob-
lems, researchers combined MS that is a high sensitive method for the identification
and determination of various molecules from small ones to large biomolecules, with
imaging technique to create mass spectrometry imaging (MSI). MSI is a label-free
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and high-resolution method allowing the investigation of the spatial distribution of
molecules on different surfaces [106]. It can show details of biological processes on
a large scale from subcellular to whole biological systems [107].

MSI is usually classified by the type of ion sources utilized in MS. The most
commonly used methods are secondary ion mass spectrometry (SIMS), MALDI-
MS, and desorption electrospray ionization mass spectrometry (DESI-MS).
SIMS can achieve about 50 nm spatial resolution [108], but it produces too
many fragments that limit its application in biology research. MALDI-MS, also
a desorption/ionization method operated in high vacuum, is a powerful method
that can produce intact large biomolecules using laser, but the spatial resolution
of MALDI-MS is just 20 pm [107]. Moreover, DESI-MS [109], utilizing
electrospray droplets for the desorbing of molecules from sample surface, spatial
resolution is about 40-400 pm [107], which still has much space for
improvement.

Northen et al. [110] reported a new ion source using nanostructured surface
with roughly 10 nm pores. It is a tool used in spatially defined mass analysis
called nanostructure-initiator MS (NIMS). NIMS utilized initiator molecules
trapped in nanostructured surfaces to ionize and desorb the sample molecules
adsorbed on the nanostructured surface. Both ions and laser can be used in NIMS
to realize ionization process. When using laser, laser irradiation causes surface
heating, resulting in the expansion of initiator and desorption of the absorbed
analytes. Comparing with MALDI, NIMS can generate multiply charged ions.
When using ion beam, it can also produce intact ion, and the ion-irradiated
surfaces do not reveal any changes in surface nanostructure. These make
NIMS quite different from the other surface desorption/ionization methods
such as DIOS-MS. For NIMS, some available experiment conditions are shown
below [110]:

e NIMS activity irradiation: nitrogen laser and ion sources (such as Au', Ga!, Bi',
and Bi")

« NIMS activity surface: native surfaces, silanized surfaces, and surfaces sputtered
with Au/Pd

 Initiator molecules: auric acid, polysiloxanes, siloxanes, perfluorinated silox-
anes, and silanes (molecular masses from 200 to 14,000 Da)

And the process of making a standard NIMS chips is shown below. More
detailed information can be found in relevant paper [110]. First, etch
low-resistivity (0.01-0.02 Qcm) P-type <100 > (boron) silicon under 48 mA
cm 2 for 30 min. Various initiators could be used on silanized or unsilanized
surfaces. For laser irradiation, initiator solution was applied to the surface at
25 °C for 30-60 min and then using nitrogen to remove the excess initiator. For
ion irradiation, apply a 14 kDa poly(3,3,3-trifluoropropylmethylsiloxanes) to a
silanized and vacuum-baked surface, then bake the surface overnight at 100 °C,
using nitrogen to remove the excess polymer, and brief rinse the surface with tert-
butyl methyl ether. Figure 1 shows the principle picture of NIMS.
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Fig. 1 (a) Principle picture of NIMS. The lateral resolution of ion irradiation (red) is much better
than that of laser shot (blue). (b) Possible mechanism of the release of initiator molecules trapped
in surface because of irradiation. (¢) SEM image of 10 nm pores on the NIMS surface [110]
(Adapted by permission from Macmillan Publishers Ltd.: Nature [110], copyright (2007))

Because of high lateral resolution (ion-NIMS about 150 nm), high sensitivity,
matrix-free, and reduced fragmentation, NIMS is now widely used in the charac-
terization of peptide microarrays, single cells analysis, tissue MSI, and direct
analysis of blood and urine [110]. For example, Yanes et al. [111] used NIMS for
tissue imaging and direct biofluid analysis using NIMS. Xenobiotics and endoge-
nous metabolites in tissues were detected, with clozapine and N-desmethyl-
clozapine observed from mouse and rat brain. Ketamine and norketamine were
directly detected from plasma and urine, and the quantitative analysis was also
demonstrated. Linear response and LOD of methamphetamine, codeine, alprazo-
lam, and morphine are discussed. All of these results showed that NIMS is a
powerful tool in analysis of complex biological tissues and fluids.

To sum up, NIMS is a novel and powerful spatially defined mass analysis
method. With its excellent properties, it is now widely used in biology research,
especially tissue imaging.

Conclusion

In this chapter, the authors discussed the applications of NPs in MS for high
sensitive detection and bioanalysis. In the first part, they describe the applications
of various NPs in SALDI-MS, including silicon nanomaterials, metallic
nanomaterials, metal oxide nanomaterials, and carbon-based nanomaterials. In the
second part, they focus on the development of NP-based new ionization source for
MS. All of these examples demonstrate the great potential of NPs in the develop-
ment of MS.

Under the guidance of current theory, the design and synthesis of NPs with high
selectivity, stability, reusability, and efficiency are the future orientation of NPs
applied in SALDI-MS. In their opinion, magnetic NP-based composed NPs will
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have high potential in this field because magnetic NPs allow for fast and convenient

sep

aration from the solution by external magnet. Another reason is that composition

with other functionalized NPs could enable magnetic NPs featured properties and

€ns

ure specific interactions with target analytes. Besides, the explanations for

mechanism of NPs in SALDI-MS remain unclear and need to be further investi-
gated, which could give further guidance to the design and development of unique

NP

s to be used in MS.
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