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Mass spectrometry (MS) based analysis has received intense attention in diverse biological fields.
However, direct MS interrogation of target biomolecules in complex biological samples is still challenging,
due to the extremely low abundance and poor ionization potency of target biological species.
Innovations in nanomaterials create new auxiliary tools for deep and comprehensive MS characterization
of biomolecules. More recently, growing research interest has been directed to the compositional and
structural engineering of nanomaterials for enriching target biomolecules prior to MS analysis, enhancing
the ionization efficiency in MS detection and designing biosensing nanoprobes in sensitive MS readout. In
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this review, we mainly focus on the recent advances in the engineering of nanomaterials towards their
applications in sample pre-treatment, desorption/ionization matrices and ion signal amplification for MS
profiling of biomolecules. This review will provide a toolbox of nanomaterials for researchers devoted to
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1. Introduction

Mass spectrometry (MS) is a powerful tool that enables the
detection of molecules by their mass to charge ratio and
further declaration of the detailed structures by tandem MS
(MS/MS) analysis." Due to its ultra-low detection limit and
wide detection range (up to 200 kDa),>* MS based analytical
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developing analytical methods and practical applications in the biological MS field.

methods have demonstrated their unique advantages in the
fields of proteomics, lipidomics, forensics, clinical diagnostics,
biomedicine, etc.”® Among them, soft ionization techniques
such as matrix-assisted laser desorption/ionization (MALDI)®
and electrospray ionization (ESI)” have been essential tools in
the MS analysis of biological molecules.

In spite of the rapid advancement in instrumentation and
analytical methods of MS technology, direct MS interrogation
of target biomolecules in complex biological samples is still
challenging. The low abundance of target species and severe
interference from coexisting counterparts both blocked direct
MS readout.®*° On the other hand, there is a huge difference
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between the ionization efficiencies of diverse analytes accord-
ing to their intrinsic properties, thus causing certain mole-
cules of biological significance to be insensitive to MS
analysis.""'> The development of nanotechnology provided a
valuable approach to solve the above problems."? For example,
due to their tunable composition and modifiable surface,
nanomaterials can be engineered to be adsorption media for
the separation and enrichment of target analytes while elimi-
nating the interference of salts and undesired
biomolecules.'*'> Up to now, there have been a number of
nanomaterials that present a porous structure and specific
affinity for pre-concentration of the desired proteins and pep-
tides in MS-based proteomic workflows.'®® On the other
hand, nanomaterials are also used as matrixes to facilitate the
ionization of small biomolecules in MS detection. Highly dis-
persed nanomaterials with excellent energy absorption and
transferring capability and favorable shot-to-shot reproducibil-
ity provide a high possibility for MS analysis and quantitation
of biomolecules with low molecular weights (MW < 500 Da). In
addition, as for the sensing of biomolecules with low content
and ionization efficiency, some signal amplification nano-
probes, especially noble metal nanoparticles, show outstand-
ing performance in translating the specific recognition events
into ion signals of surface-decorated mass tags or metal clus-
ters in an amplified, multiplexed and high-throughput detec-
tion mode.'*?

In this review, nanomaterials with different compositions
and functionalized surfaces used in MS analysis are summar-
ized and classified according to their functions. In general,
these functional nanomaterials are applied in three aspects in
assisting sensitive MS readout: sample pre-treatment to con-
centrate analytes, desorption/ionization matrices to assist
ionization and amplification biosensors to sensitively detect
targets. In the aspect of pre-treatment of samples, we carefully
survey and discuss the compositions and surface functionali-
zation of nanomaterials and their performance for capturing
endogenous peptides, phosphorylated peptides and glycosy-
lated peptides. As for desorption/ionization matrices, various
kinds of materials with different compositions (silicon-based
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Fig.1 An overview of nanomaterial-facilitated MS analysis of
biomolecules.

nanomaterials, metal nanoparticles, metal oxides, carbon-
based nanomaterials, organic frameworks, etc.) and their
application in mass spectrometry detection and imaging (MSI)
are systematically discussed. The last section provides an over-
view of functional metal nanoparticles used as sensing nano-
probes to explore the cellular uptake process and assay various
biomarkers, based on the decoded MS signal of surface
ligands or metal clusters of nanoprobes (Fig. 1). In the end, we
also present the outlook of nanomaterials design and improve-
ment to optimize the performance of mass spectrometry and
nanotechnology in the biochemistry field.

2. Nanomaterial-mediated sample
pre-treatment prior to MS analysis
2.1 Selective enrichment of low-abundance peptides

Effective identification and characterization of peptides based
on MS analysis plays crucial roles in biomarker discovery and
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Fig. 2 Representative enrichment strategies for capturing endogenous peptides. (A) Schematic formation of PMMA-PMA-SiO, HMNs based on the
“dissolution and entrapment” strategy. Reprinted with permission from ref. 29. Copyright (2012) Royal Society of Chemistry. (B) Enrichment of serum
endogenous peptides by OMC. Reprinted with permission from ref. 14. Copyright (2011) Wiley-VCH. (C) Schematic representation of MGMOF com-
posites and size-selection separation. Reprinted with permission from ref. 35. Copyright (2014) American Chemical Society. (D) The synthesis of
magnetic COFs for the adsorption of hydrophobic peptides. Reprinted with permission from ref. 37. Copyright (2017) Royal Society of Chemistry.

disease diagnosis. In particular, some ordinary peptides rela-
tive to post- translational modification (PTM) peptides, such as
endogenous peptides, are of great significance in searching
for disease biomarkers and exploring cancer pathogenesis.>***
However, direct analysis of the above endogenous peptides is
still a challenging task due to their low abundance, high
dynamic range and strong interference from abundant pro-
teins, salts, lipids and so on.*® Nanomaterial mediated specific
separation and concentration prior to MS identification is in
high demand for detection of trace peptides from complex bio-
logical samples.

Mesoporous nanomaterials are suitable candidates for
selective enrichment of endogenous peptides in real biological
samples.”” Generally, multiple target peptides can be effec-
tively adsorbed in the pores of nanomaterials by combining
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the size-exclusive mechanism and hydrophobic-hydrophobic
interaction. Mesoporous silica, possessing large surface area,
ordered mesoporous structure and easily modifiable surface,
was applied for the first time in extracting endogenous pep-
tides from human plasma by Zou and co-workers.>® Most non-
fitted proteins in plasma could be effectively excluded and
endogenous peptides (~2721) in the mouse liver extract were
detected with the integrated SCX-MCM-41 and SAX-MCM-41.
Yang et al. utilized a dissolved polymer core to synthesize
polymer-inorganic hybrid hollow mesoporous nanospheres,
which exhibited a larger surface area and higher absorption
efficiency (Fig. 2A).>° Moreover, a series of functional meso-
porous silicas such as magnetic mesoporous silica*® and
mesoporous silica immobilized with metal ions®" were pro-
posed in sequence, both of which demonstrated their out-
standing abilities in enriching the endogenous peptides.
Another mesoporous nanomaterial is ordered mesoporous
carbon material (OMC), which shows stronger retention of
peptides compared to mesoporous silica. The Zou group devel-
oped ordered mesoporous carbon to extract the endogenous
peptides from human serum.'* The distinct hydrophobicity of
carbon and size exclusion ability resulted in the enrichment of
a broad spectrum of endogenous peptides from serum
(Fig. 2B). To further improve the poor dispersibility of carbon-
based materials, different surface functionalization strategies
or preparation of hybrid materials were proposed to enhance
the enrichment efficiency.***

Metal-organic frameworks (MOFs) and covalent organic
frameworks (COFs) are a new category of porous crystalline
materials and have attracted great interest in the research field
of sample pre-treatment. In addition to their ability to capture
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peptides that originated from hydrophobic ligands and
ordered nanopore structures, specific interaction with ligands
and metal ion affinity in MOFs also enhance their enriching
ability compared to mesoporous silica and carbon. To opti-
mize their separation efficiency, magnetic nanoparticles were
generally selected as the support for MOF immobilization.
Zhao et al. fabricated a polydopamine-modified hydrophilic
magnetic zeolitic imidazolate framework (Fe;0,@PDA®@ZIF-8)
to separate low-abundance peptides from BSA and HSA tryptic
digests.>* PDA is an appropriate bridge for chelating with
metal ions to assemble the MOF structure, which is also con-
tributing to the good dispersibility of nanomaterials in
aqueous solution. Besides, due to the specific affinity between
Zn** and histidine residues, this nanocomposite effectively
eliminated the interference from histidine-poor proteins and
achieved excellent enrichment of low-abundance peptides.
Zheng et al. prepared graphene-MOF composite materials for
selective extraction and separation of low-concentration pep-
tides.>® Using magnetic nanoparticles and carboxylic groups
on the surface of graphene as the backbone and template for
the assembly of Fe MOFs, respectively, these materials exhibi-
ted excellent separation performance towards peptides based
on size selective extraction and specific affinity between metal
ions and peptides (Fig. 2C). COFs are another class of organic
framework nanomaterials that show their preference for hydro-
phobic peptides relative to MOFs.>*®*” Lin et al. prepared core-
shell structured magnetic covalent organic framework compo-
sites to enrich peptides from human serum.’” These
Fe;0,@TbBd nanospheres exhibited high adsorption capacity
and excellent reusability for peptides due to their high surface
area (196.21 m> g™ '), narrow pore size distribution (~2.8 nm)
and strong magnetic response (Fig. 2D).

Ma et al. systematically synthesized different sizes of spheri-
cal COFs to capture ultra-trace C-peptides from human serum
and urine samples.*® The high specific surface area accounted
for the higher adsorption capacity, and the hydrophobicity and
mesoporous microenvironment resulted in superior separation
efficiency.

2.2 Selective enrichment of phosphorylated peptides

Protein phosphorylation is one of the most important post-
translational modifications involved in many biological pro-
cesses including cellular growth, division, and apoptosis.*® To
date, due to the low abundance and poor ionization efficiency
of phosphopeptides, specific enrichment of phosphorylated
peptides has become an imperative step in MS-based phospho-
proteomics.”’® Immobilized metal ion affinity chromatography
(IMAC), metal oxide affinity chromatography (MOAC) and
amine-based affinity have been the main extract strategies for
capturing phosphopeptides.*™** This section will focus on the
constituent nanomaterials of these affinity strategies and their
corresponding performance in phosphopeptide enrichment.
The composition and surface modification of nano-
materials are two primary parameters that affect the enrich-
ment performance. As for IMAC-based nanomaterials,
different metal ions and surface ligands show differentiated
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capture efficiency. Many efforts have been devoted to develop-
ing valuable chelating ligands to functionalize the surface of
nanoparticles to satisfy the needs of efficient separation of
phosphopeptides from complex samples. Iminodiacetic acid
(IDA) and nitrilotriacetic acid (NTA) are two typical linkers for
immobilizing metal ions, each of which can connect with one
metal ion.*> Subsequently, many new chelators with strong
coordinating ability are also produced, such as phosphate
(PO;*7),** adenosine triphosphate (ATP),** dopamine® and so
on. Dopamine is an ideal chelating ligand to bond with
various metal ions based on the catechol hydroxyl groups. The
most distinct advantage is that it can be modified onto any
substrates such as graphene, Fe;0, nanoparticles, mesoporous
silica, and target plates by its oxidative self-
polymerization.”’~*° Apart from dopamine, the phosphate
ligand is another popular chelator to enrich phosphopeptides.
According to metal(iv) phosphate chemistry, a metal ion could
coordinate with multiple phosphate groups via an MOg octa-
hedral coordination model, thereby affording more affinity
sites for capturing phosphopeptides.’® The Zou group devel-
oped phosphate ligand grafted Fe;0,@SiO, nanoparticles to
immobilize titanium ions for the enrichment of phosphopep-
tides from digests of Arabidopsis (Fig. 3A).”" By using a PEG
brush as the hydrophilic connector, this novel nanomaterial
(Fe;0,@Si0,@PEG-Ti*") presented more active sites for
immobilizing titanium ions and good dispersibility in loading
solution, resulting in better enrichment performance (2447
phosphopeptides) than the traditional Fe;0,@Si0,-Ti*" (1186
phosphopeptides). Compared to a single phosphate group,
ATP exhibited stronger adsorption to phosphopeptides as its
three phosphate groups could chelate more metal ions.
Besides, due to the intrinsic pentose sugar groups and purine
base, ATP decorated nanomaterials exhibited better hydrophili-
city and excluded the non-specific adsorption of nonphospho-
peptides in mixtures. Zhang et al. have fabricated an adeno-
sine phosphate-Ti*" functionalized magnetic mesoporous gra-
phene oxide nanocomposite (MG@mSiO,-ATP-Ti**) to extract
phosphopeptides from nonfat milk digest and human saliva
and serum.*

In MOAC-based nanomaterials, TiO, and ZrO, are the com-
monly used separation media, which are always decorated
onto different substrates to construct hybrid nanoparticles.
Zhang et al. grafted titania nanoparticles onto polydopamine-
coated graphene via a simple hydrothermal treatment
(Fig. 3B).”*> Apart from the typical affinity that originated from
Ti**, the excellent hydrophilicity introduced by the PDA inter-
face promoted faster enrichment ability. Finally, a total
number of 556 phosphorylation sites were identified from the
digests of mouse brain proteins. Apart from graphene, other
substrates such as magnetic nanoparticles, carbon nanotubes
and silica were also exploited as the supporting substrates of
metal oxides.”®*>® Moreover, because different metal ions show
unique preference for mono- or multi-phosphopeptides, nano-
materials equipped with multiple metal affinity sites may
achieve comprehensive characterization of phosphopeptides.
Our group prepared a ternary nanocomposite of magnetite/

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Representative enrichment strategies for capturing phosphopeptides. (A) Synthesis of the PEG brush decorated magnetic Fe;0,@SiO, nano-
particles and immobilization of Ti** ions to form Fe;0,@Si0,@PEG-Ti**. Reprinted with permission from ref. 51. Copyright (2012) Royal Society of
Chemistry. (B) Schematic illustration for the preparation of G@QPD@TiO,. Reprinted with permission from ref. 52. Copyright (2014) American
Chemical Society. (C) Schematic diagram of the synthetic strategy for the MC-TiNbNS composite and the mechanism of phosphopeptide enrich-
ment and dephosphorylation. Reprinted with permission from ref. 56. Copyright (2015) American Chemical Society. (D) Preparation of
Fez0,4@MIL-100 for selective enrichment of phosphorylated peptides. Reprinted with permission from ref. 62. Copyright (2015) American Chemical
Society. (E) Schematic representation of the synthesis and phosphopeptide enrichment of the SPMA nanospheres. Reprinted with permission from

ref. 17. Copyright (2018) Royal Society of Chemistry.

ceria-codecorated titanoniobate nanosheets (MC-TiNbNSs) for
the enrichment of mono- and multi-phosphopeptides and sub-
sequent programmed dephosphorylation.’® By altering the on-
sheet CeO, coverage, the dephosphorylation activity could be
flexibly tuned, thus achieving precise counting of the phos-
phorylation sites of phosphopeptides (Fig. 3C). Taking advan-
tage of the outstanding dephosphorylation capacity of CeO,,
we also synthesized MOF-templated porous CeO, to assess the
activity and inhibition of multiple protein kinases based on
post-enrichment dephosphorylation of phosphorylated pro-
ducts mediated by relevant kinases.”” With the exception of an
intentional combination of different metal oxides to construct
hybrid nanomaterials, one-step synthesis of nanomaterials
with multiple metal affinity sites such as NiCoMnO,,
CuFeMnO,, and CaCuSi O;, simplified experimental pro-
cedures and guaranteed satisfactory enrichment efficiency
towards phosphopeptides, simultaneously.>®>°

MOFs are a class of similar MOAC-based nanomaterials due
to their inherent metal-oxygen units in the structure. The ade-
quate metal centers and microporous structure of MOFs
empowered their outstanding ability in phosphopeptide
enrichment. The lanthanide MOF ([Er,(PDA);(H,0)]2H,0) was
employed for the first time to capture phosphopeptides in
2013.%° Afterwards, Zr-based MOFs such as UiO-66 and UiO-67

This journal is © The Royal Society of Chemistry 2021

were successfully exploited to extract phosphopeptides from
human serum.®' To further improve its separation perform-
ance, Zhang et al. decorated MIL-100 onto magnetic nano-
particles by layer-by-layer assembly.®? The synthesized nano-
particles presented a large surface area (168.88 m* g™), high
binding capacity to p-casein tryptic digest (60 mg g'), low
detection limit (0.5 fmol) and satisfactory specificity to phos-
phopeptides in complicated samples (Fig. 3D).

Relying on the electrostatic interaction and hydrogen
bonding between amino groups and phosphate groups,
amino-based nanomaterials also attracted increasing atten-
tion. The guanidino group, carrying three amine groups, has
been a potential candidate moiety for specific enrichment of
phosphopeptides.®? given that guanidino-based
capture is susceptible to loading solution and washing steps, a
combination of multiple affinity strategies could improve the
enrichment  performance towards phosphopeptides.®*
Accordingly, a magnetic guanidyl-functionalized MOF with
multi-affinity sites was developed by the Wu group."” In this
probe, a Zn-O cluster served as a metal affinity site to recog-
nize phosphopeptides, while an arginine decorated organic
building block further strengthened this ability based on a for-
mative “salt bridge” between guanidyl units and phosphate
groups. As a result, a total of 1659 phosphopeptides including

However,
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96.8% mono-phosphopeptides and 3.2% multi-phosphopep-
tides were identified from rat brain extracts (Fig. 3E).

2.3 Selective enrichment of glycosylated peptides

Glycosylation is another pivotal post-translational modification
of proteins, which is involved in a series of biological pro-
cesses including protein folding, cell-cell communication and
cell metabolism.®> MS-based proteomics shows outstanding
potential in comprehensive profiling of glycosylated proteins.®®
However, the diversity of glycans and the low-abundance of gly-
coproteins make direct identification in complex samples chal-
lenging. Nowadays, nanomaterials involved in several enrich-
ment strategies have emerged to settle the above problems,
including lectin-functionalized nanobeads, hydrophilic inter-
action liquid chromatography (HILIC) nanomaterials and
covalent interaction-based enrichment media. All of them will
be discussed in this section.

Lectins are a class of carbohydrate binding proteins and are
generally decorated onto the surface of different nanomaterials to
selectively capture N- or O-glycopeptides and glycoproteins.®”~"°
Wang et al. proposed concanavalin A-chelating magnetic nano-
particles (Con A-MNPs) for selective enrichment of glycoproteins.
By virtue of the Cu(n) cation mediated immobilization, the deco-
rated content of Con A was up to 28 wt%, thus exhibiting remark-
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able enrichment performance and satisfactory selectivity towards
glycoproteins (Fig. 4A).%° However, this specific affinity between
one lectin and a unique glycan motif limits the identification of
glycoproteins on a large scale. Ferreira et al. developed multiple
lectin-decorated magnetic nanoprobes using suberic acid bis-N-
hydroxysuccinimide ester as a crosslinker to strengthen the enrich-
ment efficiency of glycoproteins from human body fluids.”®

Considering that hydrophilic glycan moieties of glycopep-
tides show a specific relationship with polar materials, HILIC
has been widely applied in separating glycopeptides from
highly abundant hydrophobic peptides.”"”> A number of sub-
strate nanomaterials, such as magnetic particles,”> metal-
organic frameworks (MOFs),”* and polysaccharides,””> have
been used for functionalization with hydrophilic components
for glycopeptide enrichment. Liu et al. developed a maltose-
functionalized MOF, MIL-101(Cr)-maltose, for the enrichment
of N-linked glycopeptides via a two step post-synthetic modifi-
cation of MIL-101(Cr)-NH,.”* Due to the numerous hydrophilic
maltose groups, this nanomaterial showed high efficiency and
sensitivity in glycopeptide enrichment from complex biological
samples.

Though HILIC-based enrichment shows a wider coverage of
glycopeptides, the strength of this interaction largely depends
on the peptide backbone or the composition of glycan. To
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Fig. 4 Representative enrichment strategies for capturing glycopeptides. (A) Synthesis of EDTA-functionalized magnetic nanoparticles for Con
A-mediated enrichment of glycopeptides. Reprinted with permission from ref. 69. Copyright (2015) American Chemical Society. (B) Demonstration
of glycopeptide enrichment from protein digestion using GO-PEI-Carr. Reprinted with permission from ref. 76. Copyright (2019) American Chemical
Society. (C) Schematic overview of the soluble polymer and solid/insoluble matrix based glycoprotein/glycopeptide enrichment. Reprinted with per-
mission from ref. 77. Copyright (2015) Royal Society of Chemistry. (D) Scheme for the synthesis of Fes0,@P(AAPBA-co-monomer) NPs and appli-
cation in capture glycopeptides. Reprinted with permission from ref. 83. Copyright (2015) American Chemical Society.
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reinforce the interaction between glycopeptides and HILIC
materials, many researchers were devoted to combining HILIC
with other enrichment strategies, such as integrated electro-
static interactions. Lan et al. decorated a graphene oxide-poly
(ethylenimine) nanocomposite with carrageen, whose abun-
dant hydrophilic groups and electronegativity enhanced the
affinity to glycopeptides with a positive charge under acidic
conditions.”® Eventually, 149 glycopeptides from 129 glyco-
proteins with 157 N-glycosylation sites were identified from
mouse liver tissues (Fig. 4B).

Covalent interaction-based enrichment of glycopeptides is a
more universal extraction route, since chemical binding is not
affected by the variation of glycan structures. There are two
common covalent bonding-dominated enrichment strategies,
namely, boronic acid and hydrazide chemistry. Qin et al. devel-
oped a pH-responsive soluble polymer coupling with hydrazide
groups to capture N-glycoproteins/glycopeptides.”” This tactical
polymer could be dissolved in aqueous solution at mildly
acidic pH, promoting sufficient adsorption of glycopeptides.
Once the system pH was lowered, the self-assembly of poly-
mers carried with glycoproteins/glycopeptides was observed,
and the polymers could be rapidly separated from reaction
systems. By this approach, 1317 N-glycopeptides from 458
N-glycoproteins in mouse brain samples were quickly identi-
fied (Fig. 4C).

By virtue of reversible conjugation and release of glycopep-
tides, boronic acid-based enrichment attracted more attention
in the site-specific analysis of glycoproteomics. The types and
amount of decorated boronic acid had a great effect on the
enrichment capacity. As a known functional molecule, amido-
phenylboronic acid (APBA) has been tethered onto various
nanomaterials as the affinity handles for glycopeptide
enrichment.”®”® Lu et al. selected APBA decorated Fe;O, nano-
particles and conventional poly(methyl methacrylate) nano-
beads to enrich glycopeptides and non-glycopeptides, respect-
ively, which promoted good selectivity in mixture samples,
excellent sensitivity for detecting glycopeptides at the subfem-
tomole/microliter level and improved recovery of glycopeptides
of up to 90%.%° Mercaptophenylboronic acid (MPBA) is
another conventional molecule applied in constructing
boronic acid-based affinity nanomaterials. Due to the inherent
sulfhydryl groups, MPBA molecules were easily immobilized
onto AuNPs or Fe;O, nanoparticles by direct formation of Au-
S or Fe-S bonds.®"%?

Deng et al. synthesized MPBA functionalized magnetic
nanoparticles to capture N-glycopeptides from biosystems by
simply mixing MPBA molecules with nanoparticles.®* A total
of 230 glycopeptides derived from 93 glycoproteins with
247 glycosylation sites were identified from 1 pL of human
serum. Apart from selecting appropriate boronic acid groups,
increasing the amount of boronic acid coupled to nano-
materials also contributes to improving the capture ability. Up
to now, a variety of polyboronic acid functionalized nano-
materials were successively proposed. Zhang et al. fabricated
Fe;0,@P(AAPBA-co-monomer) nanomaterials via the copoly-
merization of 3-acrylaminophenylboronic acid (AAPBA) and
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different hydrophilic monomers.** The copolymerization of
AAPBA monomers provided abundant capture sites, and
hydrophilic interfaces ensured good dispersibility to improve
the enrichment performance (Fig. 4D).

3. Nanomaterial-assisted desorption/
ionization of analytes during MS
interrogation

Ionization of molecules is another important step in generat-
ing analyte ions in MS analysis. In the ionization process,
matrices generally transfer the absorbed energy to the analyte
to assist with desorption and ionization under laser
irradiation. Organic matrices exhibit high UV absorption
within the laser wavelength, however, its inherent problems
such as the co-existing matrix peaks in the low mass range
below m/z 500 and poor reproducibility between spot to spot
or sample to sample caused by inhomogeneous co-crystalliza-
tion of the matrix and analyte further limit the detection of
small molecules. Compared to the organic matrix, nano-
materials as matrices for laser desorption/ionization (LDI)-MS
analysis have unique advantages. First, nanomaterial-assisted
LDI shows a background-free mass spectrum in the low mole-
cular weight region and excellent shot-to-shot reproducibility.
Besides, some nanomaterials also serve as adsorbent media to
enrich analytes from complex samples, thus concentrating the
local concentration of analytes and excluding the interference
of salts, simultaneously. At present, multifarious nano-
materials ranging from silicon-based nanomaterials, carbon-
based nanomaterials, metal nanoparticles, metal oxides and
MOFs were applied as assisted matrices for MS analysis or
imaging of biological molecules.®*®”

3.1 Silicon-based nanomaterials for LDI-MS analysis

Silicon-based nanomaterials, mainly divided into two cat-
egories, namely, stationary phase substrates and nano-
structured interfaces, were widely used in assisting small mole-
cule ionization. By virtue of simple preparation with sol-gel
methods and easy surface functionalization, SiO, cores have
been used as versatile substrates for preparing hybrid nano-
materials for LDI analysis. Qian et al. prepared SiO,@Ag nano-
particles with tunable shell thickness for analysis of glucose,
in which the Ag shell assisted ionization while silica cores
served as hot carriers to maintain the heat during the LDI
process.®® In addition, other SiO,-braced composites including
G@SiO, nanocomposites and ZrO,-SiO, nanorods were also
utilized in the analysis of small molecules.®*°° Nanostructured
interfaces, including porous silicon, silicon nanowires (SINWs)
and silicon microarrays, are other forms of silicon-based
matrices. The desorption-ionization on silicon (DIOS) was
introduced for the first time by Siuzdak’s group and applied in
small molecule detection.”® This nanointerface showed silent
background noise in a low mass range and at high desorption/
ionization efficiency.’>® However, the heterogeneous mor-
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phology of the silicon surface makes the interpretation of the
ionization mechanism difficult. Many efforts have been made
to produce a morphology-controlled silicon interface. Silicon
nanowires, prepared by vapor-liquid-solid (VLS) growth or
metal assisted chemical etching (MACE), have received
increased attention due to the large surface capacity and satis-
factory detection sensitivity.”»*> With the development of
lithography, other controllable arrays, such as silicon pore
arrays’® and silicon microcolumn arrays,”” and silicon nano-
post arrays’®®® were sequentially proposed (Fig. 5A-D). Kraus
et al. reported a versatile particle-based route to produce dense
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Fig. 5 Silicon-based nanomaterials for LDI-MS analysis. (A) SEM image
of SiNWSs. Reprinted with permission from ref. 95. Copyright (2018)
American Chemical Society. (B) SEM image of silicon pore arrays.
Reprinted with permission from ref. 96. Copyright (2015) American
Chemical Society. (C) SEM image of silicon microcolumn arrays.
Reprinted with permission from ref. 97. Copyright (2009) Wiley-VCH. (D)
SEM image of silicon nanopost arrays. Reprinted with permission from
ref. 99. Copyright (2016) American Chemical Society. (E) NAPA-LDI-MSI
of soybean root nodule sections. Reprinted with permission from ref.
100. Copyright (2021) Wiley-VCH.
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arrays of uniform submicron pores with a high aspect ratio
in silicon.”® The uniform porous array structure showed great
potential in the sensitive detection of biosamples. Vertes et al.
developed silicon nanopost arrays (NAPAs) to enhance the ion
yields and photonic properties. This NAPA chip could detect
metabolic changes in single yeast cells.’® Recently, they further
utilized NAPAs as an MSI matrix for visualization of the spatial
localization of polyhydroxybutyric acid, polyglutamic acid, and
polysaccharide oligomers in plant tissues.'®® Compared to
MALDI-MSI, this NAPA-LDI-MSI showed higher ionization
efficiency and wider repeat unit range coverage for oligomers
of targets (Fig. 5E). Voelcker et al. also prepared a thin porous
silicon (pSi) film to reveal the distribution of small molecular
metabolites on marine mollusc tissues or fingerprints by the
contact printing approach.'®"'°> The high UV cross-section
and the large surface area of silicon arrays contributed to the
sensitive readout and simple sampling without pre-purifi-
cation, and thus they have become the majority of the nano-
substrates employed in SALDI-MSI, however, harsh preparation
processes limit their extensive application.

3.2 Carbon-based nanomaterials for LDI-MS analysis

With the merits of large surface areas, high optical absorption
and excellent electronic properties, carbon-based nano-
materials manifested unique advantages in MS imaging and
analysis of small molecules. Ranging from graphite carbon,
nanotubes, fullerenes, nanodiamonds, nanofibers, nanodots
and graphene,'®'%” different types of carbon-based nano-
materials have been applied in the detection of small mole-
cules. Guo et al. used carbon nanotubes (CNTs) as an LDI
matrix for the first time for the analysis of small molecules."*®
However, the hydrophobicity of CNTs made them difficult to
deposit onto a steel plate and then be co-crystallized with ana-
Iytes, resulting in poor reproducibility for LDI-MS analysis.
Afterwards, a variety of derivative CNTs with amendatory dis-
persibility were developed and further applied in small mole-
cule analysis. Guo et al. developed oxidized CNTs as the
LDI-MS matrix, which showed better dispersion and reproduci-
ble results due to the sufficient hydroxyl and carboxyl groups
on the CNT surface.'® In addition, other functional CNTs
such as organic ligand-decorated CNTs or CNT-based compo-
site materials including magnetic/oxidized CNT composites
(Fe;0,@Si0,/OCNT) and polyelectrolyte/oxidized CNTs were
constructed to achieve better sensitivity  and
reproducibility.****3

Recently, owing to its large surface area, high thermal con-
ductivity and energy transfer capability, graphene has also
emerged as an LDI MS matrix for small molecule analysis. The
Jiang group fabricated a series of functionalized graphene to
assist the ionization of analytes.'**'® They developed anti-
body-functionalized graphene oxide nanoribbons as the LDI
matrix, in which abundant oxygen groups improved the water
dispersibility and guaranteed reproducible results, while the
decorated antibody further enhanced the selectivity to a
specific analyte and avoided interference from absorbed non-
target compounds.'™® Apart from oxidative modification, they
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also synthesized fluorographene as the matrix for screening
chemical contaminants in complex samples.'”® Fluorination
can convert the C-C bonds from the sp® to sp’ configuration,
thus promoting the ionization process by the formation of
hydrogen bonding with analytes. Besides, fluorographene
demonstrated better thermodynamical stability than other gra-
phene derivatives, which could ensure fewer fragments and a
noise-free mass spectrum in the LDI process (Fig. 6A).
However, the shedding of coated nanomaterials from a
stainless steel plate under laser irradiation is inevitable. To
improve the stability of the nanomaterial-based matrix, they
prepared a 3D printed graphene-doped MALDI monolithic
plate to replace the traditional stainless steel plate.''® Upon
adjusting the doping amount of graphene, it could detect
various environmental pollutants in both negative and positive
ion modes. Heteroatom doping into graphene can consider-
ably modulate the electronic properties to facilitate the ioniza-
tion process. Our group synthesized gas-phase N-doped gra-
phene (gNG) as the matrix for LDI-MS.'*® The nitrogen-pro-
vided sp*-hybridized frameworks contributed to efficient laser
absorption and energy transfer. Besides, the electronic struc-
ture of doped nitrogen atoms also facilitated the deprotona-
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tion of targets in negative ion mode. To achieve dual-ion-mode
LDI MS analysis, Wang et al. developed an O-P, N-doped
carbon/graphene matrix using phytic acid, polyaniline and gra-
phene aerogels as the pyrolysis sources."'” Multiple hetero-
atom doping provided more defective sites and negatively
charged P-O,~ groups could adsorb metal cations, which pro-
moted the formation of sodium and potassium adducts in
positive ion mode (Fig. 6B).

Carbon nanodots (CDs), as newly emerged members of
carbon-based nanomaterials, have received increasing atten-
tion in LDI analysis of small molecules. Nie et al. proposed for
the first time carbon nanodots as the matrix for analysis of
small molecules in both positive and negative ion modes.""®
Apart from the distinct elimination of the background inter-
ference in the low-mass range and uniform dispersion pro-
perties, the small size (~3 nm) of CDs also facilitated easier de-
sorption of analytes and achieved more sensitive detection
(Fig. 6C). In addition, they also proposed a label-free mass
spectrometry imaging approach to profile the sub-organ distri-
bution of carbon nanotubes, graphene oxide and carbon nano-
dots in mice by monitoring the intrinsic carbon cluster signal
of the nanomaterials."'® The results demonstrated that most
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Fig. 6 Carbon-based nanomaterials for LDI-MS analysis. (A) Schematic diagrams of the procedures for screening of ECCs in complex samples by
SELDI-TOF MS with FG as a probe. Reprinted with permission from ref. 115. Copyright (2017) American Chemical Society. (B) Dual-ion-mode analysis
of various small compounds in MALDI-TOF MS through using a synthesized O—P, N doped carbon/graphene matrix. Reprinted with permission from
ref. 117. Copyright (2018) American Chemical Society. (C) Carbon nanodots as the matrix for the analysis of small molecules. Reprinted with per-
mission from ref. 118. Copyright (2013) American Chemical Society. (D) Synthesis of N-doped carbon dots as a matrix for the analysis of OH-PAH:s.
Reprinted with permission from ref. 120. Copyright (2016) American Chemical Society.
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carbon nanotubes and nanodots were located in the outer par-
enchyma of the kidneys, and all three materials were found in
the red pulp of the spleen. Cai et al. prepared N-doped carbon
dots for negative-ion detection of hydroxy-polycyclic aromatic
hydrocarbons by using pr-malic acid and ethanolamine as pre-
cursors.'®® The r-conjugated polyaromatic structure and the
electronic structure of the doped nitrogen atoms both
endowed the LDI analysis with high sensitivity (Fig. 6D). They
also synthesized N, S-co-doped carbon dots as the matrix for
MS imaging of the distribution of bisphenol S (BPS) in
different mouse tissues in negative ion mode."*

3.3 Metal and metal oxide nanostructures for LDI-MS
analysis

Due to the excellent optical properties and surface plasmonic
resonance effect, metal-based nanomaterials, including noble
metal nanoparticles and metal oxides, show high UV absorp-
tion ability and hot carrier property to enhance the desorption
and ionization of analytes. Noble metal nanoparticles, mainly
Au, Ag and Pt, have been frequently used for imaging and ana-
lysis of small molecules, peptides and large proteins.'**7*2¢
Russell et al. for the first time utilized AuNPs as the LDI
matrix for the detection of peptides, in which both Au clusters
and peptides were ionized under irradiation.'”* Though Au
clusters hindered the peak intensity of small molecules, the
use of AuNPs as matrixes could reflect other information such
as the thiol terminated DNA coverage or provide the possibility
of internal calibration.’*® In addition, Au nanoparticles also
showed unique advantages in the detection of glutathione or
other thiol molecules due to their strong affinity to thiol com-
pounds.'® However, the stronger interaction between proteins
and Au nanoparticles made the desorption of the proteins
difficult under certain laser energy. Pt nanoparticles were
proven to be suitable for analysis of large proteins owing to
their higher thermal conductivity compared to other metal
nanoparticles, thus allowing the ionization of molecules with
lower laser energy.">"* Silver nanoparticles with tunable
surface properties and excellent optical properties also showed
good performance as an LDI matrix. Chen et al. compared the
individual LDI capacities of three silver nanocrystals (cubes,
cuboctahedra and octahedra).* Ag cuboctahedra showed the
highest ionization efficiency due to the extensive appearance
of hot spots caused by the homogenous dissipation of laser
energy on well-oriented silver cuboctahedra. Various shapes of
metal nanoparticles showed different optical and electronic
properties, thus affecting the ionization efficiency. For Au
nanoparticles, AuNPs, Au nanorods (AuNRs) and Au nano-
shells (AuNSs), AuNSs displayed the best ionization efficiency
due to their excellent energy absorption ability to generate hot
carriers.'*® Apart from shapes, the size of metal nanomaterials
also resulted in differentiated detection performance. Shen
et al. have compared the LDI properties of AgNPs of three
different sizes (2.8 + 1.0, 12.8 + 3.2 and 44.2 + 5.0 nm) in the
analysis of amyloid-beta (A) peptides, from which the smal-
lest AgNPs adsorbed more analytes and produced the highest
peak intensity."””” In addition to the individual metal nano-
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particles, metal-based alloy materials that exhibit tunable plas-
monic properties and hot carriers also show great advantages
in LDI-MS analysis of biomolecules.

Apart from serving as matrices for the analysis of bio-
molecules, Au and Ag nanoparticles were widely applied in
imaging the distributions of cholesterol and other lipids in
various organs due to the compatible applicability in either
positive or negative ionization modes, in contrast to the usual
MALDI matrices such as DHB or 9-AA, respectively, used in
positive or negative ionization modes, thus allowing the com-
prehensive analysis of different small molecules. Siuzdak et al.
developed fluorocarbon functionalized AuNPs as an LDI
matrix for mass spectrometric imaging analysis of metabolites
in biological tissues.'*®'* Laser-induced release of the fluoro-
carbon chains provided a driving force for analyte desorption
and promoted the generation of intact molecular ions
(Fig. 7A). Furthermore, perfluorohexane decorated AuNPs
created a hydrophobic environment on tissues to minimize
metabolite solubilization and spatial dislocation, hence pro-
viding an actual picture of tissue metabolism. Taking advan-
tage of the ability of silver to form weak charge transfer com-
plexes with double bonds, Ag-based nanoparticles were widely
used for selective imaging of long-chain unsaturated hydro-
carbons. Zhao et al. fabricated polyvinylpyrrolidone (PVP)
capped AgNPs to simultaneously analyze 10 classes of lipids
from the brain by assessing the corresponding silver
adducts.’*® Specifically, owing to the abundant silver ions,
some compounds with poor ionization efficiency such as FAs
and sterols could obviously be detected. Moreover, the metal
nanoparticles used in MSI were also ionized and they pro-
duced intense signals, which could be used as the internal
calibration to improve the imaging accuracy. Voelcker et al
proposed the use of ultrathin Ag layers as an interlayer
between the pSi substrate and fingerprints to ensure mass
accuracy in small-molecule measurements. According to the
Ag internal calibration, the mass accuracy was improved by
more than one order of magnitude in several cases (Fig. 7B)."*"

However, single metal nanoparticles are easy to agglomer-
ate while excessive surfactants suppress the peak intensities of
analytes. Metal-based hybrid materials provide synergistic
effects to assist the ionization of analytes. A silver-gold nanoal-
loy was fabricated as the matrix for mass spectrometric
imaging of latent fingerprints."*® The presence of Au sup-
pressed the aggregation of nanoparticles while the Ag com-
ponent enhanced the optical absorption efficiency, resulting
in higher image sensitivity. The Qian group reported a core-
shell polymer@Ag structural matrix for the identification of
metabolic fingerprints from urine without enrichment or puri-
fication.”®® A polymer core with lighter weight and abundant
surface active sites is more advantageous in preparing hybrid
compounds compared to SiO, cores.®® With the advantages of
high UV absorption and efficient energy transfer with hot car-
riers, they successfully diagnosed and differentiated the sub-
types of kidney diseases in clinics (Fig. 7C). Besides, other
nanostructured composites such as a gold@graphitized meso-
porous silica nanocomposite (Au@GMSN), gold nanoparticle

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1an00860a

Published on 21 Julai 2021. Downloaded by Fail Open on 23/07/2025 08:59:13.

Analyst

NIMS with f-AuNPs

_

[Ag(NH,),]",
— s,
L3 ] urine PVP,70°C

View Article Online

Critical Review

LDIMS
laser 355 nm

o Ag*
© metabolite
@ protein

polymer polymer@Ag

Fig. 7 Metal-based nanomaterials for LDI-MS analysis. (A) Schematic of the desorption of the perfluorinated monolayer on the surface of the
f-AuNP. Reprinted with permission from ref. 129. Copyright (2018) American Chemical Society. (B) Silver coating on nanostructured silicon for high-
mass-accuracy imaging of fingerprints. Reprinted with permission from ref. 131. Copyright (2015) American Chemical Society. (C) Overall schematics
for the extraction of urine metabolic fingerprints (UMFs) by polymer@Ag. Reprinted with permission from ref. 133. Copyright (2020) Wiley-VCH. (D)
Chemical imaging of latent fingerprints based on laser activated electron tunneling on the surface of (Bi»O3).07(C00)0.03(Zn0O)os. Reprinted with

permission from ref. 149. Copyright (2015) American Chemical Society.

grafted nanostructured silicon (AuNPs@nSi) surface and gold
nanoshell coated microarray chip also demonstrated synergis-
tic effects in the analysis of biomolecules."**'** Apart from
acting as functional shells to construct a hybrid-structure,
metal nanoparticles were also fixed in confined interlayers to
separate layered two-dimensional nanomaterials. Xu et al.
developed an MoS,/Ag hybrid for negative ion LDI analysis of
small molecules.'*® AgNPs provided high UV absorption and
efficient energy transfer to assist ionization, while MoS,
nanosheets exhibited high surface roughness and a large
surface area for analyte absorption, hence exhibiting good
signal reproducibility and low background interferences com-
pared to organic matrices. Lu et al. also reported similar struc-
tured-composites for the quantitative analysis of glucose and
psoralen."®’

Metal oxides, with strong UV absorption, semiconductor
properties and high melting and boiling points, have been
employed as LDI matrices. Fe;04, ZnO and TiO, were three
common matrixes for assisting analyte ionization. In spite of
their advantages of quick magnetic separation and simple syn-
thesis procedures, bare Fe;0, nanoparticles showed low facili-
tating ionization efficiency due to their small bandgap (2.2 eV)
and the lack of ability to produce cation adducts, which could
be improved by surface functionalization with citric acid and
glutathione (GSH)."’®*'*° In addition, other magnetic nano-
composites including Fe;0,@PDA and Fe;O,@Au also
exhibited better LDI efficiency compared with Fe;0,

This journal is © The Royal Society of Chemistry 2021

nanoparticles."**'*! In particular, apart from acting as the LDI

matrix and enrichment media for capture and analysis of bio-
molecules, TiO, nanoparticles also played unique roles in
assisting MALDI-MS reaction monitoring due to photoreactiv-
ity. Chen et al. employed core-shell structured Fe;0,/TiO,
nanoparticles to concentrate and directly detect phosphopep-
tides."*?
factors to determine the desorption and ionization efficiency.
It was demonstrated that TiO, prolate nanospheroids (TiO,
PNSs) showed the highest sensitivity and reproducibility com-
pared to TiO, nanoparticles (TiO, NPs) and TiO, nanotubes
(TiO, NTs).'** However, due to the low UV absorption of TiO,
nanoparticles and their ester hydrolysis catalytic activity, TiO,-

The shape and size of TiO, nanocrystals were crucial

based phospholipid detection still faces a great challenge.
Sweedler et al. synthesized a dopamine-modified TiO, mono-
lith to address this problem. Integration with dopamine
largely increased the UV absorption of TiO,, while an
increased pH value on the TiO, monolithic surface also
decreased the catalytic hydrolysis of the lipids, thus achieving
a 10- to 30-fold increase in the signal-to-noise ratio for analyte
detection.”™ On the other hand, taking advantage of the
photocatalytic properties of TiO,, Girault et al. designed for
the first time a porous TiO, photoelectrode on a MALDI steel
plate to drive in source photoelectrochemical redox reactions.
Under UV laser irradiation, the electron-hole pairs generated
on TiO, nanoparticles were sufficient to make them photosen-
sitizers to actuate the electron transfer with analytes. Using
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CHCA as the matrix, they explored the tagging reaction of a
cysteine-containing peptide.'*® Furthermore, they took advan-
tage of the photocatalytic properties of TiO, to destroy bac-
terial cell membranes to detect the cellular components. The
electron-transfer and radical reactions appeared on the TiO,
surface, thus generating reactive oxygen species such as
hydroxyl radicals and peroxide to accelerate the disruption of
the bacterial envelope.'*® Another widely used metal oxide,
ZnO, exhibited higher UV absorption compared to TiO, due to
its large bandgap (3.2 eV). Zhong et al. proposed a new ioniza-
tion methodology called laser activated electron tunneling
(LAET)."” ™% Upon UV laser radiation, the photoelectrons
generated on the surface of ZnO could be captured by
adsorbed organic molecules, which promoted the desorption
and ionization of these molecules in negative ion mode
(Fig. 7D)."*° Besides, based on the interpretation of the mass
and charge information of adsorbed molecules, the photo-
catalytic mechanism of the materials was also figured out.

3.4 Organic frameworks for LDI-MS analysis

Metal-organic frameworks (MOFs), regarded as a new class of
nanomaterials, have received intense interest due to their
superior properties including high specific surface area,
uniform porosity, flexible design and easy functionalization."°
Although applied in diverse fields, the use of MOFs as LDI
matrixes for small molecule analysis is still in its early stage.
The Huang group tested for the first time the LDI properties of
several MOFs including MIL-100 (Fe), MIL-100 (Cr), MIL-100
(Al), MIL-101 (Cr), DUT-4 (Al), DUT-5 (Al) and CYCU-3 (Al) and
found that the types of metal ions had a great influence on the
background signals and reproducibility of the results.'>" Cai
et al. synthesized three zeolite imidazole frameworks (ZIF-7,
ZIF-8 and ZIF-90) to enrich and detect bisphenols and environ-
mental pollutants.”>® As a result, ZIF-8 showed the highest
signal intensity and low background interference due to the
largest surface area, which was helpful for laser energy absorp-
tion and transfer. Gu et al. reported for the first time bulk
MOFs of 2-D Zn,(bim), nanosheets as matrixes for LDI-MS
analysis of amino acids, nucleobases, neurotransmitters, hor-
mones and pollutant molecules.'”® This matrix showed satis-
factory advantages such as clean background, high salt toler-
ance and good reproducibility. Compared to the purposeless
screening of nanomaterials, directively synthesized nano-
materials may show higher efficiency in assisting the ioniza-
tion of analytes. Zou et al. fabricated tailor-made Zr(iv)-based
metal-organic frameworks UiO-66-PDC and UiO-66-(OH),
using 2,5-pyridinedicarboxylic acid (PDC) and 2,5-dihydroxyter-
ephthalic acid (DHT) as ligands, whose structures are similar
to organic matrixes 2-picolinic acid (PA) and 2,5-dihydroxyben-
zoic acid (DHB), hence ensuring excellent UV absorption
capacity."®* UiO-66-(OH), demonstrated great potential in the
quantitative analysis of glucose and pyridoxal 5'-phosphate
(Fig. 8A). Recently, nanoporous carbons derived from MOFs
were also applied as novel matrixes for LDI analysis. After
heating MOFs under a nitrogen atmosphere, the carbonized
MOFs exhibited a higher surface area and larger pore volume

5790 | Analyst, 2021,146, 5779-5799

View Article Online

Analyst

Intensity

mz

Analyte Zr-MOFs ll or IV MOFs-analyte cocrystal MS spectrum

g/

MALDETOF-MS

ol
nwo” No

- £5-
. » targetanalytes . non-specifically analytes g*‘z B.COFs ' LDItarget plate
2

Fig. 8 Organic framework based LDI-MS analysis. (A) Design and syn-
thesis of Zr-MOFs for LDI-MS analysis of small molecules and enrich-
ment of phosphopeptides. Reprinted with permission from ref. 154.
Copyright (2016) American Chemical Society. (B) Synthetic route for
B-COFs and the selective enrichment of cis-diol-containing com-
pounds. Reprinted with permission from ref. 158. Copyright (2019)
American Chemical Society.

compared with carbon-based materials, and have been applied
in detecting polar and nonpolar small molecules.">’

Covalent organic frameworks (COFs), as another category of
emerging materials, exhibited high thermal stability, high
surface area and adjustable pore size. Xia et al. reported a
spherical COF TpBD as the LDI matrix for analysis of small
molecules and environmental pollutants. Compared with the
DHB matrix, it showed enhanced signal intensity, free matrix
background and good salt tolerance.'®® Cai et al. fabricated a
magnetic  covalent organic framework nanomaterial
(Fe;0,@COFs) for the concentration and detection of PAHs
and derivatives in PM 2.5."*” It turned out that Fe;0,@COFs
had a clean background and higher sensitivity due to good
electrical conductivity and high surface area. In addition,
boronic acid-functionalized COFs were successfully syn-
thesized and used as catchers and LDI matrixes for the selec-
tive enrichment and analysis of cis-diol containing molecules
in both positive and negative ion modes (Fig. 8B)."*®

3.5 Other nanomaterials for LDI-MS analysis

Apart from the use of the above nanomaterials as LDI
matrixes, several 2D nanomaterials such as graphitic carbon
nitride (g-C3N,), molybdenum disulfide (MoS,) and h-BN were
also outstanding candidates for assisting biological molecule
analysis. Cai et al. prepared for the first time ultrathin graphi-
tic carbon nitride (g-C3N,) nanosheets to serve as novel
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matrixes for the detection of small molecules in negative ion
mode."® These nanosheets showed free matrix background
interference, good salt tolerance, increased signal intensity
and 1 pmol detection limit for 1-nitropyrene (1-NP) in sewage
(Fig. 9A). Nie et al. reported hexagonal boron nitride (h-BN)
nanosheets for enrichment and imaging analysis of metab-
olites.'® The structure of the B-H six-membered ring was a
proton transporter that could assist the ionization of analytes
to improve the signal-to-noise ratio and detection limit. More
recently, they constructed doxorubicin (DOX)/polyethylene
glycol-MoS, nanosheets to in situ monitor drug release by
detecting the MS signal intensity ratio of the loaded drug to
the nanocarriers. This system successfully revealed the
different distribution of nanocarriers in lung, spleen, and liver
tissues, and the tissue-dependent release behavior of DOX
during circulation (Fig. 9B).'®" Taking advantage of Li interca-
lation/exfoliation, Xu et al. fabricated MoS, nanoflakes for MS
analysis of small molecules. However, the challenging prepa-
ration procedures restricted their widespread application.
Rotello et al. used Na-assisted liquid phase exfoliation to
prepare MoS, nanoflakes, which showed high environmental
tolerance and enhanced ionization efficiency.'®> Ouyang et al.
utilized AuNPs to stabilize diphenylalanine (FF) nanosheets by
using a facile electrospray method followed by a thermal treat-
ment process, which were further applied as solid-phase
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Fig. 9 (A) Using g-C3N4 nanosheets as the matrix for LDI-MS analysis of
small molecules. Reprinted with permission from ref. 159. Copyright
(2015) American Chemical Society. (B) LDI-MS image of the biodistribu-
tion of DOX/PEG-MoS; nanosheets in tissues of H22 tumor model mice.
Reprinted with permission from ref. 161. Copyright (2018) Science.
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microextraction (SPME) fibers for adsorption and in vivo ana-
lysis of target molecules.'®?

4. Amplification nanosensors for
facilitating sensitive MS readout

Apart from serving as the absorbent and matrix to assist the
MS analysis of target molecules, some metal nanoparticles
functionalized with affinity linkers and surface ligands can be
appointed as functional nanoprobes for high-sensitivity detec-
tion of target biomolecules. Based on specific recognition,
detection of biomolecules of low abundance or low ionization
efficiency can be transformed into assessing the abundant ion
signals of surface ligands or metal clusters of functional nano-
probes. There are two types of detection strategies according to
the source of ion signals.

4.1 Surface ligands on nanoprobes as the signal output

Due to the ease of surface modification, high UV absorption
and good biocompatibility, AuNPs demonstrated enormous
advantages in constructing functional nanoprobes. The Au-S
bond was easily broken under laser irradiation, thus providing
massive fragments for MS detection. Furthermore, surface
ligands not only endowed the nanoprobes with outstanding
signal amplification ability, but also contributed to an accurate
evaluation of the biodistribution of nanoparticles.

There are several types of surface ligands, including short
polyethylene glycol compounds, short-chain DNA molecules,
peptides and lipids, generally termed mass tags or mass
barcodes.

Rotello et al. proposed for the first time that AuNPs functio-
nalized with cationic or neutral surface ligands could be used
to explore the cellular uptake process.'®® By collecting the
endocytic AuNPs and then analyzing the ion signals of surface
ligands, they demonstrated that nanoparticles with different
surface charges showed differential cellular uptake behavior.
Furthermore, they also explored the intracellular stability of
AuNPs by quantifying the monolayer detachment using paral-
lel measurements by LDI and inductively coupled plasma
(ICP) mass spectrometry (Fig. 10A).'°> They found that intra-
cellular biothiols could degrade the AuNP monolayers and
differently structured monolayers showed varying anti-inter-
ference ability, thereby providing new insight for the design of
stable nanoparticles. Based on the above foundational
research, they further utilized functional AuNPs to quantify
cellular uptake and compare nanoparticle stability in different
organs and suborgans using laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS) and LDI-MS imaging
(Fig. 10B)."®°'%° Apart from cellular process exploration, this
“mass barcode” nanoprobe was gradually applied in the sensi-
tive detection of DNA, proteins and glycan by co-decorating
with specific affinity ligands. Huang et al. developed a three-
component sandwich structured assay composed of a capture
strand decorated silicon wafer, target-DNA strands and probe-
DNA strands and small alkanethiol molecule-codecorated
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AuNPs.'”® By incubation with different concentrations of
target strands, functional AuNPs could be linked onto this sub-
strate by DNA hybridization, which was further transferred to
amplified ion signals of the mass barcodes on AuNPs by
LDI-MS analysis, thus achieving a sensitive assay for the target
DNA with a detection limit of 100 pM. Liu et al. used mass tag-
modified AuNPs as amplifiers to profile three protein bio-
markers including epithelial cell adhesion molecule (EpCAM),
cytokeratin 19 (CK19) and mucin 1 protein (MUC-1) on the
surface of MCF-7 cells, respectively."”" Three specific anti-
bodies strengthened the affinity to target proteins and excess
mass tags ensured sensitive detection. Based on a similar strat-
egy, the accurate diagnosis of cancer at the subtype level was
achieved by mass spectrometry imaging of relevant mass tags,
indicative of three protein biomarkers on the surface of exo-
somes (Fig. 11A)."7> They also identified other protein markers
and multiple IgE Abs using immunomagnetic beads as
capture probes and various functional AuNPs as signal
173174 1n addition, these mass tag decorated nano-
probes were also utilized for in situ multiplexed glycan detec-
tion and imaging.'”® Our group developed protease-responsive
mass barcoded nanotranslaters (PRMNTSs) with a core-satellite
structure for assaying intracellular cascaded caspases in cell
apoptosis. The activities of multiple caspases could be trans-
lated into decreased ion signals of mass tags on the remaining
AuNPs in the PRMNTs by MS decoding, thus achieving the
quantification of the intracellular activity of caspase-3, -8, and
-9 and kinetic analysis of apoptosis-inducing efficiency of
various drugs.'”®

By virtue of high desorption efficiency and low economic
cost, some small molecules were also suitable candidates for
mass barcodes grafted on AuNPs. The Liu group synthesized a

converters.
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series of analogous rhodamine-based mass tags including
RMT443, RMT415 and RMT387 for the multiplexed quanti-
tation of cell surface proteins through two-stage signal amplifi-
cation in ambient mass spectrometry analysis.'”” The efficient
dissociation of RMTs from AuNPs achieved primary amplifica-
tion and in-source collision-induced dissociation (CID) pro-
vided the secondary signal amplification, thus exhibiting zep-
tomole detection sensitivity and multiplex quantification of
three protein biomarkers. Recently, they combined the same
nanoprobes with a microfluidic chip capable of dispersing and
ordering cells for the semi-quantification of cell surface pro-
teins and compatibility of endogenous metabolite detection at
the single-cell level (Fig. 11B)."”® The homologous RMTs with
two stage signal amplification ability ensured single-cell-
protein sensitivity and high throughput, and meanwhile cellu-
lar metabolites could be profiled during nanoESI MS analysis.
In this manner, six cell surface antigens and ~100 metabolites
in ovarian cancer cell types and breast cancer cells were moni-
tored simultaneously. Besides short polyethylene glycol com-
pounds and small molecules, DNA fragments, peptides and
lipids were also applied to construct amplification systems for
probing target molecules. Cooks et al. have demonstrated the
ability of peptide tag-decorated magnetic cluster nanoparticles
for the selective capture and identification of circulating
tumor cells.'”® The peptide-based mass encoding strategy pro-
vided an easily synthesized portfolio of molecules for multi-
plex quantification of analytes, from which ion signals were
acquired by the detection of released peptide fragments with
the assistance of protease or chemical cleavage reagents.

Zhu et al. also utilized plasmid-encoded peptide tags as
barcode molecules for the identification of target DNA.'* A
unique advantage of using DNA fragments as mass barcodes is

This journal is © The Royal Society of Chemistry 2021
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detection. Reprinted with permission from ref. 182. Copyright (2018) Royal Society of Chemistry.

that it can improve the detection sensitivity by combination
with various DNA amplification techniques. The Lin group
developed a DNA-mediated cell surface glycan imaging strat-
egy, in which lectins were encoded with DNA primers, partici-
pating in subsequent rolling circle amplification (RCA) and
producing repetitive single-strand DNA sequences to hybridize
with complementary short DNA probes.'®" Upon laser
irradiation, the hydrogen bonds in DNA duplexes were broken
and the short DNA probes were released, thus providing abun-
dant mass barcode signals for glycan analysis. Subsequently,
they also grafted the same DNA-mediated RCA amplification
strategy onto a sandwich structured assay composed of mag-
netic nanoparticles and AuNPs with specific affinity to throm-
bin (Fig. 11C)."®* Other DNA decorated amplification assays
were also developed for multiplexed analysis of biomolecules
including proteins and DNA molecules.'®® Jiang et al. reported
a multiplexed protein detection method by adopting phospho-
lipids with different molecular weights as the encoded MS
reporters."®* Phospholipids could be non-covalently coated
onto AuNPs via a simple self-assembly procedure, which
enabled efficient ionization without breaking the covalent
bonds to achieve sensitive analysis.

4.2 Metal clusters of nanoprobes as the signal output

Apart from denoting surface ligands on metal nanoprobes as
amplified mass reporters, abundant metal cluster peaks
observed under laser irradiation inspired researchers to

This journal is © The Royal Society of Chemistry 2021

develop an amplification strategy by utilizing the metal cluster
ion signals. The Huang group was devoted to developing a
series of LDI-MS quantification strategies using Au-cluster ions
as substitute ion signals for the detection of metal ions, pro-
teins and cells."®* "> They selected BSA-modified AuNPs as
the LDI matrix, which could be trapped by nitrocellulose mem-
branes (NCMs) due to strong hydrophobic interactions. Upon
addition of Pb>" ions, Au*-S,05>~ complexes could adsorb the
Pb>* to form Au-Pb ions for MS determination of the Pb*>* con-
centration (Fig. 12A)."®> Furthermore, they also assayed I~ and
186,187 Taking advantage
of the traditional sandwich structured immunoassay, they also

AsO,” in the same detection manner.

profiled viral infections via Au cluster signals from coupled
AuNPs.'®® On the other hand, the decentralized states and
surface coverage of AuNPs also have an impact on the D/I
efficiency of Au atoms from the AuNP surface. Based on this,
they continued their research on measuring circulating tumor
cells and thrombin by the decreased Au cluster signals arising
from less exposed surfaces due to blocking by cells or
proteins."®*'%° Besides, they synthesized AuNP-modified cell-
ulose ester membranes (MCEMs) to monitor thrombin gene-
ration. When thrombin reacted with fibrinogen,
fibrin was formed, hindering the formation of Au clusters and
decreasing the signal intensity. This approach allowed the
detection of thrombin (limit of detection of ca. 2.5 pM) in
human plasma samples."®" They also took advantage of the
same MCEM platform to detect the activity of plasmin by inter-

insoluble
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preting the decreased Au cluster signals from agglutinative
Fib-AuNPs."?

Apart from the LDI analysis of metal cluster ions, the induc-
tively coupled mass spectrometry (ICP-MS) based element-
tagged strategy also demonstrated its ultra-sensitive detection
ability in biomolecule analysis. Hu et al. reported a sensitive
immunoassay protocol for the detection of tumor cells by
using ICP-MS with two nanoprobes.'®® In this method, immu-
nomagnetic beads and antibody-functionalized AuNPs were
both linked with cells, thus achieving fast magnetic separation
and amplified detection after ICP-MS based quantification of
the Au content. Wang et al. developed a silver nanocluster-
based ICP-MS amplification strategy to profile the activity of
alkaline phosphatase (ALP).'®* Up-conversion nanoparticles
(UCNPs) and silver nanoclusters (AgNCs) were formatted in a
core-satellite structure with a DNA linker. This core-satellite
structure was destroyed by alkaline phosphatase mediated
dephosphorylation of the DNA linker, which weakened the
coordination of DNA with UCNPs and accelerated the shedding
of AgNCs. ICP-MS quantification of the liberated Ag content
ensured favorable sensitivity for ALP activity assay. Fu et al.
combined the magnetic-bead-based multiplexed metal nano-
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particle labeling technique and hybridization chain reaction
amplification for simultaneous recognition of multiple cancer
cells.”®® Multiple aptamer-functionalized magnetic beads
(MBs) were applied in cell recognition and convenient separ-
ation, and the AuNP and AgNP labeling involved in the HCR
amplification assay ensured ICP MS signal generation, result-
ing in a limit of detection as low as 50 SMMC-7721 and A549
cancer cells in serum (Fig. 12B). Taking advantage of the fluo-
rescence characteristics of Au clusters, the Gao group directly
observed membrane type-1 matrix metalloproteinase (MT1-
MMP) via fluorescence microscopy and quantitatively profiled
the MT1-MMP expression by inductively coupled plasma mass
spectrometry 2D mapping of the Au element.'*® By comparing
the MT1-MMP expression levels in primary human lung carci-
noma and human renal carcinoma tissue sections, they suc-
cessfully assessed the risk of primary tumor invasion. More
recently, Au,e clusters and Ag,, clusters were respectively
employed to encode MT1-MMP and integrin ayp; proteins for
synchronous quantification of the two proteins.’®” In addition
to the metal nanoparticle labelling strategy, a series of lantha-
nide-doped nanoparticles were also developed by making use
of the affluent library of lanthanides in nature for the multi-
plex quantification assay and biodistribution evaluation of
nanoparticles.'?®%°

5. Conclusions and outlook

In summary, we have reviewed the advances in the engineering
of nanomaterials towards facilitating sensitive MS analysis of
biomolecules, which can be divided into three aspects accord-
ing to the different functions: sample pre-treatment for target
biomolecule enrichment prior to MS analysis, enhancement of
the desorption/ionization of analytes during MS interrogation
and signal amplification to improve the MS readout. In the
pre-treatment process, different compositions and character-
istics of nanomaterials have a great influence on the enrich-
ment specificity towards endogenous peptides, phosphopep-
tides and glycopeptides, while surface functionalization or
multi-component combination also exerts a synergistic effect
on further improving the capture efficiency.

First, nanomaterials featuring size-exclusive properties and
hydrophobic surfaces showed outstanding selectivity and
efficiency in the enrichment of ordinary peptides. For phos-
phopeptide enrichment, the developments of Zr(iv) and Ti(wv)
containing IMAC/MOAC nanomaterials dominated efforts in
the engineering of bioaffinity nanostructures, and the con-
struction of hybrid nanomaterials and integration of multiple
chelators further improved the enrichment performance.
Thirdly, lectin-based affinity, hydrophilic-hydrophilic inter-
actions and covalent interactions are three major strategies for
the harvest of glycopeptides by using nanomaterials, among
which boronic acid functionalized materials attract increasing
attention nowadays due to their superior specificity and
simple enrichment process.

This journal is © The Royal Society of Chemistry 2021
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In the D/I process, various types of nanomaterials such as
silicon-based nanomaterials, carbon-based nanomaterials,
metal nanoparticles, metal oxides and MOFs, proved their
unique advantages in MS imaging and analysis of bio-
molecules compared to organic matrices. Both ordered silicon
arrays and heteroatom doping on carbon-based nanomaterials
contribute to the D/I process of analytes. Besides, some semi-
conductive metal oxides, such as TiO, and ZnO, were found to
have high photoreactivity and unique electron-transfer capacity
to accelerate the desorption/ionization. Although MOFs and
other 2D nanomaterials also presented satisfactory perform-
ance in the detection of small molecules, more surface
functionalization strategies or in-depth applications need to
be explored.

Recently, various metal nanoparticles have been widely
applied in the ultrasensitive detection of biomolecules and cel-
lular uptake analysis by MS decoding of surface ligands or
metal clusters. Up to now, a series of surface ligands, includ-
ing short polyethylene glycol compounds, short-chain DNA
molecules, peptides and lipids, have been adopted as the
coating ligands of nanoparticles and also mass reporters for
reflecting the entity and amount of target biomolecules. On
the other hand, engineering of diverse metal nanoparticles
has been successfully involved in various biosensing systems
by delivering metal cluster signals upon LDI-MS or ICP-MS
analysis.

Although great efforts have been made in developing func-
tional nanomaterials for improving the MS readout of bio-
molecules, it is still far from ideal and more attention needs to
be focused on the innovation of nanomaterials and exploita-
tion of in-depth applications. (1) From the materials side,
more tailored nanomaterials with multiple functions and
higher affinity and specificity need to be developed to meet the
increasing analytical requirements for large-scale identifi-
cation of multiple targets in complex bio-samples. For
example, more efforts should be devoted to the vigorous devel-
opment of nanomaterials that can synchronously capture pep-
tides or proteins with multi-PTM to achieve satisfactory depth
and coverage of proteomes. Besides, although some nano-
materials have been developed to simultaneously separate and
detect the targets, the enrichment capacity and desorption/
ionization efficiency need to be further improved. (2) For the
mechanism investigation, much attention should be continu-
ously directed to unveil the underlying relationship between
the structure of nanomaterials and the desorption/ionization
efficiency of analytes, which may provide guidance to purpose-
fully customize nanomaterials with high energy absorption
and transfer capacity, and low background interferences in MS
analysis. (3) From the viewpoint of application, the use of
nanomaterials in MS characterization should aim to address
the unique characterization challenges inaccessible to other
methodologies. One example is to devise nanoprobes that can
monitor endogenous biomarker metabolites or exogenous
therapeutic agent release in tissues by MS imaging of their
molecular weight signals or alternative mass tag signals. In
addition, MS can also be combined with complementary

This journal is © The Royal Society of Chemistry 2021
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detection modalities with diverse technical advantages. For
instance, developing multimodal methodologies that combine
MS with Raman spectroscopy, fluorescence or other analytical
techniques can maximize the effective information extracted
from complex samples to address the crucial needs and chal-
lenges in clinical diagnosis.
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